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Abstract

Alzheimer’s disease (AD) is marked by amyloid plaques, hyperphosphorylated TAU
proteins, and neuroinflammation. The APP/PS1 mouse model is widely used to study
AD pathogenesis. In this study, we investigated the expression of chemokines and their
receptors, which may play a role in AD’s pathological mechanisms, using brain cortex
tissue from female APP/PS1 mice aged 20–21 months. We analyzed several chemokine
receptors (CCR1, CCR2, CCR3, CCR4, CCR6, CCR7, CCR9, and CCR10) by Western blot
and focused on CCR6, CCR7, and CCR10 using RT-PCR. Additionally, we quantified the
levels of chemokines (CCL6, CCL8, CCL19, CCL20, CCL24, and CCL27) by RT-PCR. Our
results showed a significant decrease in CCL8 and CCL19, along with their respective
receptors, in the APP/PS1 mice compared to controls. On the other hand, we observed a
notable increase in CCL6, CCL24, CCL20, CCL27, and their receptors. Chemokines like
CCL8 and CCL20, involved in inflammatory responses, may reveal how neuroinflammation
contributes to AD. CCL19 and CCL27 are linked to immune cell trafficking, which may
help explain immune cell interactions with amyloid plaques and TAU tangles in the CNS.
Overall, the altered expression of chemokines such as CCL24 could serve as biomarkers for
early AD detection and monitoring disease progression. These findings suggest potential
therapeutic targets to modulate immune responses and reduce neuroinflammation in AD.
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1. Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most

common form of dementia. It is characterized by cognitive impairments, particularly in
memory and thinking, as well as changes in behavior and personality [1,2]. Key features of
AD include extracellular accumulation of amyloid-beta (Aβ) plaques, hyperphosphoryla-
tion of TAU proteins, and glial activation, which are accompanied by synaptic dysfunction
and neurodegeneration [3–5]. In the central nervous system (CNS), all types of neural cells
participate in neuroinflammatory responses. Additionally, in experimental models induced
by LPS (lipopolysaccharide), which triggers neuroimmune inflammation, an increase in the
inflammatory response in the brain has been observed, contributing to the understanding
of the neuroinflammation mechanisms in Alzheimer’s disease (AD) [6–8]. Several RNA
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sequencing datasets, such as GSE149661 and GSE145907, have provided an unbiased view
of the expression of chemokines and their receptors in different neuroinflammatory condi-
tions. These resources offer valuable information that can be used as a reference to compare
and validate findings obtained from experimental AD models. In this study, we primarily
focus on the APP/PS1 model, as it more faithfully represents key aspects of the disease,
such as Aβ accumulation and TAU dysfunction, providing a relevant platform to explore
alterations in the expression of chemokines and their receptors.

Amyloid-beta (Aβ) deposition has been associated with brain injuries, where cy-
tokines and chemokines play a pivotal role. As key regulators of immune cell migration,
chemokines are involved in various inflammatory processes that contribute to apoptosis
and neurodegeneration [9]. Additionally, chemokines are implicated in neurodegeneration,
inflammatory responses, oxidative stress, and programmed cell death pathways, particu-
larly in Alzheimer’s disease (AD) [10–12]. CCL1, through its interaction with the CCR8
receptor, has been shown to reduce the clearance of Aβ peptides [13]. Both CCL3 and CCL4
are elevated in various AD models, with high concentrations found in microglia, astrocytes,
and perivascular macrophages [9,14]. CCL4 and CCL2 are also linked to increased Aβ depo-
sition [9]. CXCL10 is co-localized with Aβ in AD and has been associated with exacerbated
TAU pathology [15,16]. Furthermore, CCL1 is essential in neuroimmunological interac-
tions, serving as a bridge between neurons and microglia [9]. CCL3 and CCL4 have been
identified in multiple AD models [9,17]. It is known that CCL3 and CCL6 induce cellular
senescence, alongside increased expression of CDKI (cyclin-dependent kinase inhibitors),
which are associated with microglial autophagy in neurodegenerative diseases character-
ized by extracellular amyloid accumulation [18,19]. Moreover, CXCL8 and CXCL12 have
been detected in the cerebrospinal fluid (CSF) and plasma of AD patients [20]. Over recent
decades, the interplay between AD pathology and neuroinflammation, particularly the
gradual activation of astrocytes and microglia, has been a focus of research, also highlight-
ing the roles of CCL19, CCL20, CCL24, and CCL27 [21]. The release of proinflammatory
mediators, such as cytokines, chemokines, and reactive oxygen species (ROS), results in
persistent activation of brain immune cells, promoting inflammation and mutual activation
of microglia and astrocytes. This, in turn, triggers neuronal death [8] and increases Aβ

accumulation. These mediators stimulate chemotaxis within the brain and cause cell death,
affecting not only neurons but also oligodendrocytes and astrocytes [20].

The inflammatory process in Alzheimer’s disease (AD) is driven by the activation
of microglia and astrocytes, which induce the production of molecular mediators that
promote Aβ aggregation, neuronal and oligodendroglial loss, and synaptic damage. These
inflammatory molecules contribute to the progression of neurodegeneration. Significant
alterations in the levels of chemokines and their receptors have been observed in the brain,
serum, and cerebrospinal fluid (CSF) in AD, leading to the initiation of an inflammatory cas-
cade [9]. In this study, most chemokines and their receptors are predominantly expressed in
microglia, which underlines their crucial role in the neuroinflammation processes observed
in experimental models of AD. The aim of this study was to assess the protein expression
of various inflammatory markers in the APP/PS1 mouse model, which is widely recog-
nized for its relevance in studying neurodegeneration in AD. One such marker, CCR2, is
expressed on microglia, where it promotes cell accumulation at the site of inflammation and
enhances Aβ clearance [21]. Therefore, downregulation of CCR2 on microglia is associated
with reduced Aβ clearance and increased mortality. Additionally, it is crucial to investigate
the expression of CCR1, as this receptor mediates the signaling of major proinflammatory
cytokines, such as IL-1, IL-6, and TNF-α. In this manuscript, we aim to assess as many
inflammatory receptor proteins as possible using Western blotting and RT-PCR techniques.
The proposed research on the chemokines CCL6, CCL8, CCL19, CCL20, CCL24, CCL27, and
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their corresponding receptors holds significant potential for advancing our understanding
of Alzheimer’s disease (AD). The inclusion of CCL6, CCL24, CCL27, and their receptors
in the context of Alzheimer’s disease is a novel contribution, as these factors have not
been sufficiently studied in relation to neuroinflammation in this disease. Furthermore,
the use of the APP/PS1 model allows for exploring the impact of these factors on disease
progression, representing a significant advance in the field.

The importance of this research lies in several key areas:

(1) Investigating the role of the immune system in AD could help elucidate how im-
mune responses contribute to disease progression. It may also reveal whether these
chemokines could serve as potential biomarkers or therapeutic targets for neuroinflam-
mation. Chemokines such as CCL8 and CCL20 are known to mediate inflammatory
responses, and studying their involvement could provide valuable insight into how
inflammation drives disease progression.

(2) Understanding immune cell recruitment is another critical aspect. CCL19 and CCL27
play essential roles in immune cell trafficking, and their involvement in the central
nervous system (CNS) could offer new perspectives on how immune cells interact
with amyloid plaques and TAU tangles.

(3) Dysregulation of chemokines like CCL24 may serve as biomarkers for the early detec-
tion or monitoring of disease progression in AD.

(4) By exploring the functions of these chemokines, researchers could identify novel
therapeutic targets to modulate the immune response and reduce neuroinflammation,
potentially slowing or halting the progression of AD.

2. Materials and Methods
2.1. Animals

APPswe/PS1 double-transgenic mice (B6C3-Tg) and their wild-type (WT) littermates
were used in this study. The APP/PS1 mice carry a chimeric mouse/human APP695 cDNA
with the Swedish (KM670/671NL) mutation, along with the human presenilin-1 (PS1) gene.
Two groups were studied: APP/PS1 (n = 5) and WT (n = 5). The mice were given ad
libitum access to a standard diet and were housed under a 12 h light/dark cycle at 22 ◦C.
Genotyping was performed at 21–28 days of age. All procedures adhered to European
regulations (CEE 86/609) and were approved by the University of Valencia Ethics Com-
mittee. Female brains were collected at 20–22 months of age, and the cortex was used for
the experiments. The APP/PS1 mice used in this study were aged 20 to 22 months, a stage
at which advanced Alzheimer’s pathology is expected, including high β-amyloid plaque
burden and microglial activation. This age range was selected to study neuroinflammation
at a late stage of the disease, minimizing variability associated with younger or much
older ages. For the Western blot experiments, a small fraction of the cerebral cortex from
each mouse hemisphere was used, approximately a few milligrams of tissue. Protein and
RNA extraction were performed from a section of each cerebral hemisphere, while the
remaining tissue was frozen for use in further experiments. Furthermore, our findings are
limited to late-stage neuroinflammatory processes and do not address early detection or
disease progression. Future studies that include younger age groups are needed to explore
early-stage changes and AD progression.

2.2. Real-Time Polymerase Chain Reaction Analyses (RT-PCR)

Cortical brain tissue from each mouse was collected and stored in RNAlater
solution (Ambion, Austin, TX, USA). RNA was extracted using TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA), and its concentration and quality
were assessed using RNA 6000 Nano LabChips on the Agilent 2100 Bioanalyzer (Ag-
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ilent Technologies, Foster City, CA, USA). To quantify specific target genes, ready-
to-use primers and probes from Thermo Fisher Scientific’s assay-on-demand ser-
vice were used. The following primers were obtained from Thermo Fisher Scien-
tific: CCL6 (Mm01302419_m1), CCL8 (Mm01297183_m1), CCL24 (Mm00444701_m1),
CCL20 (Mm01268754_m1), CCL19 (Mm00839967_g1), CCL27a (Mm00441257_g1), CCR6
(Mm99999114_s1), CCR7 (Mm99999130_s1), CCR10 (Mm01946242_m1), and the endoge-
nous reference gene β-actin (Mm00607939_s1). RNA samples were reverse transcribed
using random hexamers and MultiScribe reverse transcriptase (Applied Biosystems,
Waltham, MA, USA). Following complementary DNA (cDNA) synthesis, real-time poly-
merase chain reaction (RT-PCR) was performed using the ABI Prism 7900HT Sequence
Detection System (Applied Biosystems). Samples were processed in triplicate, and
expression variations were calculated using the 2−∆∆Ct method.

2.3. Western Blot Analysis

Cortical protein extracts were mixed with SDS buffer, heated for 5 min, and quantified
using a modified Lowry assay. Equal protein amounts were separated by SDS-PAGE and
transferred to nitrocellulose membranes. After blocking with 5% milk in TBS-T, mem-
branes were incubated with primary antibodies, followed by HRP-conjugated secondary
antibodies (Cell Signaling Technologies, Barcelona, Spain). Immunoreactive bands were
visualized using enhanced chemiluminescence (ECL; Pharmacia Biotech, San Francisco,
CA, USA) and quantified with a Bio-Rad densitometer. The following antibodies were used:
monoclonal anti-CCR2 (ab203128), anti-CCR1 (ab205719), anti-CCR4 (ab275980), anti-CCR3
(ab32512), anti-CCR9 (ab32556), anti-CCR6 (ab273580), anti-CCR7 (ab32075), anti-CCR10
(ab125224), and anti-tubulin (ab6046), all from Abcam Biotechnology (Madrid, Spain). See
Supplementary Figure S1.

2.4. Data Analysis and Statistics

All data are expressed as mean ± standard deviation (SD) of independent biological
replicates. Five independent biological replicates (individual mice per group) were included
in the analysis. For each biological replicate, measurements from an average of four
technical replicates were first averaged to obtain a single value per animal. Statistical
differences between transgenic (APP/PS1) and wild-type (WT) mice were evaluated using
an unpaired Student’s t-test. Statistical analyses were performed using GraphPad Prism
software (version 10.6.0, GraphPad Software Inc., San Diego, CA, USA). A p-value < 0.05
was considered statistically significant.

3. Results
3.1. CCL6 Chemokine and Its Receptor CCR1

CCL6 is a chemotactic factor that primarily attracts macrophages, but it can also recruit
B cells, CD4+ lymphocytes, and eosinophils [22]. This chemokine binds to CCR1 (C-C
Motif Chemokine Receptor 1), which is involved in regulating stem cell proliferation [23].
Changes in CCL6 expression, as well as alterations in its receptor expression, were assessed
by RNA analysis and Western blotting. As shown in Figure 1, a significant 4.4-fold increase
in CCL6 expression (140.1% ± 30%, p < 0.05) and approximately a 1.41-fold increase in its
receptor CCR1 expression (140.91% ± 13.64%, p < 0.05) were observed in the APP/PS1
cerebral cortex compared to WT animals (Figure 1). These results suggest an upregulation
of both the receptor and its associated chemokine, potentially linked to an increase in
chemotaxis, given the role that CCR1 plays in this process.
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Figure 1. Protein expression of CCR1 and mRNA expression of CCL6 in the cortex of transgenic
(TG) and wild-type (WT) mice. Data are presented as relative densitometric units (Western blot) and
relative mRNA expression (2−∆∆Ct). Values represent the mean ± SD of five independent biological
replicates (n = 5 per group), with each data point corresponding to the average of technical replicates.
* p < 0.05 vs. WT.

3.2. CCL8 Chemokine and Its Receptor CCR2

CCL8 is a chemotactic factor that recruits monocytes and can promote endothelial
cell migration, proliferation, and angiogenesis via CCR2 (C-C Motif Chemokine Receptor
2) by activating the extracellular signal-regulated kinase (ERK ½) signaling pathway [24].
Changes in CCL8 RNA expression and its receptor levels were assessed using Western
blotting. Our results show a significant decrease in CCL8 expression, approximately
2.77-fold lower (36% ± 6%, p < 0.05), and a reduction in CCR2 expression by 2.33-fold
(42.99% ± 12.01%, p < 0.05) in APP/PS1 mice compared to WT mice (Figure 2).

Figure 2. Protein expression of CCR2 and mRNA expression of CCL8 in the cortex of transgenic
(TG) and wild-type (WT) mice. Data are presented as relative densitometric units (Western blot) and
relative mRNA expression (2−∆∆Ct). Values represent the mean ± SD of five independent biological
replicates (n = 5 per group), with each data point corresponding to the average of technical replicates.
* p < 0.05 vs. WT.
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3.3. Evaluation of CCL24 Chemokine and CCR3 Receptor

CCL24 interacts with CCR3 (C-C Motif Chemokine Receptor 3) to induce chemotaxis
in eosinophils [25]. As shown in Figure 3, there was a notable 2.1-fold increase in CCL24
RNA expression (210% ± 29%, p < 0.05) in APP/PS1 mice compared to WT mice. Ad-
ditionally, its receptor CCR3 showed an approximately 1.98-fold increase in expression
(197.91% ± 28.25%, p < 0.05) in APP/PS1 mice as measured by Western blot. The increase
in both CCL24 and CCR3 expression may be related to enhanced chemotaxis processes
(Figure 3).

Figure 3. Protein expression of CCR3 and mRNA expression of CCL24 in the cortex of transgenic
(TG) and wild-type (WT) mice. Data are presented as relative densitometric units (Western blot) and
relative mRNA expression (2−∆∆Ct). Values represent the mean ± SD of five independent biological
replicates (n = 5 per group), with each data point corresponding to the average of technical replicates.
* p < 0.05 vs. WT.

3.4. CCR4 Receptor and CCR9 Receptor

CCR4 (C-C Motif Chemokine Receptor 4) may play a role in hippocampal neuron
survival in the central nervous system (CNS). We observed a 1.55-fold increase in CCR4
expression (154.92% ± 22.13%, p < 0.05) in APP/PS1 mice compared to WT mice. These
findings may be related to an increase in inflammatory processes in the CNS (Figure 4).
Additionally, we assessed CCR9 (C-C Motif Chemokine Receptor 9) expression and detected
a 3.61-fold increase (361.54% ± 44.61%, p < 0.05) in APP/PS1 mice compared to WT mice
(Figure 4). Chemokines CCL4 and CCL25 were not included in this analysis, as the data
were published previously [11].
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Figure 4. Protein expression of CCR4 and CCR9 receptors in the cortex of transgenic (TG) and
wild-type (WT) mice. Data are presented as relative densitometric units (Western blot). Values
represent the mean ± SD of five independent biological replicates (n = 5 per group), with each data
point corresponding to the average of technical replicates. * p < 0.05 vs. WT.

3.5. CCL20 Chemokine and CCR6 Receptor

CCL20 acts as a ligand for CCR6 (C-C Motif Chemokine Receptor 6). The CCL20–
CCR6 ligand–receptor pair is crucial for the chemotaxis of dendritic cells, effector/memory
T cells, and B cells. This pathway plays a significant role in skin and mucosal surfaces
under both homeostatic and inflammatory conditions, as well as in pathological processes
such as cancer and autoimmune diseases [26]. Changes in the expression of CCL20 and its
receptor CCR6 were assessed. As shown in Figure 5, a significant 1.9-fold increase in CCL20
expression (210.1% ± 15.1%, p < 0.05) was detected in APP/PS1 mice compared to WT mice.
Additionally, CCR6 expression showed an approximately 1.54-fold increase by Western blot
(157.27% ± 20.4%, p < 0.05) and a 2.1-fold increase by RT-PCR (285.71% ± 71.43%, p < 0.05)
in APP/PS1 mice compared to WT mice.

Figure 5. Protein expression of CCR6 and its chemokine CCL20 in the cortex of transgenic (TG) and
wild-type (WT) mice. Data are presented as relative mRNA expression (2−∆∆Ct). Values represent
the mean ± SD of five independent biological replicates (n = 5 per group), with each data point
corresponding to the average of technical replicates. * p < 0.05 vs. WT.
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3.6. CCL19 Chemokine and CCR7 Receptor

CCL19 is a potent chemotactic factor for D4 T cells and CD8 T cells. It may also
facilitate interactions between recirculating T cells and dendritic cells, as well as promote
the migration of activated B cells into the T-zone of secondary lymphoid tissues [27].
This chemokine binds to CCR7 (C-C Motif Chemokine Receptor 7). mRNA expression of
CCL19 and its receptor CCR7 was assessed using Western blot and RT-PCR. We observed
a 1.89-fold decrease in CCL19 expression (189% ± 41%, p < 0.05) and a 1.52-fold decrease
in CCR7 expression (152.43% ± 38%, p < 0.05) by Western blot. Additionally, a significant
4.56-fold decrease in CCR7 expression was observed by RT-PCR (456% ± 95%, p < 0.05) in
APP/PS1 mice compared to WT mice (Figure 6).

Figure 6. Protein expression of CCR7 and its chemokine CCL19 in the cortex of transgenic (TG) and
wild-type (WT) mice. Data are presented as relative mRNA expression (2−∆∆Ct). Values represent
the mean ± SD of five independent biological replicates (n = 5 per group), with each data point
corresponding to the average of technical replicates. * p < 0.05 vs. WT.

3.7. CCL27 Chemokine and CCR10 Receptor

CCL27 is a chemotactic factor that attracts skin-associated memory T lymphocytes
and may play a role in directing lymphocytes to cutaneous sites [28]. This chemokine binds
to CCR10, and changes in its expression were assessed using Western blot and RT-PCR. As
shown in Figure 7, a 1.64-fold increase in CCL27 expression was observed in APP/PS1 mice
compared to WT mice (164% ± 46%, p < 0.05). Additionally, a significant 1.41-fold increase
in CCR10 expression (141.49% ± 17.95%, p < 0.05) was detected by Western blot, and an
approximately 2.39-fold increase by RT-PCR (239.05% ± 16.1%, p < 0.05) in APP/PS1 mice
compared to WT mice (Figure 7).
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Figure 7. Protein expression of CCR10 and its chemokine CCL27 in the cortex of transgenic (TG) and
wild-type (WT) mice. Data are presented as relative mRNA expression (2−∆∆Ct). Values represent
the mean ± SD of five independent biological replicates (n = 5 per group), with each data point
corresponding to the average of technical replicates. * p < 0.05 vs. WT.

4. Discussion
Our results demonstrate alterations in the expression of chemokines and their recep-

tors, which may trigger processes such as chemotaxis, inflammation, phagocytosis, and
demyelination in APP/PS1 transgenic mice compared to WT animals (Table 1). Protein
expression of chemokine receptors CCR1, CCR3, CCR4, CCR6, CCR9, and CCR10 was
higher in transgenic mice compared to WT, whereas CCR2 and CCR7 protein expres-
sion was reduced in APP/PS1 mice relative to WT. The central nervous system (CNS)
expresses different chemokine receptors depending on the cell type in Alzheimer’s disease
(AD) [29]. Neurons express CCR1, CCR2, CCR3, CCR5, and CCR10 [30,31]. CCL2 and
CCL19 are expressed constitutively under normal physiological conditions [32,33], while
other chemokines exhibit altered expression during inflammation. Additionally, some
chemokines, such as CCL20 and CCR6, change their expression in neurodegenerative con-
ditions like AD [34], while others, such as CCL27 and CCR10, are upregulated in cancerous
cells [35].

Table 1. Summary of chemokine and chemokine receptor expression changes in the cerebral cortex of
APP/PS1 mice compared to WT controls.

Chemokine Receptor Method Change in APP/PS1 vs. WT Fold Change (% of WT) p-Value

CCL6 CCR1 RT-PCR/WB Increased CCL6: 4.4-fold (140.1 ± 30%)
CCR1: 1.41-fold (140.9 ± 13.6%) <0.05

CCL8 CCR2 RT-PCR/WB Decreased CCL8: 2.77-fold ↓ (36 ± 6%)
CCR2: 2.33-fold ↓ (43.0 ± 12.0%) <0.05

CCL24 CCR3 RT-PCR/WB Increased CCL24: 2.1-fold (210 ± 29%)
CCR3: 1.98-fold (197.9 ± 28.3%) <0.05

– CCR4 WB Increased CCR4: 1.55-fold (154.9 ± 22.1%) <0.05
– CCR9 WB Increased CCR9: 3.61-fold (361.5 ± 44.6%) <0.05

CCL20 CCR6 RT-PCR/WB Increased
CCL20: 1.9-fold (210.1 ± 15.1%)
CCR6 WB: 1.54-fold (157.3 ± 20.4%)
CCR6 RT-PCR: 2.1-fold (285.7 ± 71.4%)

<0.05

https://doi.org/10.3390/neurosci7010023

https://doi.org/10.3390/neurosci7010023


NeuroSci 2026, 7, 23 10 of 16

Table 1. Cont.

Chemokine Receptor Method Change in APP/PS1 vs. WT Fold Change (% of WT) p-Value

CCL19 CCR7 RT-PCR/WB Decreased
CCL19: 1.89-fold ↓ (≈53%)
CCR7 WB: 1.52-fold ↓ (≈66%)
CCR7 RT-PCR: 4.56-fold ↓ (≈22%)

<0.05

CCL27 CCR10 RT-PCR/WB Increased

CCL27: 1.64-fold (164 ± 46%)
CCR10 WB: 1.41-fold (141.5 ± 18.0%)
CCR10 RT-PCR: 2.39-fold (239.1 ±
16.1%)

<0.05

While altered levels of chemokines such as CCL5, CCL15, IP-10, and MCP-1 in blood
and cerebrospinal fluid (CSF) have been previously identified as potential diagnostic
biomarkers for Alzheimer’s disease (AD), the chemokines explored in this study—CCL6,
CCL8, CCL24, CCL19, CCL20, and CCL27—have not been as widely studied in the context
of AD. These chemokines are implicated in neuroinflammatory responses, but their specific
roles in the pathogenesis of AD remain poorly understood. Our findings indicate that these
chemokines and their receptors are altered in APP/PS1 transgenic mice, suggesting they
could be involved in the neuroinflammatory processes characteristic of AD. This study
highlights the novelty of investigating the expression of these lesser-known chemokines
in the context of Alzheimer’s disease. We propose that targeting these chemokine path-
ways could offer new therapeutic avenues for modulating the immune response in AD.
Specifically, strategies aimed at regulating CCL6, CCL8, CCL24, CCL19, CCL20, and CCL27
might reduce neuroinflammation, protect synaptic function, and potentially slow disease
progression. Given their involvement in other inflammatory conditions and cancers, these
chemokines could also represent broader therapeutic targets that extend beyond AD, open-
ing new research opportunities for treatment strategies that address both neurodegenerative
diseases and other inflammatory pathologies.

CCL6 is a cytokine from the chemokine family that primarily attracts macrophages,
CD4+ lymphocytes, and eosinophils, but it can also recruit B cells [36]. It is expressed in
neutrophils and macrophages and is induced following myeloid cell differentiation [36].
However, reduced expression has been reported in activated T cells [37]. CCR1 (C-C Motif
Chemokine Receptor 1), which is involved in regulating stem cell proliferation [38] when
bound to CCL6, plays a crucial role in the pathogenesis of IL-13-induced inflammation [39].
Increased IL-13 expression has been observed in APP/PS1 mice [9] compared to wild-type
mice, highlighting the link between elevated IL-13 levels and increased CCR1 and CCL6
expression. In Alzheimer’s disease patients, CCR1 has been identified as a specific marker
of the disease, independent of Aβ1-42 deposition [40].

CCR2 can bind to the chemokines CCL2, CCL7, CCL8, and CCL1 [11,37,41,42] and
is expressed in neurons, astrocytes, and microglia [11,43,44]. CCR2 deficiency exacer-
bates cognitive impairment and β-amyloid deposition in animal models of Alzheimer’s
disease [13,14]. We observed a decrease in CCR2 protein expression in APP/PS1 mice
compared to WT mice, as detected by RT-PCR in a previously published study [11]. Both
CCR2 and CCL8 are critical for maintaining neuronal homeostasis [11,44]. In CCR2-/-
mice, a reduction in microglial cell survival has been noted, accompanied by increased
Aβ deposits [45,46]. Additionally, CCR2 deficiency has been associated with the rapid
progression of Alzheimer’s disease [45]. CCL8 is a chemokine that binds to CCR1, CCR2,
CCR3, and CCR5 [47,48]. This chemokine recruits various immune cells, including mast
cells, basophils, eosinophils, monocytes, T cells, and NK cells, all of which play roles in
inflammation and allergic responses [49].

CCL24, also known as myeloid progenitor inhibitory factor 2 (MPIF-2), is located on
human chromosome 7 and interacts with the CCR3 receptor chemokine [50,51]. CCL24
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induces chemotaxis in eosinophils [52] and resting T lymphocytes, with a weaker attraction
for neutrophils. CCR3, in turn, can bind and respond to various chemokines, including
CCL11, CCL26, CCL7, CCL13, CCL24, and CCL5. The receptor is highly expressed in
basophils and eosinophils [52], and both CCR3 and CCR5 have been shown to facilitate
HIV-1 infection [53] by allowing viral entry into cells that also express CD4, the primary HIV-
1 receptor [53]. In Alzheimer’s disease (AD) patients, CCR3 is expressed in hippocampal
neurons. Treatment of primary hippocampal neurons with CCL11 results in the activation
of cyclin-dependent kinase 5 (CDK5) and glycogen synthase kinase-3β (GSK3β), leading
to increased TAU phosphorylation [48]. In our study, we observed an increase in CCR3
and its chemokine CCL24 in APP/PS1 transgenic mice, as previously reported in our
RT-PCR analysis [11]. The deletion of CCR3 in APP/PS1 mice significantly reduced CDK5
and GSK3β phosphorylation, TAU hyperphosphorylation, Aβ deposition, microgliosis,
astrogliosis, synaptic loss, and deficits in spatial learning and memory. Therefore, the
age-related increase in CCL24 may provide therapeutic benefits for AD, and antagonizing
CCR3 could be a promising approach for treating the disease [54].

Figure 4 shows that CCR4 protein expression, as detected by Western blot, is elevated
in APP/PS1 mice compared to wild-type mice. This receptor binds to the chemokines
CCL4, CCL17, and CCL22 [11,50,55] and is expressed in neurons and astrocytes [56].
In transgenic mice, where CCL17 chemokine synthesis was eliminated, improved CNS
immune responses were observed, including enhanced Aβ clearance and reduced neuronal
death. CCR4 expression is increased in cells involved in defense mechanisms, making it an
intriguing target for the treatment of various immunological diseases [57,58].

CCR6 binds to the CCL20 chemokine and has been identified as a biomarker for
Alzheimer’s disease (AD) in a triple transgenic mouse model [35]. This protein is part of
the family A G-protein-coupled receptor superfamily [59]. CCR6 is expressed on B cells,
T cells, natural killer T cells, and neutrophils [11]. CCL20, also known as macrophage
inflammatory protein 3α, is the sole chemokine for this receptor [12]. Interleukin-4 (IL-
4) and interferon-γ can reduce CCR6 expression during Langerhans cell development,
while IL-10 increases its expression [60,61]. The CCR6-CCL20 axis has been implicated in
several types of cancer, including hepatocellular carcinoma, colorectal cancer, breast cancer,
pancreatic cancer, cervical cancer, and kidney cancer. This axis promotes cancer progression
by enhancing the migration and proliferation of cancer cells [61].

Our results show an increase in CCR9 protein expression in APP/PS1 mice. The
cytokine CCL25, which binds to CCR9, was assessed by RT-PCR in our previous study [11].
Both CCR9 and CCL25 are expressed in the hippocampus, cortex, and cerebellum [62].
CCL25 levels are elevated in patients with mild cognitive impairment (prior to AD) and
those experiencing cognitive decline [62]. CCL25 is also implicated in the etiology of
ulcerative colitis [63] and other inflammatory bowel diseases [64]. CCR9 antagonists have
been shown to reduce cytokines involved in Crohn’s disease [65]. Additionally, CCL25
and CCR9 reduce beta-cell functionality, inhibiting insulin release. Inhibition of CCL25
or blockage of CCR9 may offer potential treatments for type 2 diabetes [66]. Recently,
several studies have linked Alzheimer’s disease to a specific form of diabetes known as
type 3 diabetes [67]. In this condition, insulin resistance occurs alongside the development
of AD [67].

CCR7 is a chemokine receptor whose deficiency has been linked to aging, cognitive
impairment, and neuroinflammation [68]. Lack of CCR7 results in changes to the cerebral
vascular endothelium, which, along with a reduction in AQP4 levels, leads to impaired
cerebral lymphatic drainage mechanisms [68]. Moreover, decreased CCR7 function has
been implicated in several pathophysiological processes in Alzheimer’s disease (AD),
including TAU hyperphosphorylation, β-amyloid pathology, and neuronal death. CCR7-
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knockout mice show worsened cognition, emotional behavior, and sociability [69]. CCL19,
a homeostatic chemokine, is abundantly expressed in the thymus and lymph nodes. It
primarily regulates immune cell trafficking and plays a role in cancer development [70].
However, CCL19 also acts as a tumor-supportive factor by promoting inflammation, cell
growth, and metastasis [70]. Several proteins, including IL-10, LIF-R, TWEAK, CCL19,
IL-17C, MCP-4, and TGF-alpha, have been associated with multiple cognitive domains and
the risk of developing dementia [70]. CCL19 is present in normal cerebral tissue, where it
modulates inflammatory processes and aids in the repair of multiple sclerosis lesions [71].
Our study demonstrates a significant increase in the expression of both CCR10 and CCL27
in transgenic mice compared to wild-type (WT) mice. CCR10 expression is elevated in
melanoma, and its interaction with CCL27 promotes rapid tumor progression [72]. The
CCR10/CCL27 interaction also enhances metastasis in various types of lung cancer via the
PI3K-Akt signaling pathway [73]. Furthermore, CCR10 plays a role in the development of
Alzheimer’s disease (AD) [71]. CCL27 has been linked to the progression of Alzheimer’s
and cognitive decline [71], and it has been identified as a potential marker in the processes
leading to cognitive deterioration [72].

It is important to note that this study does not determine the specific cellular origin
of the chemokine receptors, as the analyses were performed on cortical homogenates.
The inferences about expression in different cell types are based on the existing literature.
Future studies using techniques such as immunofluorescence or flow cytometry would be
needed to accurately identify the cellular profiles of these receptors. Although aspects of
cancer biology related to CCR6 and CCR10 are mentioned, their inclusion aims to provide
a broader context regarding the mechanisms of these receptors, which are involved in both
neuroinflammation in Alzheimer’s disease (AD) and other pathologies. Parallels between
these fields can offer additional insights into their role in modulating the immune response
in AD. This study used only female mice, which may limit the interpretation of the results
due to sex differences in Alzheimer’s pathology and inflammatory signaling. Including
both sexes in future studies would be important to assess potential differences in disease
progression and immune response.

5. Conclusions
Our results indicate that changes in the expression of various chemokines and their

receptors in APP/PS1 transgenic mice may play a crucial role in cognitive impairment
characteristic of Alzheimer’s disease (AD). Specifically, altered expression of the CCR1–
CCL6, CCR3–CCL24, CCR4–CCL4, CCR6–CCL20, CCR9–CCL25, and CCR10–CCL27 pairs,
together with the downregulation of CCR2–CCL8 and CCR7–CCL19, points to a poten-
tial dysreg-ulation of neuroinflammatory pathways that may contribute to AD pathol-
ogy. These findings suggest that targeting specific chemokine receptors may provide
new therapeutic avenues, such as modulating the immune response to reduce neuroin-
flammation, improving synaptic function, and potentially slowing disease progression.
Additionally, the involvement of some of these chemokines in non-brain pathologies
(e.g., CCR4 in immunological diseases, CCR9 in Crohn’s disease and type 2 diabetes, and
CCR6/CCL20/CCR10/CCL27 in cancer) highlights the broader therapeutic potential of
targeting these pathways in both AD and other inflammatory conditions (Table 1).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/neurosci7010023/s1, Figure S1: Representative Western blot
analyses of CCR1, CCR2, CCR3, CCR4, CCR9, CCR6, CCR7 and CCR10 in Wild and trans-genic mice.
Multiple blots for each protein are shown to demonstrate experimental reproducibility. Tubuline was
used as a loading control. Molecular weight markers are indicated.
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