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Abstract

More and more evidences are proving that microglia play a crucial role in the pathogenesis of Alzheimer's disease
(AD) and the plasma AB,_4, levels significantly increased 15 years before the onset of dominantly inherited AD. How-
ever, the effects of high plasma levels of AB,_,, on mononuclear macrophage, the peripheral counterparts of micro-
glia, remain unclear. In the present study, we used APP/PS1 transgenic (Tg) mice and a parabiotic model of wild

type (Wt) mice and Tg mice (Parabiotic Wt-Tg, Pa (Wt-Tg)) to investigate the effects of high plasma levels of AR,

on peripheral mononuclear macrophage. Our results showed that in the early stage of Tg mice (7 months) and Pa
(Wt-Tg) mice (4 months), the proportions of pro-inflammatory macrophages in peritoneal cavity, myeloid derived
suppressor cells (MDSCs) in spleen, granulocyte-monocyte progenitors (GMPs) in bone marrow, and the plasma levels
of interleukin-6 (IL-6) were significantly decreased. While the proportions of pro-inflammatory macrophages, MDSCs,
GMPs, and the plasma levels of IL.-6 and tumor necrosis factor (TNF)-q, as well as the numbers of bone marrow-
derived macrophages (BMDM:s) in mice brain were increased in the late stage of Tg mice (11 months) and Pa (Wt-Tg)
mice (8 months). In addition, the proportions of monocytes in spleen and the proliferation of bone marrow cells
(BMCs) were enhanced consistently, and the phagocytic function of macrophages kept stably after high plasma levels
of AB,.4, sustaining stimulation. These results demonstrated that high plasma levels of AB,_,, play a biphasic regulat-
ing role at different stages of the disease, namely inhibiting effects on peripheral pro-inflammatory macrophages

in the early stage of AD model, while promoting effects in the late stage of AD model. The mechanism behind this
may be associated with their effects on MDSCs in spleen and myeloid progenitor cells in bone marrow. Therefore,
intervening the effects of plasma AB,_,, on pro-inflammatory macrophages might offer a new therapeutic approach
to AD.
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Introduction
Alzheimer’s disease (AD), the most common neurode-
generative disorder with progressive memory and cogni-
tive loss, is affecting almost 50 million people worldwide,
and the incidence of AD is increasing rapidly with the
ageing of the world population [1]. The medical care
and nursing cost of AD is enormous [2—4]. The main
neuropathological features of AD are neuritic plaques
generated by extracellular B-amyloid (AP) deposition,
neurofibrillary tangles formed by intracellular accumu-
lation of hyperphosphorylated tau (p-Tau), and neuroin-
flammation, neuron and synapse loss, as well as astroglial
proliferation [5]. Major pathogenic hypotheses of AD
focus on the AP cascade and p-Tau accumulation. How-
ever, clinical treatment trials including designed to test
the effects of inhibiting A, ,, production by p-secretase
inhibitor, clearing AP,,, by monoclonal antibodies,
and inhibiting p-Tau by leuco-methylthioninium bis
(hydromethanesulfonate; LMTM), have all failed to dem-
onstrate clinical efficiency [1, 6, 7]. Thus, the hypotheses
of AP cascade and p-Tau have been challenged [8-11].
Accumulating studies suggest that neuroinflammation
plays a key role in the pathogenesis of AD [12]. Microglia,
the main resident immune cells in the central nervous
system (CNS), act as vigilant housekeepers in the adult
brain; they activate immediately and switch their behav-
ior from patrolling to shielding the injured site when the
blood-brain barrier (BBB) is disrupted [13]. In the patho-
genesis of AD, microglia might have a double-edged
sword role. At the early stage of AD, microglia protect
brain from the toxic effects of AP, ,, by phagocytizing
and clearing AB. While, with AD progresses, microglia
lose clearing AP ability and produce pro-inflammatory
cytokines and molecules that promote AP deposition
[14]. Genome-wide analysis suggests that several genes,
encoding for glial clearance of AP and inflammatory
reaction, increase the risk of sporadic AD [15, 16]. In
addition, complement and microglia mediate the early
loss of synapses in AD mouse models [17]. By the vivo
PET images, microglial activation was found to be cor-
related with both tau and amyloid [18], moreover, the co-
occurrence of AP, tau and microglia activation was the
strongest predictor of cognitive impairment [19].
Traditionally, brain has been regarded as an immune-
privileged organ protected by the BBB. But recently,
accumulating evidence shows that there are interactions
between brain and peripheral organs, having a significant
role in the development and progression of AD [20]. In
the late stage of AD, with the disruption of BBB, periph-
eral immune cells and inflammatory molecules entered
into brain parenchyma [21]. The role of peripheral innate
immunity in the pathogenesis of AD has gained more
attentions in recent years [22, 23].
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Several studies have found that circulating bone mar-
row-derived macrophages (BMDMs) can enter into
brain tissue, where they serve as bone marrow-derived
microglia and have more efficiently phagocytic ability of
AP _40/1-42 compared to resident microglial cells [24, 25].
Selective ablation of bone marrow-derived dendritic cells
increases amyloid plaques in AD mouse models [26].
Increased cerebral infiltration of monocytes, either by
elevating the levels of circulating monocytes or by weekly
treatment with glatiramer acetate (which simulates mye-
lin basic protein), substantially attenuated disease pro-
gression in AD mouse models [27]. Indeed, prior to these
observations, monocytic cells derived from bone marrow
stem cells had been used to treat AD [28], and long-term
use of nonsteroidal anti-inflammatory drugs (NSAIDs)
prior to the onset of AD offered protection against AD
[29-31]. In November of 2019, sodium oligomannate
(GV-971), a marine algae-derived oral oligosaccharide,
was approved for AD treatment by the Chinese Food
and Drug Administration based on its ability to allevi-
ate neuroinflammation by regulating gut microbiota and
inhibiting the brain infiltration of peripheral T helper
(Th) 1 cells [32]. There is evidence that circulating neu-
trophils can extravasate and surround A deposits, where
they secrete interleukin-17 (IL-17) and neutrophil extra-
cellular traps (NETs). Moreover, inhibiting neutrophil
trafficking or depleting these cells reduces AD-like neu-
ropathological changes and improves memory of AD
mice [33]. So, motivating monocytic cells derived from
bone marrow stem cells had been regarded as a promis-
ing therapy in AD [28].

In sporadic AD patients, the levels of plasma A, 4,
were decreased significantly [34], however, plasma A,
1 levels were increased significantly 15 years in domi-
nantly inherited AD and Down syndrome before the
onset of symptoms compared with normal people [35,
36]. As well as AP, 4, levels in plasma neuronal-derived
exosome (NDE) of mild cognitive impairment (MCI) and
AD were significantly higher than those in normal con-
trols [37]. Moreover, in the wild-type (Wt) mice para-
biosis with APPswe/PS1dE9 (APP/PS1) transgenic (Tg)
mice or transplanting bone marrow cells (BMCs) from
APP/PS1 Tg mice, the plasma AP, ,, levels were sig-
nificantly increased and plasma Af; 4, entered into Wt
mice brain to form cerebral amyloid angiopathy (CAA)
and AP plaques similar to Tg mice [38, 39]. Until now,
the effects of high plasma AP, ,, levels on mononuclear
macrophage, the peripheral counterparts of microglia,
remain unclear. The present study employed parabiosis
model of AD to investigate the effects of high plasma lev-
els of AP, ,, on peripheral mononuclear macrophage in
order to explore the underlying mechanisms and look for
the new possible therapeutical target for AD.



Li et al. Immunity & Ageing (2023) 20:39

Materials and methods
Parabiosis
All experiments involving mice were approved by the Lab-
oratory Animal Welfare and Ethics Committee of Shenz-
hen Luohu Hospital Group (SLHG), Shenzhen, China. To
exclude the influence of gender on brain AP deposition,
6—8 weeks old female pathogen-free APP/PS1 mice and
C57BL/6 Wt mice were used in the present study. All mice
were purchased from Shanghai Model Organisms Center,
Inc (SMOC, Shanghai, China). Animals acclimatized for
2-5 days in the pathogen-free animal facility of the SLHG
Precision Medicine Research Institute. Mice were housed
in a room with a 12- hour light-dark cycle and provided
with food and water at liberty. Parabiosis surgery was per-
formed on pairs of mice after they had adapted to each
other by living together in a cage for 1 month at the age
of 3 months according to the procedure from a previous
study [40] (Fig. 1a). Firstly, ketamine (100 mg/kg), xyla-
zine (20 mg/kg), and acepromazine (3 mg/kg) were used
to anesthetize animals, then placed animals in a parallel
orientation. A left lateral incision was made on one mouse
while a right one was made on the partner mouse (from
the back of the ear to the back of the thigh). The head end
and tail end are threaded using 5-0 nylon without sutures
respectively. The scapulae and femoral bone of the mice
were fixed together with 4—0 silk sutures. Then, the cor-
responding dorsal and ventral skin was sutured with 4—-0
silk. After the surgery, before transferred into the hus-
bandry area, the parabiotic mice were allowed to recover
in a warm and clean environment (Fig. 1b). Prophylactic
antibiotic treatment (enrofloxacin, 5 mg/kg) was started
1 day prior to the surgery and continued for 2 weeks.
Parabiosis was maintained for 4 and 8 months, respec-
tively, while age and weight-matched female Wt and Tg
mice (n=6, for each group) without parabiosis were used
as controls. In order to investigate the effects of short-
term stimulation of high plasma A, ,, levels on mono-
nuclear macrophage, exogenous AP, ,, peptide labeled
with HiLyte Fluor 488 (AnaSpec, Fremont, CA, USA)
200ul of 100uM in phosphate buffer saline (PBS) was
intravenously injected into 6-8 weeks-old female Wt
mice via the tail vein (#=6) for three times in a week,
and the age and weight matched female Wt mice (n=6)
were used as controls. The mice in control group received
the same volume of vehicle. Bioluminescent imaging was
performed using the IVIS spectrum imaging system (Cal-
iper Life-Sciences, Hopkinton, MA, USA) 1 h (h) after
tail intravenous injection (Fig. 1f).

Cell preparation

Parabiotic animals were sacrificed at 7 and 11 months
old, respectively, namely after 4 and 8 months sustain-
ing stimulation with high plasma levels of AP, 4, and
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6—8 weeks-old Wt mice after tail vein with A, ,, peptide
one week were also sacrificed. The monocytes and mye-
loid derived suppressor cells (MDSCs) suspensions were
obtained from mice spleen by pressing them through a 70
um Falcon cell strainer, macrophages of abdominal cav-
ity were harvested by washing three times with 10 ml of
RPMI 1640 medium, and BMCs were isolated by flushing
the marrow from mice femoral and tibial bone. All the
above cell suspensions were collected and rinsed, centri-
fuged for 10 min (mins) with RPMI 1640. After red blood
cells lysis, adjusted the cells concentration to 2x 10°/ml
by using complete medium with penicillin and strepto-
mycin (1%; Hyclone, Logan, UT) and fetal bovine serum
(10%; Sigma Aldrich, St Louis, MO), prepared for the fol-
lowing experiments.

Measurement of the proportions of mononuclear

macrophage, MDSCs, and BMCs by flow cytometry

The monocytes, macrophages, pro- and anti-inflamma-
tory macrophages, MDSCs, and BMCs were incubated
in 0.5ug Fc Block (cat. 51-9006315, BD Biosciences)
for 15 min at room temperature to block nonspecific
responses. All staining was performed in a dark envi-
ronment at 4°C. Monocytes and MDSCs from mice
spleen were incubated with the following antibodies:
BB515-conjugated anti-mouse CD11b (cat. 564454, BD
Pharmingen TM), PerCP-Cy5.5-conjugated anti-mouse
CD115 (cat. 745906, BD Pharmingen TM), PE-conju-
gated anti-mouse Ly6G (cat. 560599, BD Pharmingen
TM), and APC-conjugated anti-mouse Ly6C (cat.
560592, BD Pharmingen TM) for 30 min. Each monocyte
and MDSC sample were stained in three duplicate tubes.

Macrophages from abdominal cavity were incubated
with antibodies BB515-conjugated anti-mouse CD11b
(cat. 564454, BD Pharmingen TM), BB700-conjugated
anti-mouse F4/80 (cat.746070, BD Pharmingen TM),
BV510-conjugated anti-mouse CD40 (cat. 745041, BD
Pharmingen TM) for 30 min at 4 °C to detect extracel-
lular molecules. Then cells were permeabilized with the
Fixation/Permeabilization solution Kit (cat. 554714,
BD Pharmingen TM) for 20 min. The intracellular mol-
ecules were stained with antibodies BV421-conjugated
anti-mouse CD206 (cat. 141717, BioLegend), APC-con-
jugated anti-mouse arginase-1 (Arg-1) (cat. 5868A, R&D
systems), and PE-conjugated anti-mouse inducible nitric
oxide synthase (iNOS) (cat. 12—-5929-82, Invitrogen) for
30 min at 4 °C. Flow cytometric analysis was performed
by using FLOWJO 7.6.1 (Treestar).

BMCs were stained with the BD Stemflow TM mouse
Hematopoietic Stem Cell (HSC) Isolation Kit (cat. 560492,
BD Pharmingen TM) which containing 7-amino-actino-
mycin D, FITC-conjugated anti-mouse CD34, PE-conju-
gated anti-mouse c-Kit, PE-Cy7-conjugated anti-mouse
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Fig. 1 The plasma levels of AB,_,, and brain deposition of AB after parabiotic surgery. a Schematic diagram depicting the parabiotic pairings. A pair
of 3 months-old female Tg mice and age-matched female Wt littermates were used for parabiosis. A pair of 3 months-old female Wt mice were used
for parabiotic controls. Samples were collected for analysis at 7 and 11 months of age. Age-matched female Tg and Wt mice without parabiosis
were also explored. b The mice after parabiotic surgery. ¢ Plasma Ap,, levels in Wt, PaWt(Wt-Wt), PaWt(Wt-Tg), PaTg(Wt-Tg), and Tg mice at the age
of 7.and 11 months. At the age of 7 months, the plasma AB,, levels in Tg mice were significantly higher than Wt mice (p=0.000), the plasma AB,,
levels in PaWt(Wt-Tg) mice were significantly higher than PaWt(Wt-Wt) mice (p=0.000), the plasma AR, levels in PaTg(Wt-Tg) mice were higher
than PaWt(Wt-Tg) mice (p=0.041). At the age of 11 months, the plasma AB,, levels in Tg mice were significantly higher than Wt mice (p=0.000),

the plasma AR, levels in PaWt(Wt-Tg) mice were significantly higher than PaWt(Wt-Wt) mice (p=0.000), the plasma AR, levels in PaTg(Wt-Tg) mice
were higher than PaWt(Wt-Tg) mice (p=0.581). d Representative images of amyloid deposition stained with 6E10 in neocortex and hippocampus
of PaWt(Wt-Wt), PaWt(Wt-Tg), PaTg(Wt-Tg), and Tg mice brain at the age of 7 and 11 months respectively. Scale bars 2500 pm. e The quantifications
of the AB plaques (6E10Area fraction (%)) in the neocortex and hippocampus were 1.58 +0.57% in Tg mice, 1.13+0.35% in PaTg(Wt-Tg)

mice, 0.40+0.05% in PaWt(Wt-Tg) mice, and 0.32 +0.04% in PaWt(Wt-Wt) mice, respectively at the age of 7 months. At the age of 11 months

the quantifications of the AP plagues in the neocortex and hippocampus were 8.13+1.25% in Tg mice,3.03+0.88% in PaTg(Wt-Tg) mice,
1.24+0.44% in PaWt(Wt-Tg) mice, and 0.40+0.06% in PaWt(Wt-Wt) mice, respectively.At the age of 7 months, the AR plagues in the neocortex

and hippocampus had no significant difference between PaWt(Wt-Tg) mice and PaWt(Wt-Wt) mice (p=0.114), and Tg mice and PaTg(Wt-Tg) mice
(p=0.200). The AR plaques in the neocortex and hippocampus of PaWt(Wt-Tg) were higher compared with PaWt(Wt-Wt) (p=0.029), and in Tg mice
the AR plaques in the neocortex and hippocampus were higher compared with PaTg(Wt-Tg) mice (p=0.029). f Bioluminescent images of Wt mice
after tail intravenous injection with hAB,, labeled with Hilyte Fluor 488 1 h. (n=6, Mean £ SD, one-way analysis of variance. ***P <0.001, **P < 0.01,
ns denotes no statistical significance)

Sca-1, and APC-conjugated anti-mouse Lineage antibody  anti-mouse CD16/32 (cat. 740111, BD Pharmingen TM)
Cocktail. BV421-conjugated anti-mouse CD135 (cat. were also used to stain BMCs. All the antibodies were
562898, BD Pharmingen TM) and BV510-conjugated incubated for 1 h (h) at 4°C.
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Analysis of cytokines and AB, 4, levels

The cytokines levels of mice plasma, including IL-6 (cat.
558301), IL-12p70 (cat. 558303), TNF-a (cat. 558299),
IL-10 (cat. 558300), and IL-1f (cat. 560232) were evalu-
ated by using Cytometric Beads Array (CBA) Flex Set
(BD-Pharmingen, La Jolla, CA, USA). Briefly, mice solu-
ble protein flex set capture beads were mixed and washed
with 0.5ml wash buffer and centrifuged at 200g for 5min.
The supernatant was carefully discarded by aspiration
without disturbing the bead pellet. The beads were then
resuspended in capture bead diluent to a final concentra-
tion of 50ul/test and incubated for 15min at room tem-
perature. Afterward, 50ul capture beads were mixed with
50ul sample or standard and incubated at room tem-
perature for 1h. Subsequently, 50ul mixed phycoerythrin
(PE) detection reagent was added to each assay tube and
incubated at room temperature for 2h. Next, 1ml wash
buffer was added to each assay tube and centrifuged at
270g for 5min. After carefully aspirating and discarding
the supernatant from each assay tube, 300ul buffer was
added to each assay tube to resuspend the beads. Sam-
ples were analyzed by flow cytometry (excitation wave-
length 565nm and emission wavelength 578nm) and the
data was acquired. Data were analyzed using FCAP Array
software.

The plasma levels of AP, ,, (cat. CEA947Hu, Cloud-
Clone Corp, Wuhan, China) and inflammatory cytokines
transforming growth factor-p (TGF-P) (cat. SEA124Mu,
Cloud-Clone Corp, Wuhan, China) were measured by
enzyme-linked immunosorbent assay (ELISA) kit accord-
ing to the manufacturer’s instructions. The minimum
detectable dose of hAP,, kit was typically 1.44 pg/ml
and the minimum detectable dose of TGE-p kit was typi-
cally 15.6 pg/ml. The plasma hAB,, levels of Tg mice and
PaWt(Wt-Tg) mice were run with 1:2 serial dilutions.

Assay of the phagocytic function of peritoneal
macrophage

1x10° macrophages collected from abdominal cavity
were plated in 24-well plates incubated with HiLyte Fluor
488-labeled Ap; ,, (cat. AS-60479, AnaSpec, Fremont,
CA, USA) lug/ml for 24 h. After incubation, the mac-
rophages were washed with phosphate buffer saline (PBS)
to remove excess AP, 4, and stained with APC-Cy7-con-
jugated anti-mouse CD11b (cat. 557,657, BD Pharmin-
gen TM) and BB700-conjugated anti-mouse F4/80 (cat.
746,070, BD Pharmingen TM) for 30 min at 4°C. Flow
cytometric analysis was performed by using FLOW]JO
7.6.1 (Treestar).

Analysis of proliferative function of BMC
BMC proliferation was measured by CCK-8 Kkits (cat.
FC101, TransDetect, Beijing, China). A total of 1x10*
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cells in a volume of 100ul per well were cultured in a
96-well plate medium containing 10% fetal bovine serum
(EBS) for 2, 5, 6, and 7 days respectively and each sample
had three replicate wells. The CCK-8 reagent (10ul) was
added to 90ul RPMI 1640 to generate a working solution,
of which 100ul was added per well and incubated for 4 h
(hs). The optical density (OD) was measured at 450 nm.

Detection of AP deposition and bone marrow-derived
macrophages (BMDM:s) in mice brain using
immunohistochemical and immunofluorescence assays
The brain slices were deparaffinized and dehydrated
with xylene and ethanol. Tissues were then incubated
in 3% H,O, for 5-10 min to eliminate endogenous per-
oxidase activity. The tissues were incubated with pri-
mary antibody at a working solution and incubated at 4
‘C overnight. We used 6E10 (cat. 803,007, biolgend) to
label AP and IBA-1" (cat. 019-19741, WAKO), CD68*
(cat. MCA1957T, biorad), P2Y12™ (cat. NBP2-33,870,
novus) to label BMDMs. After blocking in PBS contain-
ing 30% bovine serum albumin (BSA) for 30min at room
temperature. Next HRP conjugated secondary antibody
was added and incubated for 2hs at room temperature.
Finally, the samples were fixed with PBS containing 10%
4,6-diamidino-2-phenylindole (DAPI) for 2min. The
results of the samples were observed using a confocal
microscope (Zeiss LSM 800, Carl Zeiss Microimaging
Inc., NY, USA) under a 20 X objective. 5 images were
taken per mouse and Image J used to count the amount
of BMDMs.

Statistical analysis

Differences among groups were tested by the rank-sum
test. Differences of categorical data were tested by Chi-
square. For all statistical tests, two-sided P-values less
than 0.05 were defined as statistically significant. All
analyses were carried out using Statistical Package for
Social Sciences (SPSS) version 23.0 software (IBM, West
Grove, PA, USA).

Results
Increased the plasma levels of AB,_,, and brain deposition
of AB in PaWt(Wt-Tg) mice after parabiotic surgery
The parabiotic animal models of Wt mice and Tg mice
(parabiotic Wt-Tg, Pa(Wt-Tg)), Wt mice and Wt mice
(parabiotic Wt-Wt, Pa(Wt-Wt)) were established. We
measured the AB, ,, plasma levels of Wt mice, Tg mice,
Wt mice of Pa(Wt-Wt) (PaWt(Wt-Wt)) mice, Wt mice of
Pa(Wt-Tg) (PaWt(Wt-Tg)) mice, and Tg mice of Pa(Wt-
Tg) (PaTg(Wt-Tg)) mice, respectively.

We found after parabiosis from 3 months of age to 7
and 11 months of age, respectively, the AP, ,, plasma
levels of PaWt(Wt-Tg) mice were significantly increased
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than PaWt(Wt-Wt) mice (at the age of 7 and 11 months
p=0.000) (Fig. 1c). We used 6E10 to label AP, as shown
in the Fig. 1d, both at the age of 7 and 11 months, AP
plaques were found in the neocortex and hippocampus of
Tg mice. After parabiosis for 4 months, Ap plaques were
scarce in PaWt(Wt-Tg) mice brain, but after 8 month,
they were obvious presented in neocortex and hippocam-
pus of PaWt(Wt-Tg) mice brain (Fig. 1e).

As shown in Fig. 1c-e, these results showed that AP,
4 in plasma of Tg mice entered into the Wt mice blood
circulation and then deposited in the cerebral vascular
wall and brain parenchyma of Wt mice after parabiotic
surgery, demonstrating that the PaTg(Wt-Tg) mice can
stimulate persistently Wt mice through providing stable
high levels of A, ,, leading to AP deposition in brain of
PaWt(Wt-Tg) mice.

Enhanced infiltrations of BMDMs in brain of PaWt(Wt-Tg)
mice after parabiotic surgery

Detection of IBA-1TCD687P2Y12™ cells in the neocortex
and hippocampus represented infiltrations of BMDMs
in brain. At the age of 7 months there was no difference
between Tg mice and Wt mice brains regarding the infil-
trating amounts of IBA-1TCD68" P2Y12™ cells. Similarly,
it was also no difference of these cells infiltration in brain
between PaWt(Wt-Tg) mice and PaWt(Wt-Wt) mice after
parabiosis for 4 months (All data not shown).While at the
age of 11 months, the amounts of these cells in Tg mice
brain were higher than in Wt mice (»=0.000) (Fig. 2a-
¢). Interestedly, the amounts of these cells in PaWt(Wt-
Tg) mice brain were significant enhanced compared
with PaWt(Wt-Wt) mice after parabiosis for 8 months
(p=0.004) (Fig. 2d-f).

A biphasic regulating effect of the high plasma

AB;.42 on proportions of mononuclear macrophage

in PaWt(Wt-Tg) mice

The proportions of mononuclear macrophage between
Tg mice and Wt mice at the age of 7 and 11 months, and
PaWt(Wt-Tg) mice and PaWt(Wt-Wt) mice after parabio-
sis for 4 and 8 months were compared respectively in our
study. In PaWt(Wt-Wt) mice, we collected the data from
both Wt mice in the parabiosis.

As shown in Fig. 3a, at the ages of 7 and 11 months, the
proportions of monocytes (both CD11b and CD115 posi-
tive) in Tg mice spleen mononuclear cells (MNCs) were
significantly higher than Wt mice (at the age of 7 months
p=0.000, at the age of 11 months p=0.000) (Fig. 3a, e).
Consistently, after parabiosis for 4 and 8 months, the
proportions of monocytes in PaWt(Wt-Tg) mice spleen
MNCs were significantly higher than PaWt(Wt-Wt) mice
(after parabiosis for 4 months p=0.000, after parabiosis
for 8 months p=0.005) (Fig. 3a, e).
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At the age of 7 months, the proportions of mac-
rophages (both CD11b and F4/80 positive) in Tg mice
abdominal cavity MNCs had no significantly difference
compared with Wt mice (p=0.24) (Fig. 3b, f). The pro-
portions of pro-inflammatory macrophages (both CD40
and iNOS positive) in macrophages of Tg mice abdomi-
nal cavity MNCs were decreased significantly (p=0.002)
and the proportions of anti-inflammatory macrophages
(both Arg-1 and CD206 positive) had an increased ten-
dency compared with Wt mice (p=0.699) (Fig. 3c-d, g-h).
At the age of 11 months, the proportions of macrophages
(p=0.485), pro-inflammatory macrophages (p=0.093),
and anti-inflammatory macrophage (p=0.818) in Tg
mice abdominal cavity MNCs had no significantly dif-
ference compared with Wt mice (Fig. 3c-d, g-h). Fur-
thermore, the proportions of macrophages in abdominal
cavity MNCs had no significantly difference in PaWt(Wt-
Tg) mice compared with PaWt(Wt-Wt) mice after para-
biosis for 4 months (p=0.831) (Fig. 3b, f). In addition,
the proportions of pro-inflammatory macrophages in
macrophages of PaWt(Wt-Tg) mice abdominal cavity
MNCs were decreased significantly (p=0.001) and anti-
inflammatory macrophages had an increased tendency
compared with PaWt(Wt-Wt) mice after parabiosis for
4 months (p=0.385) (Fig. 3c-d, g-h). The proportions
of macrophages in PaWt(Wt-Tg) mice abdominal cav-
ity MNCs were increased significantly compared with
PaWt(Wt-Wt) mice after parabiosis for 8 months
(p=0.027). However, the proportions of anti-inflamma-
tory macrophages in PaWt(Wt-Tg) mice abdominal cavity
MNC:s had no significant alterations (p=0.153), the pro-
portions of pro-macrophages had an increased tendency
in PaWt(Wt-Tg) mice compared with PaWt(Wt-Wt) mice
after parabiosis for 8 months (p=0.329) (Fig. 3c-d, g-h).

The in vivo imaging systems (IVIS) spectrum imaging
system identified that AP, 4, peptide labeled with HiLyte
Fluor 488 entered the Wt mice circulation after tail intra-
venous injection 1 h (Fig. 1f). The AP, ,, plasma levels
of Wt mice after injected with AP, 4, for three times in
a week were significantly higher than Wt mice (data not
shown). We observed that the proportions of monocytes
(both CD11b and CD115 positive), the macrophages
(both CD11b and F4/80 positive) in abdominal cavity, the
pro-inflammatory macrophages (both CD40 and iNOS
positive), and the anti-inflammatory macrophages (both
Arg-1 and CD206 positive) had no significant differences
between Wt mice and those injected with Ap, 4, for three
times in a week (data not shown).

No effects of the high plasma AB,_,, on phagocytic ability
of macrophages

As shown in Fig. 4a-b, the macrophage (both CD11b and
F4/80 positive) from abdominal cavity were collected,
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Fig. 2 The infiltrations of BMDMs in brain after parabiotic surgery. a Immunofluorescence image of microglia and BMDMs co-stained with CDé8,
IBAI, and P2Y, antibodies in neocortex and hippocampus of Wt mice brain at the age of 11 months. Scale bars: 500 pm. b Immunofluorescence
image of microglia and BMDMs co-stained with CD68, IBAl, and P2Y,, antibodies in neocortex and hippocampus of Tg mice brain at the age

of 11 months. Scale bars: 500 um. ¢ The statistical diagram of the amounts of BMDMs in neocortex and hippocampus of Wt and Tg mice brain

at the age of 11 months. The amounts of BMDMs in neocortex and hippocampus of Tg mice were significant higher compared with Wt mice

at the age of 11 months (p=0.000). d Immunofluorescence image of microglia and BMDMs co-stained with CD68, IBAI, and P2Y, antibodies

in neocortex and hippocampus of PaWt(Wt-Wt) mice brain at the age of 11 months. Scale bars: 500 um. e Immunofluorescence image of microglia
and BMDM:s co-stained with CD68, IBAI, and P2Y,, antibodies in neocortex and hippocampus of PaWt(Wt-Tg) mice brain at the age of 11 months.
Scale bars: 500 um. f The statistical diagram of the amounts of BMDMs in neocortex and hippocampus of PaWt(Wt-Wt) and PaWt(Wt-Tg) mice
brain at the age of 11 months. The amounts of BMDMs in neocortex and hippocampus of PaWt(Wt-Tg) mice brain were significantly higher

than PaWt(Wt-Wt) mice at the age of 11 months (p=0.004). 5 images were taken per mouse and Image J used to count the amounts of BMDMs.
(n=6, Scale bars 500 um. ***P <0.001, **P< 0.01, ns denotes no statistical significance)

and co-incubated with FITC fluorescent-labeled AP, 45
peptide for 24 hs. Flow cytometry assays was used to test
the phagocytosis of macrophage. At the age of 7 months,
the macrophage phagocytosis AP, 4, in Tg mice were
decreased significantly compared with Wt mice (p=0.002).
However, there were no statistical difference in mac-
rophage phagocytosis A, 4, compared Tg with Wt mice at
the age of 11 months (p=0.819) (Fig. 4a-b). After parabiosis
for 4 and 8 months, the macrophage phagocytosis AB; 45

had no obvious alteration (after parabiosis for 4 months
p=0.062, after parabiosis for 8 months p=0.494) (Fig. 4a-
b). In Wt mice, after tail vein injection with AP, ,, peptide,
the phagocytosis ability of macrophages had no significant
change (p=0.690). The macrophages were obtained from
Wt mice abdominal cavity. Interestingly, we found that the
phagocytosis of macrophages was significantly reduced
after co-cultured with AP, ,, peptide in vitro for 3 days
(p=0.032) (Fig. 4c).
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A biphasic regulating effect of the high plasma AB, _,,

on macrophages secreting function

At the age of 7 months, the plasma levels of pro-inflam-
matory cytokines IL-6 in Tg mice were decreased signifi-
cantly (p=0.04) (Fig. 5a), while at the age of 11 months,
the plasma levels of pro-inflammatory cytokines IL-6
(p=0.002) and TNF-a (p=0.041) were increased signifi-
cantly compared with Wt mice (Fig. 5b). However, the
levels of pro-inflammatory cytokines IL-12p70 (at the age
of 7 months p=0.310, at the age of 11 months p=0.310),
IL-1pB (at the age of 7 months p=0.537, at the age of 11
months p=0.132) and anti-inflammatory factors such
as IL-10 (at the age of 7 months p=0.244, at the age of
11 months p=0.065) and TGE-f (at the age of 7 months
p=0.485, at the age of 11 months p=0.093) in Tg mice
had no significant difference compared with Wt mice at
the age of 7 and 11 months. Compared with PaWt(Wt-
Wt) mice, the plasma levels of IL-6 in PaWt(Wt-Tg)
mice were significantly decreased after parabiosis for
4 months (p=0.037) (Fig. 5a), while after parabiosis for
8 months, the plasma levels of both IL-6 (p=0.002) and
TNEF-a (p=0.005) were significantly increased (Fig. 5b).
The levels of pro-inflammatory cytokines IL-12p70 (after
parabiosis for 4 months p=0.953, after parabiosis for 8
months p=0.639), IL-1B (after parabiosis for 4 months
p=0.254, after parabiosis for 8 months p=0.701) and anti-
inflammatory factors such as IL-10 (after parabiosis for 4

(See figure on next page.)
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months p=0.733, after parabiosis for 8 months p=0.765)
and TGF-p (after parabiosis for 4 months p=0.931, after
parabiosis for 8 months p=0.525) had no significant dif-
ference between two groups both after parabiosis for 4
and 8 months (Fig. 5a-b).

In addition, we also detected the plasma levels of
cytokines after tail intravenous injection with A, ,,.
We found the plasma levels of IL-6 in Wt mice were
increased significantly (»p=0.000), and the levels of IL-
12p70 (p=0.385), TNF-a (p=0.766), IL-10 (p=0.827),
IL-1B (p=0.542), and TGE-p (p=0.24) exhibited no sig-
nificant differences after tail intravenous injection with
AP, 4, (Fig. 5¢).

A biphasic regulating effect of the high plasma AB, _,,

on proportions of MDSCs in spleen

At the age of 7 months, the proportions of MDSCs
including PMN-MDSC (both CD11b and Ly6C posi-
tive and Ly6G negative) and M-MDSC (both CD11b
and Ly6G positive and Ly6C negative) in Tg mice spleen
MNCs were significantly decreased (p=0.000), while at
the age of 11 months, the proportions of MDSCs were
increased significantly (p=0.000) when compared with
Wt mice (Fig. 6a-b). After parabiosis for 4 months, the
proportions of MDSCs in PaWt(Wt-Tg) mice spleen
MNCs were significantly decreased (p=0.001), while
after parabiosis for 8 months, their proportions were

Fig. 3 The effects of high plasma AB,_,, on proportions changes of mononuclear macrophage. a The alterations of monocytes proportions

in Wt, Tg, PaWt(Wt-Wt), and PaWt(Wt-Tg) mice spleen MNCs. Monocytes were stained with CD11b*CD115". b The alterations of macrophages
proportions in Wt, Tg, PaWt(Wt-Wt), and PaWt(Wt-Tg) mice abdominal cavity MNCs. Macrophages were stained with CD11b*F4/80%. ¢ The
alterations of pro-inflammatory macrophages proportions in macrophages of Wt, Tg, PaWt(Wt-Wt), and PaWt(Wt-Tg) mice abdominal cavity. The
pro-inflammatory macrophages were stained with CD40*iINOS*. d The alterations of anti-inflammatory macrophages proportions in macrophages
of Wt, Tg, paWt(Wt-Wt), and paWt(Wt-Tg) mice abdominal cavity. The anti-inflammatory macrophages were stained with CD206%Arg-1.". e

The statistical diagram of monocytes proportions in Wt, Tg, PaWt(Wt-Wt), and PaWt(Wt-Tg) mice spleen MNCs. In Tg mice spleen mononuclear
cells (MNCs) were significantly higher than Wt mice (at the age of 7 months p=0.000, at the age of 11 months p=0.000). After parabiosis for 4

and 8 months, the proportions of monocytes in PaWt(Wt-Tg) mice spleen MNCs were significantly higher than PaWt(Wt-Wt) mice (after parabiosis
for 4 months p=0.000, after parabiosis for 8 months p=0.005). f The statistical diagram of macrophages proportions in Wt, Tg, PaWt(Wt-Wt),

and PaWt(Wt-Tg) mice abdominal cavity MNCs. At the age of 7 and 11 months, the proportions of macrophages in Tg mice abdominal cavity

MNCs had no significantly difference compared with Wt mice (at the age of 7 months p=0.24, at the age of 11 months p=0.485). The proportions
of macrophages in abdominal cavity MNCs had no significantly difference in PaWt(Wt-Tg) mice compared with PaWt(Wt-Wt) mice after parabiosis
for 4 and 8 months (after parabiosis for 4 months p=0.831, after parabiosis for 8 months p=0.027). g The statistical diagram of pro-inflammatory
macrophages proportions in macrophages of Wt, Tg, PaWt(Wt-Wt), and PaWt(Wt-Tg) mice abdominal cavity. The proportions of pro-inflammatory
macrophages in macrophages of Tg mice abdominal cavity MNCs were decreased significantly (p=0.002) at the age of 7 months,

and the proportions of pro-inflammatory macrophages in Tg mice abdominal cavity MNCs had no significantly difference compared with Wt mice
at the age of 11 months (p=0.093). The proportions of pro-inflammatory macrophages in macrophages of PaWt(Wt-Tg) mice abdominal cavity
MNCs were decreased significantly after parabiosis for 4 months (p=0.001), and the proportions of pro-macrophages had an increased tendency
in PaWt(Wt-Tg) mice compared with PaWt(Wt-Wt) mice after parabiosis for 8 months (p=0.329). h The statistical diagram of anti-inflammatory
macrophages proportions in macrophages of Wt, Tg, paWt(Wt-Wt), and paWt(Wt-Tg) mice abdominal cavity. The proportions of anti-inflammatory
macrophages in Tg mice abdominal cavity MNCs had an increased tendency compared with Wt mice at the age of 7 months (p=0.699) and at the
age of 11 months, the proportions of anti-inflammatory macrophage in Tg mice abdominal cavity MNCs had no significantly difference compared
with Wt mice (p=0.818). The proportions of anti-inflammatory macrophages in PaWt(Wt-Tg) mice abdominal cavity MNCs had an increased
tendency compared with PaWt(Wt-Wt) mice after parabiosis for 4 months (p=0.385), and after parabiosis for 8 months, the proportions

of anti-inflammatory macrophages in PaWt(Wt-Tg) mice abdominal cavity MNCs had no significant alterations compared with PaWt(Wt-Wt) mice
(p=0.153). (Wt, Tg, and PaWt(Wt-Tg) mice n=6; PaWt(Wt-Wt)mice n=12, data from the two Wt mice of Pa(Wt-Wt) mice, Mean + SD, one-way
analysis of variance. ***P<0.001, **P<0.01, *P < 0.05, ns denotes no statistical significance)
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Fig. 4 The effects of high plasma AB,_4, on phagocytic ability of macrophages. a The phagocytic ability of macrophages in Wt, Tg, PaWt(Wt-Wt),
and PaWt(Wt-Tg) mice. Macrophages were stained with CD11b*F4/80.". b The statistical diagram of phagocytic ability of macrophages in Wt,
Tg, PaWt(Wt-Wt), and PaWt(Wt-Tg) mice. At the age of 7 months, the macrophage phagocytosis AB;_4, in Tg mice were decreased significantly
compared with Wt mice (p=0.002). There is no statistical difference in macrophage phagocytosis AB,_,, compared Tg with Wt mice at the age
of 11 months (p=0.819). After parabiosis for 4 and 8 months, the macrophage phagocytosis AB,_,, had no obvious alteration (after parabiosis
for 4 months p=0.062, after parabiosis for 8 months p=0.494). ¢ The phagocytic ability of macrophages after co-cultured with AB,_,, peptide

in vitro. The phagocytosis of macrophages was significantly reduced after co-cultured with AB, 4, peptide in vitro for 3 days (p=0.032) (c). (n=6,
Mean £ SD, one-way analysis of variance. *P < 0.05, ns denotes no statistical significance)

significantly increased (p=0.000) (Fig. 6a, c) compared
with PaWt(Wt-Wt) mice. In addition, the proportions
of MDSCs in Wt mice spleen MNCs were increased
significantly after tail intravenous injection with Af,.
4 compared with Wt mice injected with PBS (p=0.029)
(Fig. 6d).

A biphasic regulating effect of the high plasma AB, _,,

on myeloid progenitor cells in bone marrow

The proportions of multipotent progenitors (MPPs),
common myeloid progenitors (CMPs), granulocyte-
monocyte progenitors (GMPs), and megakaryocyte-
erythroid progenitors (MEPs) in bone marrow were
compared between Tg and Wt mice, PaWt(Wt-Tg) and
PaWt(Wt-Wt) mice, respectively. As show in Fig. 7, when
compared Tg mice with Wt mice at 7 months of age,
the proportions of MPP increased (p=0.009) and GMP
decreased significantly (p=0.009), however both CMP
and MEP had no significant changes (CMP p=0.485,
MEP p=0.818), (Fig. 7). At 11 months of age, in Tg mice,

the proportions of MPP and MEP decreased significantly
(MPP p=0.041, MEP p=0.009), CMP had no obvious
alteration (p=0.24), while GMP increased significantly
(p=0.026), when compared with Wt mice (Fig. 7). After
parabiosis for 4 months, in PaWt(Wt-Tg) mice, the pro-
portions of MPP, CMP, GMP, and MEP had no clear
change (MPP p=1.000, CMP p=0.75, GMP p=0.18, MEP
p=0.494) (Fig. 7), and after parabiosis for 8 months, CMP
and GMP increased significantly (CMP p=0.018, GMP
p=0.002), and MEP decreased significantly (p=0.014),
however, the proportions of MPP had no visible change
(p=0.773), when compared with PaWt(Wt-Wt) mice
(Fig. 7). The proportions of MPP, CMP, GMP and MEP in
bone marrow of Wt mice had no clear changed after tail
vein injection with A, ,, (data not shown).

The high plasma AB,_,, promoted the proliferation

of BMCs

The proliferation of BMCs was measured after har-
vested from mice bone marrow 2, 5, 6, and 7 days
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Fig.5 The effects of high plasma AB,_,, on macrophages secreting function. a The plasma levels of cytokines in Wt, Tg, PaWt(Wt-Wt),

and PaWt(Wt-Tg) mice at the age of 7 months. At the age of 7 months, the plasma levels of pro-inflammatory cytokines IL-6 in Tg mice were
decreased significantly (p=0.04), however, the levels of pro-inflammatory cytokines IL.-12p70 (p=0.31), IL-18 (p=0.537) and anti-inflammatory
factors such as IL-10 (p=0.244) and TGF-B (p=0.485) in Tg mice had no significant difference compared with Wt mice. Compared with PaWt(Wt-Wt)
mice, the plasma levels of IL-6 in PaWt(Wt-Tg) mice were significantly decreased after parabiosis for 4 months (p=0.037), while the levels

of pro-inflammatory cytokines IL-12p70 (p=0.95), IL-1B3 (p=0.25) and anti-inflammatory factors such as IL-10 (p=0.733) and TGF-3 (p=0.931)

had no significant difference between two groups both after parabiosis for 4 months. b The plasma levels of cytokines in Wt, Tg, PaWt(Wt-Wt),
and PaWt(Wt-Tg) mice at the age of 11 months. At the age of 11 months, the plasma levels of pro-inflammatory cytokines IL-6 (p=0.002)

and TNF-a (p=0.041) were increased significantly compared with Wt mice, however, the levels of pro-inflammatory cytokines IL-12p70
(p=0.310), IL-1B (p=0.132) and anti-inflammatory factors such as IL-10 (p=0.065) and TGF-f (p=0.093) in Tg mice had no significant difference
compared with Wt mice. Compared with PaWt(Wt-Wt) mice, after parabiosis for 8 months, the plasma levels of both IL-6 (p=0.002) and TNF-a
(p=0.005) were significantly increased in PaWt(Wt-Tg) mice, while the levels of pro-inflammatory cytokines IL-12p70 (p=0.639), IL-13 (p=0.701)
and anti-inflammatory factors such as IL-10 (p=0.765) and TGF-3 (p=0.525) had no significant difference between PaWt(Wt-Tg) mice

and PaWt(Wt-Wt) mice. ¢ The plasma levels of cytokines in Wt mice after tail intravenous injection with AR, _,, peptide and controls injected

with PBS. The plasma levels of IL-6 in Wt mice were increased significantly (p=0.000), and the levels of IL-12p70 (p=0.385), TNF-a (p =0.766),
I-10(p=0.827), IL-1B (p=0.542), and TGF- (p=0.24) exhibited no significant differences after tail intravenous injection with AR, _,,. (n=6 for each
group, Mean +SD, one-way analysis of variance.**P <0.01, *P < 0.05, ns denotes no statistical significance)

respectively in vitro. At the ages of 7 months, the pro-
liferations of BMCs in Tg mice were increased signifi-
cantly compared with Wt mice (at 2, 5 days p =0.000, at
6 days p=0.003, at 7 days p=0.001), the proliferations

of BMCs in Tg mice were increased significantly
consistently compared with Wt mice at the ages of
11 months (at 2 days p=0.003, at 5 days p=0.001, at
6 and 7 days p=0.009) (Fig. 8a). After parabiosis for



Li et al. Immunity & Ageing (2023) 20:39 Page 12 of 19
Wi mice Tg mice PaWt(Wt-Wt) mice PaWt(Wt-Tg) mice
| COMP-PEComp-PE-A, Comp-APC-A subset-1 | COmP-PE Comp:PE-A, Comp-APC-A subset-1 ] ComP-PE Comp-PEA, Comp-APC-A subset-1 ] ComP-PE Comp-PEA, CompARC-A subset-1
260 ] o6 261 1
H 7 months
-1
R ‘E
FSC-A g ] COmP-PE Gomp:PE:A, Comp-APC-A subset-1 COmPPEc;mp,pE,A CompAPC-A subset-1 +] Comp-PE cComp-pE-A. Comp-ARC-A subset-1 ] Comp-PE Comp-pE-A, Comp-APC-A subset-1
s6e g
1 2
sk 3 - 11months
200 g |
a8 10-FITC-A, 85C-A subset > R ——— ST ——— - - N
B o] -
1 Ly6C PE
T cmemen
CD11b FITC
b ¢ d
*  paWt(Wt-Wt) mice
i P=0.001 — . _ P=0.029
o Wt II’I‘ICC — — P=0.000 o paWt(Wt-Tg) mice ? 45 —
< 60 P=0.000 ¢ Tgmice X -  — = .
= T .l ~ 3 L] a 40
- «
? < Q 7]
S 2 40 oee o § 35—
a = . ' =
= °, S
., = P 30
- © =
: 0 g g
g 5 20+ o = 25-]
2 < > =9
i+ hd 5 & 5
g_ g_ s 20-
S
2 0 T T 2 0 T ‘&00 &\d‘”
7 months 11 months 7 months 11 months & YSE“%
$\'x

Fig. 6 The effects of high plasma AB,_4, on proportion changes of MDSCs in spleen. a The alterations of MDSCs (including PMN-MDSCs

and M-MDSCs) proportions in Wt, Tg, PaWt(Wt-Wt), and PaWt(Wt-Tg) mice spleen MNCs. M-MDSCs and PMN-MDSCs were stained with Ly6C*Ly6G~
and Ly6C Ly6G.", respectively. b The statistical diagram of MDSCs in Wt and Tg mice spleen MNCs. At the age of 7 months, the proportions

of MDSC in Tg mice spleen MNCs were significantly decreased (p =0.000), while at the age of 11 months, the proportions of MDSCs were increased
significantly (p=0.000) when compared with Wt mice. ¢ The statistical diagram of MDSCs in PaWt(Wt-Wt), and PaWt(Wt-Tg) mice spleen MNCs. After
parabiosis for 4 months, the proportions of MDSCs in PaWt(Wt-Tg) mice spleen MNCs were significantly decreased (p=0.001), while after parabiosis
for 8 months, their proportions were significantly increased (p=0.000) compared with PaWt(Wt-Wt) mice. d The alterations of MDSCs proportions

in Wt mice injected with AB,_,, and Wt mice. The proportions of MDSCs in Wt mice spleen MNCs were increased significantly after tail intravenous
injection with AB,_,, compared with Wt mice injected with PBS (p=0.029). (Wt, Tg, and PaWt(Wt-Tg) mice n=6 for each group; PaWt(Wt-Wt)mice

n=12, data from the two Wt mice of Pa(Wt-Wt) mice, Mean +SD, one-way analysis of variance, ***P<0.001, **P < 0.01, ns denotes no statistical
significance)

4 months, the proliferations of BMCs in PaWt(Wt-
Tg) mice were increased significantly compared with
PaWt(Wt-Wt) mice (at 2 days p=0.001, at 5 days
p=0.000, at 6 and 7 days p=0.001), and the prolifera-
tions of BMCs in PaWt(Wt-Tg) mice were increased
significantly consistently compared with PaWt(Wt-
Wt) mice after parabiosis for 8 months (at 2 days
p=0.290, at 5 days p=0.034, at 6 days p=0.006, at
7 days p=0.003) (Fig. 8b). The proliferations of BMCs
in Wt mice were increased significantly after intra-

(Fig. 8c). Moreover, mice BMCs harvested were co-cul-
tured with AP, 4, peptide in vitro for 1, 3, 5, and 7 days,
respectively, the proliferation of BMCs showed sig-
nificant increment (at 1 and 3 days p=0.032, at 5 days
p=0.008, at 7 days p=0.056) (Fig. 8d).

Discussion
In the present study, we found that both the plasma
AR, 4 levels and AP plaques in PaWt(Wt-Tg) mice

venous injection with AB;,, (at 1 day p=0.025, at
3 days p=0.004, at 5 days p=0.046, at 7 days p=0.019,
at 9 days p=0.371, at 12 days p=0.154, at 14 days
p=0.515) compared with those injected with PBS

were significantly increased similar to Tg mice. Thus,
PaWt(Wt-Tg) mice might be a reliable model to investi-
gate the effects and mechanisms of chronic high plasma
AP, 4, levels on mononuclear macrophage, which could
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at the ages of 7 and 11 months. After parabiosis for 4 months, the proliferations of BMCs in PaWt(Wt-Tg) mice were increased significantly compared
with PaWt(Wt-Wt) mice (at 2 days p=0.001, at 5 days p=0.000, at 6 and 7 days p=0.001), and the proliferations of BMCs in PaWt(Wt-Tg) mice were
increased significantly consistently compared with PaWt(Wt-Wt) mice after parabiosis for 8 months (at 2 days p=0.290, at 5 days p=0.034, at 6 days
p=0.006, at 7 days p=0.003). ¢ The proliferations of BMCs in Wt mice injected with AB,_,, and the controls injected with PBS. The proliferations

of BMCs in Wt mice were increased significantly after intravenous injection with AB,_, (at 1 day p=0.025, at 3 days p=0.004, at 5 days p=0.046,

at 7 days p=0.019, at 9 days p=0.371, at 12 days p=0.154, at 14 days p=0.515) compared with those injected with PBS. d The proliferations of BMCs
after co-cultured with AB, 4, peptide in vitro. The proliferation of BMCs showed significant increment (at 1 and 3 days p=0.032, at 5 days p=0.008,
at 7 days p=0.056) after co-cultured with AB,_,, peptide in vitro. (=6, Mean + SD, one-way analysis of variance, ***P<0.001, **P<0.01, *P<0.05, ns

denotes no statistical significance)

eliminate the direct influence of genetic background of
Tg mice. Simultaneously, we used PaWt(Wt-Wt) mice as
the control group to obviate the effects of parabiotic sur-
gery on PaWt(Wt-Tg) mice.

BMDMs can enter into brain through the dam-
aged BBB and become bone-marrow derived micro-
glia, which are similar to resident microglia in
phenotype and function [41]. Nevertheless, the
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phagocytic capacity of BMDMs is stronger than inher-
ent microglia in mice brain [24, 25].

In our study, BMDM was labeled by IBA-1 bound spe-
cifically to microglia and macrophages, and by CD68
with its receptors expressed on activated microglia and
macrophages [42] as well as by P2Y12 that was increased
in activated microglia and its level distinguishes activated
microglia from stationary microglia and BMDMs [43].
The results showed that the amounts of IBA-1"CD68*
P2Y12" cells did not change obviously after 4 months
stimulation with high plasma levels of AP, ,,. How-
ever, after 8 months continuous stimulation, these cell
amounts were increased significantly, indicating that
macrophages could enter into brain through damaged
BBB under sustaining Af; ,, stimulation. Recent stud-
ies displayed that Tg mice develop BBB dysfunction that
causes varying degrees of barrier leakage at different
ages depending on the genetic make-up of the respective
model [44, 45]. On the basis of these findings, we specu-
lated that at the early stage of the disease, there was less
or lacked of A plaque deposition in mice brain, and the
integrity of BBB was not seriously damaged, which was
not enough to affect the changes of BMDMs amounts.
With the disease aggravation, the deposition of AP plaque
in mice brain was markedly enhanced and the integrity
of BBB may disrupt seriously [46], so the amounts of
BMDMs in brain were increased.

Our results showed that after high levels of plasma
AB, 4, stimulation for 4 and 8 months, the proportions
of monocytes in the spleen were raised markedly, but the
proportions of macrophages in the abdominal cavity had
no alteration. Interestingly, after high levels of plasma
AB, 4, stimulation for 4 months, the proportions of pro-
inflammatory macrophages in abdominal cavity were
decreased obviously, and pro-inflammatory macrophages
had an increased tendency after 8 months stimulation.
A recent study found that hyperactivation of monocytes
and macrophages in mild cognitive impairment (MCI)
patients contributes to the AD progression [47]. Mono-
cytes in spleen could clear circulating AP and splenec-
tomy might accelerate the development of AD [48].
Under the long-term high plasma levels of AP, 4, stimu-
lation, monocytes recruit to various damaged sites of the
body rapidly, resulting in increasing the proportions of
monocytes in spleen [49].

In present study, we found the alterations of pro-
inflammatory cytokines and pro-inflammatory mac-
rophages were synchronized. That is, in the early stage
of disease, both the amount of pro-inflammatory mac-
rophages and the level of pro-inflammatory cytokines
IL-6 were reduced, suggesting that the peripheral
immunity of Tg and PaWt(Wt-Tg) mice was in an anti-
inflammatory state. In the advanced stage of disease, the
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amounts of pro-inflammatory macrophages and the lev-
els of pro-inflammatory cytokines TNF-a and IL-6 were
enhanced, indicating that the peripheral immunity of Tg
and PaWt(Wt-Tg) mice was in a pro-inflammatory state.

In this study, the proportions of monocytes in spleen
and macrophages in abdominal cavity had no significant
alteration after injected with AP, ,, for three times in a
week. Since AD and its animal models is a chronic pro-
gressive degenerative disease, acute short time AP, 4,
stimulation did not affect the proportions of mononu-
clear macrophages.

Until now, the results of phagocytosis ability of mac-
rophage on Af,,, were controversial. The phagocytic
capacity of all three subsets of monocytes, including non-
classic, intermediate and classic monocytes, were simi-
lar between healthy controls and AD patients, while the
basal phagocytosis of monocytes in subjects with high
ApB-amyloid burden was increased significantly. Moreo-
ver, pre-treating three subsets of monocytes with copax-
one (a stimulator of phagocytosis) or ATP (an inhibitor
of phagocytosis), showed a differential response depend-
ing on clinical or AP-burden status, so it indicated the
phagocytic function of monocytes was relatively defi-
cient in AD patients [50]. In another study, the uptake of
AP, 4, by monocytes was decreased during ageing and
was further decreased in AD patients. Moreover, Af;.
4 uptake by monocytes was negatively correlated with
AP, 4, levels in blood [51]. Although high plasma A, 4,
continue stimulation could increase the proportions of
peripheral monocytes, the expressions of pro-inflamma-
tory cytokines IL-6 and TNF-a, and the infiltrations of
BMDMs into brain, no increases in phagocytosis of AfB;.
4 by macrophages was observed in our study. Collec-
tively, we think that it might be unreasonable to activate
peripheral mononuclear macrophage into brain paren-
chyma and to replace the ageing microglia of AD.

We further investigated the mechanisms of high
plasma levels of AP, ,, affecting mononuclear mac-
rophage. To the best of our knowledge, this is the first
time to study the effects of high plasma levels of AP, 4,
on the proliferation of BMCs. In our study, the prolifera-
tion of BMCs was clear increased after high plasma lev-
els of AP, 4, stimulation. The proportions of MDSCs in
spleen, and GMP (the precursor cells of monocytes and
macrophages in the plasma) in bone marrow were obvi-
ously decreased after stimulation with high plasma lev-
els of AP, 4, for 4 months, which are consistent with the
alterations of pro-inflammatory macrophages in abdomi-
nal cavity. MDSCs are the most important immune mod-
ulatory cells of innate immune system. In fact, the role
of MDSC:s is still unclear. In the early stages of chronic
inflammation, immature BMCs with MDSC-like pheno-
type may not have effective immunosuppressive activity
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[52]. Thus, MDSCs do not play an immunosuppressive
role in the early stage of AD, while with the progression
of the disease, under the continuous effects of chronic
inflammation, MDSCs induced the expressions of Arg-1
and indoleamine-pyrrole 2,3-dioxygenase (IDO) 1 by
secreting anti-inflammatory factors IL-10 and TGEF-p,

APy
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inhibited the proliferations of inflammatory cells and
exerted an immunosuppressive efficacy [53]. On con-
trary to our findings, a previous study reported that the
amounts of MDSCs were significantly increased in the
peripheral blood of amnesic MCI patients and decreased
in mild AD patients [54]. In AD, MDSCs maintain the

J (e | e )

Fig. 9 Schematic diagram depicting of the effects of high plasma AB,_4, levels on peripheral innate immune cells and HSCs. In early stage
(7-month-old) of AD mouse models, high plasma AR, 4, levels reduced the amounts of pro-inflammatory macrophages, MDSCs, GMP, as well

as the plasma levels of pro-inflammatory cytokines significantly. In late stage (11-month-old), high plasma AB,_,, levels increased the amounts

of pro-inflammatory macrophages, MDSCs, GMP, and plasma levels of pro-inflammatory cytokines, as well as infiltrations of BMDMs in mice brain. In
addition, high plasma A, 4, levels increased the amounts of peripheral monocytes significantly
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immunosuppressive microenvironment and reduce the
direct damage to neurons, but on the other hand, MDSCs
may increase the depositions of AP and the amounts of
cell fragments in brain, aggravating the pathological
changes of AD. So far, there is no direct evidence that
MDSCs can enter into AD brain. Analysis of MDSCs in
brain is more difficult because cell sorting techniques
are not applicable to postmortem brains and freezing
results in a significant reduction in granulocytic MDSCs
(G-MDSCs). Therefore, the study of MDSCs in AD faces
more challenges. Ap and Tau were found to deposit in
bone marrow, and AP promotes osteogenic differentia-
tion via Wnt/B-catenin signaling and inhibits osteoclast
differentiation via OPG/RANKL/RANK system. In addi-
tion, the activation of osteoclast was regulated by AP in
an age-dependent manner [55-57]. To date, there are
very few studies about the changes of hematopoietic stem
cells (HSCs) in AD patients and its animal models. A pre-
vious study reported the proportions of short-term HSC
in 12 months-old 3xTg mice were decreased signifi-
cantly [58]. The proportions of CMP and GMP in bone
marrow were decreased after 4 months continuous stim-
ulation with high plasma levels of AB; 4,, and increased
significantly after 8 months continuous stimulation,
which is consistent with the alterations of MDSCs and
macrophages in the peripheral circulation. CMP in bone
marrow can be differentiated into GMP and MDSCs,
and GMP eventually differentiates into mononuclear
macrophage and MDSCs in peripheral circulation. AD
patients are often accompanied with anemia, suggesting
there is a significant correlation between anemia and AD
[59]. In our study, the proportions of MEP in the bone
marrow decreased significantly after long-term stimula-
tion with high plasma levels of A, 4,, which supported
that AP can lead to anemia by influencing the amounts
of MEP in erythrocyte progenitors. In atherosclerosis,
bone marrow mesenchymal stem cells increased produc-
tion of cytokines, such as TNF-a, IL-6, and IL-1, which
regulated the differentiation of HSCs via affecting the
hematopoietic microenvironment of bone marrow [60].
In our study, the differentiation of HSCs was affected by
the alterations of bone marrow hematopoietic microen-
vironment under the continuous stimulation of A, ,. In
AD, genes, bone marrow microenvironment and periph-
eral immune cells may be involved in regulating the dif-
ferentiation of HSCs, which in turn affects peripheral
immune cells. Therefore, we suggest that the alterations
of the amounts and proliferations of myeloid progenitor
cells in bone marrow may be involved in the regulation of
peripheral MDSCs and mononuclear macrophage, inter-
vening the effects of plasma Af; 4, on mononuclear mac-
rophage may be a new therapeutic strategy to AD (Fig. 9).
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There are some limitations in our study. Firstly, the
cell signal pathways of plasma Af;,, on monocytes,
macrophages, MDSCs and HSCs remains unclear.
Secondly, we did not study the effects of plasma AP;.
4 on the subtype of splenic monocytes, including
non-classic (CD14dimCD16+) monocytes, inter-
mediate (CD14+CD16+) monocytes and classic
(CD14+CD16-) monocytes. Lastly, we also did not
study the effects of plasma Ap;_,, on the amounts and
functions of monocytes, macrophages, MDSCs and
HSCs in the stages of preclinical, prodromal and clini-
cal AD patients.

Conclusion

Applying the established the parabiosis model of Wt
mice and APP/PS1 Tg mice investigating the effects
of high plasma levels of AP, 4, on peripheral mononu-
clear macrophage, which closely resembles dominantly
inherited AD and Down syndrome, may furthermore,
be a useful tool for study of AD pathogenesis. In the
early stage of disease, high plasma levels of AB; ,, may
inhibit the activation of peripheral inflammatory pro-
cesses, whereas in the late stage, high plasma levels
of AP, ,, may over-activate the peripheral and central
inflammatory processes by affecting the proliferation
and differentiation of HSCs. Further studies are needed
to explore the mechanism behind the biphasic regulat-
ing effect of the high plasma Ap, ,, on mononuclear
macrophage and to determine whether intervention
these effects is a new therapeutic strategy to AD.
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