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Erythropoietin signaling in peripheral macrophages
is required for systemic b-amyloid clearance
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Abstract

Impaired clearance of beta-amyloid (Ab) is a primary cause of spo-
radic Alzheimer’s disease (AD). Ab clearance in the periphery con-
tributes to reducing brain Ab levels and preventing Alzheimer’s
disease pathogenesis. We show here that erythropoietin (EPO)
increases phagocytic activity, levels of Ab-degrading enzymes, and
Ab clearance in peripheral macrophages via PPARc. Erythropoietin
is also shown to suppress Ab-induced inflammatory responses.
Deletion of EPO receptor in peripheral macrophages leads to
increased peripheral and brain Ab levels and exacerbates Alzhei-
mer’s-associated brain pathologies and behavioral deficits in AD-
model mice. Moreover, erythropoietin signaling is impaired in
peripheral macrophages of old AD-model mice. Exogenous erythro-
poietin normalizes impaired EPO signaling and dysregulated func-
tions of peripheral macrophages in old AD-model mice, promotes
systemic Ab clearance, and alleviates disease progression. Erythro-
poietin treatment may represent a potential therapeutic approach
for Alzheimer’s disease.
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Introduction

Alzheimer’s disease is the most common form of dementia and has

become a growing global health problem (Lane et al, 2018). At pre-

sent, it is generally accepted that excessive accumulation of neuro-

toxic Amyloid-b (Ab) is the initiating factor for the occurrence and

development of AD, and disturbances in Ab clearance are believed to

be a primary cause of sporadic AD (Selkoe & Hardy, 2016; Wang

et al, 2017). Therefore, rather than reducing the Ab production,

increasing Ab clearance from the brain may be a more promising

strategy of AD therapy, particularly for the more common sporadic

AD (Zuroff et al, 2017). Accumulated data have shown that several

pathways, including the blood–brain barrier pathway, lymphatic-

related pathway and arachnoid granule pathway, contribute to medi-

ating Ab effluxes from the brain into the periphery (Cheng

et al, 2020). Physiological metabolism of Ab occurs in the brain and

periphery, and peripheral Ab levels can affect Ab aggregation and

clearance in the central nervous system (CNS), because of a physio-

logical balance between brain Ab and peripheral Ab, even with intact

blood–brain barrier (BBB) (Xiang et al, 2015; Wang et al, 2017).

Recently peripheral and systemic abnormalities in Ab clearance have

been linked to AD pathogenesis and pathological progression (Wang

et al, 2017), and more recent studies found that Ab clearance in the

periphery contributes substantially to reducing Ab accumulation in

the brain (Cheng et al, 2020). Therefore, understanding mechanisms

underlying Ab clearance in the periphery could be important for the

development of effective therapies for AD (Cheng et al, 2020).

Interestingly, the recent genome-wide association studies

(GWASs) of patients with sporadic AD have highlighted the genetic

risk factors associated with genetic variation in immunological

responses with AD pathogenesis and pathology (Jansen et al, 2019;

Kunkle et al, 2019). Among them, myeloid cells (mono-

cytes/macrophages) have drawn particular attention (Naj

et al, 2011; Raj et al, 2014; Tansey et al, 2018), as a variety of spo-

radic or late-onset AD-risk genes, including ACE, CD2AP, APOE,

BIN1, INPP5D, CR1, ABCA7, TREM2, and CD33, have been identified

to regulate myeloid cell-mediated Ab clearance (Zuroff et al, 2017).

In addition, the enhanced or reduced clearance of Ab by monocyte

system, including monocytes and macrophages, has been found to

ameliorate or exacerbate AD related neurological and neuropatho-

logical changes, respectively (Guo et al, 2019). However, the major-

ity of previous studies have focused on clearance of soluble Ab by

monocytes in circulation or monocyte-derived macrophages
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infiltrating into brains, roles played by peripheral tissue macro-

phages to Ab clearance remain largely unknown. Nevertheless, Ab
is widely generated by peripheral cells such as platelets, skin fibrob-

lasts, skeletal muscle cells, and osteoblasts (Sun et al, 2020), sug-

gesting that peripheral tissue macrophages may contribute to

peripheral Ab clearance. Furthermore, tissue macrophages in liver,

spleen and lymph nodes may participate in clearing blood Ab.
Indeed, macrophages of the liver, Kupffer cells have been shown to

phagocytosis Ab in AD patients (Brubaker et al, 2017). In addition,

monocyte-derived macrophages from AD patients demonstrate inef-

fective phagocytosis of Ab compared with the age-matched control

subjects (Jairani et al, 2019) and dysfunction of peripheral macro-

phages from aging mice is proved to be involved in cognitive deficits

and AD pathogenesis (Minhas et al, 2021), indicating that impaired

Ab clearance by peripheral tissue macrophages may contribute to

AD pathogenesis. Therefore, understanding roles peripheral tissue

macrophages played in systemic Ab clearance and the underlying

mechanisms are of great interest and may provide a new avenue for

the treatment of AD.

Notably, Ab clearance is a dynamic process, allowing host to

adapt to their changing microenvironment, particularly Ab levels.

For instance, pretreatment with exogenous Ab can significantly

enhance Ab clearance by organs like liver and kidney (Tamaki

et al, 2006; Xiang et al, 2015). Ab also dose-dependently activates

serum complement, and complement-opsonized Ab are eventually

captured by erythrocytes (Brubaker et al, 2017). In terms of mono-

cytes/macrophages, Ab can promote itself clearance through acti-

vate monocytes/macrophages (Condic et al, 2014; Krishnan

et al, 2020). However, molecules that coordinate expression of Ab
phagocytic genes remain unknown.

Interestingly, Ab has been shown to induce microglia hypoxia

inducible factor-1a (HIF-1a), the oxygen-labile subunit of the HIF

complex, which is the master transcription factor for erythropoietin

(EPO) (Semenza & Wang, 1992; Herr et al, 2009; Baik et al, 2019).

While EPO is best known to induce hematopoiesis, we and others

have shown that EPO suppresses inflammatory gene expression in

macrophages and promotes macrophage phagocytosis of apoptotic

cells and bacterial (Luo et al, 2016a, 2019; Liang et al, 2021). How-

ever, the involvement of EPO in Ab clearance remains unknown. In

addition, mounting evidences have shown that EPO improves out-

comes of AD (Hernandez et al, 2017; Rey et al, 2019; Sun

et al, 2019). Nevertheless, while existing researches have mainly

focused on possible direct neuroprotective effects of EPO in the

brain, EPO is a larger polar macromolecule, even with transporting

receptors its penetration of the BBB is limited (Sun et al, 2019),

indicating that EPO may also function in peripheral to alleviate AD.

Here we found that the deficiency of EPO signaling in peripheral

macrophages impairs systemic Ab clearance and deteriorates the

progression of AD in mice.

Results

Ab42 promotes itself clearance through EPO signaling in
macrophages

To test Ab uptake by macrophages in vitro, peritoneal macrophages

(PMs) (Fig EV1A) were incubated with Ab42 or Ab40 for indicated

time and Hilyte-Ab42 was then added and incubated at 37°C for

60 min. Incubation at 4°C was used as control, when phagocytosis

but not binding to cell surface was suppressed (Luo et al, 2016b).

Then the PMs were applied for flow cytometry analysis (Fig 1A).

Moreover, in some cases, confocal microscopy was used to confirm

engulfment (Fig EV1B and C). To further confirm phagocytosis of

Ab, live-cell video microscopy experiment was used. Serial images

and video recorded the processes of HiLyte-Ab phagocytosis of

macrophage pre-treated with Ab42 (Fig EV1D and Movie EV1).

Given that both endocytosis and phagocytosis has been reported for

Ab42 uptake (Heckmann et al, 2019), we applied latrunculin A

(Park et al, 2020) to inhibit phagocytosis and found that Ab42 inter-
nalization was prevented (Fig EV1E). Moreover, inhibition of endo-

cytosis with dynasore (Ponath et al, 2017) had no effect on Ab42
engulfment (Fig EV1E), indicating that uptake of Ab42 in our model

occurs primarily through phagocytosis.

Ab42 pre-stimulation greatly increased macrophage phagocytosis

of Ab42 (Figs 1A and EV1B and C) and Ab40 (Fig 1B), but the viabil-

ity of macrophages was not influenced by Ab42 (Fig EV1F). In stark

contrast, Ab40 pre-incubation did not enhance macrophage engulf-

ment (Fig EV1G and H), indicating an Ab42 specific effect. In addi-

tion, pre-stimulation with Ab42 also dose-dependently promoted

Ab42 phagocytosis by bone marrow-derived macrophages (BMDMs)

(Fig EV1I).

Subsequently, we sought to clarify the stimulatory effects of Ab42
on macrophage Ab phagocytosis ex vivo. Twenty-four hours follow-

ing Ab42 administration, F4/80+ splenic macrophages were purified

for Ab phagocytosis assay by flow cytometry (Fig EV1J). In line

with our in vitro observations, Ab42 (Fig 1C and D) but not Ab40
(Fig EV1K and L) greatly increased macrophage phagocytosis of

Ab42 and Ab40. In addition, significantly higher levels of spleen Ab42
were detected following Ab42 administration (Fig EV1M). Trans-

genic AD model mice have higher levels of Ab42 (Ashe &

Zahs, 2010), therefore we further tested whether the ex vivo Ab42
uptake by macrophages in AD model mice was different from that

of WT mice. A transgenic mouse model co-expressing the mutated

human amyloid precursor protein (APP) and presenilin 1-21 (PS1-

21) (APP/PS1-21) was used in our present study. This mouse model

is characterized by more aggressive and earlier occurred AD pathol-

ogy than the well-known APP/PS1 (APPswe, PSEN1dE9) transgenic

mouse strain, and that is also accompanied by neuroinflammatory

responses and impairments in cognitive, non-cognitive behavioral

functions (Radde et al, 2006; Gengler et al, 2010; Li et al, 2020a).

Concentrations of Ab42 in spleen of 6-week-old APP/PS1-21 mice

were significantly higher (Fig EV1N) and Ab42 phagocytosis by F4/

80+ spleen macrophages were also increased correspondingly, com-

pared with that of age and sex-matched WT mice (Fig 1E). Taken

together, these data suggest that Ab42 enhances the ability of periph-

eral macrophage to engulf Ab42 and Ab40.
Ab42 has been shown to induce microglia HIF-1a (Baik

et al, 2019), which is the master transcription factor for EPO. Our

previous investigations showed that EPO promoted macrophage

engulfment of apoptotic cells (Luo et al, 2016a). While the phago

cytosis of Ab42 is different from apoptotic cell phagocytosis by recogni-

tion, uptake and degradation (Sole-Domenech et al, 2016), they

may still share certain common uptake receptors. So, we hypothe-

sized that Ab42 may promote itself uptake through EPO signaling.

To test this idea, we first detected whether Ab42 induced the
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macrophage EPO signaling. In vitro, Ab42 increased the protein

amounts of EPO and EPO receptor (EPOR) in PMs in a dose-

dependent manner (Fig 1F). Furthermore, the activation of

macrophage EPOR, indicated by JAK2 phosphorylation (p-JAK2),

was induced by Ab42 in parallel (Fig 1F). Meanwhile, Ab42 also

enhanced the protein amounts of EPO, EPOR and p-JAK2 in F4/80+

A

F
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G

B C D E

J

Figure 1. Ab42 promotes its self-clearance through macrophage EPO signaling.

A, B Peritoneal macrophages (PMs) were treated with Ab42 (0.5–5 lM) for 12 h, phagocytosis of Ab42 (A) and Ab40 (B) was measured by flow cytometry (n = 4). Vehicle
(cold) was macrophage treated with Ab resolution incubated at 4°C. It was used as a negative control to exclude Ab bound with macrophage from Ab engulfment.
Vehicle was macrophage treated with Ab resolution incubated at 37°C as control.

C, D WT mice (8 weeks) were treated with Ab42 (0.2 lmol/kg/day, i.v., twice per day) for 24 h, splenic macrophages were purified for phagocytosis assay of Ab42 (C) and
Ab40 (D) (n = 4).

E Splenic macrophages from young APP/PS1-21 mice (6-week-old) were isolated for phagocytosis assay of Ab42 (n = 4).
F–H Macrophages from (A–E) were detected by immunoblotting with the indicated antibodies (n = 3).
I PMs from Lyz2-Cre+/+/Eporloxp/loxp mice (EPOR-MKO) or Lyz2-Cre+/+/Epor+/+ mice (EPOR-C) were treated with Ab42 (5 lM) or vehicle for 12 h. Phagocytosis of Ab42

was measured by flow cytometry (n = 4).
J EPOR-MKO mice (8 weeks) were treated with Ab42 (0.2 lmol/kg/day, i.v.) for 24 h, splenic macrophages were used for phagocytosis assay of Ab42 (n = 4).

Data information: For multiple groups, one-way ANOVA was used. Unpaired t-tests were used for the comparison of two groups. Results are presented as mean � s.d.,
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; ns denotes no statistical significance. Ab, amyloid-b; EPO, erythropoietin. EPOR-KO macrophages were PMs iso-
lated from EPOR-MKO mice.
Source data are available online for this figure.
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spleen macrophages following i.v. given to WT mice (Fig 1G). In

addition, these protein levels in macrophages from 6-week-old APP/

PS1-21 mice were also higher than that of matched WT mice

(Fig 1H). Therefore, Ab42 induced the peripheral macrophage EPO

signaling in vitro and in vivo.

To clarify the contributions of macrophage EPO signaling to Ab42
enhanced itself phagocytosis, we applied PMs from the later men-

tioned Lyz2-Cre+/+/Eporloxp/loxp (EPOR-MKO) mice in which the

EPOR was deleted from macrophages but not from monocytes or

neutrophils, as EPOR expresses mainly on macrophages but not the

others (Luo et al, 2016a). Pre-stimulation with Ab42 did not increase

the uptake of Ab42 in EPOR-KO macrophages in vitro (Fig 1I), indi-

cating the essential role of EPO signaling. In line with the in vitro

observations, Ab42 given to Lyz2-Cre+/+/Eporloxp/loxp mice did not

increase the Ab42 engulfment by F4/80+ spleen macrophages either

(Fig 1J). In addition, our Co-IP assay showed that Ab did not bind

to EPOR directly (Fig EV1O).

In summary, these data indicate that Ab42 increases itself phago-
cytosis by peripheral macrophages that is mainly mediated by

inducing macrophage EPO signaling.

EPO promotes macrophage clearance of Ab and suppresses
Ab-induced inflammatory response

Consequently, we explored whether macrophage EPO signaling was

involved in Ab clearance. Pre-stimulation with recombinant human

EPO (rhEPO) for 12 h dose-dependently enhanced Ab42 (Fig 2A)

and Ab40 (Fig EV2A) phagocytosis in PMs, without influencing

macrophage number and viability (Fig EV2B). In addition, rhEPO

also dose-dependently increased Ab42 uptake in BMDMs in vitro

(Fig EV2C). EPOR-deficient macrophages exhibited a reduction in

Ab42 phagocytosis of ~65% in vitro and rhEPO could not restore it

(Fig 2B). Subsequently, we investigated EPOR-dependent macro-

phage phagocytosis of Ab42 ex vivo. Pre-treatment with rhEPO for

24 h promoted the phagocytosis of Ab42 by F4/80+ splenic macro-

phages in EPOR-C (Lyz2-Cre+/+/Epor+/+) mice (Fig 2C). The Ab42
engulfment by F4/80+ spleen macrophages was reduced by ~50% in

EPOR-MKO mice compared with EPOR-C mice (Fig 2D). Moreover,

pre-treatment with rhEPO also enhanced the phagocytosis of Ab42
by F4/80+ splenic macrophages in 5-month-old APP/PS1-21 mice

(Fig 2E). In addition, knockout macrophage EPOR expression in

APP/PS1-21 mice (APP/PS1-21/Lyz2-Cre+/+/Eporloxp/loxp) decreased

the engulfment of Ab42 by F4/80+ splenic macrophages compared

with APP/PS1-21 mice (APP/PS1-21/Lyz2-Cre+/+/Epor+/+) (Fig 2F).

Together, these data suggest that macrophage EPO signaling pro-

motes Ab phagocytosis.

Following engulfment, Ab is degraded inside cells by enzymes,

such as insulin degrading enzyme (IDE) and neprilysin (NEP)

(Zuroff et al, 2017), so we detected EPO effects on their expression.

While rhEPO alone did not increase their levels, rhEPO further

enhanced Ab42-induced up-expression of IDE and NEP in PMs

in vitro, but the deficiency of EPOR abolished these effects

(Fig EV2D). Similarly, EPO also induced their expression in F4/80+

splenic macrophages in EPOR-C mice (Fig EV2E) and APP/PS1-21

mice (Fig EV2F) in vivo, which was abolished by depletion of EPOR

in macrophages.

Ab42 can induce inflammatory cytokines in macrophages (Xu

et al, 2021), so we further measured contributions of EPOR

signaling to that. rhEPO dose-dependently decreased levels of

inflammatory mediators TNF-a, IL-1b, IFN-c, IL-6 and iNOS but

increased levels of anti-inflammatory mediators Arg-1 and IL-10

(Fig 2G) in PMs in vitro in the existence of Ab42. Levels of IL-1b, IL-
6, iNOS and IL-10 in supernatants showed the same pattern

(Fig EV2G). EPOR deficiency abolished these effects even with

rhEPO treatment (Fig 2H). Similar results were observed in F4/80+

splenic macrophages in EPOR-C mice (Fig 2I) and APP/PS1-21 mice

(Fig 2J and K) in vivo.

Collectively, these data demonstrate that macrophage EPO sig-

naling plays an essential role in promoting phagocytosis, degrada-

tion, and the inflammatory response during the clearance of Ab
in vitro and in vivo.

EPO promotes Ab clearance via PPARc in macrophages

Regarding possible mechanisms we hypothesized that EPO signal-

ing may promote Ab clearance through PPARc, as accumulated

evidence shows that PPARc enhances the clearance of soluble

Ab by myeloid cells (Cramer et al, 2012; Mandrekar-Colucci

et al, 2012).

To test this idea, we first detected whether EPO increased levels

of PPARc and scavenger receptor A (SRA) which is a well-known

target of PPARc-mediated gene expression and has been indicated

as an important receptor for Ab phagocytosis (Khan et al, 2019). In

the presence of Ab42, rhEPO dose-dependently increased the protein

amounts of PPARc and SRA (Fig 3A), but genetic deletion of Epor

reduced their levels in PMs in vitro (Fig 3B). Pre-treatment with

rhEPO for 24 h greatly increased protein levels of PPARc and SRA

in F4/80+ splenic macrophages in WT mice (Fig 3C), but their levels

were reduced by ~80 and 60% in EPOR-MKO mice, respectively

(Fig 3D). Moreover, pre-treatment with rhEPO also enhanced levels

of PPARc and SRA in F4/80+ splenic macrophages in APP/PS1-21

mice (Fig 3E), but the depletion of EPOR in macrophages decreased

their levels in APP/PS1-21 mice (Fig 3F). Furthermore, we also

observed that Ab42 increased levels of PPARc and SRA in macro-

phages in vitro and in vivo (Fig EV2H–J), that was in line with

Ab42’s ability to induce EPO signaling. Therefore, these data sug-

gested that EPO enhanced PPARc expression in macrophages

in vitro and in vivo.

GW9662 (GW, a selective antagonist for PPARc) abolished EPO-

increased Ab42 phagocytosis in macrophages (Fig 3G); rosiglitazone

(RSG, a PPARc agonist) still significantly enhanced Ab42 engulfment

in Lyz2-Cre+/+/Eporloxp/loxp PMs in vitro (Fig 3H), both of which sup-

port that EPO promoted Ab42 engulfment through PPARc. Similar

results were observed in vivo when GW or RSG was pre-given to

WT mice (Fig 3I and J) or APP/PS1-21 mice (Fig 3K and L).

Together these data indicate that EPO increases Ab42 removal by

inducing PPARc expression in macrophages.

GW abolished EPO-reduced expression of TNF-a and IL-1b
and EPO-induced IL-10 expression in PMs in vitro (Fig 3M).

RSG also reduced levels of TNF-a and IL-1b, and increased

levels of IL-10 in EPOR-deficient macrophages (Fig 3M). Similar

results were also observed in vivo in F4/80+ splenic macro-

phages in EPOR-C mice and APP/PS1-21 mice (Fig 3N and O).

Taken together, these observations suggest that EPO mainly

suppress Ab42-induced inflammatory response through PPARc
in macrophages.
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EPO signaling in peripheral macrophage regulates peripheral Ab
accumulation, brain Ab efflux and brain Ab deposition

Accumulated evidence has established that peripheral Ab clearance

contributes to regulating Ab accumulation in the brain (Cheng

et al, 2020). Given the important roles peripheral macrophage EPO sig-

naling played in promoting Ab clearance we next explored its contribu-

tions to Ab efflux, and peripheral and central Ab accumulation.

We first tested whether EPO promoted Ab42 efflux from the

brain. To this end Flag-tagged Ab42 was injected into the lateral

A B C D

E

I

F G H

J K

Figure 2. EPO promotes macrophage clearance of Ab and suppresses Ab-induced inflammatory response.

A PMs treated with EPO of indicated concentration were measured by flow cytometry (n = 4). Vehicle (cold) was macrophage treated with PBS incubated at 4°C. It
was used as a negative control to exclude Ab bound with macrophage from Ab engulfment. Vehicle was macrophage treated with PBS incubated at 37°C as
control.

B PMs from Lyz2-Cre+/+/Eporloxp/loxp mice (EPOR-MKO) or Lyz2-Cre+/+/Epor+/+ mice (EPOR-C) were treated with PBS (Vehicle) or rhEPO for 12 h and then applied for
Ab phagocytosis assay.

C–F F4/80+CD11b+ splenic macrophages from PBS (Vehicle) or rhEPO (10,000 IU/kg/day, i.p., twice per day for 1 day) treated EPOR-C mice (C), or EPOR-MKO mice (D),
or from rhEPO (5,000 IU/kg, i.p., every second day for 5 days) treated APP/PS1-21 mice (5 months) (E), or from APP/PS1-21+EPOR-MKO mice (APP/PS-1-21+/+/Lyz2-
Cre+/+/Eporloxp/loxp, 5 months) (F) were purified for Ab42 phagocytosis assay (n = 4).

G, H PMs from (A, B) were treated with PBS (Vehicle) or rhEPO for 12 h, then with Ab42 (5 lM) for another 12 h and applied for detection of inflammatory factor
expression by QPCR (n = 4).

I–K Macrophages from (C–F) were applied for detection of inflammatory factor expression by QPCR (n = 4). Vehicle (H, I) is Ab resolution and Vehicle (J) is PBS.

Data information: For multiple groups, one-way ANOVA was used. Unpaired t-tests were used for the comparison of two groups. Results are presented as mean � s.d.,
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; ns denotes no statistical significance. QPCR, quantitative polymerase chain reaction. EPOR-KO macrophages were
PMs isolated from EPOR-MKO mice.
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ventricles of adult EPOR-C mice (Fig EV3A). After 24 h, more than

two-fold increases of Flag-Ab42 amounts were detected in spleens of

EPO-treated mice compared with that of vehicle control mice

(Fig 4A and C). Correspondingly, the levels of Flag-Ab42 in the hip-

pocampi, nearby the lateral ventricles, were greatly reduced in EPO-

treated mice (Fig 4A), suggesting that EPO increased Ab42 efflux

from brains with intact blood–brain barrier. EPO is best known to

induce hematopoiesis and increased erythrocytes was reported to

promote Ab clearance (Brubaker et al, 2017). To exclude this poten-

tial disturbance, an EPO-derived peptide, ARA290, that is nonery-

throgenic but retains other functions of EPO was applied to repeat

above experiments (Brines et al, 2008). Similar effects of ARA290

(Fig 4B and C) indicated an essential contribution of nonerythropoi-

etic activity of EPO. Furthermore, we sought to investigate the role

of macrophage EPO signaling in Ab42 efflux. The macrophage

EPOR�/� (EPOR-MKO) mice were generated by crossing the C57BL/

6 background LysM-Cre+/+ mice with EPORloxp/loxp mice (Luo

et al, 2016a). Neither EPO nor ARA290 changed levels of Flag-Ab42
in spleens or in the hippocampi in EPOR-MKO mice (Fig 4D–F), sug-

gesting that peripheral macrophage EPO signaling played a central

role in promoting Ab42 efflux from brains.

Subsequently, we investigated EPO effects on peripheral and cen-

tral Ab accumulation in APP/PS1-21 mice. Following EPO or

ARA290 treatment for 2 weeks, numbers of Iba1+ microglia sur-

rounding Ab plaques did not change significantly (Fig EV3B). Levels

of Ab42 and Ab40 were greatly reduced in plasma (Fig EV3C) and

spleen (Fig 4G) and were correspondingly decreased in brains

(Fig 4H). Moreover, the deposition of Ab in cortex and hippocam-

pus were also greatly reduced (Fig 4I). These data indicate that the

exogenous EPO or ARA290 decreased peripheral and central Ab
amounts, leading to reduced Ab deposition in brains of APP/PS1-21

mice.

We next sought to investigate the role of peripheral macrophage

EPO signaling in peripheral and central Ab accumulation in APP/

PS1-21 mice. To this end, the macrophage EPOR�/� (Lyz2-Cre+/+/

Eporloxp/loxp) mice were crossed with the APP/PS1-21 mice to get

the APP/PS1-21+EPOR-MKO mice (Fig EV3D). In these mice, while

the EPOR expression in splenic macrophages was greatly reduced

(Fig EV3E and F), numbers of F4/80+ splenic macrophages did not

change significantly (Fig EV3G). However, EPOR expression in

Iba1+ microglia in brains of APP/PS1-21+EPOR-MKO mice was not

significantly reduced (Fig EV3H). The deficiency of EPOR in

peripheral macrophages greatly enhanced amounts of Ab42 and

Ab40 in plasma (Fig EV3I) and spleens (Fig 4J) in 5- and 11-

month-old APP/PS1-21 mice. Meanwhile, amounts of Ab42 and

Ab40 in brains were correspondingly increased in APP/PS1-

21+EPOR-MKO mice compared with that of age- and sex-matched

APP/PS1-21+EPOR-C mice (Fig 4K). Furthermore, the deposition of

Ab in cortex and hippocampus were more evident in APP/PS1-

21+EPOR-MKO mice (Fig 4L and M). Together these data indicate

that the endogenous peripheral macrophage EPO signaling may

play an important role in reducing peripheral and central Ab
amounts, leading to reduced Ab deposition in brains of APP/PS1-

21 mice.

Erythropoietin receptor expression has also been reported in cen-

tral macrophages (Tamura et al, 2017), and lysozyme M-Cre-lox

recombination targets cells of the myeloid lineage (Luo

et al, 2016a), including microglia. To avoid the potential contribu-

tions of central macrophage EPOR signaling to brain Ab clearance,

we established a bone marrow transplantation (BMT) model to fur-

ther confirm the role of peripheral macrophage EPO signaling

(Fig 4N). The transplantation of bone marrow cells (BMCs) from

EPOR-MKO mice to APP/PS1-21 transgenic mice resulted in reduced

protein amounts of EPOR, p-JAK2, PPARc and SRA (Fig EV3J), and

decreased phagocytosis of Ab42 and Ab40 (Fig 4O) in F4/80+ splenic

macrophages compared with APP/PS1-21 mice received BMCs from

EPOR-C mice. However, EPOR levels in Iba1+ macrophage/microglia

in brains were not reduced, indicating a specific depletion of EPOR

in peripheral macrophages (Fig EV3K). Meanwhile, levels of Ab in

plasma (Fig EV3L) and spleens (Figs 4P and EV3M) were signifi-

cantly increased, so were amounts of Ab42 and Ab40 in brains

(Fig 4Q). Furthermore, the deposition of Ab in cortex and hip-

pocampus were more evident in APP/PS1-21 mice received BMCs

from EPOR-MKO mice (Fig 4R). Therefore, these data indicate that

the endogenous peripheral macrophage EPO signaling regulates

peripheral Ab accumulation, brain Ab efflux and central Ab deposi-

tion.

Peripheral macrophage EPOR-deficient exacerbates brain AD-
type pathologies and behavioral deficits in APP/PS1-21 mice

Consequently, we investigated whether EPOR-depletion in peripheral

macrophages aggravated pathological and behavioral changes in APP/

PS1-21 mice. Compared with APP/PS1-21+EPOR-C mice, APP/PS1-

◀ Figure 3. EPO promotes Ab clearance via PPARc in macrophages.

A–F Macrophages from Fig 2A–F were detected by immunoblotting with indicated antibodies (n = 3).
G PMs from Lyz2-Cre+/+/Epor+/+ mice (EPOR-C) were pretreated with PPARc antagonist GW9662 (10 lM, 12 h), then with rhEPO (100 IU, 12 h), and then applied for

phagocytosis assay of Ab42 (n = 3).
H PMs from Lyz2-Cre+/+/Eporloxp/loxp mice (EPOR-MKO) or from EPOR-C mice were pretreated with PPARc agonist RSG (50 lM, 12 h), and then applied for phagocyto-

sis of Ab42 by flow cytometry (n = 4).
I–L Splenic macrophages from EPOR-C mice treated with GW9662 (1 mg/kg/day, i.p.) or/and rhEPO (10,000 IU/kg/day, i.p.) twice per day for 1 day (I), from EPOR-MKO

mice treated with RSG (0.1 mg/kg/day, i.p.) for 24 h (J), from APP/PS1-21 mice treated with GW9662 (1 mg/kg, i.p., every second day) and/or EPO (10,000 IU/kg, i.p.,
every second day) for 5 days (K), or from APP/PS1-21+/+/Lyz2-Cre+/+/Eporloxp/loxp mice (APP/PS1-21+EPOR-MKO) treated with RSG (0.1 mg/kg, i.p., every second day)
for 5 day (L), were purified for Ab42 phagocytosis assay (n = 4).

M–O Macrophages from (G–L) were applied for detection of inflammatory factor expression by QPCR (n = 4).

Data information: All the vehicles of Fig 3 were PBS. For multiple groups, one-way ANOVA was used. Unpaired t-tests were used for the comparison of two groups. Results
are presented as mean � s.d., *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; ns denotes no statistical significance. GW, GW9662; RSG, Rosiglitazone. EPOR-KO
macrophages were PMs isolated from EPOR-MKO mice.
Source data are available online for this figure.
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21+EPOR-MKO mice exhibited more severe neuroinflammation in the

cortex and the hippocampus, as reflected by increased levels of TNF-a,
IL-1b, IL-6 and iNOS, and decreased amounts of Arg-1 and IL-10

(Fig 5A and B). Moreover, we also observed more dendrites damage

and apoptosis, as reflected by MAP-2, and TUNEL staining in the hip-

pocampus of 11-month-old APP/PS1-21+EPOR-MKO mice (Fig EV4A).

For non-cognitive behavioral deficits, we observed a great reduction in

nesting and social interactive behaviors in 5-month-old APP/PS1-

21+EPOR-MKO mice (Fig 5C). For 11-month-old APP/PS1-21+EPOR-

MKO mice, more severe non-cognitive and cognitive behavioral defi-

cits, as reflected by different assays including Morris water maze test

were observed (Fig 5D and E).

Next, we applied the above established BMT model to confirm the

contributions of peripheral macrophage EPO signaling. Compared with

APP/PS1-21 mice received BMCs from EPOR-C mice, APP/PS1-21 mice

received BMCs from EPOR-MKO mice exhibited more severe neuroin-

flammation in the cortex and the hippocampus (Fig 5F), more den-

drites damage and apoptosis, as reflected by MAP-2 and TUNEL

staining in the hippocampus (Fig EV4B), and more severe non-

cognitive and cognitive behavioral deficits (Fig 5G and H).

Together, these observations demonstrate that peripheral macro-

phage EPO signaling regulates peripheral Ab accumulation, brain

Ab efflux and central Ab deposition and behavioral deficits in APP/

PS1-21 mice.

EPO and ARA290 improve impaired EPO signaling and
dysregulated functions of peripheral macrophages in old APP/
PS1-21 mice

Recent observations indicate that functions of peripheral macro-

phages are also dysregulated in response to Ab (Famenini

et al, 2017; Fiala et al, 2017). Therefore, we next explored whether

EPO signaling contributed to the dysregulated immune response of

peripheral macrophages to Ab in APP/PS1-21 mice.

After our above data showed enhanced EPO signaling in F4/80+

spleen macrophages from 6-week-old APP/PS1-21 mice (Fig 1H),

we found that in older, 5- and 11-month-old APP/PS1-21 mice, pro-

tein amounts of EPO, EPOR, p-JAK2, PPARc and SRA were greatly

reduced in F4/80+ spleen macrophages (Fig 6A and B), indicating

impaired EPO signaling of peripheral macrophages in old APP/PS1-

21 mice. Moreover, the phagocytosis of Ab42 (Fig 6C and D), and

the expression of IDE and NEP (Fig 6E) were significantly decreased

but the inflammatory response to Ab42 (Fig 6F) was increased in

F4/80+ spleen macrophages of 5- and 11-month-old APP/PS1-21

mice, suggesting dysregulated response of peripheral macrophages

to Ab42.
However, pre-treatment with rhEPO or nonerythrogenic EPO

analogue ARA290 significantly enhanced protein amounts of EPOR,

p-JAK2, PPARc and SRA in F4/80+ spleen macrophages of 11-

month-old APP/PS1-21 mice compared with vehicle controls

(Fig 6G). Correspondingly, the phagocytosis of Ab42 (Fig 6H), the

expression of IDE and NEP (Fig 6I), and the inflammatory response

to Ab42 (Fig 6J) of F4/80+ spleen macrophages were also greatly

improved by EPO and ARA290. Therefore, our results indicate an

important contribution of impaired EPO signaling to dysregulated

functions of peripheral macrophages in old APP/PS1-21 mice.

While our above data indicate that Ab42 induces macrophage

EPO signaling to promote its clearance (Figs 1A–E and EV1A–J), the

aging of transgenic AD model mice are accompanied with increased

Ab levels. So, we hypothesized that higher concentrations of Ab42
may impaired macrophage EPO signaling. Protein amounts of Ab42
and Ab40 in plasma (Fig EV4C) and spleen (Fig EV4D and E) were

significantly enhanced in an age-dependent way in APP/PS1-21

mice. In vitro, while 5 lM Ab42 significantly induced EPO signaling,

7.5 and 10 lM Ab42 greatly decreased EPO related molecules expres-

sion in macrophages (Fig 6K), and 10 lM Ab42 decreased macro-

phage phagocytosis of Ab42 and Ab40 (Fig 6L), and decreased

expression of IDE and NEP (Fig 6M). In addition, higher inflamma-

tory response to Ab42 was observed in macrophages treated with

10 lM Ab42 compared with 5 lM Ab42-treated macrophages

(Fig EV4F). These data suggest that high concentrations of Ab42
impairs EPO signaling and contributes to dysregulated functions of

peripheral macrophages.

EPO and ARA290 ameliorate peripheral and central Ab
accumulation, brain AD-type pathologies and behavioral deficits
in old APP/PS1-21 mice

Given the important roles of EPO in normalizing dysregulated func-

tions of peripheral macrophages in old APP/PS1-21 mice we further

◀ Figure 4. Peripheral macrophage EPO signaling regulates peripheral Ab accumulation, brain Ab efflux and central Ab deposition.

A–F Flag-Ab42 was injected into the lateral ventricles of Lyz2-Cre+/+/Eporloxp/loxp mice (EPOR-MKO) or Lyz2-Cre+/+/Epor+/+ mice (EPOR-C) (8 weeks) mice pretreated with
rhEPO (10,000 IU/kg/day, i.p.) or ARA290 (0.03 mg/kg/day, i.p.) for 2 days (twice per day) (n = 3). One day later, Flag-Ab42 in spleens and brains was detected by
immunoblotting (A, B, D, E). Ab42 levels of spleen were measured by ELISA (C, F).

G–I Proteins were extracted from spleens and brains of APP/PS1-21 mice (5 months) treated with rhEPO (10,000 IU/kg/day) or ARA290 (0.03 mg/kg/day) (i.p., once a
day, for 14 days) (n = 10), and soluble Ab levels were measured by ELISA (n = 5) (G, H). Ab plaques in cortex and hippocampus (n = 5) were detected by IHC (I).

J–M Proteins were extracted from spleens and brains of 5- or 11-month-old APP/PS-1-21+/+/Lyz2-Cre+/+/Eporloxp/loxp mice (APP/PS1-21+EPOR-MKO) or APP/PS-1-21+/+/
Lyz2-Cre+/+/Epor+/+ mice (APP/PS1-21+EPOR-C), and soluble Ab levels were measured by ELISA (n = 5) (J, K). Ab plaques in the cortex and hippocampus of mice of
5- (L) or 11-month-old (M) (n = 5) were detected by IHC.

N Timeline of bone marrow transplantation experiment.
O Splenic macrophages from APP/PS1-21 mice transplanted with EPOR-C or EPOR-MKO bone marrow were purified for Ab phagocytosis assay (n = 4).
P, Q Soluble Ab levels of spleens and brains were measured by ELISA (n = 4).
R Ab plaques in the cortex and hippocampus (n = 4) were detected by IHC.

Data information: For multiple groups, one-way ANOVA was used. Unpaired t-tests were used for the comparison of two groups. Results are presented as mean � s.d.,
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; ns denotes no statistical significance. ARA, ARA290; ELISA, enzyme linked immunosorbent assay; IHC, Immuno-
histochemical staining.
Source data are available online for this figure.
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investigated effects of rhEPO and ARA290 on Ab accumulation,

brain AD-type pathologies and behavioral deficits in 11-month-old

APP/PS1-21 mice (Fig 7A). Following EPO or ARA290 treating,

levels of Ab42 and Ab40 were greatly reduced in plasma (Fig 7B), in

spleens (Fig 7C) and in brains correspondingly (Fig 7D). Moreover,

the deposition of Ab in cortex and hippocampus were greatly

reduced (Fig 7E). Furthermore, EPO decreased Ab levels in APP/

PS1-21 mice without altering expression of APP, NICA, BACE or

PEN2 in brains (Fig EV5A), which rules out possible effects from

reduction in APP expression or BACE1/g-secretase activity changes.

These data indicate that the exogenous EPO or ARA290 decreased

peripheral and central Ab amounts, leading to reduced Ab deposi-

tion in brains of old APP/PS1-21 mice.

In line with the reduced Ab amounts, APP/PS1-21 mice received

rhEPO or ARA290 treating exhibited less severe neuroinflammation

(Fig 7F), less dendrites damage and apoptosis in the hippocampus

and cortex (Figs 7G and EV5B), as well as less severe non-cognitive

and cognitive behavioral deficits (Fig 7H and I). In addition, while

rhEPO greatly induced hematopoiesis, ARA290 did not stimulate

hematopoiesis during treatment (Fig EV5C).

Together, these observations demonstrate that rhEPO and

ARA290 reduced peripheral and central Ab accumulation and allevi-

ates brain AD-type pathologies and behavioral deficits in old APP/

PS1-21 mice.

Discussion

Our data here reveal that the deficiency of EPO signaling in periph-

eral macrophages impairs systemic Ab clearance and deteriorates

the progression of AD in mice. Specifically, this study here advances

several concepts in the understanding of Ab clearance. First, our

work here reveals a feedback cascade involving the Ab42/EPO sig-

naling in peripheral macrophages to regulate Ab levels. While Ab
has long been considered as functionless and being the prime sus-

pect for driving the development of AD, recent research shows that

Ab is an ancient, highly conserved molecule and may has crucial

multifunctional physiological roles, such as regulating learning and

memory, angiogenesis, neurogenesis, repairing leaks in the blood–

brain barrier, promoting recovery from injury, etc. (Kent

et al, 2020). Particularly, recent findings indicate that Ab functions

as an antimicrobial peptide and suggest Ab deposition may be a pro-

tective innate immune response to infection. Moir et al (2018)

revealed that Ab expression was upregulated following viral or bac-

terial exposure. Moreover, Ab generation and Ab oligomerization

appeared to mediate a diverse range of protective functions against

infection, including antibiotic-like microbial killing and immuno-

modulating activities (Kumar et al, 2016; Eimer et al, 2018; Gosz-

tyla et al, 2018). However, owing to the cytotoxic and immunostim-

ulatory activity of Ab, the ongoing Ab generation and deposition

induced by real or incorrectly perceived infection may drive inflam-

mation, leading to pathology and widespread cell death. Therefore,

it is reasonable to speculate that the host need to evolute feedback

cascade to regulate Ab levels and its-induced inflammation. In line

with this speculation, our work here identified Ab-induced macro-

phage EPO signaling dose-dependently promoted Ab clearance and

suppressed Ab-activated inflammation (Figs 1 and 2). Furthermore,

our recent findings together with previous reports have revealed

EPO as an endogenous pro-resolving molecule that promotes the

clearance of bacterial and apoptotic cells by macrophages and exerts

direct cyto-protection on a variety of type of nonhematopoietic cells,

including neurons (Urena-Guerrero et al, 2020), indicating that Ab-
induced macrophage EPO signaling may also help to clear bacterial

and prevent Ab-induced cytotoxicity. Indeed, EPO has been reported

to protect neurons (Zhi-Kun et al, 2012) and microglia (Shang

et al, 2012) from Ab-induced apoptosis. Therefore, our data here

together with known evidence suggest that Ab-induced macrophage

EPO signaling may be a feedback mechanism that limits Ab’s toxic-

ity while boosts Ab’s physiological functions. Nevertheless, whether

macrophage EPO signaling contributes to Ab’s physiological func-

tions, such as antibacterial activity, remain largely unknown. Future

studies are needed to address this topic.

Our results here also uncover a crucial contribution of peripheral

tissue resident macrophages to clear Ab. Accumulated findings have

revealed that Ab clearance in the periphery contributes substantially

to reducing Ab deposition in the brain (Xiang et al, 2015; Jin

et al, 2017; Costa-Marques et al, 2019). Mounting evidence has

demonstrated that phagocytosis via monocytes and macrophages is

one of the predominant mechanisms of peripheral clearance of cere-

bral Ab in AD (Koronyo-Hamaoui et al, 2020; Li et al, 2020a). How-

ever, existing research was most focused on contributions of

circulating monocytes and the cerebral infiltrated monocytes to Ab
removal roles played by peripheral tissue macrophages to Ab clear-

ance remain largely unknown. Here we found that EPO increased

peripheral macrophage (PMs, F4/80+ splenetic macrophages) clear-

ance of Ab; deficiency of EPOR in peripheral macrophages impaired

the clearance of Ab in vitro; depletion of peripheral macrophage

EPOR by Lyz2-mediated gene KO or BMT reduced the peripheral

macrophage clearance of Ab in vivo, increased peripheral Ab levels,

enhanced brain Ab deposition and exacerbated brain AD-type

pathologies and behavioral deficits in APP/PS1-21 mice. Moreover,

EPOR is absent in monocytes and neutrophils (Luo et al, 2016a),

but detected in various peripheral tissue macrophages, including

PMs, red pulp macrophages, Kupffer cells (Gilboa et al, 2017),

◀ Figure 5. Peripheral macrophage EPOR-deficiency exacerbates brain inflammation and behavioral deficits in APP/PS1-21 mice.

A, B Cortex and hippocampus taken from Fig 4L and M (n = 5) were applied for detection of inflammatory factor expression.
C–E Non-cognitive behavioral impairments of APP/PS1-21 mice (5 months) in Fig 4L were analyzed by nest construction assay and social interaction assay (C) (n = 10).

Both non-cognitive and cognitive behavioral impairments of APP/PS1-21 mice (11 months) in Fig 4M were analyzed by nest construction assay, social interaction
assay, NORT, FCT and Morris water maze test (D, E) (n = 10).

F Cortex and hippocampus were taken from APP/PS1-21 mice in Fig 4N (n = 6) and applied for detection of inflammatory factor expression.
G, H Behavioral impairments APP/PS1-21 of mice in Fig 4N and WT-BMEPOR-C mice (irradiated WT mice transplanted with EPOR-C bone marrow cells) were analyzed by

nest construction assay, social interaction assay, NORT, FCT and Morris water maze test (n = 8).

Data information: For multiple groups, one-way ANOVA was used. Unpaired t-tests were used for the comparison of two groups. Results are presented as mean � s.d.,
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; ns denotes no statistical significance. NORT, novel object recognition test; FCT, fear conditioning test.
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erythroblastic island macrophages (Li et al, 2019), wound skin

macrophages (Haroon et al, 2003), lung tissue-resident macro-

phages (Li et al, 2020b) and more, suggesting that abovementioned

effects were mainly owing to EPO activity in peripheral tissue

macrophages. In addition, Kupffer cells were reported to be

involved in Ab clearance in AD patients (Brubaker et al, 2017),

which was in line with EPOR’s expression in Kupffer cells. Collec-

tively, these evidence not only identify a physiological role for

peripheral tissue macrophage EPO signaling in promoting Ab clear-

ance but also uncover the crucial role of peripheral tissue macro-

phages in systemic Ab clearance. In addition, we also observed a

dysregulated response of peripheral tissue macrophages to Ab42 in

old APP/PS1-21 mice, as reflected by reduced phagocytosis of Ab42
and the expression of IDE and NEP but increased inflammatory

response to Ab42 in red pulp F4/80+ macrophages. Meanwhile it is

also possible that macrophage EPO signaling may affect Ab clear-

ance via a more indirect mechanism requiring additional cell types,

as tissue macrophages can alter the function of surrounding cells,

via such as changed release of inflammatory mediators. Moreover,

recent studies have shown that complement C3b-mediated adher-

ence to erythrocytes can facilitate clearance and degradation of cir-

culating Ab (Brubaker et al, 2017), suggesting that EPO induced

erythropoiesis may help Ab clearance. To exclude this potential dis-

turbance, an EPO-derived peptide, ARA290, that is nonerythrogenic

but retains other functions of EPO was further applied in our experi-

ments. In AD patients, while peripheral blood-derived macrophages

have been reported to demonstrate ineffective phagocytosis of Ab
compared with the age-matched control subjects (Jairani

et al, 2019; Krishnan et al, 2020), contributions of peripheral tissue

macrophages to the development of human AD and therapeutic

effects of targeting peripheral tissue macrophages in treating human

AD warrants further investigation.

Our work also provides clear evidence for the involvement of

EPO in regulating the immune-suppressive Ab clearance by periph-

eral macrophages. While our previous data showed that EPO pro-

moted macrophage phagocytosis of apoptotic cells and bacterial

(Luo et al, 2016a; Liang et al, 2021) the removal of Ab is different

from apoptotic cell and bacterial phagocytosis by recognition,

uptake, and degradation of particles, leading to very different out-

comes (Sole-Domenech et al, 2016). Here our data also showed that

EPO promoted Ab clearance and suppressed Ab-induced inflamma-

tory response (Fig 2). Moreover, the depletion of peripheral macro-

phage EPOR by Lyz2-mediated gene KO or BMT increased

peripheral Ab levels, enhanced brain Ab deposition and exacerbated

brain AD-type pathologies and behavioral deficits in APP/PS1-21

mice, indicating an essential role of peripheral macrophage EPO sig-

naling in regulating systemic Ab levels in AD model mice. Further-

more, we also identified that EPO signaling in peripheral

macrophages was impaired in old AD model mice and pharmacolog-

ical interference in EPO signaling normalized the impaired EPO sig-

naling in peripheral macrophages, greatly improved dysregulated

response of peripheral macrophages to Ab42, reduced peripheral Ab
levels, decreased brain Ab deposition and ameliorated brain AD-

type pathologies and behavioral deficits in APP/PS1-21 mice.

Although previous studies showed that EPO improved outcomes of

AD, underlying mechanisms are not fully understood. Our investiga-

tions here suggest that EPO improves the peripheral macrophage

phagocytic defect in AD model mice. However, the contribution of

◀ Figure 6. EPO and ARA290 restore EPO signaling and dysregulated functions of peripheral macrophages in old APP/PS1-21 mice.

A–E Splenic macrophages from APP/PS1-21 (5- or 11-month-old) or matched WT mice were detected by immunoblotting with the indicated antibodies (n = 3) (A, B).
Their phagocytosis of Ab42 (C, D) were measured by flow cytometry (n = 4). The mRNA levels of IDE and NEP were measured by QPCR (n = 4) (E).

F Splenic macrophages from APP/PS1-21 mice at different ages were purified for detection of inflammatory factor expression (n = 6).
G–J Old APP/PS1-21 mice (11 months) and WT mice at the same age were treated with rhEPO (10,000 IU/kg/day), ARA290 (0.03 mg/kg/day) or vehicle (i.p., once a day,

for 14 days). Splenic macrophages were isolated for detection by immunoblotting with the indicated antibodies (n = 3) (G). Phagocytosis of Ab42 by the splenic
macrophages was measured by flow cytometry (n = 4) (H). Protein levels of IDE and NEP were detected by immunoblotting with indicated antibodies (n = 3) (I).
The mRNA levels of inflammatory factors were measured by QPCR (n = 5) (J).

K–M PMs were treated with Ab42 (0, 5, 7.5 or 10 lM) for 12 h, and cell lysates were detected by immunoblotting with the indicated antibodies (n = 3) (K). Phagocytosis
of Ab42 and Ab40 was measured by flow cytometry (n = 4) (L). Protein levels of IDE and NEP were detected by immunoblotting with indicated antibodies (n = 3)
(M).

Data information: All the vehicles of Fig 6 were PBS. For multiple groups, one-way ANOVA was used. Unpaired t-tests were used for the comparison of two groups.
Results are presented as mean � s.d., *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; ns denotes no statistical significance. IDE, insulin degrading enzyme; NEP,
neprilysin.
Source data are available online for this figure.

▸Figure 7. EPO and ARA290 ameliorate peripheral and central Ab accumulation, brain AD-type pathologies and behavioral deficits in old APP/PS1-21 mice.

A Timeline of rhEPO (10,000 IU/kg/day) or ARA290 (0.03 mg/kg/day) treatments of old APP/PS1-21 mice (11 months) (n = 5).
B Plasma Ab levels were measured by ELISA (n = 5).
C, D Soluble Ab levels in spleens (C) and brains (D) were measured by ELISA (n = 5).
E Ab plaques in the cortex and hippocampus (n = 5) were detected by IHC.
F Cortex and hippocampus were taken, and the mRNA levels of inflammatory factors were measured by QPCR (n = 5).
G Expression of MAP-2 or the apoptotic neurons of hippocampus were detected by IF staining and then statistically quantified (n = 5).
H, I Both non-cognitive and cognitive behavioral impairments were analyzed by nest construction assay, social interaction assay, NORT, FCT and Morris water maze

test (n = 10).

Data information: All the vehicles of Fig 7 were PBS. For multiple groups, one-way ANOVA was used. Unpaired t-tests were used for the comparison of two groups.
Results are presented as mean � s.d., *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; ns denotes no statistical significance. IF, Immunofluorescent; MAP-2,
microtubule-associated protein 2; NeuN, neuronal nuclei; TUNEL, terminal dUTP nick end labeling.
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peripheral macrophage EPO signaling to the development of human

AD and its potential therapeutic use warrants further investigations.

Materials and Methods

Animals

C57BL/6 wild-type mice were purchased from Animal Core Facility

of Nanjing Medical University. The C57BL/6 background myeloid-

specific EPOR (Luo et al, 2016b) knockout mice were generated as

described previously and the Lyz2-Cre+/+/Eporloxp/loxp, Lyz2-Cre+/+/

Epor+/+ littermates were referred to as EPOR-MKO or EPOR-C mice,

respectively. APP/PS1-21 mice (Xu et al, 2021) were provided by

Prof. M. Jucker (University of Tuebingen, Germany). For the genera-

tion of APP/PS1-21+EPOR-MKO mice, EPOR-MKO mice were

crossed with APP/PS1-21 mice. Male EPOR-MKO mice (8 weeks),

EPOR-C mice (8 weeks), APP/PS1-21 mice (6, 5 and 11 months),

APP/PS1-21+EPOR-MKO mice (5 and 11 months) and APP/PS1-

21+EPOR-C mice (5 and 11 months) were age and sex matched for

experiments. Five to six animals were housed per cage under speci-

fic pathogen-free (SPF) conditions with soft bedding under con-

trolled temperature (22°C � 2°C) and photoperiods (12:12 h

light/dark cycle). All experimental protocols and procedures were

approved and licensed by Nanjing Medical University Animal Care

and Use Committee in accordance with the National Institutes of

Health guide for the care and use of Laboratory animals (approval

number: 1904008). For experimental treatments, simple randomiza-

tion was used to assign animals to each group. The behavioral and

neuropathological experiments and analysis were performed, and

the raw data were originally evaluated by researchers who were

blinded to the animal grouping or treatments.

Reagents and antibodies

Human Ab42, Ab40 and Flag-Ab42 were obtained from China Pep-

tides (Shanghai, China). Hilyte-labeled Ab was from AnaSpec (Fre-

mont, CA, USA). Recombinant human EPO (rhEPO) was from

Sunshine Pharmaceutical (Shenyang, China). ARA290, GW9662 and

rosiglitazone (RSG) were from MCE (Monmouth Junction, NJ,

USA). Latrunculin A was from Abcam (Cambridge, MA, USA) and

Dynasore hydrate was from Sigma-Aldrich (St. Louis, MO, USA).

TUNEL BrightGreen Apoptosis Detection Kit were purchased from

Vazyme (Nanjing, China) and DAPI Fluoromount-GR was from

Southern Biotech (Brimingham, AL, USA). Resatorvid was pur-

chased from MCE (MedChemExpress, Plainsboro, NJ, USA).

DMEM/F-12 medium (DMEM), fetal bovine serum (FBS), penicillin

and streptomycin were purchased from Gibco (Waltham, MA, USA).

Antibodies against EPO (Santa Cruz, CA, USA) and PPAR-c (CST,

Boston, MA, USA) were used. Fluorescent-labeled antibodies against

CD11b and F4/80 were from Invitrogen (Carlsbad, CA, USA). The

other key antibodies used in the experiments were obtained from

Abcam (Cambridge, MA, USA).

Isolation and culture of macrophages

Peritoneal macrophages (PMs), splenic cells and bone marrow

cells were obtained and cultured as described previously (Xu

et al, 2021). Briefly, peritoneal macrophages were obtained by

peritoneal lavage of mice pre-treated with 6% starch broth i.p.

(1 ml per mouse). Three days later, peritoneal cell was collected.

For splenic cells, spleens were filtered with 70 lm filters, and

bone marrow cells were flushed from femurs and tibias of mice.

Red blood cells were lysed and single-cell suspensions were cul-

tured overnight. The purity of macrophages was evaluated with

CD11b and F4/80 antibodies (1:200) by flow cytometry. F4/80+

CD11b+ cells were identified as macrophages in the following

experiments.

Phagocytosis assays and flow cytometry

Macrophages were first incubated with Ab (12 h) or EPO (12 h) of

indicated concentrations. Hilyte-Ab42 was then added to a final con-

centration of 1 lg/ml and incubated for 60 min at 37°C or incubated

at 4°C for 60 min as negative controls. Hilyte-Ab42 phagocytosis

was verified by a confocal microscope (LSM800; Carl Zeiss, Jena,

Germany), anti-CD11b antibody (1:1,000) was used to label the cell

shape, and DAPI was used to stain the nuclei. For some experi-

ments, cells were also treated with Latrunculin A (200 nM, 1 h),

Dynasore (0.1 lM, 0.5 h), GW9662 (10 lM, 12 h) or RSG (50 lM,

12 h). Ab phagocytosis was determined using flow cytometry as

reported previously (Xu et al, 2021). Intracellular Ab42 was quanti-

fied using ImageJ software 1.52t (Loci, Madison, WI, USA) “JACoP”

plug-in. The values are represented as Pearson’s correlation coeffi-

cient (Xu et al, 2021).

Erythropoietin receptor expression in macrophages was also

determined with flow cytometry. Macrophages were incubated with

EPOR antibody (1:200) for 0.5 h. For all staining, isotype controls

were used. All data were analyzed using FlowJo Flow Cytometry

Analysis Software (Version V10; TreeStar, Ashland, OR, USA).

Live-cell microscopy

Approximately 2.0 × 105 PMs were plated 48 h prior to imaging on

a poly-D-lysine-coated glass bottom dishes (Biofil, Guangzhou,

China). Twenty-four hours before imaging, media was replaced to

RPMI without phenol red. Hilyte-labeled Ab42 was added into the

medium when imaging started. The cells were imaged on a Nikon

Eclipse Ti (Zeiss LSM900) in an enclosure to maintain humidity, a

temperature of 37°C and 5% CO2. Movie was analyzed by Imaris

9.0.1 software.

Western blotting (WB) and co-immunoprecipitation (IP)

The analysis was routinely conducted according to our previous

reports (Li et al, 2020a). Briefly, total protein was extracted from

primary microphage and the brains using RIPA lysis buffer for WB

analysis. Following primary antibodies were applied: EPO (1:1,000),

EPOR (1:1,000), p-JAK2 (1:1,000), PPARc (1:1,000), SRA (1:5,000),

IgG (1:1,000), NICA (1:1,000), BACE (1:1,000), PEN2 (1:1,000), APP

(1:1,000), IDE (1:5,000), NEP (1:1,000), Flag (1:1,000) or b-actin
(1:1,000). The signals of specific protein were detected with a Gel

Doc imager (Bio-Rad, Hercules, CA, USA) and given as the fraction

of control b-actin.
For the co-immunoprecipitation assay, PMs were seeded into a

12-well plate at a density of 1.0 × 105. After treatment with Ab42
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(5 lM) for 12 h, cells of each well were lysed by 200 ll of immuno-

precipitated lysis buffer. Ten microliter of lysates was collected as

an input sample. Anti-EPOR and anti-IgG were added into the

remaining lysates and incubated at 4°C overnight. Subsequently,

20 ll of Protein A/G magnetic beads (MCE, NJ, USA) were added to

incubate at 4°C for other 3 h. After washing and boiling, the

immunoprecipitates were loaded on SDS-PAGE. The samples were

electrophoretically separated on 12% SDS-PAGE gels. Following

this, the proteins were transferred to PVDF membranes using Trans-

Blot apparatus (Bio-Rad, Hercules, CA, USA). The membranes were

blocked with Tris-buffered saline solution (TBS) containing 5% BSA

for 2 h and were then incubated at 4°C overnight with primary anti-

bodies.

ELISA and nitric oxide detection

Blood was drawn from inner canthus of each mouse and the

samples were centrifuged at 4,000 rpm at 4°C for 10 min and

then plasma was collected. In other experiments, protein of brain

and spleen were extracted. Levels of Ab in plasma, brain and

spleen were determined with enzyme-linked immune sorbent

assay (ELISA), according to the manufacturer’s instructions and

the Ab level was measured as A450 nm. Supernatants from differ-

ent wells were collected and a standard Griess assay (Sigma-

Aldrich) was performed to analyze the production of nitric oxide

(NO).

Quantitative real-time (RT)-PCR

Quantitative RT-PCR was routinely conducted as previously

described in our previous reports (Li et al, 2020a). Briefly, total

RNA was extracted with RNAiso plus Total RNA Extraction Kit

(Takara, Dalian, China). PrimeScript Reverse Transcriptase (Takara,

Dalian, China) was used to reverse RNA to cDNA. The relative

expression of inflammatory cytokines was detected with ChamQ

SYBR qPCR Master Mix (Vazyme, Nanjing, China) on the LightCy-

cler 96 (Roche, Basel, Switzerland).

Intracerebroventricular injection (i.c.v.) Flag-Ab

From 24 h prior to the intraventricular injection of Flag-Ab42,
8 weeks old EPOR-MKO and control mice were injected intraperi-

toneally with EPO (10,000 IU/kg/day), ARA290 (0.03 mg/kg/day)

or vehicle (200 ll) i.p. for four times every 12 h (n = 3). Then, the

intraventricular injection was performed as described previously

(Wang et al, 2015; Qian et al, 2016; Xu et al, 2021). Twelve hours

after the intraventricular injection, EPO, ARA290 or vehicle was

given again, and the mice were sacrificed after another 12 h. Periph-

eral tissues (spleen) and brains (hippocampus) were taken for pro-

tein isolation and following western blot assays with Flag

antibodies. The distribution of injected Ab was observed by detect-

ing the Flag-Ab levels in spleens and brains.

Bone marrow chimeras

The recipient mice (6-month-old APP/PS1 mice) were subjected to

lethal-dose irradiation (6 Gy). And 1 day later, bone marrow cells

(10 × 106) derived from the tibiae and femurs of donor mice were

i.v. injected into irradiated mice. After 3 months, the chimeric mice

were then subjected to following experiments.

Behavioral tests

Behavioral tests, including nest construction assay, resident-

intruder assay and novel object recognition test (NORT) were per-

formed as described in our previous reports (Li et al, 2020a). Fear

conditioning test (FCT) was conducted with a dedicated chamber

(Panlab, Harvard Apparatus, Holliston, MA, USA), and the recall

of fear memory was assessed by freezing time (PACKWIN 2.0.06,

Harvard Apparatus, Holliston, MA, USA). Morris water maze

(MWM) test was conducted in a circular tank. After 5 days of

training, the probe test was then conducted. The escape latency,

defined as the time taken to find the hidden platform and the

number of crossing the indicated platform, was recorded and ana-

lyzed.

Immunohistochemistry (IHC) analysis

The mice were sacrificed and perfused intracardially with 4%

paraformaldehyde in ice-cold PBS. The antibody of Ab (1:100) was

used for Ab deposition. Ab immunostaining were evaluated in the

cortex and the hippocampus. Images of the hemisphere sections

were captured using a Nikon Coolscope (Nikon) with fixed parame-

ters. The cortex and the hippocampus were outlined on the images

and analyzed using MetaMorph Offline 7.1 software (Molecular

Devices, Toronto, Canada).

Immunofluorescence and terminal dUTP nick end labeling
(TUNEL) assay

The brains were embedded in Tissue-Tek� O.C.T compound and

frozen at �80°C. Specimens were then cut into 25-lm-thick sections

by a freezing microtome (CM1860; Leica, Wetzlar, Germany). The

sections were incubated overnight at 4°C with the following primary

antibodies: EPOR (1:500), Iba1 (1:100) for activated microglia,

NeuN (1:1,000) for neuron and MAP-2 (1:1,000). After washing, the

sections were incubated with Alexa Fluor-conjugated secondary

antibodies for 1 h at room temperature. Fluorescence intensity was

used for quantification.

To detect the apoptosis of neuron in brain tissues, TUNEL Bright-

Green Apoptosis Detection Kit was conducted. All procedures fol-

lowed the manufacturer’s instruction. Briefly, the slices were

incubated with TUNEL reaction mixture at 37°C for 1 h in the dark.

Then these slices were filled with NeuN antibody (1:1,000) at 4°C

overnight. The nuclei were stained with DAPI. The quantification of

images was analyzed with Image J software 1.52t.

Statistical analysis

GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA) was

used for statistical analysis and graphic presentation. The normality

of data was tested by Kolmogorov–Smirnov test and Student’s t-test

was used for the comparison between two groups. For multiple

groups, one-way ANOVA was used. All data are presented as the

mean � s.d. Two-sided P-values < 0.05 were defined as statistically

significant.
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