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Abstract Deficits in the clearance of amyloid b protein

(Ab) by the peripheral system play a critical role in the

pathogenesis of sporadic Alzheimer’s disease (AD).

Impaired uptake of Ab by dysfunctional monocytes is

deemed to be one of the major mechanisms underlying

deficient peripheral Ab clearance in AD. In the current

study, flow cytometry and biochemical and behavioral

techniques were applied to investigate the effects of

polysaccharide krestin (PSK) on AD-related pathology

in vitro and in vivo. We found that PSK, widely used in

therapy for various cancers, has the potential to enhance

Ab uptake and intracellular processing by human mono-

cytes in vitro. After administration of PSK by intraperi-

toneal injection, APP/PS1 mice performed better in

behavioral tests, along with reduced Ab deposition,

neuroinflammation, neuronal loss, and tau hyperphospho-

rylation. These results suggest that PSK holds promise as a

preventive agent for AD by strengthening the Ab clearance

by blood monocytes and alleviating AD-like pathology.

Keywords Alzheimer’s disease � Ab uptake � Polysac-
charide krestin � Monocyte

Introduction

Alzheimer’s disease (AD) is the most common neurode-

generative disorder affecting 35 million elderly individuals

[1]. The growing prevalence of AD with aging has imposed

enormous social and economic burdens on society [2].

Until now, its mechanism has remained unclear, and no

effective therapy is available. Widespread evidence sug-

gests that a deficit in the clearance of amyloid b-protein
(Ab), leading to the cerebral accumulation of Ab, plays an
essential role in the development of sporadic AD [3].

Diverse mechanisms are involved in the clearance of Ab
from the brain and periphery in vivo. While resident

microglia plays an important role in the clearance of Ab in

the brain, *40%–60% of the Ab generated in the brain is

estimated to diffuse into the blood and be cleared in the

periphery, implying that the peripheral system also plays a

crucial role in clearing Ab from the brain [4–6]. With

regard to how this brain-derived Ab is cleared in the
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periphery, its uptake by monocytes and macrophages is

deemed to be one of the major mechanisms of peripheral

Ab clearance in AD mouse models [7–9]. As the counter-

part of brain microglia in the periphery, monocytes have

been demonstrated to be more effective in neuroprotection,

the regulation of neuroinflammation, and Ab clearance

than microglia in AD [10, 11]. The blood-derived mono-

cyte not only promotes removal of brain and peripheral Ab,
but also behaves as a house-keeper within the vasculature

by eliminating Ab micro-aggregates from the brain

microvasculature into the blood circulation. Nonetheless,

our and other groups found that the uptake and degradation

of Ab by monocytes is decreased in AD [12, 13]. Recovery

of the Ab uptake function of blood monocytes may be a

potential therapeutic strategy for AD.

Our previous study has demonstrated that the expression

of Toll-like receptor 2 (TLR2), a natural innate immune

receptor for Ab recognition and uptake through the

formation of a receptor complex with CD14 [14–16], is

decreased in AD. Hence, activation of TLR2 may restore

Ab uptake by monocytes in AD. Previous studies have

found that polysaccharide krestin (PSK), an extract of

Trametes versicolor, is capable of stimulating the innate

immune pathway [17, 18]. Furthermore, PSK, a treatment

currently used to treat multiple types of cancer, is also a

novel TLR2 agonist, and thus may facilitate the uptake of

Ab by monocytes through the activation of TLR2 [19–21].

The current study aimed to determine whether PSK can

directly stimulate Ab uptake and metabolism by blood

monocytes and alleviate AD-related pathology in AD

mouse models.

Materials and Methods

Study Participants

A total of 20 cognitively normal participants aged 50 to 70

years were recruited from Daping Hospital between

January 2021 and May 2021. The participants were not

eligible if they had a neurologic disorder; were in a state of

obvious infection or inflammation potentially affecting the

status of blood cells; had severe cardiac, pulmonary,

hepatic, renal diseases, or any kind of tumor; had any

potent hematopathy, including acute monocytic leukemia

and myelodysplastic syndrome, during the recovery period

of agranulocytosis; had autoimmune diseases, including

rheumatoid arthritis and systemic lupus erythematosus; had

an endocrine system disease, including Cushing syndrome

and thyroid disorders; or declined to participate in the

study.

The study was approved by the Ethics Committee of

Daping Hospital. Written consent was obtained from

participants or their legal representatives.

Blood Sampling

Fasting blood was sampled between 08:00 and 09:00 to

avoid possible circadian rhythm effects. To avoid the

possible effects of drugs on indices of routine blood tests,

fasting blood was sampled within 2 h after admission to

hospital. A portion of fasting blood samples was aliquoted

for measuring complete blood cell counts, fasting glucose,

thyroxin, creatinine, urea, uric acid, aspartate aminotrans-

ferase, alanine aminotransferase, and total cholesterol

levels. From another portion of the sample, plasma was

separated within 30 min after sampling and stored at

-80 �C until further use. For Ab uptake-related pathway

assays, peripheral blood mononuclear cells (PBMCs) were

isolated within 2 h after drawing blood.

Isolation of PBMCs and Monocytes

Fresh ethylene diamine tetraacetic acid-anticoagulated

blood was diluted with PBS (1:1; vol/vol). Human or

mouse PBMCs were isolated by density gradient centrifu-

gation using Ficoll-Hypaque or a mouse lymphocyte

separation fluid kit (TBD Science, China, LTS1077), and

mononuclear sections were collected and washed three

times with PBS. To isolate human monocytes, PBMCs

were further screened for monocytes using CD14 Microbe-

ads (Miltenyi Biotec, Germany, 130050201) and passed

through a magnetic-activated cell-sorting column for the

positive selection of CD14? cells, according to the

manufacturer’s instructions. The remaining PBMCs were

frozen at 1–2 9 106 cells/mL in 10% DMSO (Sigma-

Aldrich, Saint Louis, USA)/90% fetal calf serum (vol/vol;

Gibco, California, USA) for future use.

Ab Uptake Assay

Isolated human or mouse PBMCs were re-suspended in

RPMI medium with 10% fetal calf serum and 1%

penicillin/streptomycin and adjusted to 29106 or 29105

cells/mL. Human PBMCs were incubated with PSK (0–200

lg/mL; Qixing, China, Z44022418) for 48 h. To determine

whether the functional change of monocytes was mediated

by TLR2, purified mouse anti-human TLR2 (BD, USA,

558317) was added to the medium 1 h prior to addition of

PSK. To test the uptake of Ab, human or mouse PBMCs

were incubated with FITC-Ab42 (2 lg/mL or 200 ng/mL;

GL Biochem, China, 724354) for 1 h at 37�C in a 5% CO2

incubator. Following incubation, the cell suspensions were

discarded, and adherent cells were detached from the well
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plate by 0.25% trypsin and washed twice with fluores-

cence-activated cell sorting (FACS) buffer.

Flow Cytometry

Human or mouse PBMCs were pre-incubated with Human

TruStain FcX (Biolegend, USA, 422302) or anti-mouse

CD16/CD32 (Biosciences, USA, 553141) on ice for 20 min

to avoid a high background. Then, the cell suspensions

were washed and stained with fluorophore-labelled anti-

bodies according to the corresponding manufacturer’s

instructions. For human PBMC staining, APC-anti human

CD14 (BD, USA, 561708) or the appropriate IgG isotype

were used. To detect Ab uptake-related receptors, includ-

ing TLR2, TREM2 (triggering receptor expressed on

myeloid cells 2), CD36, and macrophage scavenger

receptor 1, were stained with monoclonal antibodies

against BB515-anti-human CD282, Percp-CyTM5.5-anti-

human CD36, BV421-anti-human MSR1, and PE-anti-

human TREM2 (BD, USA, 565597, 561536, 0346182,

237920). For staining of mouse monocytes, PE-anti-mouse

CD115 (BD, USA, 525649), FITC-anti-mouse CD11b

(BD, USA, 587396), PerCP-anti-mouse CD45 (BD, USA,

557235), APC-anti-mouse Ly-6C (BD, USA, 560595), and

BV421-anti-mouse TLR2 (BD, USA, 565908) were used.

Cells were stained on ice for 15 min, washed twice by

centrifugation, and fixed with 1% paraformaldehyde. Cells

were acquired on a NovoCyte Flow Cytometer (ACEA

Biosciences, CA, USA) or a FACS Navios (Beckman, CA,

USA) after appropriate compensation, and analyses were

performed using NovoExpress or FlowJo v10 software.

Imaging Flow Cytometry

Imaging flow cytometry was performed as in a previous

report [11] on a two-camera ISX with INSPIRE acquisition

software (Amnis, NJ, USA). A 2.5 mW 785 nm laser was

used for internal calibration to provide a scatter signal and

measure SpeedBeads . FITC and PE were excited by the

488 nm laser, and the emission was captured in the ranges

505–560 nm (Ch02) and 560–595 nm (Ch03), respectively.

In total, 25,000 events were acquired, and all images were

captured with a 209 objective and a cell classifier

(threshold) applied to the bright field channel (Ch01) to

exclude small particles. Cells with high-intensity labelling

of the PE-anti mouse CD115 marker were identified as

monocytes. FITC-Ab42 positive monocytes were identified

using Amnis IDEAS software.

Confocal Microscopy

Human monocytes were enriched by plastic adhesion

overnight and seeded onto a collagen-coated MatTek

culture dish with a 10 lm cover slide on the bottom. After

different treatments, monocytes were incubated with FITC-

Ab42 (2 lg/mL) for 1 h or overnight at 37�C in a 5% CO2

incubator, washed three times with PBS, and fixed with 4%

paraformaldehyde. To stain intracellular proteins, cells

were permeabilized with 0.1% Triton X-100 and then

blocked with 5% BSA in PBS. To detect monocytes, cells

were stained with anti-human CD14 monoclonal antibody

(Abcam, UK, ab182032) overnight at 4�C. Endosomal

markers early endosome antigen 1 (EEA1), lysosomal

associated membrane protein 1 and 2 (LAMP1 and

LAMP2) in monocytes were stained with anti-EEA1,

anti-LAMP1, and anti-LAMP2 antibodies (Abcam, UK,

ab109110, ab62562, ab18528) overnight at 4�C. The cells

were washed with PBS and stained with Alexa Fluor 594

anti-mouse IgG (Invitrogen, USA, 2110496) for 1 h, and

then mounted with mounting medium with DAPI (Santa

Cruz, USA, 10319). The dishes were examined under an

Olympus confocal microscope. Co-localization of EEA1 ?,

LAMP1 ?, and LAMP2 ? with the Ab42 immunoreactive

area was quantified using ImageJ (NIH) as previously

described [22].

Ab Degradation Assay

Isolated human monocytes were incubated with Ab42
overnight under the same conditions. After that, the

medium containing Ab42 was thoroughly removed and

stored at -80�C for ELISA testing. Monocytes were

washed 3 times with PBS to remove extracellular Ab42 and
re-seeded on 6-pore plates with 100 lg/mL PSK or the

same volume of PBS. The monocytes were cultured for

another 72 h, and then the cells were lysed with RIPA

buffer (Beyotime, China, P0013B) for protein extraction.

Extracellular and intracellular Ab42 levels were measured

using ELISA kits (Invitrogen, USA, KHB3544). The

results were normalized to total cellular protein.

Intraperitoneal Injection of PSK in Mice

APP/PS1 transgenic mice were obtained from Jackson

Laboratory and bred in the Animal House of the Third

Military Medical University. The husbandry procedures

were approved by the Third Military Medical University

Animal Welfare Committee.

PSK was dissolved in PBS at a stock concentration of 20

mg/mL and stored at -80 �C in aliquots of 100 lL. The
frozen PSK was thawed immediately before use. Prior to

initiation of Ab deposition, APP/PS1 transgenic mice aged

3 months were randomly assigned to be treated with PSK

(2 mg/mouse, 3 times/week for 6 months, n = 8/group) or

control PBS (3 times/week for 6 months, n = 8/group).
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Behavioral Tests

Mice in the experiment underwent multiple behavioral tests

– the Y-maze, open field, and Morris water maze – as

previously described [23]. In brief, alternation was defined

as successive entries into three arms on overlapping triplet

sets. The percentage of alternation, defined as the total

number of alternations 9100/ (total number of arm entries

- 2), was calculated. In the open field test, each mouse was

put in the center of the open field apparatus and left for 5

min. Rearing, grooming, defecation, urination, paths and

distance travelled were recorded. The Morris water maze

test consisted of three platform trials per day for 5

consecutive days, followed by a probe trial. The length

of the path and escape latency were measured in platform

trials. The annulus crossings and the time spent in each

quadrant and were measured in probe trials. The novel arm

exploration test was also conducted in a Y-maze.

After completion of the behavioral tests and blood

collection, mice were humanely killed with an overdose of

anesthetic and perfused transcardially with saline. One-

hemisphere per animal was frozen or fixed in 4%

paraformaldehyde for biochemical or histological analysis.

AD-type pathology and quantification

Coronal brain sections were cut at 30 lm and stored at 4�C
in PBS containing 0.1% sodium azide. Five equally-spaced

sections (*1.3 mm apart) were used for different types of

staining. Compact Ab plaques were stained using Congo

red and total (both compact and diffuse) Ab plaques were

visualized using antibody 6E10 (Biolegend, USA, 803016)

immuno-histochemistry as previously described [24, 25].

Immunofluorescence of NeuN and caspase-3 (Abcam, UK,

ab104224 and ab13847) double staining was to detect

apoptosis in neuronal cells. Immunofluorescence of NeuN

and microtubule-associated protein (MAP)-2 (Abcam, UK,

ab104224 and ab183830) double staining was used to

assess neuronal loss and degeneration. Astrocytosis and

microgliosis were visualized using immunohistochemistry

of anti-glial fibrillary acidic protein (GFAP) and anti-CD68

antibodies (Abcam, UK, ab125212) to identify activated

microglia, and anti-GFAP (Abcam, UK, ab134436) anti-

body to identify astrocytes. ImageJ software was applied to

quantify the area fraction and/or density of positive

staining and the number of cells. Immunofluorescence of

double staining for Iba-1 (Wako, Japan, 019-19741) and

6E10 (Biolegend, USA, 803016) was conducted to verify

the Ab uptake by microglia. An Olympus confocal

microscope was used to measure the co-localization of

Iba1 and Ab staining. The percentage of microglia co-

localization with Ab was quantified by an investigator who

was blinded to group information using ImageJ.

ELISA Assays

Frozen brain was homogenized in liquid nitrogen, and part

of the resultant powder was extracted 8successively with

TBS, 2% (wt/vol) SDS, and 70% (vol/vol) formic acid

(FA). The concentrations of Ab40, Ab42 (Invitrogen,

USA, KHB3544 and KHB3481), IL-6, IL-1b, INF-c, TNF-
a (RayBio, USA, ELM-IL6, ELM-IL1b, ELM-IFNg, and

ELM-TNFa) in brain extracts were measured by ELISA

according to the manufacturer’s instructions.

Western Blot

Western blot was used to analyze the levels of Ab
metabolism, phosphorylated Tau, and lysosomal Ab-de-
grading enzymes. RIPA buffer was used for protein

extraction from brain homogenates. The samples were

loaded onto SDS-PAGE gels (4%–20% acrylamide) (Key-

GEN, Nanjing, China). The separated proteins were

transferred to nitrocellulose membranes. The blots were

detected with the following antibodies: anti-APP C-termi-

nal (Millipore, USA, 171610) to detect the C-terminal

fragment (CTF)-a and CTF-b; anti-Ab (BioLegend, USA,

803016) to detect Ab and full-length APP (APPfl); anti-

sAPP (Sigma, USA, 22C11) to detect secreted APP

(sAPP)-a (sAPPa) or sAPPb; anti-b-secretase (BACE)-1

(Abcam, UK, ab2077); anti-disintegrin and metalloprotease

10 (ADAM10) (Abcam, UK, ab1997); anti-presenlin 1

(PS1) (Cell signaling, USA, #5643); anti-insulin-degrading

enzyme (IDE) (Abcam, UK, ab32216); anti-neprilysin

(NEP) antibody (Millipore, USA, AB5458); anti-receptor

for advanced glycation end products (Millipore, USA,

MAB5328); anti-low density lipoprotein receptor-related

protein 1 (LRP-1) (Abcam, UK, ab92544); anti-phospho-

rylated-Tau antibodies: anti-PS396 (Signalway, USA,

11102), anti-PS231 (Signalway, USA, 11110), anti-total

tau (Millipore, USA, ab80579); and anti-b-actin (Sigma,

USA, A1978). The membranes were incubated with IRDye

800 CW secondary antibodies (LiCOR, Lincoln, USA) and

scanned by an Odyssey fluorescence scanner. The band

density was normalized to b-actin for analysis.

Statistical Analysis

All data are presented as the mean ± SEM unless otherwise

stated. Statistical comparisons between two groups were

made using Student’s t test or the Mann-Whitney U test,

where appropriate. One-way ANOVA and Tukey’s test

were used to compare three groups. P\0.05 (two-sided)

were considered significant. All analyses were performed

with GraphPad Prism software version 7.0, or SPSS

software version 20.0.
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Results

PSK Enhances Uptake and Degradation of Ab42

by Monocytes

To test whether PSK enhances Ab42 uptake by human

monocytes, flow cytometry was used to quantify their

internalization of Ab42. Side-scatter and forward-scatter,

along with the biomarker of monocyte, CD14, were

identified (Fig. 1A and B). Quantification of the mean

fluorescence intensity (MFI) of FITC-positive Ab42 in

monocytes showed that uptake of FITC-Ab42 by mono-

cytes was enhanced, depending on PSK concentration

(0–200 lg/mL, P\0.001), 100 lg/mL being the best PSK

stimulating concentration (Fig. 1C–E). Further, we deter-

mined whether the degradation of internalized Ab42 by

monocyte was influenced by PSK. Prior to treatments,

monocytes were incubated with Ab42 overnight under the

same conditions. We found no significant difference in

extracellular Ab42 levels between groups, showing that

there was no statistical difference in the uptake of Ab42 by
untreated monocytes (Fig. 1F). After removal of extracel-

lular Ab42, PSK (100 lg/mL) and PBS were randomly

assigned to two groups and incubated for another 72 h. The

degradation of Ab42 by monocytes was significantly

enhanced by PSK (Fig. 1G, P\0.05).

PSK Increases Expression of TLR2 and Intracellu-

lar Processing of Ab42 by Monocytes

Then, we used flow cytometry to characterize the influence

of PSK on the ability of monocytes to recognize Ab
associated with AD neuropathology. We tested the major

surface receptors involved in the myeloid cell-mediated

physiological uptake of Ab: TLR2, TREM2, CD36, and

SCARA1. We found that the expression of TLR2 was

significantly enhanced by PSK, with no significant differ-

ences between groups in expression of the other surface

receptors (Fig. 2A–I). To investigate whether the enhanced

uptake of Ab by monocytes is directly mediated by

increased expression of TLR2 activated by PSK, we used a

TLR2 antagonist before adding PSK and found that the

stimulating action of PSK was almost counteracted, with

lower Ab42 uptake than by monocytes without the antag-

onist (Fig. 2J). In contrast to the PBS control, the co-

localization of Ab42 with EEA1 and Lamp)1 and Lamp-2

within lysosomal vacuoles were more apparent in mono-

cytes treated with PSK (Fig. 2K–M). Calculation of the

Fig. 1 PSK enhances uptake and degradation of Ab42 by monocytes

in vitro. A, B Monocytes are selected by high-intensity CD14

labelling followed by gating of FSC-H and SSC-H. C Ab42 uptake by
monocytes versus dose of PSK. D, E Confocal stack images of Ab42
uptake by human monocytes stained with Alexa594-conjugated anti-

CD14 monoclonal antibody (red) and counter stained with DAPI

(blue); FITC-conjugated Ab42 is shown in green (scale bar, 10 lm). F,

G Extracellular and intracellular Ab42 levels before and after

intervention assessed by ELISA (mean ± SEM. of triplicate wells

in each treatment group). *P \0.05, ***P \0.001, n.s, not signifi-

cantly different, one-way ANOVA and Student’s t-test. FSC, forward
scatter; SSC, sideward scatter; PSK, polysaccharide kestin; Ctrl,

control.
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Ab42 immunoactive area within EEA1?, Lamp1?, and

Lamp2? revealed that monocytes treated with PSK had

greater amounts of Ab42 in the endosomal-lysosomal

pathway, contributing to more intracellular degradation

(Fig. 2N–P). However, we did not find statistical

differences between the PSK- and PBS-treated groups in

the protein levels of the lysosomal Ab-degrading enzymes

cathepsin B, cathepsin D, and cathepsin S (Fig. S1).

PSK Improves Cognitive Deficits in APP/PS1 Mice

Based on its properties associated with the ability of

monocytes to clear Ab, we next investigated the preventive

effects of PSK on AD-type pathology and cognitive deficits

in APP/PS1 mice. All data in vivo presented below were

from female AD mice. Compared with the PBS-treated

APP/PS1 mice, the mice in the prevention (PSK-treated)

group performed better in the Morris water maze, as

reflected by a significant decrease in escape latency

(Fig. 3A) in the successive platform learning trials, a

greater number of annulus crossings (Fig. 3B), and more

time spent in the target quadrant in the probe trial

(Fig. 3C). In the novel arm exploration test, PSK-treated

mice showed more entries into the novel arm than PBS-

treated mice (Fig. 3D). In the spontaneous alteration test,

the mice treated with PSK showed more total entries than

PBS-treated mice (Fig. 3E). We also found a longer

distance travelled in the PSK-treated group in the open

filed test (Fig. 3F and G). These results indicate that PSK

prevents the cognitive decline in APP/PS1 mice.

bFig. 2 Detection of Ab42 uptake-related receptors and intracellular

processing of Ab42 by monocytes treated with PSK in vitro.

A Identification of monocytes by flow cytometry by FSC and SSC

after CD14-positive selection by magnetic activated cell sorting. B–
E Representative histograms showing the expression levels of TLR2,

Trem2, CD36, and MSR1 in monocytes (grey curves indicate

negative control staining). F–I Compared with controls, the expres-

sion level of TLR2 is increased in monocytes treated with PSK, with

no significant difference between the two groups in the levels of

TREM2, CD36, and MSR1. J Comparison of Ab42 uptake by

monocytes between groups with different treatments. K–M Confocal

stack images of PSK or PBS stimulated monocytes immunolabeled

for FITC-Ab42 (green), endosomal markers (EEA1, Lamp-1, and

Lamp-2, red), and nuclei (blue) (scale bar, 10 lm for all panels). N–P
Immunoreactive areas of co-localized Ab42 and endosomal markers

(EEA1, Lamp-1, and Lamp-2, red) in human monocytes in the two

groups (mean ± SEM of triplicate wells in each treatment group ). *P
\0.05, **P \0.01, ***P \0.001, n.s, not significantly different,

Student’s t-test or one-way ANOVA. FSC, forward-scatter; SSC,

side-scatter; PSK, polysaccharide kestin, Ab, amyloid b-protein;
TLR2, toll-like receptor 2; TREM2, triggering receptor expressed on

myeloid cells 2; MSR1, macrophage scavenger receptor 1; EEA1,

early endosome antigen 1; LAMP, lysosomal associated membrane

protein.

Fig. 3 PSK improves cognitive deficits in APP/PS1 mice. A Escape

latency during platform trials in the Morris water maze. B, C Number

of annulus crossings and time spent in the quadrant in probe test. D, E
Number of novel entries and total entries in the Y-maze test. F, G

Distance travelled and tracing graphs in the open field test. n = 8 per

group, mean ± SEM, *P\0.05, **P\0.01, ***P\0.001, one-way

ANOVA. Sec, second; PSK, polysaccharide kestin; Ctrl, control; WT,

wild type mice; Tg, transgenic.
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PSK Reduces Ab Burden in APP/PS1 Mice

To investigate whether PSK affects the Ab burden in APP/

PS1 mice, Congo red staining and Ab immunostaining

(6E10) to detect compact and total amyloid plaques were

performed, respectively. Compared with APP/PS1 controls,

the mice treated with PSK had a significantly lower

amyloid plaque burden in the brain (Fig. 4A–D). ELISA

tests also showed a significant reduction in the levels of

Ab40 and total Ab in the FA fraction and Ab42 and total Ab
in the SDS fraction of brain homogenates, along with

reduced serum Ab42 in the PSK-treated group (Figs 4E–G

and S2). Next, we investigated the potential mechanisms

underlying the reduction of Ab deposition after PSK

treatment. Except for the Ab level, there were no

significant differences in the expression of APP and its

metabolites, APPfl, sAPPa/b, CTF-b, and CTF-a (Fig. 4H–

J). Moreover, there were no significant difference in the

expression of enzymes associated with the Ab-production
and Ab-degrading enzymes, ADAM10, BACE1 PS1, IDE,

and NEP, between the two groups (Figs S3 and 4K, L).

Interestingly, compared with control, the level of the Ab
transport receptor RAGE in homogenates was lower in

PSK-treated mice (Fig. 4K and M), suggesting that PSK

reduces the receptor-mediated influx of Ab from the

periphery into the brain through the blood-brain barrier

(BBB). Next, we used flow cytometry to investigate the

effects of PSK on Ab42 uptake by monocytes in APP/PS1

mice in vivo. After morphological gating, the mouse

monocytes were identified as CD45pos/CD11bpos/CD115pos

events and subsequently gated as Ly6Chigh and Ly6Clow/neg

subsets (Fig. 5A–D). Although the Ab42 uptake by the

Ly6Clow/neg subset was greater than that of the Ly6Chigh

subset, there was no significant difference in proportion of

monocyte subsets between the PSK- and PBS-treated

groups (Fig. 5E, F). Both TLR2 expression and Ab42
uptake by mouse monocytes were greater in PSK-treated

mice (Fig. 5G, H). By imaging flow cytometry, the

internalized Ab42 was more apparent in CD115-positive

monocytes from PSK-treated mice than that of control

(Fig. 5I–L). But we did not find significant differences in

Ab uptake by microglia and TLR2 expression in the AD

mouse brain (Fig. S4).

PSK Rescues AD-related Pathology in the Brains

of APP/PS1 Mice

Compared with PBS control, microgliosis (detected by

CD68 antibody) and astrocytosis (detected by GFAP

antibody) in the PSK-treated group were significantly

decreased in the cortex (Fig. 6A–D). In addition, the levels

of the pro-inflammatory cytokines TNF-a and IL-6 in brain

homogenates in the treatment group were also lower than

in PBS controls, with no significant difference in the levels

of IFN-c and IL-1b between groups (Fig. 6E–H). APP/PS1

mice treated with PSK showed markedly increased staining

area fraction of NeuN (neurons) and MAP2 (dendrites),

and decreased neuronal apoptosis (detected by caspase-3)

in the hippocampus (Fig. 6I–N). Moreover, the area

fractions of tau-phospho-Ser231-positive neurons in the

neocortex of PSK-treated APP/PS1 mice were signifi-

cantly lower than those of the controls, with no statistical

difference in the area fractions of tau-phospho-Ser231-

positive neurons in the hippocampus between the two

groups (Fig. S5A, B). Western blots further showed that

tau-phosphorylation at the serine 396 site was signifi-

cantly lower in the brain of PSK-treated mice than

controls, with no statistically significant difference in the

expression of total tau (Tau5) between the two groups

(Fig. S5C, D).

Discussion

Traditional anti-Ab therapeutic strategies have primarily

centered on clearing the brain Ab. Recent studies have

demonstrated that *40–60% of brain Ab can diffuse into

the blood and be cleared in the periphery, implying that the

peripheral system also plays a pivotal role in clearing Ab
from the brain [4, 26, 27]. Despite emerging evidence

demonstrating the critical role of peripheral Ab clearance

played by monocytes in AD [10, 28–30], our previous

evidence showed that the ability of Ab uptake by

monocytes decrease with ageing and further decreases in

AD patients, along with reduced expression of TLR2 [13].

TLR2 acts as a natural innate immune receptor for Ab
uptake, its malfunction impairs fibrillary Ab42 uptake by

human monocytes, and it delays cognitive decline in a

mouse model of AD [20, 31]. Our current study found that

PSK, an approved prescription for the treatment of multiple

cFig. 4 PSK reduces amyloid deposition in APP/PS1 mice. A, B
Representative images of Congo red staining and statistics for

fractional area of Congo red-positive plaques in the neocortex and

hippocampus in APP/PS1 mice. Inset: representative morphology at a

higher magnification. Scale bar, 1 mm. C, D 6E10 immunohisto-

chemical staining (IHC) and 6E10-positive plaques in the neocortex

(NC) and hippocampus (HC) in APP/PS1 mice. Inset: representative

morphology at a higher magnification. Scale bar, 1 mm. E–G Ab40,
Ab42 and Ab40 ? Ab42 levels in TBS, 2% SDS, and 70% FA fractions

of brain extracts in PSK-treated mice and controls assessed by

ELISA. H–J Western blots and quantitative analysis of APP and its

metabolites in brain homogenates. K–M Western blots and quanti-

tative analysis of Ab-degrading enzymes and Ab-transporting recep-

tors. n = 8 per group; mean ± SEM; *P\0.05, n.s, not significantly

different, Student’s t-test. PSK, polysaccharide kestin; Ctrl, control;

WT, wild-type; Tg, transgenic; NC, neocortex; HC, hippocampus.
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cancers, not only stimulates TLR2-mediated uptake and

intracellular metabolism of Ab by monocytes, but also

attenuates the cognitive impairment in an AD mouse

model. These results indicate that PSK has the potential to

intervene the pathogenesis of AD through enhancing the

function of peripheral monocytes.

Fig. 5 Flow and imaging flow cytometry analysis of Ab42 uptake by

mouse monocytes. A, B After morphological gating, mononuclear

cells are selected as CD45-positive events. C, D Mouse monocytes

are further identified as CD11bpos/CD115pos events and subsequently

gated as Ly6Chigh and Ly6Clow/neg subsets. E, F Ab42 uptake in

monocyte subsets and effects of PSK on proportions of monocyte

subsets, G, H Ab42 uptake and TLR2 expression in monocytes in

control and PSK groups. I, J By imaging flow cytometry, cells with

high-intensity CD115 labelling are selected as mouse monocytes,

followed by selection of single cells gated on the area and aspect ratio

of the bright-field image. K, L Images of FITC-labelled Ab42 uptake
by mouse monocytes. n = 8 per group; mean ± SEM; *P\0.05, **P
\0.01, n.s, not significantly different, Student’s t-test. FSC, forward-
scatter; SSC, side-scatter; PSK, polysaccharide kestin; Ctrl, control;

WT, wild-type; Tg, transgenic; Ab, amyloid-b.
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In the present study, both the uptake and degradation of

Ab by monocytes were enhanced by PSK. Among the

major surface receptors involved in the myeloid cell-

mediated physiological uptake of Ab [32], TLR2 expres-

sion was specifically increased with PSK, and this stim-

ulatory action of PSK was almost counteracted by a TLR2

Fig. 6 PSK rescues inflammation and neuronal loss in the brains of

APP/PS1 mice. A–D Immunostaining and quantification of activated

astrocytosis (detected by GFAP) and microgliosis (detected by

CD68). Insets: representative morphology at a higher magnification.

Scale bars, 1 mm. (E–H) IL-6, TNF-a, IFN-c, and IL-1b levels in

brain homogenates from 9-month-old PSK-treated mice and controls.

I–K MAP2 and NeuN immunostaining and quantification in the

hippocampus and its subregions. Scale bar, 100 lm. L–N Neuronal

apoptosis detected by activated caspase-3 (cas-3) immunofluores-

cence in CA3 of the hippocampus. Scale bar, 100 lm. n = 8 per

group; mean ± SEM; *P \0.05, **P \0.01, n.s, not significantly

different, Student’s t-test. PSK, polysaccharide kestin; Ctrl, control;

WT, wild-type; Tg, transgenic; NC, neocortex; HC, hippocampus.
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antagonist, suggesting that the enhanced Ab uptake by

monocytes induced by PSK may be mediated by the

activation of TLR2. Besides, evaluation of the Ab
immunoreactive area revealed that PSK-treated monocytes

had greater amounts of Ab in the endosomal-lysosomal

pathway, indicating greater intracellular Ab processing,

thus leading to more Ab transport to lysosomes for

degradation. Although we did not find any significant

difference between the two groups in the molecular

expression of Ab degradative enzymes, we cannot rule

out the possibility that cathepsin protease activity is

enhanced by PSK.

It is noteworthy that the Ab levels both in the brain and

blood were significantly reduced by injection of PSK in

APP/PS mice. We did not find any difference between the

PSK treatment group and the control in the expression of

APP and its metabolites, enzymes associated with Ab
production, and Ab-degrading enzymes in the brain of AD

mice, suggesting that PSK may not take part in the

reduction of Ab production or enhancement of Ab
degradation in the brain. The levels of Ab influx transport

receptors across the BBB (RAGE) were lower in PSK-

treated mice than in controls, indicating that PSK reduces

the influx of Ab from the periphery into the brain through

the BBB, allowing PSK-activated monocytes to play their

role in peripheral Ab clearance. Along with reduction of

brain Ab, we also found that PSK plays roles in neuropro-

tection and anti-inflammation, as reflected by increased

numbers of neurons and down-regulation of neuronal

apoptosis, dendritic spine shrinkage, microgliosis, and

astrocytosis in response to Ab. Another hallmark of AD

is neurofibrillary tangles, which are caused by the hyper-

phosphorylation of tau protein and have been consistently

correlated with cognitive function in patients [33–35]. In

the current study, we found that PSK suppressed the

hyperphosphorylation of tau in response to Ab. These

findings indicate that PSK suppresses downstream patholo-

gies, including tau hyperphosphorylation, neuroinflamma-

tion, and neuronal loss.

However, neither the Ab uptake by microglia nor the

expression of TLR2 in the brain of AD mice were

influenced by PSK, and the related mechanisms remain

unclear. One possible explanation may be that with higher

Ab concentration and inflammation in the microenviron-

ment of AD brain in which microglia reside, activation of

TLR may have little effect on the already dysfunctional

microglia. Another explanation may be that the amount of

PSK that can enter the brain is limited, thus constraining

the effect of PSK in the AD brain. These results indicate

that PSK plays its role mainly by enhancing Ab recognition

and processing by monocytes in the periphery, leading to

more soluble Ab outflow and clearance in the periphery.

Conclusions

In summary, we suggest the potential application of PSK

for the prevention of AD via Ab clearance by peripheral

monocytes. Because PSK is currently used to treat cancer

and is safe in humans, the promising data from our current

study warrant future clinical trials to test its therapeutic

efficacy for AD.
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