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ARTICLE INFO ABSTRACT

Keywords: Introduction: The immune system plays a critical role in regulating amyloid-beta (Af) metabolism in Alzheimer’s
Alzheimer Disease (AD). Both T and B lymphocytes are involved in the pathogenesis of AD. The sphingosine-1-phosphate
Amyloid-beta ) (S1P) receptor modulator fingolimod used in the treatment of multiple sclerosis, can promote lymphocyte homing,
Ee“m]?egi“eratmn potentially reducing the infiltration of peripheral lymphocytes into the brain.

F?;Eli?:g de Methods: In this study, 8-month-old APP/PS1 mice were orally administered fingolimod at a dose of 1 mg/kg/day

or saline as a control for 2 months. After treatment, the mice were subjected to behavioral tests, pathological
examinations, and biochemical analyses to evaluate behavioral deficits and AD-type pathologies.

Results: Fingolimod inhibits the infiltration of peripheral lymphocytes into the brain and reduces neuroinflam-
mation. Fingolimod enhances cognitive function and alleviates brain Af deposition. Additionally, fingolimod
treatment mitigates other AD-related pathologies, including Tau hyperphosphorylation, neuroinflammation, and
neurodegeneration. Proteomic analysis further confirms the therapeutic effects of fingolimod in AD, reflected by
the downregulation of proteins involved in multiple AD-associated pathways.

Discussion: This study illustrates that fingolimod effectively ameliorates multiple pathological features of AD,
highlighting its potential as a promising therapeutic candidate for the disease.

1. Background

Alzheimer’s disease (AD) is the most common neurodegenerative dis-
order characterized by progressive memory loss and cognitive decline.
Approximately 48 million people worldwide suffer from AD, and the
number is expected to triple by 2050 [1]. The accumulation of Amyloid-
beta (Af) and subsequent formation of intracellular neurofibrillary tan-
gles composed of hyperphosphorylated Tau protein are the major patho-
logical hallmarks and therapeutic targets of AD [2-4]. However, the
mechanisms underlying the dysregulation of A metabolism have not
been fully elucidated.

The immune system plays a critical role in regulating Ap metabolism
and the development of AD [5-9]. The accumulation of peripheral im-
mune cells in the brain parenchyma can be observed during aging and
in AD, potentially contributing to the heightened inflammation in the

brain [10]. It is found that longitudinal increase in B lymphocytes is
associated with decreased A clearance and increased Af deposition in
AD patients [11]. Consistently, systemic depletion of B cells is demon-
strated to reserve Af deposition and other AD-type pathologies in an
animal model of AD [12]. Previous studies have also discovered that
some subsets of T cells promote Af accumulation and neurodegenera-
tion [13,14].

Identifying therapeutic agents from existing clinical drugs holds sig-
nificant potential, particularly given the lengthy timeline and risks as-
sociated with new drug development [15]. Fingolimod is a first-in-class
oral sphingosine 1-phosphate receptor (S1PR) modulator, which is ap-
proved for the treatment of relapsing-remitting multiple sclerosis [16].
It impacts the trafficking of T and B cells, as well as oligodendrocytes,
where S1PR5 receptors are expressed. Additionally, fingolimod prevents
the disruption of the blood-brain barrier, which may inhibit the infiltra-
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tion of peripheral insults into the brain [17,18]. Therefore, considering
the autoimmune aspects of AD pathogenesis and the mechanisms of ac-
tion of fingolimod, we propose that it could be a promising candidate
for the treatment of AD.

2. Materials and methods
2.1. Animals

The APPswe/PSEN1dE9 transgenic (APP/PS1) mice used in this ex-
periment were obtained from the Jackson Laboratory (Bar Harbor, ME,
USA). This transgenic AD mouse model carries the human amyloid pre-
cursor protein (APP) gene, along with the Swedish mutation of the hu-
man presenilin 1 (PS1) gene [19]. To eliminate the potential influence
of gender differences on AD pathology, only female mice were used in
this study. The mice were housed in a controlled environment with a
temperature of 22 + 2°C, a humidity of 45 %=+10 %, and a 12-hour
light/dark cycle. All experimental procedures were approved by the Ex-
perimental Animal Welfare and Ethics Committee of Daping Hospital,
Third Military Medical University.

2.2. Treatment

Twenty 8-month-old APP/PS1 mice (n=20) were randomly divided
into the treatment group and the control group. Mice in the treatment
group were orally treated with fingolimod in the drinking water at a dose
of 1 mg/kg/day for 2 months according to previous studies [20,21].
Mice in the control group were treated with saline. At 10 months of
age, the animals were euthanized with an overdose of pentobarbital
(0.08 g/kg) and perfused with filtered phosphate-buffered saline (PBS)
through the heart. One hemisphere of the brain used for histological
analyses was fixed in 4 % paraformaldehyde for 24 h, and then placed
in a dehydration solution (30 % sucrose in 4 % paraformaldehyde) for
72 h. Subsequently, the brain was embedded in OCT compound, and the
hemisphere was cut into 30-um thick coronal sections across the entire
brain using a cryostat. The other hemisphere of the brain was ground
into powder with liquid nitrogen. The powder was suspended in RIPA
buffer to extract proteins for biochemical analyses.

2.3. Behavioral test

APP/PS1 mice underwent a series of behavioral tests, including the
Morris water maze, Y-maze, and open-field test. The Y-maze test con-
sisted of two components: spontaneous alternation and novel arm ex-
ploration. The maze consists of three arms arranged at 120° angles. The
novel arm exploration test was split into two phases, separated by a 1-
hour interval. During the first phase, which lasted 5 min, the mice were
allowed to explore two of the arms. In the second phase, the previously
blocked arm (the novel arm) was opened, and the mice were placed
in the starting arm and given 5 min to explore freely. The number of
entries into the novel arm and the time spent there were recorded. To
prevent scent cues from influencing behavior, the arms were cleaned
with a 75 % ethanol solution between experiments.

In the spontaneous alternation test, each mouse was placed at the end
of one arm, facing the wall, and allowed to explore all three arms for
5 min. The alternation percentage was calculated using the following
formula: Alternation percentage = —Total akiernations 100, I the open

Total arm entries — 2
field test, mice were placed in the center of the apparatus and allowed to
explore freely for 5 min. Spontaneous activity was measured by record-
ing the total distance traveled. The Morris water maze test was con-
ducted with three platform trials per day. All mice first underwent a pre-
test to exclude any with impaired swimming ability, which could affect
their behavioral performance. During the pretest, mice were allowed to
swim for 60 seconds and were then guided to a submerged platform for
1-2 seconds. Afterward, learning trials were conducted over five days,
with each mouse performing three 1-minute trials per day, starting from
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different quadrants. A submerged escape platform was placed in a des-
ignated quadrant, and the time it took for each mouse to find the plat-
form was recorded as the escape latency. If a mouse failed to locate the
platform, it was guided to it and allowed to stay on it for 5 seconds to
familiarize with the location. On the final day of the test, the platform
was removed, and several measures were recorded to evaluate the mem-
ory of the mice regarding the location of the platform. These included
the percentage of time spent in the target quadrant, the swimming trace,
and the number of annulus crossing. Video data were analyzed using the
ANY-maze software, which measured travelling distance and escape la-
tency during the platform trials. On the sixth day, without the platform,
the time spent in each quadrant and at the previous platform location
was also recorded.

2.4. Brain sampling and processing

The day after completing the behavioral tests, all mice were eutha-
nized for biochemical and histological analyses. After anesthesia with an
intraperitoneal injection of 0.7 % pentobarbital sodium, each mouse un-
derwent intracardial perfusion using 0.1 % NaNO, in 0.9 % saline. One
hemisphere was dissected and fixed in 4 % paraformaldehyde, while the
other hemisphere was snap-frozen, ground into powder with liquid ni-
trogen, and stored at —80 °C. The frozen brain tissue was homogenized in
liquid nitrogen, with extracellular proteins extracted using tris-buffered
saline (TBS) solution, followed by intracellular protein extraction with
RIPA solution, based on a previously established method for future anal-
yses [22].

2.5. Flow cytometry

After treatment, brain samples of mice were processed and homoge-
nized into a paste using Roswell Park Memorial Institute (RPMI) medium
(Gibco Thermo Fisher Scientific, USA). The homogenate was then fil-
tered and separated using a Percoll gradient (Cytiva, USA). Following
centrifugation at 500 g with minimal braking for 30 min, a distinct white
ring was observed at the interface between the 30 % and 70 % layers.
Using a pipette, 2-3 ml of the ring-like substance was carefully aspi-
rated into a tube containing 5 ml of PBS. The sample was centrifuged at
500 g for 5 min, and the resulting pellet was resuspended in FACS buffer
(Gibco Thermo Fisher Scientific, USA) to a final volume of 100 1.

To block Fc sites and prevent non-specific fluorescence signals, pu-
rified anti-mouse CD16/CD32 antibody (BD Pharmingen, USA) was
added at a dilution of 1:100, and the mixture was incubated on ice for
10 min. Following this, anti-mouse PE-CD45R/B220 flow antibody (BD
Pharmingen, USA) or anti-mouse FITC-CD3¢ (BD Pharmingen, USA) was
added and incubated on ice for an additional 30 min. The cells were then
washed with cell staining buffer (GibcoThermo Fisher Scientific, USA),
resuspended to 100 ul, filtered, and analyzed using a flow cytometer.

2.6. Biochemical analyses

Western blot was employed to analyze the levels of proteins involved
in Af metabolism, Tau phosphorylation, synaptic plasticity, and neu-
ronal apoptosis. Brain tissue was homogenized in lysis buffer (Invent
Biotechnologies, USA) containing phosphatase and protease inhibitors
(Roche, CH) using ultrasonic treatment (15 seconds at 20 % pulse), and
then incubated on ice for 20 min. The homogenate was centrifuged at
12,000 g at 4 °C for 10 min, and the supernatant was collected and
aliquoted for storage at —-80 °C. The total protein concentration was de-
termined using a BCA protein assay kit (Beyotime, CHN).

Brain sample proteins were loaded onto an SDS-PAGE gel for
electrophoresis. The separated proteins were then transferred onto
a nitrocellulose membrane. The blot was probed with a variety of
antibodies, including: anti-Ap (6E10, Biolegend, USA), anti-APP C-
terminus (171610, Abcam, UK), which recognizes both full-length APP
(APPfl) and C-terminal fragments (CTF)-g; anti-f-secretase (BACE1)
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Fig. 1. Fingolimod improves behavioral deficits in APP/PS1 mice. A. Representative tracing graph in the Morris water maze test. B. Escape latency during platform
trials in Morris water maze test. C. Number of annulus crossing in probe test. D. Latency to first entry to the target platform in Morris water maze test. E. Latency to
first entry to the target quadrant in Morris water maze test. F. Total distance traveled in Morris water maze test. G. Times of target quadrant entry in Morris water
maze test. H. Time spent in the platform in Morris water maze test. I. Representative tracing graph in the open filed test. J. Grooming behavior of mice in the open
field test. K. Times of wall exploration behavior of mice in the open field test. L.Exploration distance in the central area in the open field test. M.Time spent in the
novel arm in the Y-maze test. N. Percentage of alternation novel arm entry in Y-maze test.

(Abcam, UK); anti-presenilin protein 1 (PSEN1) (Cell Signaling, USA);
anti-disintegrin and metalloproteinase 10 (ADAM10) (MilliporeSigma,
USA); anti-neprilysin (NEP) (MilliporeSigma, USA); anti-advanced gly-
cation end product (RAGE) (Abcam, UK); anti-low-density lipopro-
tein receptor-related protein (LRP) (MilliporeSigma, USA); anti-insulin-
degrading enzyme (IDE) (MilliporeSigma, USA); anti-pS396 (Signal-
way, USA); anti-pS199 (MilliporeSigma, USA); anti-pT181 (Signalway,
USA); anti-pT231 (Signalway, USA); anti-pS404 (Signalway, USA); anti-
Tau5 (Signalway, USA); anti-VAMP (Abcam, UK); anti-SNAP25 (Ab-
cam, UK); anti-synaptophysin (SYN) (Abcam, UK); anti-PSD95 (Abcam,
UK); anti-PSD93 (Abcam, UK); anti-CD19 (Abcam, UK); and anti-f-actin
(Cell Signaling, USA). The membrane was subsequently incubated with
IRDye 800CW secondary antibodies (LICOR, USA) and scanned using
an Odyssey fluorescence scanner. Band density was normalized to -
actin for subsequent analysis. The levels of Ap40 and Ap42 (Thermo

Fisher Scientific, USA), and TNF-a and IL-18 (Invitrogen, USA) in brain
homogenates were measured using Elisa, following the manufacturer’s
instructions.

2.7. Immunohistochemistry and immunofluorescence

Histological staining was performed as previously described [22,23].
Briefly, the coronal section of the brain was sliced into a 30 ym thick-
ness using a cryosectioning microtome. Five equidistant tissue sections
spanning the entire brain were obtained and used for comprehensive
histological staining. These sections were separated by approximately
1.3 mm.

Total Ap plaques were visualized with the 6E10 mouse anti-human
Ap antibody (1:200, BioLegend, USA), while dense Ap plaques were
stained using Congo red (Sigma-Aldrich, USA) staining and thioflavin S
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Fig. 2. Fingolimod reduces the infiltration of B lymphocytes in the mouse brain. A. Identification of B and T lymphocytes in the brain after treatment using Flow
cytometry. B. Quantification of the percentage of B cells in leucocytes in the brain. C. Quantification of the percentage of T cells in leukocytes in the brain. D.
Representative western blot images of CD19 and CD3 in the brain. E and F. Quantitative analyses of CD19 and CD3.

(Sigma, USA). Anti-CD68 antibody (Abcam, UK) was used to observe ac-
tivated microglia, and anti-GFAP antibody (Abcam, UK) was used to ob-
serve activated astrocytes. Tau phosphorylation was detected with anti-
pT231 antibody (Signalway, USA), while neuronal cell apoptosis was
detected using a NeuN (Abcam, UK) and caspase-3 (Abcam, UK) double-
staining approach. Additionally, NeuN and microtubule-associated pro-
tein (Map2) (Abcam, UK) double staining was employed to identify
neuronal loss and synaptic degeneration. Quantitative analysis was per-
formed by a researcher in a blinded way using Image-Pro Plus 6.0 (Na-
tional Institutes of Health, USA).

2.8. Brain proteomics

Mouse brain tissue samples were cryogenically pulverized into a fine
powder using liquid nitrogen. The resulting tissue powder was lysed and
subjected to ultrasonic disruption to ensure thorough cell disintegration
and efficient protein extraction. The homogenate was centrifuged to sep-
arate the protein-rich supernatant, which was subsequently collected for
downstream analyses.

The supernatant, containing brain tissue-derived proteins, under-
went enzymatic digestion with trypsin (Thermo Fisher Scientific, USA)
to generate a peptide pool. These peptides were desalted to remove
contaminants and analyzed using liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Specifically, the samples were examined on
an Orbitrap Astral mass spectrometer employing data-independent ac-
quisition (DIA) technology. The resulting LC-MS/MS data were pro-
cessed to construct a sample-specific protein database, which was
queried using the DIA-NN software for protein identification and quan-
tification.

Comprehensive quality control procedures were performed at both
the peptide and protein levels to ensure data reliability and robustness.
Quantitative proteomic analysis was performed to identify differentially
abundant proteins. Visualization of these proteins was accomplished
through the generation of volcano plots and heatmaps. Differential pro-
teins were subsequently subjected to functional enrichment analyses,
including secondary Gene Ontology (GO) classifications and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway mapping. Gene Set
Enrichment Analysis (GSEA) was applied to identify pathways that were
different between groups after treatment.

2.9. Statistics

All statistical analyses were conducted using GraphPad Prism (ver-
sion 8.0.2) or R statistical environment (version 4.0) . Data were as-
sessed for normality with the Shapiro-Wilk test. For all parameters, one-
way ANOVA or unpaired t-tests were employed to compare means where
appropriate. Multiple time-point comparisons between groups were car-
ried out using two-way ANOVA, with post hoc corrections for multiple
comparisons. A P value <0.05 was considered statistically significant.
Results are presented as mean + SEM.

3. Results
3.1. Fingolimod improves behavioral deficits in APP/PS1 mice

Compared to control mice, fingolimod-treated mice performed bet-
ter in the Morris water maze test. This was reflected by significant re-
ductions in escape latency in progressive platform learning trials, lower
latency of the first entry to the hidden platform, higher distance traveled
in the target quadrant, higher numbers of target quadrant entry and an-
nulus crossing in the probe trial (Fig. 1A-H), indicating that the treated
group had improved spatial learning ability. In the open filed test, there
was no difference in the total distance traveled, frequency of wall ex-
ploration, or exploration distance in the central area between the two
groups (Fig. 1I-L). In the Y-maze test, the fingolimod-treated group had
more time spent in the novel arm than did the control group, reflecting
better spatial recognition memory (Fig. 1M). There was no statistical
difference in the spontaneous alternation ratio between the two groups
(Fig. 1N).

3.2. Fingolimod inhibits the infiltration of lymphocytes into the brain and
improves the proteomic network features associated with AD

Fingolimod is known to promote lymphocyte homing in multiple
sclerosis, and infiltration of lymphocytes into the brain is associated with
increased neuroinflammation. In this study, we confirmed the effects of
fingolimod on B and T cell infiltration in the brain through flow cytom-
etry and western blot. As expected, fingolimod treatment resulted in a
significant reduction in brain B lymphocytes, as indicated by decreased
CD45R-positive staining in flow cytometry and lower CD19 expression
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Fig. 3. Proteomic changes after the treatment of fingolimod in the brains of APP/PS1 mice. A. Heat map of protein expression profiles in AD mice after treatment of
fingolimod or saline. B. Volcanic plot of gene expression differences in fingolimod-treated AD mice compared to control AD mice. C and D. The downregulation and
upregulation of GO enrichment processes in the fingolimod-treated group compared to the control group. E and F. The downregulation and upregulation of KEGG
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between the fingolimod- and saline-treated groups. H. The gene set enrichment analysis of Alzheimer’s Disease between two groups. I. Gene set enrichment analysis
of positive regulation of amyloid # formation. J. Gene set enrichment analysis of positive regulation of B cell activation. K. Gene set enrichment analysis of T cell

mediated immunity.

levels in fingolimod-treated mice compared to the control group in west-
ern blot analysis (Fig. 2A, B, D, and E). Similarly, the percentage of
T lymphocytes in the brain was downregulated following fingolimod
treatment, as observed through both flow cytometry and western blot
analysis (Fig. 2A, C, D, and F).

Compared to the saline-treated group, a total of 239 upregulated pro-
teins and 821 downregulated proteins were identified in the fingolimod-

treated group (Fig. 2A). Notably, surface markers associated with B and
T cells, such as CD38 and CD81, were downregulated in the treatment
group (Fig. 2B). GO enrichment analysis revealed that biological pro-
cesses related to B cell activation and differentiation, as well as T cell-
mediated immunity, were downregulated in the treatment group. In con-
trast, processes linked to cerebral cortex development and synapse or-
ganization were upregulated (Fig. 2C and D).
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KEGG enrichment analysis further indicated that metabolic path-
ways associated with AD and other neurodegenerative diseases (Fig. 2E
and F). Additionally, secondary GO and KEGG classifications, based on
biological processes, cellular components, and molecular functions, re-
vealed a downregulation of pathways associated with neurodegenera-
tive diseases, the immune system, and aging in the treatment group
(Fig. 3G). GSEA analysis showed that gene sets related to Alzheimer’s
disease were downregulated in the treatment group (Fig. 3H-K). Col-
lectively, these findings suggest that fingolimod reduces the infiltration
of B and T cells into the brain and downregulates processes associated
with AD and neurodegeneration.

3.3. Fingolimod alleviates brain Ap deposition in APP/PS1 mice
To investigate the effect of fingolimod on Ap deposition in APP/PS1

mice, we conducted Congo red and THS staining to assess dense amy-
loid plaques, along with immunohistochemical staining to evaluate total

amyloid plaques. The fingolimod-treated group exhibited significantly
lower area fractions of 6E10-positive staining in the neocortex and hip-
pocampus (Fig. 4A-C). Similarly, fingolimod-treated group exhibited
lower area fractins of THS- and Congo red-positive staining in the neo-
cortex and hippocampus compared to the control group (Fig. 4D-I). Fur-
thermore, the levels of Af40 and Ap42 in brain homogenates were sig-
nificantly reduced following treatment with fingolimod (Fig. 4J and K).

To assess the effect of fingolimod on APP processing, we measured
the expression levels of APP and its processing products in the brain
homogenates of APP/PS1 mice. The results indicated that fingolimod
did not alter the levels of full-length APP; however, it significantly in-
creased the level of CTF-a while decreasing the level of CTF-g (Fig. SA—
E). The levels of secretases involved in APP processing were further ac-
cessed. Fingolimod significantly reduced g-secretase cleavage of APP, as
evidenced by decreased expression of BACE1 in the fingolimod-treated
group. However, fingolimod did not alter the levels of ADAM10 or
PSEN1 (Fig. 5F-I). There were no differences in the levels of proteins
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related to Ap degradation, including NEP and IDE, or proteins involved
in Ap transpotation across the blood-brain barrier, including LRP and
RAGE, between the two groups (Fig. 5J-N). These findings suggest that
fingolimod reduces A production by shifting APP processing from f-
secretase cleavage to a-secretase cleavage.

3.4. Fingolimod attenuates tau hyperphosphorylation in the brains of
APP/PS1 mice

We next determined the effects of fingolimod on Tau hyperphospho-
rylation in the brain. Western blot was used to measure the levels of
Tau phosphorylation at at multiple sites. The levels of total Tau (Tau5),
Tau hyperphosphorylation at Ser404 (PS404), Thr231 (PT231), Ser199
(PS199), and Thr181 (PT181) were reduced following fingolimod treat-
ment (Fig. 6A-H). Consistently, PT231 staining revealed a significant
reduction in both the PT231-positive area fractions and the average size
of positive staining in the hippocampus and neocortex of fingolimod-
treated mice (Fig. 61-K). These findings indicate that fingolimod treat-
ment rescued Tau hyperphosphorylation in APP/PS1 mice.

3.5. Fingolimod alleviates neuroinflammation and improves the integrity of
neuronal networks in the brains of APP/PS1 mice

We explored the effects of fingolimod on brain neuroinflammation
and the integrity of neuornal network in APP/PS1 mice. We found that
the area fraction of both GFAP (Fig. 7A-C) and CD68 positive staining
(Fig. 7D-F) in the neocortex and hippocampus were reduced following
fingolimod treatment, suggesting that fingolimod reduce the level of
gliosis in the brain. In addition, we measured the levels of TNF-a and
IL-1/ in brain homogenates and found that TNF-« levels were reduced,
while IL-15 levels remained unchanged following treatment with fin-
golimod (Fig. 7G and H).

Compared to the control group, the area fraction of Map2-positive
staining in the hippocampal CA1 region was increased in mice treated

with fingolimod (Fig. 8A and B). Additionally, the area fraction of acti-
vated caspase-3 was reduced, while the area fraction of NeuN-positive
staining was increased in the hippocampal CA3 region (Fig. 8C-E). We
also found that the levels of synapse-related proteins PSD95, SNAP25,
and VAMP1 in the fingolimod-treated group were higher than those in
the control group (Fig. 8F-J). These findings indicate that fingolimod al-
leviates neuroinflammation and neurodegeneration, while also improv-
ing neuronal network integrity in APP/PS1 mice,

4. Discussion

In this study, we examined the effect of fingolimod, a S1P recep-
tor antagonist, on behavioral deficits and AD-type pathologies in the
APP/PS1 mouse model. The results demonstrated that treatment with
fingolimod improves memory deficits, alleviates amyloidosis, Tau hy-
perphosphorylation, and neuroinflammation, and restores the integrity
of neuonal network in the brain.

Systemic inflammation is linked to the development of AD, leading
to the formulation of the inflammation hypothesis for AD [24,25]. The
immune system plays a crucial role in regulating inflammation, with
lymphocytes serving as key components in this process. The phenotypes
of B [26] and T lymphocytes [27] in AD patients differ significantly from
those in healthy adults. The infiltration of lymphocytes into the brain
promote the development of AD [28,29]. They contribute to the patho-
genesis of AD through various mechanisms, including the promotion of
neuroinflammation and autoimmune attack to the CNS [28].

The role of B lymphocyte in the pathogenesis of AD has gained sub-
stantial evidence in recent years [11]. Our group had identified sev-
eral autoantibodies that are pathogenic in AD patients [6-8,22]. Be-
sides, the gene expression profile of B lymphocytes is reported to be
altered during the development of the disease [26]. A recent study
has indicated that depletion of B lymphocyte aid in alleviation of AD-
type pathologies [12], suggesting that CD19- or CD20-targeted ther-
apies may hold promise for the treatment of AD. The function of T
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lymphocytes in AD has also been investigated in recent years. Antigen-
specific age-related memory CD8 T cells are found to induce and track
AD-like neurodegeneration [30]. Infiltration of T lymphoctes into the
brain exacerbates AD-type pathologies [29] while restraining CD4+ T
cell-mediated neuroinflammation could improve the pathogenesis of
AD [31].

Fingolimod binds to S1P receptors, preventing lymphocytes from
exiting lymph nodes and entering systemic circulation. Moreover, it
can partially modulate the restriction of blood B and T lymphocytes
from crossing the blood-brain barrier and entering the brain [32,33]. In

this study, we observed a significant reduction in brain B and T lym-
phocytes following fingolimod treatment. Based on this, we proposed
that fingolimod may have disease-modifying effects in the treatment of
AD. Indeed, fingolimod improves learning abilities and working memo-
ries of APP/PS1 mice. It alleviates multiple AD-related pathologies, in-
cluding Ap deposition, Tau hyperphosphorylation, neuroinflammation
(GFAP and CD68), and neuronal and synaptic loss. Furthermore, the
proteomic analysis indicated that multiple pathways associated with AD
were downregulated following fingolimod treatment. Although previous
studies have demonstrated the potential protective effects of fingolimod
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on AD, our research provides a detailed landscape of its protective ef-
fects on AD from multiple perspectives.

The potential mechanisms underlying the effects of fingolimod in
the treatment of AD may involve additional pathways. As previously
reported, fingolimod inhibit neuroinflammation that is detrimental in
AD by promoting Ag production via increasing the activities of BACE1
[34] and y-secretase [35]. In this study, we found that the expression of
BACE1 was decreased following fingolimod treatment, thus suggesting
fingolimod might exhibit protective effects by inhibiting A production.
Besides, previous studies also demonstrate that fingolimod protect the
glial cells from overactivation, thus might enchance their phagocytic
functions [36]. Our findings that CD68 and GFAP positive area are de-
creased after treatment, which is consistent with previous studies. Fur-
thermore, fingolimod can activate the neurotrophic pathways such as
promoting BDNF expression [37].

Repurposing clinically approved drugs for AD is an effective strat-
egy to expedite the implementation of available treatments into clinical
practice while minimizing the risk of adverse effects often observed in
clinical trials of novel drug candidates [38]. The present findings, along
with previous studies, suggest that fingolimod can improve key patho-
logical pathways in AD, positioning it as a promising clinical interven-
tion. This study also suggests that the immune system may play a critical
role in the pathogenesis of AD. Emerging evidence highlights the diver-
gent roles of lymphocyte subsets in AD. For instance, CD8+ T cells have
been reported to limit Ap deposition [39], while other studies suggest
they exacerbate pathology [14]. Given these conflicting findings, the
broad suppression of lymphocyte infiltration proposed in this study may
lack nuance. A more targeted analysis of specific lymphocyte subtypes
(e.g., regulatory vs. cytotoxic populations) would strengthen the mech-
anistic interpretation and align the conclusions with recent advances in
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the field. Additionally, it lacks clinical evidence, highlighting the need
for clinical trials to assess the effects of fingolimod on AD pathologies
and clinical outcomes.
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