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Abstract

Alzheimer’s disease (AD) is a progressive neurogenerative disorder manifested by gradual memory loss and cognitive
decline due to profound damage of cholinergic neurons. The neuropathological hallmarks of AD are intracellular deposits
of neurofibrillary tangles (NFTs) and extracellular aggregates of amyloid  (Af). Mounting evidence indicates that intensi-
fied neuroinflammatory processes play a pivotal role in the pathogenesis of AD. Chemokines serve as signaling molecules
in immune cells but also in nerve cells. Under normal conditions, neuroinflammation plays a neuroprotective role against
various harmful factors. However, overexpression of chemokines initiates disruption of the integrity of the blood—brain bar-
rier, facilitating immune cells infiltration into the brain. Then activated adjacent glial cells—astrocytes and microglia, release
massive amounts of chemokines. Prolonged inflammation loses its protective role and drives an increase in Ap production
and aggregation, impairment of its clearance, or enhancement of tau hyperphosphorylation, contributing to neuronal loss and
exacerbation of AD. Moreover, chemokines can be further released in response to growing deposits of toxic forms of Ap. On
the other hand, chemokines seem to exert multidimensional effects on brain functioning, including regulation of neurogenesis
and synaptic plasticity in regions responsible for memory and cognitive abilities. Therefore, underexpression or complete
genetic ablation of some chemokines can worsen the course of AD. This review covers the current state of knowledge on
the role of particular chemokines and their receptors in the development and progression of AD. Special emphasis is given
to their impact on forming Af and NFTs in humans and in transgenic murine models of AD.
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Background

Prevalence, Symptoms, and Risk Factors
for Alzheimer’s Disease

The prevalence of dementia around the world is rising at
an alarming rate. According to the World Health Organiza-
tion (WHO), more than 55 million people worldwide suffer
from dementia. This number is estimated to nearly double
by 2030 (78 million) and nearly triple by 2050 (139 million).
The leading form of dementia is Alzheimer’s disease (AD),
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which along with other forms of dementia, is the seventh
major cause of death globally, while in high-income coun-
tries it is ranked at the second place (WHO 2020, 2021).
Pathological hallmarks of the disease, i.e., senile plaques
and neurofibrillary tangles (NFTs), appear in the third or
fourth decade of life, approximately 15-20 years before the
first symptoms of AD emerge (Ashford et al. 2011); this
stage is defined as a preclinical AD. As the disease pro-
gresses, preclinical AD transits to mild cognitive impairment
(MCI) in which cognition deficits do not affect patients’ per-
formance at work or regular daily activities, but eventually
may develop into AD (McKhann et al. 2011; Saido 2013).
In 2011, the National Institute on Aging-Alzheimer’s Asso-
ciation (NIA AA) established the core criteria for diagnosis
of probable AD—gradual onset of symptoms over months or
years and unambiguous cognitive decline. An AD patient
should present impairment in learning, especially affect-
ing episodic memory, difficulties in word-finding, impaired
spatial cognition, face recognition, alexia and object agno-
sia, impaired reasoning, judgment, and problem solving
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(McKhann et al. 2011). The earliest noticeable neuropsy-
chiatric symptoms, occurring years prior to the diagnosis,
include anxiety, depressive mood, apathy, and withdrawal
(Atri 2019). Patients with advanced stage of AD may addi-
tionally become aggressive and agitated, experience sleep
and appetite disturbances, delusions, and hallucinations
(Zhao et al. 2016).

Age is considered to be a major risk factor for AD devel-
opment. Indeed, majority of studies indicate that dementia
occurs in individuals aged over 65 years and it is doubling
with every 5 years of age. The prevalence of dementia rises
up to 50% in those aged over 90 years. Thus, age of 65 years
serves as an arbitrary borderline between two forms of AD,
i.e., early-onset AD (EOAD, familial AD) and late-onset
(LOAD, sporadic AD). In about half of the cases, EOAD has
a hereditary origin associated with rare autosomal, dominant
mutations of three genes encoding amyloid precursor pro-
tein (APP) and presenilin 1/2 (PSEN1, PSEN2) that activate
y-secretase. This form of AD is less frequent than LOAD,
making up from 5 to 10% cases, but runs at a more aggres-
sive course (Armstrong 2019; Ayodele et al. 2021; van der
Flier et al. 2011). On the contrary, LOAD is related to a vari-
ety of factors, particularly senescence processes, metabolic
diseases such as vascular disease or diabetes, traumatic brain
injury, and dysfunction of the immune system (Armstrong
2019). Additionally, a carriage of apolipoprotein €4 (APOE)
allele is one of the strongest genetic risk factors for LOAD
(Ayodele et al. 2021; Hampel et al. 2018; van der Flier et al.
2011).

Anatomical and Molecular Changes in the Brain
Induced by AD

As aging affects all systems of the body, age-related ana-
tomical changes affect also the brain. In persons without
symptoms of dementia, brain starts to decrease its weight
at around 45-50 years old, primarily due to atrophy caused
by a shrinkage of neurons and reduction of synapses rather
than a neuronal loss. These alternations may impair to some
extend working memory, executive functioning, and process-
ing speed but the changes do not proceed fast. Moreover,
linguistic abilities and verbal knowledge seems to be unaf-
fected in normal aging processes (Sengoku 2020; Toepper
2017). In contrast, there are reports on AD documenting a
profound loss of cholinergic neurons in the basal forebrain
along with their axons projected to the cerebral cortex and
limbic structures, including the amygdala and hippocampus,
which leads to a subsequent denervation of critical regions
responsible for memory, learning, cognition, neuroplasticity,
and higher brain function (Hampel et al. 2018). Therefore,
the brain affected by AD shows ventricle enlargement in the
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frontal and temporal cortices as well as atrophy of the gyri
(Sengoku 2020).

Molecular changes in AD encompass formation and
accumulation of pathological structures in the brain, namely
extracellular senile plaques containing aggregates of amy-
loid P peptide (AP) and intracellular neurofibrillary tan-
gles consisting of hyperphosphorylated tau protein (Saido
2013; Sengoku 2020). Amyloid precursor protein (APP)
is a transmembrane glycoprotein presumably acting as a
trophic factor involved in neuro- and synaptogenesis, neu-
ronal migration and regeneration (Coronel et al. 2018). It
can be metabolized in two distinct pathways: a dominant
non-amyloidogenic and an amyloidogenic. In the main route,
APP is cleaved by a-secretase (ADAM10; a disintegrin and
metalloproteinase 10) within the Ap domain, which results
in releasing of a soluble ectodomain of APP, i.e., sAPPa. A
remaining C-terminal fragment of the peptide (CTF-a, 83
aa) is then cleaved by y-secretase to peptide P3 and APP
intracellular domain (AICD) which is immediately degraded.
In the amyloidogenic pathway, 3-secretase cleaves APP to a
soluble ectodomain of APP (sAPPp) and a C-terminal frag-
ment (CTF-f, 99 aa). Next, y-secretase cleaves the CTF-§
to AP and AICD. The latter can escape degradation when
stabilized by an adaptor protein Fe65 and a histone acetyl-
transferase Tip 60. The complex interacts with the nucleus
as a regulator of distinct genes expression, impeding neu-
rogenesis, enhancing hyperphosphorylation catalyzed by
glycogen synthase kinase 3p (GSK-3f) and aggregation of
tau, but also regulating o-secretase activity. As y-secretase
cleaves CTF-p at various sites, Af is a heterogenous group
of peptides, ranging from 38 to 49 amino acid residues in
length (Brunholz et al. 2012; Coronel et al. 2018). Although
AP40 constitutes approximately 90% of generated Ap, the
brain of AD patients contains mainly Ap42. Ap42 is strongly
amyloidogenic and aggregates into dimers, oligomers, and
lastly insoluble fibrils forming senile plaques, the hallmark
of AD (Coronel et al. 2018).

The other neuropathological features of AD are NFTs.
Tau protein belongs to microtubule-associated proteins
(MAP) that shape cytoskeleton by regulating association
and dissociation of microtubules and ensure proper neu-
ronal transport (Jouanne et al. 2017). Tau is present in neu-
rons, mainly in axons, although it can also be found in glial
cells (Brunello et al. 2019). Under physiological conditions,
more than 30 out of 80 serine and threonine residues of tau
undergo phosphorylation; however, microtubules are prefer-
ably bound to a naive tau form. Pathological tau arises as
a result of deregulation of kinases and phosphatases action
in processes of glycosylation, glycation, cleavage, nitration,
ubiquitination, and mostly hyperphosphorylation. Due to the
presence of additional phosphorylation sites, three- to four-
fold increase in phosphorylation of tau protein can be found
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in patients with AD as compared to healthy individuals.
Non-phosphorylated tau protein is a highly soluble monomer
with a disorganized structure, whereas in AD, extensively
phosphorylated tau (p-tau) changes its conformation in the
misfolding process and loses the ability to bind to microtu-
bules. Thus, p-tau level rises in cytosol and can be detected
in cerebrospinal fluid (CSF). This increase is facilitated by
insufficient tau degradation and leads to subsequent aggre-
gation. Abnormally phosphorylated tau dimerizes, and then
aggregates to soluble oligomers which are believed to be the
most toxic species leading to progression of neurodegenera-
tion. Finally, oligomers form paired helical filaments (PHFs)
which build up to NFTs deposits in the brain (Brunello et al.
2019; Jouanne et al. 2017). Additionally, pathological tau
can be secreted to extracellular space and enter surrounding
neurons or glial cells further impairing axonal transport and
causing neuronal synaptic loss thus contributing to progres-
sion of the disease (Brunello et al. 2019).

Current Possibilities of Treatment of AD

Pharmacological therapy of AD is limited as there are only
four commonly used drugs, i.e., donepezil, galantamine,
and rivastigmine (second generation acetylcholinesterase
inhibitors) or memantine, an NMDA receptor antagonist.
Although they stabilize the patient’s condition, slow exac-
erbation of symptoms, or improve cognitive functions, they
do not stop the progression of the disease (Hansen et al.
2008; Matsunaga et al. 2018). The aforementioned drugs
were introduced to the market between 1997 and 2003. Since
then there has been no other milestone in the treatment of
AD (Jouanne et al. 2017). However, potential targets might
be set thanks to recent studies providing strong evidence
for the contribution of neuroinflammation to the patho-
physiology of AD. The neuroinflammatory process may be
ignited by infection, cellular debris, or by AP which activate
microglia.

The Role of Chemokines in the Brain

Chemokines are promising targets for anti-inflammatory
drugs in AD. These small-molecule proteins orchestrate
the neuroinflammation as they are involved in attraction
and activation of microglia and may induce a leakage of the
blood-brain-barrier (BBB) to allow infiltration of periph-
eral immune cells. Chemokines may be released by neurons,
astrocytes, or microglia, and all these cell types can express
certain chemokine receptors. Thus, chemokines play also an
important role in cell-to-cell communication in the central
nervous system (CNS).

Physiologically, microglia maintain proper function-
ing of neurons by regulating secretion of brain-derived

neurotrophic factor (BDNF) and via phagocytosis of
pathogens or cellular debris. However, in proinflamma-
tory conditions, activated microglia impair synapse for-
mation, neuronal plasticity, and facilitate inflammatory
response releasing numerous cytokines, e.g., IL-1p, IL-6,
TNFa, chemokines (i.e., CCL2, CCL4, CCL11), which
attract further microglia and astrocytes to an inflammatory
site (Minter et al. 2016). The recruited cells are not able
to remove massive amounts of aggregated insoluble AP,
so the cytokines are permanently synthesized leading to
a subsequent dystrophia of microglia and degeneration of
neurons which release their contents and damage-associated
molecular patterns (Streit et al. 2018). The neuroinflamma-
tory processes become unstoppable even if treated with anti-
amyloid therapy (Minter et al. 2016), which calls into ques-
tion whether the pathological cascade goes out of control
despite removal of alleged primary stimulus or Ap is only
an intermediate product rather than a trigger. It is hypoth-
esized that neuroinflammation occurs in the late stage of
preclinical AD and determines its transition to symptomatic
AD (Streit et al. 2018).

This review covers the current state of knowledge on the
role of particular chemokines in the development of AD.
Special emphasis is given to their impact on forming AP and
NFTs in humans and in transgenic murine models of AD.

Animal Models Used in Studies on AD
Pathogenesis

In studies on the pathogenesis of AD, various transgenic
(Tg) mouse models are used. They usually harbor human
mutations responsible for familial Alzheimer’s disease
(FAD), including variants of APP, presenilin 1 (PS1), and
microtubule-associated protein tau (MAPT) (Hall and
Roberson 2012; Puzzo et al. 2015). The most commonly
used Tg murine AD models are listed below.

e The Tg2576 (also known as APPg,,. or R1.40) line, car-
rying the double Swedish mutation (K670N and M671L)
at the p-secretase cleavage site. These mice display an
increase of APP production (> fivefold) with consequent
overproduction of ApP40 and AB42, and plaques forma-
tion in the frontal, temporal, and entorhinal cortices,
hippocampus, presubiculum, and cerebellum at about
11-13 months of age. Tg2576 mice can also display
hyperphosphorylated tau at old age.

e The rTg4510 (JNPL3) line expressing human tau P301L.

e The APP/PS1 line containing human transgenes for APP
(APPg,, ) and PS1 (L166P) mutation, both under control
of the Thy1 promoter.
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The hAPP/PSI1 lines created by co-injecting the presenilin
and hAPP transgenes:

e APPg,./PSTAE9. It combines hAPP containing the
APPq,,. and PS1 containing the AE9. APPg, /PS1AE9
mice develop amyloid plaques and behavioral deficits
around 6—7 months of age.

e The 3xTg, carrying Tg2576/APPg,,., P301L, and PS1
M146V mutations. 3xTg mice develop extracellular Ap
plaques before tangle pathology, as in human AD.

e The 5xFAD, created by combining five AD-related
mutations—three mutations in hAPP: Swedish (K670N
and M671L), Florida (I716V), and London (V7171), and
two mutations in PS1: M146L and L286V. In 5xFAD
mice, rapid amyloid pathology was observed as early as
at 2 months of age. These animals lose 25-40% of layer
5 pyramidal neurons between 9 and 12 months of age.

Chemokines and Chemokine Receptors

Chemokines are a large family of small (§—14 kDa) structur-
ally and functionally related proteins, subdivided into four
groups on the basis of a relative position of two N-terminal
residues of four conserved cysteines. One and three amino
acids separate the first and second cysteines in the CXC and
CX3C, respectively, whereas two cysteines are adjacent to
each other in the CC subfamily. CXC (or a-chemokines) and
CC (or B-chemokines) are the largest groups, while CX3C
(or d-chemokine) includes only one member, CX3CL1/
fractalkine, in which the first two cysteines are separated
by three amino acids. This chemokine exists in both solu-
ble and membrane-bound forms (Bajetto et al. 2002; Bazan
et al. 1997; Pan et al. 1997). The best-known function of
chemokines is regulation of migration of various cells in
the body, hence their name (from “chemotactic cytokines”).
Numerous data, accumulated mostly during the last two dec-
ades, demonstrate that chemokines play a fundamental role
not only in the development, homeostasis, and function of
the immune system, but are also important for angiogenesis,
cancer (in particular in terms of metastasis regulation), and
the functioning of CNS. CNS produces chemokines, such as
CX3CL1, CCL2, CXCL8, CXCL10, CCL5, and CCL3 (also
known as macrophage inflammatory protein 1-o; MIP-1 o)
(Hughes and Nibbs 2018).

Chemokines exert their biological activity by bind-
ing to cell surface receptors that belong to the superfam-
ily of G protein-coupled receptors. Although multiple
chemokines can often bind to the same receptor and a sin-
gle chemokine can bind to several receptors (see Fig. 1),
the chemokine—chemokine receptor interactions are almost
always restricted within a single subclass. To date, six CXC
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receptors have been identified, named from CXCRI to
CXCR6, and eleven CC receptors, from CCR1 to CCR11,
along with a single receptor for CX3CL1 and one for lym-
photactin o/f, called CX3CR1 and XCRI1, respectively
(Hughes and Nibbs 2018).

As neuroinflammation plays a significant role in patho-
genesis of AD, it is crucial to understand in detail the
signaling pathways related to it. In recent years, numerous
studies have been conducted in order to elucidate the rela-
tionship of chemokine signaling with accumulation of A}
and hyperphosphorylated tau, leading to neurodegeneration
and dementia. Such knowledge may in future give founda-
tions for development of novel class of disease-modifying
treatments for AD.

CX3CL1 (Fractalkine)

CX3CL1 (fractalkine) is a chemokine constitutively
expressed by neurons under physiological conditions. Unlike
many other chemokines, fractalkine interacts with only one
receptor, CX3CR1, expressed on microglia, thus playing a
vital role in neuron-microglia communication (Rogers et al.
2011). Its main physiological role is to maintain a resting
state of microglia. Decreased CX3CL1 signaling results
in microglial activation into a pro-inflammatory state, and
phagocytosis of synaptic elements (Bisht et al. 2016; Bolds
et al. 2017; Rogers et al. 2011; Zhang et al. 2018). Apart
from its impact on microglia, CX3CL1 plays a crucial role in
neurogenesis. It promotes proliferation of neural stem cells
and inhibits their differentiation into astrocytes. Overexpres-
sion of this chemokine leads to increased adult neurogen-
esis in the subgranular zone of the hippocampus (Fan et al.
2020; Shang et al. 2019). On the other hand, disruption of
CX3CL1 signaling inhibits hippocampal neurogenesis in
rodents by decreasing proliferation and survival of neural
progenitor cells. In aged rats, a decrease of hippocampal
neurogenesis is paralleled by reduction of CX3CL1 levels,
while treatment with exogenous chemokine reverses this
process (Bachstetter et al. 2011). Importantly, disturbed
neurogenesis in CX3CR1-deficient mice is manifested by a
cognitive dysfunction, impaired motor learning, and reduced
long-term potentiation (LTP), reflecting reduction of syn-
aptic plasticity mediated by the increased IL-1p signaling
(Rogers et al. 2011).

The hippocampus, the brain structure responsible for vari-
ous cognitive functions that depend on adult neurogenesis
and synaptic plasticity, is one of the earliest affected brain
regions in AD, and its dysfunction is believed to underlie the
core feature of the disease-associated memory impairment
(Rao et al. 2022). Reduced levels of CX3CL1 were found in
the hippocampus and frontal cortex of AD patients as com-
pared to healthy controls (Cho et al. 2011), and in the CSF
of patients with MCI and AD dementia (Perea et al. 2018).
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Fig. 1 Schematic representation of chemokines and their receptors

Furthermore, in AD patients, hippocampal CX3CL1 mRNA
levels were markedly lower at the late stage of the disease
(Braak-Tau stages V-VI) as compared to the intermediate
one (Strobel et al. 2015). It is postulated that reduction of
CX3CLI levels results from a decline of viable neurons in
patients with severe AD (Strobel et al. 2015). Conversely,
other reports demonstrated increased levels of CX3CL1
protein in the hippocampi of early (Braak-Tau stages II-IV)
(Lastres-Becker et al. 2014) and late stage of AD (Braak-Tau
stages V-VI) (Dworzak et al. 2015) as compared to healthy
controls. Interestingly, it was shown that tau competes with
CX3CL1 for binding to its receptor (Chidambaram et al.
2020), an observation suggesting that upregulation of this
axis may play a compensatory role (Bolds et al. 2017).
Involvement of the CX3CL1/CX3CRI1 axis in the patho-
genesis of AD is also well-documented in animal models.
Cultured wild-type mouse neurons secreted soluble form of
CX3CL1 prior to death in response to Af (Dworzak et al.
2015). CX3CL1 release from cultured mouse microglia and
neurons is also increased in response to tau. In line with
these in vitro observations, neurons injured by a stereotacti-
cal delivery of tau into the mouse hippocampus expressed
elevated levels of CX3CL1 (Lastres-Becker et al. 2014).

Furthermore, A injection into the CA1 region of the rat
hippocampus resulted in increased expression and protein
level of CX3CRI. Interestingly, genetic ablation of CX3CR1
abolished microglial activation, neuroinflammation, and
cognitive deficits in Ap-treated rats (Wu et al. 2013). On
the other hand, decreased expression of CX3CL1 was found
in the cerebral cortex of Tg2576 mice at 9 and 17 months of
age (Duan et al. 2008).

Studies utilizing Tg murine models of AD provided
intriguing data on effects of manipulations of the CX3CL1/
CX3CRI1 axis on outcomes of two hallmarks of the dis-
ease, i.e., AP deposition and formation of NFTs. Inhibi-
tion of CX3CL1 signaling produces opposite effects on Ap
deposition and tau phosphorylation in various Tg mouse
lines. CX3CL1-deficient APP/PS1 mice exhibit enhanced
phosphorylation of neuronal tau and reduced Ap accumula-
tion (Lee et al. 2014). Similarly, knock-out of CX3CR1 in
APP mice resulted in exacerbated tau pathology, cognitive
decline, and memory loss, paralleled by increased levels
of the pro-inflammatory cytokine IL-6 (Cho et al. 2011).
Also, in Tg mice expressing human tau, lack of CX3CR1
resulted in enhancement of tau phosphorylation and aggre-
gation, a process dependent on activation of p38 MAPK and
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microglial activation. Of note, these animals exhibited pro-
nounced behavioral impairments (Bhaskar et al. 2010). The
worsening of tau pathology in CX3CR1-deficient mice may
be mediated by a reduced capacity of microglia to phago-
cytose the protein. Indeed, it has been shown that due to a
structural similarity to CX3CL1, tau can bind to CX3CR1
leading to its internalization by microglia expressing this
receptor (Bol6s et al. 2017). Similarly to changes observed
in mice with disrupted CX3CL1 signaling, overexpression
of this chemokine in neurons of mice harboring human tau
mutation prevents neurodegeneration, improves cognitive
functions, and extends lifespan. However, this effect did not
involve reduced microglial activation (Fan et al. 2020).

On the other hand, disruption of the CX3CL1/CX3CR1
axis ameliorates AP burden in various Tg murine models of
AD. APP/PS1 mice heterozygous for CX3CR1 had reduced
Ap levels as compared to age-matched APP/PS1. This was
paralleled by enhanced expression of Ap-clearing enzymes
in neurons, and resulted in cognitive improvement (Hickman
et al. 2019). A similar reduction in AP deposition accom-
panied by reduced microglial activation and accumulation
of microglia around A deposits was observed in CX3CR1-
deficient APP/PS1 mice and in APPg, mice. Noteworthy,
the reduction of AP deposition was not mediated by changes
in APP processing but by increased microglial phagocytosis
(Lee et al. 2010). In a different mouse model, CRNDS har-
boring a human mutation of APP (APPg, . and APP V717F),
knock-out of CX3CRI1 reduction of AP deposits mediated
by increased microglial uptake was also demonstrated. How-
ever, in this model, the number of microglial cells surround-
ing AP plaques was increased (Liu et al. 2010b). This dis-
crepancy may result from a different genetic background and
modifications between both Tg strains. On the other hand,
knock-out of CX3CR1 in a 3xTg mice prevented neuronal
loss, but not affected AP deposition and phagocytosis by
microglia (Fuhrmann et al. 2010).

CX3CL1, which is primarily expressed in its membrane-
bound form, can be cleaved by ADAM10/ADAMI17 and
secretases, giving rise to soluble CX3CL1 (sCX3CL1, build-
up of chemokine domain and mucin stalk) and membrane-
anchored fragments of the peptide (Bemiller et al. 2018;
Fan et al. 2019). Importantly, different effects on CX3CL1
forms have been observed. For instance, overexpression of
the C-terminal membrane fragment of CX3CL1 in 5xFAD
mice led to reduction of AP deposition due to decreased APP
expression and spared neuronal loss resulting from enhanced
neurogenesis. Those effects were independent of CX3CR1,
and mediated by a direct translocation of C-terminal frag-
ment into the nucleus, leading to changes in gene expres-
sion (Fan et al. 2019). Furthermore, lack of the membrane-
anchored CX3CL1 in AD mice expressing only the soluble
chemokine domain of the peptide (CX3CL1'%4) resulted in
increased expression of proinflammatory markers, including
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cytokines, reduction of CX3CR1 expression in microglia,
and hyperphosphorylation of tau; these changes were
accompanied by deficits in spatial learning (Bemiller et al.
2018; Lee et al. 2014). It is suggested that the bidirectional
effects of CX3CL1 deficiency on the AP and tau patholo-
gies in APP/PS1 mice may depend on the absence of the
membrane-bound fragment, as overexpression of sSCX3CL1
form did not abolish them (Lee et al. 2014).

In r'Tg4510 mice, overexpression of SCX3CL1 using an
adeno-associated viral vector in young animals, prior to a
significant tau accumulation, resulted in reduction of tau
pathology, microglial activation, and neurodegeneration,
without cognitive improvement. However, when injected
using the same vector to older rTG4510 mice, with tau
pathology reaching its plateau, sSCX3CL1 produced cogni-
tive improvement, without reversing tau hyperphosphoryla-
tion or damage of the hippocampus (Finneran et al. 2019;
Nash et al. 2013). Amelioration of cognitive impairment in
AD mice by sCX3CLl1 is additionally supported by find-
ings that treatment with this form of the chemokine in
CX3CL17~ non-AD mice restores hippocampal neurogen-
esis and synaptic plasticity, being reflected in improvement
of cognitive functions and memory (Winter et al. 2020).
On the other hand, overexpression of sSCX3CL1 did not
change AP pathology in APP/PS1 mice (Nash et al. 2013).
These contrasting effects may be related to significantly
increased CX3CR1 expression in rTg4510 mice, while lev-
els of sSCX3CL1 in APP/PS1 did not differ from wild-type
littermates. Therefore, physiological levels of CX3CL1 may
exert full effects in APP/PS1 mice, whereas in rTg4510 mice
CX3CLI signaling may by further stimulated by the addi-
tional soluble form of this chemokine (Nash et al. 2013).
However, it is possible that the effects of CX3CL1 on the Ap
burden in APP/PS1 mice are mediated mainly by membrane-
bound fragment of this chemokine, as reported elsewhere,
or that the presence of mucin stalk in CX3CL1 fragment
is necessary to produce neuroprotective effects (Fan et al.
2019; Lee et al. 2014).

CCL2 (MCP-1)

CCR2 receptors are expressed on immune cells and can
be activated by pro-inflammatory chemokines, including
CCL2 (also known as monocyte chemoattractant protein-1,
MCP-1), CCL7, CCL8, CCL12, and CCL13. Among them,
CCL2 is of particular interest, as it is the most potent activa-
tor of CCR2 (Chu et al. 2014). In the CNS, CCL2 induces
migration and accumulation of peripheral immune cells
and microglia into an endangered/damaged site. It is also
involved in the neuroinflammatory reaction by promoting
transition of microglia from resting into activated pheno-
type. Additionally, CCL2 was found to promote the loss
of the BBB integrity by disruption of adherent junctions,
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thus facilitating infiltration of peripheral immune cells into
the CNS. In normal conditions, neuroinflammation plays a
neuroprotective role against various harmful factors. How-
ever, when microglia and astrocytes fail to clear toxic forms
of AP, chronic elevation of chemokines levels, resulting in
prolonged activation of glial cells and neuroinflammation,
may contribute to neuronal loss and a disease progression
(Kiyota et al. 2009a; Li et al. 2009; Nordengen et al. 2019;
Rezazadeh et al. 2016; Roberts et al. 2012; Sui et al. 2019).

There is accumulating evidence for involvement of the
CCL2/CCR?2 axis in pathogenesis of AD. Elevated levels of
CCL2 were found in plasma and CSF (Corréa et al. 2011;
Galimberti et al. 2006; Lee et al. 2018; Nordengen et al.
2019; Stuart and Baune 2014), and brain tissue, including
critical structures for AD, such as the hippocampus, fron-
tal, and temporal cortex of AD patients as compared to
healthy controls (Liao et al. 2016; Sokolova et al. 2009).
In some of these studies, the highest levels of CCL2 were
observed in patients with severe AD, and they correlated
with progression of cognitive decline or CSF concentration
of AP and hyperphosphorylated tau (Corréa et al. 2011; Lee
et al. 2018). It is postulated that high expression of CCL2
and CCR2 are a risk factor for AD development (Murcia
et al. 2020; Rezazadeh et al. 2016). High levels of CCL2 in
patients with prodromal AD were associated with a faster
cognitive decline (Westin et al. 2012). Importantly, it has
been found that AP stimulates CCL2 release from astro-
cytes and microglia in vitro (El Khoury et al. 2003; Ito et al.
2006; Kiyota et al. 2013; Smits et al. 2002). Additionally,
CCL2 is present in mature senile plaques and reactive micro-
glia, where it is involved in microglial accumulation and
phagocytosis of A (Ishizuka et al. 1997; Sui et al. 2019).
Similarly to humans, changes in expression of CCL2 were
observed in murine models of AD. Increased expression of
this chemokine was observed in brains of female SXFAD
at 5 months of age, i.e., at a stage of significant AP deposi-
tion (Manji et al. 2019). Likewise, increased levels of CCL2
were found in brains of aged mice representing other Tg
lines, such as Tg2576, 3xTg AD, and APP/PS1 (Hartlage-
Riibsamen et al. 2015; Reale et al. 2018; Zaheer et al. 2013).
In the APP/PS1 model, the cerebral expression of CCR2 was
also elevated (Krauthausen et al. 2015).

Although overexpression of CCL2 in mice does not
directly alter cognitive functions (Kiyota et al. 2009b), its
impact on the symptoms and progression of AD has been
widely studied using Tg animals. In APP mice, overexpres-
sion of CCL2 results in increased deposition of A in the
cerebral cortex and hippocampus, coinciding with enhanced
accumulation of mononuclear phagocytes around senile
plaques, and leading to cognitive decline. Interestingly,
accumulation of AP in CCL2 overexpressing mice was nei-
ther mediated by alternations of APP expression or process-
ing, nor by suppression of AP degradation, but resulted from

stimulation of oligomerization of Af peptides giving rise
to an insoluble, fibrillar form of the amyloid. It has been
demonstrated that increased levels of CCL2 in APP mice
evoke enhanced microglial accumulation, activation, and
phagocytosis of Ap monomers which are then conversed
intracellularly into oligomers. Secreted A oligomeric spe-
cies act as seeds accelerating diffuse plaque formation, thus
contributing to progression of the disease (Kiyota et al.
2009b; Yamamoto et al. 2005). Similarly, upregulation of
CCL2 produces detrimental effects in rTg4510 mice, where
it caused microglial activation and aggravated tau pathology
by increasing the insoluble tau fraction, leading to extended
generation of NFTs (Joly-Amado et al. 2020).

Aside from overexpression of CCL2, also silencing of
the CCL2/CCR?2 axis can lead to aggravation of AD pathol-
ogy in murine models. In APP/PS1 mice, knock-out of
CCR2 accelerates accumulation of intracellular soluble
Ap oligomers that was paralleled with decline of cognitive
functions. Surprisingly, increased recruitment of microglia
around senile plaques was observed in the prefrontal cortex
and hippocampus of APP/PS1/CCR2~~ mice. This find-
ing suggests involvement of a compensatory mechanism
leading to migration of microglia. Microglia of APP/PS1/
CCR27™'~ mice exhibit increased expression of CX3CR1
which is involved in inhibition of microglial activation
and phagocytosis (Naert and Rivest 2011). A deficiency
of CCR2 leads to acceleration of AD progression also in
Tg2576 mice, as accumulation of Ap occurs faster due to
decreased clearance by microglia, and results in a premature
death of animals (El Khoury et al. 2007). Similarly, CCR2
deficiency in bone marrow cells in APP/PS1 mice also led
to aggravation of cognitive impairment and increased lev-
els of soluble AP oligomers, pointing to the role of bone
marrow-derived CCR2-positive microglia in phagocytosis
of soluble AP (Naert and Rivest 2012). Deficiency of CCL2
in APP/PS1 mice is also involved in behavioral impairment
and increased levels of soluble AP oligomers in the hip-
pocampus, a process mediated by impairment of microglial
phagocytosis, despite its accumulation around compact
plaques (Kiyota et al. 2013]. Furthermore, in Tg2576 mice,
knock-out of CCR2 resulted in decreased clearance of Af
by perivascular macrophages and accumulation of insolu-
ble AP species (Mildner et al. 2011). Knock-out of CCL2
in APP/PS1 mice led to impaired neurogenesis; this was
not observed in non-Tg CCL2~'~ mice. Therefore, it can be
concluded that the interaction of familial AD mutations and
CCL2 deficiency results in impaired neuronal proliferation
and differentiation, which can further contribute to the dis-
ease progression (Kiyota et al. 2013). Similarly, in mice har-
boring PS1 mutation, deficiency of CCL2 led to impairment
of adult hippocampal neurogenesis and synaptic plasticity,
manifested as deficits in learning and memory (Kiyota et al.
2015). This observation is in line with findings obtained
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with APP/PS1 mice (Kiyota et al. 2013), and supports the
role of the CCL2/CCR?2 axis not only in chemotaxis, but also
in architecture of the CNS.

On the other hand, suppression of CCL2 by administra-
tion of a dominant-negative CCL2 mutant gene 7ND into
the hippocampus of APP/PS1 mice at the pre-symptomatic
stage using the adeno-associated virus resulted in attenua-
tion of microgliosis and decreased formation of oligomeric
and fibrillary AP (Kiyota et al. 2009a); this observation is
analogous to results obtained in experiments using CCL2
overexpression (Kiyota et al. 2009b). Interestingly, when
administered to APP/PS1 mice at the post-symptomatic
stage, 7ND produced cognitive improvement (Kiyota et al.
2009a). In 5xFAD mice, knock-out of CCL2 reduced neuro-
inflammation, accumulation of senile plaques, and neuronal
loss leading to alleviation of behavioral deficits observed at
the post-symptomatic stage of the disease (Gutiérrez et al.
2019a, b).

Summarizing the above observations, it seems that the
CCL2/CCR?2 axis, when functioning at the physiological
level, plays a protective role against amyloidosis by increas-
ing microglial accumulation and clearance of Af, especially
at the early stage of pathology. On the other hand, at the late
stage of AD, CCL2/CCR2 may aggravate the pathology by
stimulation of excessive neuroinflammation and promotion
of insoluble AP formation inside microglial cells.

CCL3, CCL4, CCL5

Although there are published data on the relationship between
CCRS and its ligands with AD, this area is explored to a lesser
extent than CX3CL1/CX3CR1 or CCL2/CCR2. CCRS is
expressed on microglia in the CNS and interacts with several
chemokines, such as macrophage inflammatory proteins la
and 1P (CCL3 and CCLA, respectively), RANTES (regulated
on activation, normal T cell expressed and secreted, CCLY),
CCLS, and eotaxin (CCL11) (Necula et al. 2020; Ogilvie et al.
2001). Agonists of CCRS possess chemoattractant properties,
promote infiltration of immune cells, their accumulation, and
pro-inflammatory action (Laurent et al. 2017; Li et al. 2009;
Skuljec et al. 2011).

Expression of CCRS5 and its ligands in the CNS and
peripheral blood of AD patients differs from control sub-
jects. Levels of CCL5 mRNA in peripheral blood were found
to be lower in AD patients as compared to age matched con-
trols (Kester et al. 2011). However, in this study, the sample
size was relatively small (n=23 for each group), and the
subjects with subjective complaints but not fulfilling the cri-
teria for mild cognitive impairment constituted the control
group. In another study, levels of CCL3 in peripheral blood
of AD patients were lower as compared to those observed in
controls, but did not correlate with the severity of dementia
(Geppert et al. 2010). Noteworthy, in this study, patients
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with other neurological disorders served as a control group;
therefore, it does not provide information on whether CCL3
levels in plasma of AD patients differ from healthy humans.

Elevated levels of CCL5 were found in plasma and brain
microvessels of AD patients as compared to controls, with
a negative correlation between CCLS5 level and age as well
as duration of the disease. However, levels of CCL5 did
not correlate with cognitive scores (Tripathy et al. 2010;
Vacinova et al. 2021). Elevated expression of CCRS was
observed in lymphocytes T and B of AD patients as com-
pared to healthy controls. Interestingly, treatment with a
recombinant Af resulted in increased surface expression
of CCRS5 on both types of lymphocytes isolated from AD
patients (Pellicano et al. 2010). CCRS is present on micro-
glia of AD patients and controls; its increased expression
was observed in reactive microglia of AD patients. Addition-
ally, CCL4 was found predominantly in reactive astrocytes,
which were more widespread in AD brains. CCR5-positive
microglia and CCL4-positive astrocytes were associated
with AP deposits (Bakshi et al. 2011). Similarly, in AD
patients, increased expression of CCL3 was found in neu-
rons of the hippocampus, temporal, and frontal regions of
brains. Treatment with AP induced increased expression of
CCL3 in a model human SH-SYS5Y cell line derived from
neuroblastoma (Liao et al. 2016).

A significant relationship between apolipoprotein E
(APOE) polymorphism and CCRS5 ligands has been reported
in brains of AD patients. APOE is involved in cholesterol
homeostasis and immune response in the CNS. Its allele €4
encoding apoE4 isoform is a major risk factor for sporadic
form of AD. It has been found that stimulated humanized
murine €4 astrocytes secrete more CCL3 than €3 astrocytes,
and the level of CCL3 in brains of AD patients homozygous
for APOE €4 is significantly higher as compared to age-
matched homozygous APOE €3 AD individuals (Cudaback
et al. 2015).

Although expression of CCRS5 ligands is altered in AD
patients, numerous studies report that CCR5**? mutation,
resulting in the loss of CCRS5 functionality, does not pro-
tect from AD, as the frequency of this allele does not differ
between AD patients and healthy controls (Balistreri et al.
2006; Combarros et al. 2004; Huerta et al. 2004; Wojta et al.
2020). It was noted, however, that patients carrying CCR54
mutation develop AD at a younger age (Wojta et al. 2020).

Treatment with Ap1-42 resulted in increased expression
of CCL3 and CCLA4 in cultured murine microglia (El Khoury
et al. 2003; Ito et al. 2006), and in cortical human micro-
glia isolated from post-mortem cases (Walker et al. 2001).
Moreover, AP induced mRNA expression of CCRS in THP-1
monocytes (human cell line used as a model of microglia)
and in human peripheral blood monocytes, which in turn
stimulated chemotaxis of monocytes toward CCL4 and CCL5
gradient (Giri et al. 2005). Upregulation of CCRS was also
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stimulated by AP in human brain microvascular endothelial
cells which constitute the BBB (Li et al. 2009), while in rats
intrahippocampal injection of A resulted in overexpression
of CCRS in brain endothelial cells, and CCL3 in peripheral
T lymphocytes (Li et al. 2009; Man et al. 2007). In wild-type
mice, intracerebroventricular injection of Ap1-40 resulted
in increased expression of CCL3, followed by astrocytosis,
microgliosis, and neuroinflammation, finally leading to cog-
nitive impairment. All these negative effects were reduced
in CCL3~~ and CCR5~'~ mice (Passos et al. 2009). The
observed upregulation of CCRS5 and its ligands are of sig-
nificant importance as they aggravate neuroinflammatory
reaction by promoting accumulation of resident microglia
and infiltration of T cells and peripheral monocytes through
the BBB into the brain, where the latter can undergo differ-
entiation into microglia (Giri et al. 2005; Li et al. 2009; Man
et al. 2007; Passos et al. 2009).

Studies utilizing Tg murine models shed more light on
involvement of CCRS5 and its ligands in the pathogenesis of
AD. In the double transgenic APP/PS1 model of amyloido-
sis, increased levels of CCL3 and CCL4 were found in the
brain within a frame of 7 to 15 months of age (Jorda et al.
2019; Martin et al. 2019; Zhu et al. 2014). CCL3 was present
in astrocytes and microglia (Martin et al. 2017), while CCL4
was predominantly expressed by reactive astrocytes associ-
ated with AP deposits (Zhu et al. 2014). At 7 months of age,
expression of CCRS5 decreased, while that of CCLS5 remained
unchanged (Jorda et al. 2019). However, other studies using
older mice reported no changes in CCRS5 expression (brains
dissected at various ages; median of 10.9 months) (Zhu
et al. 2014) or increased expression of CCL5 at 10 and
15 months of age (Martin et al. 2019). Additionally, expres-
sion of CCL4 directly correlated with progression of Af
accumulation in the brain (Zhu et al. 2014). Therefore, it
can be assumed that CCRS axis is generally enhanced in this
murine Tg AD model, and this overexpression progresses
along with the pathology of the disease. Overexpression
of CCL3, CCLA4, and CCLY5, paralleled by infiltration of T
lymphocytes into the hippocampus, was also observed in a
Tg murine model of tauopathy, THY-Tau22 (Laurent et al.
2017). Chronic infusion of lipopolysaccharide (LPS) into the
fourth ventricle of young rats evoked astrogliosis and micro-
gliosis in the hippocampus. These pathological changes were
dramatically reduced by administration of CCRS antago-
nist, D-Ala-peptide T-amide (DAPTA) (0.01 mg/kg, s.c.,
for 14 days) (Rosi et al. 2005). Of note, a decreased func-
tion of CCRS in non-AD mice resulted in improvement of
LTP and spatial memory, while its overexpression resulted
in memory deficits (Zhou et al. 2016). Similarly, in non-
AD mice, subchronic intracerebroventricular injection of
CCL3 resulted in inhibition of LTP and cognitive deficits,
processes mediated by CCRS, as its antagonist abolished
these effects (Marciniak et al. 2015).

On the other hand, transplantation of bone marrow mesen-
chymal stem cells (BM-MSCs) into the hippocampus of APP/
PS1 mice at 30 weeks of age resulted in increased expression
of CCL5 mRNA as compared to sham-transplanted animals.
However, in these mice, an alternative activation pattern of
microglia was observed. It led to decreased AP deposition
and improved cognitive performance (Lee et al. 2012). In
experiments done on non-Tg mice, CCRS5 deficiency led to
compensatory overexpression of CCR2 which was associ-
ated with impairment of spatial memory, increased activity
of B-secretase, and increased A deposition (Lee et al. 2009).
Accordingly, knock-out of CCRS5 associated with elevation of
CCL2 and CCR2 expression in the brain, resulted in higher
susceptibility of mice to LPS treatment, manifesting in more
pronounced cognitive impairment, activation of astrocytes,
expression of inflammatory enzymes and p-secretase, and
AP deposition as compared to CCRS wild-type mice (Hwang
et al. 2016). The findings presented above suggest that CCRS5
ligands may play a protective or negative role in AD pathol-
ogy, depending on the context. CCRS5 is involved in immune
response in AD brains, which is beneficial at the initial stage
of the response; however, under chronic conditions, effects of
stimulation of these receptors are detrimental. On the other
hand, permanent silencing of CCRS, as in CCR5™~ mice,
leads to the development of compensatory upregulation of
CCR2 and its ligand CCL2, resulting in aggravation of neu-
roinflammation and disease pathology.

CXCL8 (IL-8), CXCL2, CXCL1

Substantial evidence points to an association between dis-
turbances of CXCLS signaling and the pathomechanism of
AD. Injection of AB1-42 into the rat hippocampus resulted
in enhanced expression of CXCR2 and CXCLS, paralleled
by significant gliosis and increased presence of T lympho-
cytes in the brain. In addition, SB33223 (a competitive
CXCR2 antagonist) reduced microgliosis, accumulation of
T lymphocytes and oxidative stress, leading to alleviation of
neuronal loss in the dentate gyrus of Ap-injected rats (Ryu
etal. 2015; Liu et al. 2010a). Similarly, treatment of APPg,,.
mice with SB225002, a selective CXCR2 antagonist,
reduced soluble AB40 brain levels relative to the control
group (Bakshi et al. 2008, 2011). Experiments performed
on cell lines revealed that SB225002 lowered Ap40 and
AP42 levels. As SB225002 decreased y-secretase activity
via reduction of presenilin expression, it is suggested that
effects of this CXCR2 antagonist resulted from its interfer-
ence with the production of A but not its secretion (Bakshi
et al. 2008, 2011). Levels of CXCL8 were found to be sig-
nificantly higher in samples, such as brain tissue, plasma,
and CSF, obtained from AD patients as compared to healthy
controls (Alsadany et al. 2013; Ashutosh et al. 2011; Corréa
et al. 2011; Galimberti et al. 2006; Sokolova et al. 2009).
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In brains of AD patients, elevated levels of CXCL8 were
detected in neurons and around A plaques (Sokolova
et al. 2009). CXCR2 was also upregulated in peripheral
T lymphocytes of AD patients, facilitating their entry into
the CNS through the BBB (Liu et al. 2010a). Notably, in
AD patients, levels of CXCLS8 were negatively correlated
with the cognitive score (Alsadany et al. 2013), and posi-
tively correlated with CSF Ap levels (Corréa et al. 2011).
In vitro studies demonstrated a protective role of CXCLS8
against AP-induced neurotoxicity. Human fetal microglia,
astrocytes, and neurons stimulated with AP produced high
amounts of CXCLS8. Although CXCLS alone did not alter
neuronal survival, it did inhibit AB-induced neuronal apop-
tosis and increased production of BDNF (Ashutosh et al.
2011). On the other hand, treatment of primary neuronal
rat cultures with CXCLS8 in the absence of Ap resulted in
cell death and increased expression of pro-inflammatory
matrix metalloproteinases 2 and 9, along with pro-apoptotic
proteins (Thirumangalakudi et al. 2007). A recent meta-
analysis indicates that a polymorphism (—251 T > A) of the
CXCLS gene is associated with increased risk of developing
AD (Qin et al. 2016). In agreement with the clinical data,
in vitro treatment with Af increased expression of various
inflammation-related genes in cortical human microglia iso-
lated from post-mortem cases, among which, expression
of CXCLS8 was the most highly elevated (11.7-fold at the
mRNA level) (Walker et al. 2001). CXCR2, the main recep-
tor for CXCLS3, is strongly upregulated in AD brains, where
it is localized mainly on microglia around senile plaques
(Ryu et al. 2015; Xia et al. 1997).

Apart from CXCLS, other ligands of CXCR?2 are related
with AD. Protection of hippocampal neurons against AP
was observed for CXCL1 (also known as GROo/KC) and
CXCL2 (Watson and Fan 2005). CXCL1 acts as a growth
factor by stimulating neuronal ERK1/2 and PI-3 kinase path-
ways in cultured mouse neurons. However, this chemokine
increases tau phosphorylation, which may limit its neuropro-
tective activity (Xia and Hyman 2002). Similarly, CXCL1
was found to induce phosphorylation and subsequent cas-
pase-3 dependent truncation of tau protein, leading to for-
mation of varicosities or bead-like structures along the neu-
ritis. Tau cleavage, which is considered an early event in
AD development, was also observed after intrahippocampal
microinjection of lentiviral CXCL1 in aged (15-18 months
of age), but not in adult (5-10 months of age) mice (Zhang
et al. 2015). Pretreatment of mouse neurons with CXCL2
abolished Af-induced oxidative stress, dendritic regres-
sion, and neuronal apoptosis. This effect was independent
of CXCR2, but attributed to CXCRI1, as it was observed in
cultured neurons from both CXCR2** and CXCR2™~ mice.
Of note, CXCL2~~ mice displayed significantly elevated
expression of CXCR1 (Raman et al. 2011).

@ Springer

Monocytes obtained from AD patients overexpress
CXCLI. Treatment of human brain microvascular endothe-
lial cells with A results in increased expression of CXCR2
which, via interaction with CXCL1, is involved in the
breakdown of the BBB integrity and increased migration of
monocytes into the brain of AD patients (Zhang et al. 2013).
Similarly, levels of CXCL1 and CXCL2 were elevated in
brains of APP/PS1 mice as compared to wild-type animals
(Martin et al. 2019; Watson and Fan 2005), and treatment of
mouse microglia with AB1-41 induced expression of CXCL2
(Ito et al. 2006).

CXCL12/CXCR4

CXCL12, also known as stromal cell-derived factor 1 (SDF-
1), is a homeostatic chemokine expressed under physiological
conditions at various sites, including the CNS, where it is pro-
duced mainly by astrocytes (Parachikova and Cotman 2007).
CXCL12, by stimulating the CXCR4 receptor, promotes neu-
rogenesis and synaptic plasticity, both during development and
in adulthood. CXCL12-dependent adult neurogenesis and syn-
aptic plasticity in the dentate gyrus is involved in learning and
memory, as wild-type mice treated with a CXCR4 antagonist
show cognitive impairment (Parachikova and Cotman 2007).
So far, the available data on the relationship between dis-
turbances of CXCL12/CXCR4 axis and AD are scarce. First
studies on this subject reported decreased levels of CXCL12
in plasma of early-stage AD patients. They were negatively
correlated with those of tau protein in the CSF, but posi-
tively correlated with cognitive decline. This observation
supports the idea of the relationship between deficiency of
regenerative effects of CXCL12 with AD pathology (Laske
et al. 2008). A study done on a large population of sub-
jects—2139 healthy, non-demented persons (NDHC) and
1170 AD patients—demonstrated that brains of AD patients
expressed high levels of CXCR4 and CHI3L1 (chitinase-3
like-protein-1 involved, among others, in inflammation, tis-
sue injury and repair, remodeling, and firstly identified as a
potential candidate for CSF biomarker [Zhao et al. 2020]),
and low levels of CXCL12 and neurogranin (a protein play-
ing an important role in synaptic plasticity, synaptic regen-
eration, and long-term potentiation, and a biomarker of
neurological and mental diseases) (Xiang et al. 2020) as
compared to NDHC subjects (Sanfilippo et al. 2020).
Similarly to AD patients, expression of CXCR4 gene is
upregulated in brains of rTg4510 murine model of tauopa-
thy (Bonham et al. 2018) and APP/PS1 model of amyloido-
sis (Krauthausen et al. 2015). rTg4510 mice develop NFTs
pathology in the hippocampus and neocortical regions by
6 months of age, while the cerebellum fails to these patho-
logical changes. The increased expression of CXCR4 in
rTg4510 mice was detected in the hippocampus, a site of
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NFTs occurrence, but not in the cerebellum, where NFTs
are not generated. Additionally, elevated CXCR4 in the hip-
pocampus co-localized with markers of microglial acti-
vation (TMEM119 and AIF1, encoding transmembrane
protein 119 and allograft inflammatory factor 1, respec-
tively); this was associated with changes in expression of
other microglia-related genes (upregulation of 7LR2 and
down-regulation of CCR5) (Bonham et al. 2018). Alter-
nations in the CXCL12/CXCR4 axis were also observed
in Tg2576 mice harboring the human APP mutation. The
hippocampal expression of both CXCL12 and CXCR4
were decreased in Tg2576 mice at 6 and 12 months of age
as compared to age-matched non-transgenic animals; this
was paralleled with cognitive impairment (Parachikova and
Cotman 2007). Conversely, in wild-type C57BL/6 mice
injected with AP, expression of CXCL12 was increased in
injected regions. Similar results were observed in Tg2576
mice at 12 months of age (Wu et al. 2017). It should be
noted that at this stage, the Tg2576 mice exhibit higher lev-
els of soluble and insoluble A, with the latter increasing
10,000-fold between these time points (Parachikova and
Cotman 2007). Therefore, it can be assumed that expres-
sion of CXCL12 in the brain of Tg2576 (APPg,,.) mice
changes over time, reflecting the progression of A pathol-
ogy. In the case of a massive accumulation of AP or its
rapid emergence due to injection, upregulation of CXCL12
may be related to a compensatory reaction. The protective
action of CXCL12 against AD pathology was observed
using Tg murine models. In APP/PS1 mice, intracer-
ebroventicular administration of CXCL12 resulted in
decreased deposition of Af with a concomitant activation
and accumulation of microglia around the senile plaques
in the cortex and hippocampus (Wang et al. 2012). In an
in vitro study, CXCL12 protected primary mouse neurons
against AfB-induced apoptosis and dendritic regression.
This effect was mediated by activation of Akt and ERK1/2
kinases and stabilization of metalloproteinase ADAM17
activity. Similar changes, along with a significant decrease
of oxidative damage, were demonstrated by in vivo stud-
ies on C57BL/6 mice treated intracerebroventricularly with
CXCL12 and then with Ap (Raman et al. 2011).

The involvement of the CXCL12/CXCR4 axis in micro-
glial migration toward AP was confirmed in in vitro stud-
ies on neuronal and glial cells differentiated from neuronal
stem cells and cultured in the central chamber of microflu-
idic device. To develop early AD and late AD models, the
cells were incubated in the device for 0.5 weeks (3-week
AD model) and 7.5 weeks (9-week AD model). To test the
activation and migration of microglia cells by Ap, they were
loaded in the angular chamber and the number of recruited
microglia in the central chamber was monitored. Migration
of microglia toward neuronal and astrocytes cell cultures
was blocked by AMD3100, a selective CXCR4 antagonist,

indicating an involvement of CXCR4 in this process
(McQuade et al. 2020).

In 5XFAD mice, the intraparenchymal delivery of human
painless nerve growth factor (hNGFp) did not decrease the
amyloid-p plaque load, but the same dose of the factor deliv-
ered intranasally, which was then widely biodistributed in
the brain, showed a potent anti-amyloidogenic action and
rescued synaptic plasticity and memory deficits. In addi-
tion, hNGFp given intranasally significantly decreased
the expression of presenilin 1, nicastrin, and f3-secretase-1
(BACE1); increased levels of full-length APP; and reduced
amounts of C99 and C83/C89 terminal fragments of APP.
It was demonstrated that hNGF acts on microglia and, to
a lesser extent, on astrocytes. The neuroprotective effects
of hNGFp were mediated by CXCL12, as the reduction of
memory deficits, AP plaque load and A oligomers level
were blocked by AMD3100. AMD3100 also blocked the
hNGFp-induced modulation of presenilin 1, BACE1, and
APP processing products. Accordingly, CXCL12 decreased
amyloid-f oligomer immunoreactivity in 5xXFAD cultured
cortical neurons and protected the wide-type neurons against
Ap-induced cytotoxicity (Capsoni et al. 2017).

CXCL12 was also involved in beneficial effects of mobi-
lization of bone marrow mesenchymal stem cells following
granulocyte colony-stimulating factor (G-CSF) treatment in
APPq,, . or wide-type mice treated with Ap. It has been docu-
mented that CXCL12/CXCR4-mediated chemotaxis leads
to the recruitment and infiltration of repair-competent cells,
resulting in enhanced neurogenesis and cognitive improve-
ment (Wu et al. 2017).

CXCR3: CXCL9, CXCL10 (IP-10), CXCL11

CXCL10 (also known as Interferon gamma-induced protein
10 (IP-10) or small-inducible cytokine B10) is expressed
on astrocytes in normal and AD brains, where it plays a role
in their migration, while its receptor, CXCR3, is constitu-
tively expressed on neurons. In AD brains, the expression
of CXCL10 on astrocytes was upregulated as compared to
normal brains. CXCL10-expressing astrocytes were accumu-
lated around senile plaques and characterized by increased
expression of another chemokine, CCL4. Similarly, hip-
pocampal astrocytes cultured in vitro produce increased
amounts of CXCL10 in response to Af stimulation (Lai et al.
2013; Xia et al. 2000). A meta-analysis revealed that plasma
concentration of CXCL10 was significantly elevated in AD
patients as compared to healthy controls (Lai et al. 2017).
Concentration of CXCL10 in CSF was higher in patients
with mild AD, but not in those presenting severe AD
(MMSE < 15), as compared to age-matched control sub-
jects. In AD patients, levels of CXCL10 were positively
correlated with MMSE score, suggesting that although they
increased at the early stage of disease, but dropped drop

@ Springer



1940

Journal of Molecular Neuroscience (2022) 72:1929-1951

as the impairment progresses. In this study, the control
group included patients without memory complaints; how-
ever, with other noninflammatory neurological diseases, an
association between elevated levels of CXCL10 and other
pathologies cannot be excluded (Galimberti et al. 2006).
In another study, CSF concentrations of CXCL10 did not
differ between AD patients and the control group (patients
submitted to elective surgery, without dementia, infections,
autoimmune diseases, or cancer); however, CXCL10 levels
in the AD group correlated positively with CSF levels of Af.

Nevertheless, in this study, no stratification for the sever-
ity of AD was done, thus it cannot be concluded whether
CXCLI10 levels were different at the early stage of the dis-
ease (Corréa et al. 2011).

By analogy to humans, elevated levels CXCL10 were
found in the cerebral cortex and hippocampus of Tg2576
mice harboring human APPg,, mutation, with intense expres-
sion of CXCL10 co-localizing with A plaques (Duan et al.
2008). Increased expression of CXCL10, CXCR3 receptor,
and its other ligand CXCL9 was also observed in 3xTg and

Table 1 Changes in expression of chemokines and chemokine receptors in humans

Chemokine/receptor ~ Patient group Medium Change in expression References
CX3CL1 AD patients Hippocampus and frontal cortex Decrease Cho et al. 2011
MCI and AD CSF Decrease Perea et al. 2018
Severe AD Hippocampus Decrease Strobel et al. 2015
(Braak V-VI)
Early AD (Braak II-IV)  Hippocampus Increase Lastres-Becker et al. 2014
Severe AD Hippocampus Increase Dworzak et al. 2015
(Braak V-VI)
CCL2 AD patients Plasma and CSF Increase Corréa et al. 2011
Brain tissue Galimberti et al. 2006
Hippocampus Lee et al. 2018
Frontal and temporal cortex Liao et al. 2016
Nordengen et al. 2019
Sokolova et al. 2009
Stuart and Baune 2014
CCL3 AD patients Hippocampus Increase Liao et al. 2016
Temporal and frontal regions of brain
Peripheral blood Decrease Geppert et al. 2010
CCL5 AD patients Plasma Decrease Tripathy et al. 2010
Brain microvessels Vacinova et al. 2021
Peripheral blood Decrease (mMRNA) Kester et al. 2011
CCRS5 AD patients Reactive microglia Increase Bakshi et al. 2011
Lymphocytes T and B Pellicano et al. 2010
CXCL1 AD patients Peripheral monocytes Increase Zhang et al. 2013
CXCLS8 AD patients Brain tissue Increase Alsadany et al. 2013
Neurons around A plaques Ashutosh et al. 2011
Plasma Corréa et al. 2011
CSF Galimberti et al. 2006
Sokolova et al. 2009
CXCR2 AD patients Brain Increase Liu et al. 2010a
Peripheral T lymphocytes Ryu et al. 2015
Microglia around A plaques Xiaetal. 1997
CXCL12 Early-stage AD patients ~ Plasma Decrease Laske et al. 2008
AD patients Brain Sanfilippo et al. 2020
CXCR4 AD patients Brain Increase Sanfilippo et al. 2020
CXCL10 AD patients Brain Increase Lai et al. 2013
Plasma Lai et al. 2017
Xia et al. 2000
CSF Increase (mild AD) Galimberti et al. 2006
No change (severe AD)
No change Corréa et al. 2011
CCR3 AD patients Brain Increase Xia et al. 1998
CCL11 AD patients Plasma Increase Choi et al. 2008
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APP/PS1 mice (Krauthausen et al. 2015; Martin et al. 2019;
Zaheer et al. 2013). In female SXxXFAD mice, CXCL10 was
the earliest pro-inflammatory molecule induced as early as at
3 months of age, which is approx. 1 month after these mice
begin to develop AP deposits. High levels of Af1-40 and
Ap1-42 were found in in the brain and CSF of 5xFAD mice;
they even increase over age. Histological analyses of the cor-
tex and hippocampus revealed a dramatic plaque load and
B-sheet formation accompanied by strong neuroinflamma-
tion. The expression of CXCL10 in these Tg mice lines was
found to further increase with age, which is paralleled with
growing AP deposition, augmenting upregulation of inflam-
matory cytokines (IL-1p, TNF-a), astro- and microgliosis
(Manji et al. 2019). The increased levels of CXCL10 in dif-
ferent Tg murine models of AP pathology is likely mediated
by stimulation of microglia, as an in vitro study demonstrated
that fibrillar AP stimulated production of CXCL10 by pri-
mary mouse microglia (Krauthausen et al. 2015).

In APP/PS1 mice, deficiency of CXCR3 resulted in
reduction of AP and alleviation of plaque burden, concomi-
tant with reduced activation and accumulation of astrocytes
and microglia around plaques, and decreased levels of pro-
inflammatory cytokines but increased expression of BDNF.
These effects were paralleled with cognitive improvement
observed in CXCR3~~ APP/PS1 mice as compared to
CXCR3™* APP/PS1 controls, suggesting beneficial effects
of CXCL9, CXCL10, and BDNF alternations. The reduction
of AP levels in CXCR3™~ mice was found to be mediated
by increased microglial phagocytosis, without significant
changes of APP processing. The influence of CXCR3 on the
microglial uptake of AP was also confirmed in vitro using a
receptor 2-iminobenzimidazole antagonist, which increased
the phagocytosis, as well as in a different in vivo model
in which microglial phagocytosis of Af after intracerebral
injection was enhanced in CXCR3™'~ mice (Krauthausen
et al. 2015).

Table 2 Changes of expression of chemokines and chemokine receptors in mouse models of AD

Chemokine/receptor

Model

Changes in expression

Tissue

References

CX3CL1 Tg2576 mice at9 | CX3CLI
and 17 months
CCL2 5xFAD 1 CCL2
Tg2576
3xTg
APP/PS1 mice
CCR2 APP/PS1 mice 1 CCR2
CCL3 APP/PS1 mice 1 CCL3 and CCL4
CCL4
CCL5
THY-Tau22 mice 1 CCL3, CCL4 and CCL5
APP/PS1 mice 1 CCL5
CCR5 APP/PS1 mice | CCR5
CXCL1 APP/PS1 mice 1 CXCL1 and CXCL2
CXCL2
CXCL12 Tg2576 mice | CXCL12
Tg2576 mice 1 CXCL12
CXCR4 rTg4510 mice 1 CXCR4
APP/PS1 mice 1 CXCR4
Tg2576 mice | CXCR4
CXCL9 Tg2576 mice 1 CXCL10
CXCL10
3xTg mice 1 CXCL10
5XxFAD mice
APP/PS1 mice
APP/PS1 mice 1 CXCL9, CXCL10
CXCR3 APP/PS1 mice 1 CXCR3
CCL11 APP/PS1 mice 1 CCL11

Cerebral cortex

Duan et al. 2008

Brain Manji et al. 2019
Hartlage-Riibsamen et al. 2015
Reale et al. 2018
Zaheer et al. 2013
Brain Krauthausen et al. 2015
Brain Jorda et al. 2019
Martin et al. 2019
Zhu et al. 2014
Hippocampus Laurent et al. 2017
Brain Martin et al. 2019
Brain Jorda et al. 2019
Brain Martin et al. 2019
Watson and Fan 2005
Hippocampus Parachikova and Cotman 2007
brain Wau et al. 2017

Brain regions affected by tau pathology

Brain
Hippocampus

Cortex and hippocampus co-localiza-
tion with A plaques

Brain

Brain (mRNA)
Brain (mRNA)
Brain and CSF

Bonham et al. 2018
Krauthausen et al. 2015
Parachikova and Cotman 2007

Duan et al. 2008

Zaheer et al. 2013
Manyji et al. 2019
Martin et al. 2019

Krauthausen et al. 2015
Krauthausen et al. 2015

Martin et al. 2019
Zhu et al. 2017

| decrease, 1 increase, CSF cerebrospinal fluid
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CCL11: CCR3, CCR5 and CCR2

CCL11, also known as eotaxin-1, can act as either agonist
of CCR3 and CCRS or as an antagonist of CCR2. Its main
effect is induction of eosinophil chemotaxis by interaction
with CCR3. By blocking CCR2, this chemokine can inhibit
CCL2-dependent chemotaxis of monocytes. Apart from
CCL11, ligands of CCR3 include CCL5 (RANTES), CCL7
(MCP-3), and CCL13 (MCP-4) and CCL26 (eotaxin-3)
(Ogilvie et al. 2001; Xia et al. 1998; Zhu et al. 2017). In
the murine brain, CCL11 is mainly expressed in activated
microglia (Zhu et al. 2017). Elevated expression of CCR3
and CCRS5 was found in reactive microglia extracted from
brains of AD patients (Xia et al. 1998). CCL11 levels were
increased in plasma of AD patients (Choi et al. 2008) as
compared to healthy, age-matched controls. Concentrations
of CCL11 were also elevated in brains and CSF of APP/PS1
mice compared to wide-type controls. In both wide-type and
APP/PS1 mice, CSF levels of CCL11 increased with age;
however, this change was more pronounced in AD mice
(Martin et al. 2019; Zhu et al.2017).

Recent studies suggest the negative impact of the
CCL11/CCR3 axis on the AD pathology. In mouse hip-
pocampal neuronal cultures, treatment with CLL11
induced production of Ap1-42, tau hyperphosphorylation,
and dendritic spine loss. Aggravation of A and tau pathol-
ogy by CCL11 was mediated, at least partially, by CCR3-
dependent activation of two major kinases playing a key
role in hyperphosphorylation of tau and APP processing,

i.e., cyclin-dependent kinase 5 (CDK5) and glycogen syn-
thase kinase-3p (GSK-3p) (Zhu et al. 2017). In APP/PS1
mice, knock-out of CCR3 reduced activity of GSK-3f and
CDKS5, leading to decreased tau hyperphosphorylation
and AP deposition, along with reduced astro- and micro-
gliosis, synaptic loss, and improvement in spatial learning
and memory were found (Zhu et al. 2017). Treatment of
APP/PS1 mice with YM344031, a BBB-penetrating CCR3
antagonist, resulted in marked attenuation of Ap deposi-
tion and tau phosphorylation, processes dependent on the
decreased APP processing and reduced activity of CDKS5
and GSK-3p. YM344031 also prevented overt gliosis and
synaptic loss, leading to reduction of cognitive impairment
(Sui et al. 2019). The negative effect of CCL11 on cogni-
tion was also observed in wide-type mice. Treatment with
a recombinant murine CCL11 resulted in impaired adult
hippocampal neurogenesis leading to memory and learn-
ing deficits, while administration of CCL11 antibodies
prevented such effects (Villeda et al. 2011). As CCR3 is
present on microglia, it cannot be excluded that the neuro-
protective effects of CCL11/CCR3 blockade result not only
from reduced generation of AP and p-tau but also from
decreased activation of microglia, sparing neurons, and
synapses from cleavage (Sui et al. 2019; Zhu et al. 2017).

Changes in expression of chemokines and chemokine
receptors in humans and mouse models of AD are summa-
rized in Tables 1 and 2, respectively, while Table 3 presents
a summary of effects of chemokine and chemokine receptor
manipulations in rodent models of AD.

Table 3 Effects of chemokine and chemokine receptor manipulations in rodent models of AD

Chemokine/receptor Intervention Model

Outcome References

CX3CL1 Stereotactical injection of tau ~ WT mice

into the hippocampus

CX3CL1 knock-out APP/PS1 mice

Deletion of C-terminal APP/PS1 mice
membrane-bound fragment

of CX3CL1
Deletion of C-terminal

membrane-bound fragment
of CX3CLL1

CX3CL1 overexpression PS19 mice
Overexpression of C-terminal 5xFAD mice
membrane-bound fragment
of CX3CL1
Overexpression of soluble rTG4510 mice

CX3CL1 fragment (3-6 months)

hTau*'~; Mapt™~ mice

Increased levels of CX3CL1  Lastres-Becker et al. 2014

Increased tau phosphorylation Lee et al. 2014
Reduced AP accumulation

Increased neuroinflammation Lee et al. 2014

Increased tau phosphorylarion

Reduced CX3CRI1 expression Bemiller et al. 2018
Increased neuroinflammation

Reduced neurodegeneration ~ Fan et al. 2020
Cognitive improvement

Extended lifespan

Reduced AP deposition
Decreased APP expression
Decreased neuronal loss
Increased neurogenesis

Fan et al. 2019

Reduced tau pathology Nash et al. 2013
Reduced microglial activation
Reduced neurodegeneration

No cognitive improvement
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Table 3 (continued)

Chemokine/receptor Intervention

Model

Outcome

References

CX3CR1

CCL2

Overexpression of soluble
CX3CL1 fragment

Overexpression of soluble
CX3CLI1 fragment

Injection of A into the hip-
pocampus

CX3CR1 knock-out

CX3CR1 knock-out

CX3CR1 knock-out

CX3CR1 knock-out

CX3CRI1 deficiency
(CX3CR*~ and CX3CR™")

CX3CR1 heterozygosity

CCL2 knock-out

CCL2 knock-out

CCL2 suppression

(AAV-mediated delivery of
dominant-negative CCL2
mutant)

CCL2 knock-out

rTG4510 mice
(7-8 months)

APP/PS1 mice
WT rats

WT rats treated with
CX3CR1 siRNA

hAPP-J20 mice

hTau mice

CRNDS mice (APPg,,,,
APPy7,75)

3xTg mice

APP/PS1 mice
APPg . mice

APP/PS1 mice

APP/PS1 mice

PS1 mice

APP/PS1 mice

5xFAD mice

Cognitive improvement

No effect on tau pathology

No effect on neurodegenera-
tion

No changes in Af pathology

Increased expression of
CX3CR1

Reduced microglial activa-
tion, neuroinflammation and
cognitive impairment

Exacerbated tau pathology

Worsened cognitive decline

Increased IL-6

Exacerbated tau pathology

Worsened cognitive decline

Increased microglial activa-
tion

Reduced AP levels

Increased microglial accumu-
lation around A plaques

Increased Ap phagocytosis by
microglia

Decreased neuronal loss

No effect on Af accumulation
and phagocytosis

Reduced AP levels

Reduced microglial activation

Reduced microglial accumu-
lation around AP plaques

Increased AP phagocytosis by
microglia

Reduced AP levels

Cognitive improvement

Increased levels of AP oli-
gomers

Impaired AP phagocytosis by
microglia

Increased cognitive decline

Impaired neurogenesis

Impaired neurogenesis

Impaired synaptic plasticity

Increased cognitive impair-
ment

Decreased microglia activa-
tion

Decreased levels of Ap oli-
gomers and fibrils

Cognitive improvement

Reduced inflammation

Reduced accumulation of Ap
plaques

Reduced neuronal loss

Cognitive improvement

Finneran et al. 2019

Nash et al. 2013

Wu et al. 2013

Cho et al. 2011

Bhaksar et al. 2010

Liu et al. 2010b

Fuhrmann et al. 2010

Lee et al. 2010

Hickman et al. 2019

Kiyota et al. 2013

Kiyota et al. 2015

Kiyota et al. 2009a

Gutiérrez et al. 2019a, b
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Table 3 (continued)

Chemokine/receptor Intervention

Model

Outcome

References

CCR2

CCL3
CCL4
CCLS5

CCR5

CXCL1
CXCL2

CXCL8

CXCR2

CCL2 overexpression

CCL2 overexpression

CCR2 knock-out

CCR2 knock-out

CCR2 knock-out

Transplantation of bone mar-
row from CCR2 knock-out
mice

Hippocampal injection of Ap

ICV injection of Ap(1-40)
ICV injection of Ap(1-40)

Hippocampal injection of Ap

ICV injection of Ap(1-40)

Injection of lentiviral CXCL1
into the hippocampus

Injection of AB(1-42) into the
hippocampus

Injection of AP(1-42) into the
hippocampus

APP mice

rTg4510 mice

APP/PS1 mice

Tg2576 mice

Tg2576 mice

APP/PS1 mice

WT rats

WT mice
CCL3 knock-out mice

WT rats

CCRS5 knock-out mice

Aged WT mice

WT rats

WT rats

Increased Ap deposition

Increased accumulation of
microglia around plaques

Increased phagocytosis of AP

Increased Ap oligomerization
in microglia

Increased cognitive decline

Increased microglia activation
Aggravated tau pathology

Increased oligomeric Ap
accumulation

Increased cognitive decline

Increased microglia accumu-
lation around plaques

Decreased microglia activa-
tion and phagocytosis

Decreased AP clearance
Increased accumulation of AP

Increased AP accumulation

Decreased A clearance by
microglia

Premature death

Increased levels of AP oli-
gomers

Increased cognitive decline

Increased expression of CCL3
in peripheral T lymphocytes
Increased expression of CCL3

Protection from astrocytosis,
microgliosis and neuroin-
flammation

Reduced cognitive impair-
ment

Increased CCRS expression in
brain endothelial cells

Protection from astrocytosis,
microgliosis and neuroin-
flammation

Reduced cognitive impair-
ment

Increased tau cleavage

Increased expression of
CXCLS

Gliosis

Accumulation of T cells in
brain

Neuronal loss

Increased expression of
CXCR2

Gliosis

Accumulation of T cells in
brain

Neuronal loss

Kiyota et al. 2009b
Yamamoto et al. 2005

Joly-Amado et al. 2020

Naert and Rivest 2011

Mildner et al. 2011

El Khoury et al. 2007

Naert and Rivest 2012

Man et al. 2007

Passos et al. 2009
Passos et al. 2009

Li et al. 2009

Passos et al. 2009

Zhang et al. 2015

Liu et al. 2010a
Ryu et al. 2015

Liu et al. 2010a
Ryu et al. 2015
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Table 3 (continued)

Chemokine/receptor Intervention Model

Outcome References

Treatment with selec- APPg,,. mice

Reduced levels of soluble Bakshi et al. 2008, 2011

tive CXCR?2 antagonist AP(1-40)
SB225002
CXCL12 Injection of AP into the brain  WT mice Increased levels of CXCL12 ~ Wuet al. 2017
in injected regions
ICV injection of CXCL12 APP/PS1 mice Decreased accumulation of Wang et al. 2012
Ap
Increased accumulation and
activation of microglia
around Af plaques
ICV pretreatment with WT mice Decreased neuronal loss Raman et al. 2011
CXCL12 Decreased oxidative damage
ICV treatment with Ap
CXCR4 Intranasal treatment with 5xFAD mice Blockade of CXCR4 resulted Capsoni et al. 2017
hNGFp in abolishment of hNGFp-
Treatment with CXCR4 induced reduction of
antagonist AMD3100 cognitive impairment, Af
plaque load and levels of AP
oligomers
CXCR3 CXCR3 knock-out APP/PS1 mice Reduced AP levels and Krauthausen et al. 2015
pathology
Reduced gliosis around Ap
plaques
Increased microglial phagocy-
tosis of Ap
Reduced neuroinflammation
Increased expression of
BDNF
Cognitive improvement
CXCR3 knock-out WT mice Increased microglial phagocy-
Intracerebral A injection tosis of AP
CCR3 CCR3 knock-out APP/PS1 mice Decreased tau phosphoryla- Zhu et al. 2017
tion
Decreased AP accumulation
Reduced gliosis
Cognitive improvement
Treatment with selec- APP/PS1 mice Decreased tau phosphoryla-  Sui et al. 2019
tive CCR3 antagonist tion
YM344031 Decreased AP accumulation
Reduced gliosis
Reduced synaptic loss
Cognitive improvement
Closing Thoughts neuroinflammatory processes. On the other hand,

The linkage between pathologic alterations in AD brain
and intensified neuroinflammatory processes mediated
by chemokines is well established. Nevertheless, pre-
cise mechanisms need to be fully elucidated. Although
in physiological condition, chemokines maintain home-
ostasis in the brain regulating cellular communication,
neuronal activity, and survival, constant overproduc-
tion of chemokines leads to increased deposition of
senile plaque and NFTs in the aftermath of sustained

chemokines also prevent the build-up of brain deposits
by clearing pathological lesions. Therefore, deficiency or
complete removal of chemokines results in exacerbation
of AD. The extensive studies carried out on cell lines,
transgenic animal models or with human participants
provide new insights into the role distinct chemokines
play in the development of AD. Controlled modulation of
chemokines may provide plausible therapeutic strategies
for preventing neuronal loss and slowing or even halting
progression of AD.
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