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Abstract

Amyloid-B (AB) accumulation in the brain is a hallmark of Alzheimer’s disease (AD) pathol-
ogy. However, the molecular mechanism controlling microglial AR phagocytosis is poorly
understood. Here we found that the E3 ubiquitin ligase Pellino 1 (Peli1) is induced in the
microglia of AD-like five familial AD (5%xFAD) mice, whose phagocytic efficiency for Ap was
then impaired, and therefore Peli1 depletion suppressed the AR deposition in the brains of
5xFAD mice. Mechanistic characterizations indicated that Peli1 directly targeted CCAAT/
enhancer-binding protein (C/EBP), a major transcription factor responsible for the tran-
scription of scavenger receptor CD36. Peli1 functioned as a direct E3 ubiquitin ligase of
C/EBP and mediated its ubiquitination-induced degradation. Consequently, loss of Peli1
increased the protein levels of C/EBP and the expression of CD36 and thus, promoted the
phagocytic ability in microglial cells. Together, our findings established Peli1 as a critical reg-
ulator of microglial phagocytosis and highlighted the therapeutic potential by targeting Peli1
for the treatment of microglia-mediated neurological diseases.

Introduction

Alzheimer’s disease (AD) is a rising threat to public health worldwide [1] and is a progressive
neurodegenerative disorder with the hallmark of f-amyloid (AB) accumulation in the brains
[2,3]. Although the etiology of AD is largely unknown, the studies by analyzing the inherited
AD families have suggested that multiple mutations in A processing cascade are genetically
associated with the disease pathogenesis [4-8]. However, human clinical trials by targeting A
production and deposition had failed because of the lack of efficacy in the improvement of
cognitive outcomes in AD patients [9-11], which implies that the relationship between AD
and AP plaques is still controversial and arouses the doubt on the validity about amyloid cas-
cade hypothesis. Nevertheless, there are still numerous ongoing potential anti-Af antibodies
therapies tested in the clinical treatment of AD, such as Gantenerumab and BAN2401. In addi-
tion, recent works also suggested that Ap may impact the Tau hyperphosphorylation and
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cognitive deficit in AD-like mice, thereby affecting disease symptoms in AD patients as well
[12,13]. Moreover, the anti-Ap antibody Aducanumab has been submitted to FDA for
approval, which provided a compelling support for the amyloid cascade hypothesis.

Microglia are the resident macrophages in the brain and can cluster around the amyloid
plaques during AD pathogenesis. Previous studies demonstrated that microglial phagocytosis
ability was associated with AP deposition in mouse AD models [14-19]. In contrast, microglial
dysfunction is associated with aging in mice and human brains and is relevant with higher lev-
els of AP load in mouse AD models [20-23]. There are also other studies demonstrated that
removal of microglia by colony-stimulating factor 1 receptor (CSF1R) inhibitor prevents neu-
ronal loss and improves cognition without affecting AB pathology in AD-like mice [24, 25].
These studies suggest that the pathological mechanism of AD and the function of microglia-
mediated AP clearance are still a controversial and debated topic in the fields of neurodegener-
ative disorders. However, little is known about the intrinsic molecular mechanism through
which AP is engulfed by microglial phagocytosis. We and others have previously revealed that
the E3 ubiquitin ligase Pellino 1 (Pelil) is expressed in many kinds of neural cells in murine
brain, with the highest expression level in the microglia [26], implying a nonredundant func-
tion of Pelil in central nervous system (CNS) to modulate microglia-related neurological dis-
eases. Indeed, we have identified Pelil as a crucial modulator of microglia-mediated
autoimmune neuroinflammation and viral encephalitis [26-28].

Here, we identified Pelil as an essential negative regulator of microglial phagocytosis
through inhibiting the expression of scavenger receptor CD36. Mechanistic studies revealed
that Pelil functioned as the direct E3 ubiquitin ligase of C/EBPp, a major transcription factor
that responsible for CD36 expression, and mediated its degradation. More interestingly,
microglial Pelil is induced in AD brains and thus, further impaired microglia-mediated A
phagocytosis during disease pathogenesis.

Results
Pelil deficiency promoted microglial phagocytic ability

We had previously reported that Pelil could regulate microglia-mediated CNS inflammation
in a multiple sclerosis mouse model [26]. However, because of the high expression of Pelil in
microglia compared with other types of cells in CNS, we speculated that Pelil could also act as
critical regulators in other physiological and pathological process in microglia. To investigate
the potential role of Pelil in modulating microglial phagocytosis, we isolated and cultured the
primary microglia from the heterozygous (Pelil*'~) and Pelil-deficent (Pelil’~) newborn
mice from the same parents (S1A Fig). After challenging the primary microglia with fluores-
cence-labeled microspheres, we observed a robust phagocytic activity of Pelil-intact cells as
determined by flow cytometry (Fig 1A and 1B). Interestingly, loss of Pelil enhanced micro-
glial phagocytosis of microspheres, as reflected by increased frequencies of fluorescent cells in
Pelil-deficient microglia (Fig 1A and 1B). In contrast, Pelil deficiency does not affect the
phagocytic ability of primary cultured astrocytes (Fig 1C and 1D). We further validated the
protein levels of Pelil in microglia and astrocytes with immunoblot, and the data showed that
Pelil was highly expressed in microglia when compared with that in astrocytes (S1B Fig),
which supported the previous study [26] and suggested a specific and nonredundant function
of Pelil in microglia to modulate phagocytosis. Subsequent flow cytometry analysis revealed
that the phagocytic microspheres-induced mean fluorescent intensity (MFI) in Pelil-deficient
microglia was enhanced as compared with Pelil-competent cells (S1C and S1D Fig).

Although Pelil ablation didn’t affect the ability of microglia to phagocytize 1-3 micro-
spheres, Pelil-deficient microglia were more competent to phagocytize more than 4
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Fig 1. Pelil curtails phagocytic efficiency of microglia. (A-D) Flow cytometry of the phagocytic ability for fluorescent
microspheres in Pelil*’~ and Pelil™'~ primary microglia or astrocyte. The data are presented as representative scatter plots
showing the frequencies of the cells containing fluorescent microspheres (A, C) and summary bar graphs (B, D). (E, F) Flow
cytometry of the phagocytic ability for Rhodamine B-dyed Ap,_4, peptide in Pelil*'~ and Pelil™'~ primary microglia. The data
are presented as representative histogram showing the frequency of the cells containing fluorescent AB;_4, (E) and summary bar
graph (F). (G, H) Microscopic analysis of the phagocytosis of AB,_y, peptide for 24 hours in Pelil*’~ and Pelil™~ primary
microglia. The data are presented as representative images (G) and summary bar graph (H). Scale bar: 100 um. (I-L) Flow
cytometry of the phagocytic ability for fluorescent microspheres in control and Pelil-knockdown BV2 cells. The data are
presented as representative scatter plots (I), histogram showing the MFI (K) and summary bar graphs (J, L). (M) Immunoblot of
Pelil and Hsp60 (loading control) in Pelil-knockdown BV2 cells that reconstituted with FL Pelil or PelilAC, showing the
reconstitution efficiency of Pelil. (N, O) Flow cytometric analysis of the phagocytic ability for fluorescent microspheres in Pelil-
knockdown BV?2 cells that reconstituted with Pelil FL or PelilAC. The data are presented as representative plots (N) and
summary bar graph (O). Data with error bars represent mean + SEM. Each panel is representative of at least 3 independent
experiments. Numerical values for (B, D, F, H, ], L, O) are available in S1 Data. *P < 0.05, **P < 0.01, ***P < 0.001 as
determined by unpaired Student ¢ test. AB, amyloid-B; FL, full-length; MFI, mean fluorescent intensity; PelilAC, C-terminal
deleted Pelil.

https://doi.org/10.1371/journal.pbio.3000837.g001

microspheres (S1E Fig), suggesting that Pelil negatively regulates microglial phagocytic effi-
ciency. Furthermore, to confirm the function of Pelil in regulating microglial phagocytosis,
we examined the phagocytic ability for the synthetic AB;_4, peptide by using the murine pri-
mary microglia. Consistent with the data of microspheres phagocytosis, Pelil deficiency also
enhanced the microglial ability to phagocytize AB;_4,, as reflected by increased MFI of AB;_4,-
containing cells and elevated AB;_4, loading per microglia (Fig 1E-1H). In order to validate
that the AB;_4, oligomers were really internalized by phagocytosis rather than endocytosis, we
performed the phagocytic assay of AB;_4, peptide with Cytochalasin D to inhibit actin
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polymerization. As the data show, the differences of AB;_4, phagocytosis between Pelil-suffi-
cient and Pelil-deficient microglia were totally abolished and significantly inhibited after
Cytochalasin D treatment (S1F and S1G Fig), implying that the AB;_4, peptide entered micro-
glia via phagocytosis but not endocytosis. The ability of microglial phagocytosis was also essen-
tial for the clearance of apoptotic neurons. Therefore, we tested the phagocytic ability of
apoptotic neural Neuron-2A (N2A) cells in Pelil-deficient microglia. The data demonstrated
that the phagocytosis of apoptotic N2A was not affected after Pelil was deleted in microglia
(S1H and S1I Fig), which further supported the critical and specific role of Pelil in microglial
phagocytosis of AB;_4, peptide.

To exclude the potential possibility of proliferation-induced alteration of phagocytic ability,
we examined whether Pelil modulates microglial proliferation. The results revealed that Pelil
deficiency in primary microglia or its knockdown in BV2 microglial cells does not affect the
growth of microglial cells by Ki-67 staining (S2A-S2C Fig). Consistent with the results
obtained from primary microglia, we found that reducing Pelil levels in BV2 cells also pro-
moted the phagocytosis activity, as characterized by increased frequencies of fluorescent cells
and enhanced microglial MFI levels when compared with control cells (Fig 1I-1L). In addi-
tion, we performed a time course assay of microspheres phagocytosis in BV2 cells. The results
suggested that Pelil knockdown indeed led to increased microspheres phagocytosis after
microspheres inoculation for 10, 20, 30, and 60 minutes (S2D and S2E Fig). Furthermore, the
percentages of microsphere phagocytosis in Pelil-knockdown BV2 for more than 4 particles
per cell were higher, whereas the BV2 percentages for 1 particle per cell were lower than that
in control at all of the later time points, implying that Pelil-knockdown BV2 could phagocytize
more throughout the whole process of phagocytosis (S2F Fig). Moreover, the difference of per-
centages between control and Pelil-knockdown BV2 cells that phagocytize more than 4 parti-
cles was smaller at 60 minutes than at 10 minutes (S2D and S2F Fig), which revealed that the
rates of phagocytosis in both cells were altered with time. Consistent with the result of micro-
spheres phagocytosis, Pelil knockdown in BV2 cells also enhanced the ability to phagocytize
AB,_4; after incubation with A for 12 hours or 24 hours (52G and S2H Fig).

To further confirm the role of Pelil in regulating microglial phagocytosis, we reconstituted
Pelil-knockdown BV2 cells with full-length (FL) Pelil or C-terminal-deleted (PelilAC) Pelil
(Fig 1M), which lacked the RING-like domain and thus lost its E3 ligase activity, and assayed
the phagocytic activities. The results showed that reconstitution with only FL-Pelil, but not its
functional deficient PelilAC, could successfully rescue the effect of Pelil in suppressing micro-
glial phagocytic ability (Fig 1N and 10). Collectively, these data identified an intrinsic negative
role of Pelil in regulating microglial phagocytosis.

Enhanced phagocytosis in Pelil-deficient microglia was dependent on C/
EBPS

It is known that the molecular structures of extracellular substrates are recognized by different
types of scavenger receptors that are expressed on the surface of microglia, which then initiate
phagocytosis for its clearance function [29-33]. To determine whether enhanced phagocytic
efficiency observed in Pelil-deficient microglia was due to the alteration of the expression of
these phagocytic receptors, we examined the surface expression of scavenger receptors class A
(SRA) and CD36, the major scavenger receptors responsible for the clearance of AB in micro-
glia [29,30,34]. The results revealed that Pelil deficiency or knockdown didn’t affect the surface
expression of SRA in primary microglia or BV2 cells (S3A-S3D Fig). Interestingly, reducing
Pelil levels promoted CD36 expression on the surface of primary microglia, BV2 cells, and the
microglia that directly isolated from the brains of adult mice (Fig 2A-2F). In addition, loss of
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Pelil also increased the total protein levels of CD36 in these cells (S3E-S3G Fig), which further
validated the negative role of Pelil in regulating CD36 expression. More intriguingly, CD36
blocking with antibody totally abolished the phagocytic difference between Pelil-competent
cells and Pelil-deficient primary microglia or Pelil-knockdown BV2 cells (Fig 2G), implying
that elevated CD36 expression in Pelil-deficient or Pelil-knockdown cells contributed to their
enhanced phagocytic ability.

To figure out how Pelil regulates CD36 expression on the surface of microglia, we initially
examined its mRNA expression in microglial cell. The results revealed that Pelil deficiency or
knockdown enhanced the mRNA expression of Cd36 in both primary microglia and BV2 cells
(Fig 2H), suggesting that Pelil-mediated alteration of CD36 expression was directly modulated
at transcriptional level. In order to exclude the potential possibility of other receptors in regu-
lating microglial phagocytosis in Pelil-deficient cells, we further tested the mRNA levels of
scavenger receptor B-1 (Srb1), macrophage receptor with collagenous structure (Marco), the
receptor for advanced glycation end product (Rage), and triggering receptor expressed on
myeloid cells 2 (Trem2), which also mediated A phagocytosis as previous reported [35]. The
data showed that Pelil deficiency did not promote the expression of SR-B1, MARCO, RAGE,
or TREM2 in murine primary microglia (S4A Fig), implying the specific role of Pelil in regu-
lating Cd36 transcription.

The mRNA expression of Cd36 was previously reported to be tightly controlled by 2 major
transcription factors, CCAAT/enhancer-binding protein (C/EBP) o. and C/EBPB, which could
directly bind to the Cd36 gene promoter and initiate its mRNA transcription [36]. Although
C/EBPa was more potent than C/EBP to induce Cd36 transcription, our results revealed that
Pelil deficiency in microglia or Pelil knockdown in BV2 cells did not induced C/EBPo:. protein
expression (Fig 2I). In contrast, Pelil deficiency or knockdown significantly increased the pro-
tein levels of C/EBPp in both primary microglia and BV2 cells (Fig 2I, S4B and S4C Fig). In
addition, we confirmed that increased C/EBP protein expression was also observed in Pelil-
deficent adult microglia as compared with that in wild-type (WT) cells (Fig 2] and 2K).
Accordingly, the chromatin immunoprecipitation (ChIP)-quantitative PCR (qPCR) analysis
verified that there were indeed more C/EBP protein binding in the Cd36 gene promoter of
Pelil-deficient primary microglia, adult microglia, and Pelil-knockdown BV2 cells than that
in control cells (Fig 2L). These results suggested that Pelil modulated the transcription of scav-
enger receptor Cd36 by specifically targeting C/EBPP protein expression in microglial cells.

To confirm that increased CD36 expression and phagocytic activity in Pelil-deficient
microglia is due to elevated expression of C/EBPB, we reduced Cebpb expression in microglial
cells. The results revealed that knockdown of Cebpb compromised the increased phagocytosis
of AB;_4, and microspheres in both Pelil-deficient primary microglia and Pelil-knockdown
BV2 cells (Fig 2M and 2N, S5A-S5D Fig). Unexpectedly, Cebpb knockdown failed to further
inhibit the phagocytic activity in Pelil-competent cells (S5C and S5D Fig), implying the
phagocytosis might be compensated by other scavenger receptors in the absence of CD36 that
induced by Cebpb knockdown. Moreover, knockdown of Cebpa didn’t affect the phagocytic
activity and CD36 expression in both control and Pelil-knockdown BV?2 cells (S5E-S5G Fig),
which confirmed the dispensable role of C/EBPa in regulating Pelil-mediated inhibition of
microglial phagocytosis. Therefore, these data collectively demonstrated that C/EBP was
important for the enhanced CD36-mediated phagocytosis in microglia with Pelil absent.

Pelil mediated the ubiquitination and degradation of C/EBPf

To dissect the molecular mechanism through which Pelil regulated C/EBP expression, we
firstly examined the mRNA levels of Cebpb. The results revealed that reducing Pelil expression
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Fig 2. Pelil deficiency promotes C/EBPB-mediated Cd36 transcription in microglia. (A-F) Flow cytometry of CD36 expression
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neutralization antibody and presented as summary bar graphs. (H) Real-time qPCR analysis of Cd36 mRNA expression in Pelil*’~
and Pelil™~ primary microglia and in control and Pelil-knockdown BV?2 cells. (I) Immunoblot of C/EBPo, C/EBP, Pelil, and
Hsp60 (loading control) in Pelil*’~ and Pelil '~ primary microglia and in control and Pelil-knockdown BV2 cells. (J-K) Flow
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that transfected with siCebpb. The data were presented as representative histogram (M) and summary bar graph (N). Data with
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G, H, K, L, N) are available in S1 Data. *P < 0.05, **P < 0.01, ***P < 0.001 as determined by unpaired Student ¢ test. A, amyloid-
B; ChIP, chromatin immunoprecipitation; IgG, immunoglobulin G; IP, immunoprecipitation; MFI, mean fluorescent intensity;
qPCR, quantitative PCR.
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cells that pretreated with or without a proteasome inhibitor MG132 for 4 hours. (C) Immunofluorescent images showing the
intracellular colocalization of Pelil and C/EBPf in primary microglia and BV2 cells. The zoomed images indicated the colocalization
of Pelil and C/EBP in the nucleus of the cells. Scale bars: 10 pum. (D) Immunoassays on lysates of BV2 cells after
immunoprecipitation with control IgG or anti-C/EBPB and immunoblot analysis of C/EBPp associated Pelil. (E, F) Ubiquitination
of endogenous C/EBPB in Pelil*'~ and Pelil™’~ primary microglia (E) and in control and Pelil-knockdown BV2 cells (F) that were
pretreated with MG132 for 4 hours, assessed by immunoblot analysis with anti-ubiquitin and anti-C/EBP after
immunoprecipitation with anti-C/EBP (top), and by immunoblot analysis with input proteins and loading control (below). (G)
Ubiquitination of C/EBP in 293T cells transfected with the indicated expression vectors, assessed by immunoblot analysis with
anti-HA after immunoprecipitation with anti-C/EBPp (top) or by immunoblot analysis with input proteins in lysates without
immunoprecipitation (below). (H) In vitro ubiquitination assay of C/EBPp ubiquitination after a mixture reaction of ubiquitin-
charged E2 UbcH5a, in vitro translated C/EBP, and with or without HA-Pelil or HA-PelilAC proteins. Data with error bars
represent mean + SEM. Each panel is representative of at least 3 independent experiments. Numerical values for (A) are available in
S1 Data. C/EBP, CCAAT/enhancer-binding protein; HA, hemagglutinin; IB, immunoblot; IgG, immunoglobulin G; IP,
immunoprecipitation; PelilAC, C-terminal-deleted Pelil; qPCR, quantitative PCR; UbcH5a, ubiquitin-conjugating enzyme H5a.

https://doi.org/10.1371/journal.pbio.3000837.9003

Input

does not alter the Cebpb mRNA levels in BV2 cells (Fig 3A), implying Pelil might modulate
C/EBPp expression directly at protein level. Indeed, the C/EBP protein levels are comparable
between control and Pelil-knockdown BV2 cells in the presence of a proteasome inhibitor
MG132 (Fig 3B), suggesting Pelil might regulate the protein stability of C/EBPf.
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We and others have previously demonstrated that Pelil was an E3 ubiquitin ligase mediat-
ing protein activation or stability through adding the poly-ubiquitin chains to the substrates
[26,37-39]. The increased C/EBP protein levels in Pelil-knockdown microglial cells pro-
moted us to investigate whether Pelil directly regulated the ubiquitination of this transcription
factor. The immunofluorescent images showed that Pelil was associated with C/EBPp in the
nucleus of both murine primary microglia and BV2 cells (Fig 3C), which was confirmed by
the coimmunoprecipitated Pelil when C/EBP was pulled down in BV2 cells (Fig 3D). Next,
we examined the effect of Pelil for the ubiquitination status of C/EBPp in microglial cells, the
result revealed that Pelil deficiency or knockdown inhibited the endogenous C/EBP ubiquiti-
nation in both primary microglia and BV2 cells (Fig 3E and 3F). In contrast, Pelil didn’t affect
the ubiquitination or protein level of C/EBP in astrocytes, implying the specific role of Pelil
in the regulation of protein stability of microglial C/EBP (S5H Fig). In addition, overexpres-
sion of FL-Pelil, but not PelilAC, markedly enhanced C/EBPp ubiquitination in 293T cells
(Fig 3G), which explained why PelilAC failed to rescue the suppressive effect of phagocytosis
for Pelil in BV2 cells (Fig IN and 10). Moreover, in vitro ubiquitination assay indicated that
FL-Pelil but not its RING-deletion mutant mediated the ubiquitination of C/EBP in the pres-
ence of precharged E2 ubiquitin-conjugating enzyme H5a (UbcH5a) (Fig 3H). Together, these
results suggested that Pelil directly associated with C/EBPP and mediated the poly-ubiquitina-
tion and degradation of C/EBP in microglial cells.

Pelil deficiency promoted in vivo AP clearance

Because CD36 is critical for the microglial phagocytosis of AB, we next examined whether the
phagocytosis of physiological A was enhanced in Pelil-deficient microglial cells. To this end,
we performed an ex vivo AP phagocytosis experiment [29,30,40], in which microglial cells
were added to incubate with unfixed brain slices from 10-month-old five familial AD
(5xFAD) transgenic mice, an accelerated mouse model mimicking the symptoms of AD [41].
These brain slices contained numerous AP depositions, and thus were usually used to measure
the microglial phagocytosis of physiological AB. As the data show, control BV2 cells efficiently
phagocytized AP after incubation with brain slices of 5XFAD transgenic mice, as determined
by intracellular flow cytometric staining of A (Fig 4A and 4B). Interestingly, reducing Pelil
expression further promoted the phagocytic ability of AB from 5xXFAD brain slices in both
BV2 and primary microglial cells, as reflected by enhanced AR MFI and increased frequencies
of AB" cells (Fig 4A-4F).

To confirm the in vivo Pelil function in modulating microglial phagocytosis-induced Af
clearance, we generated WT and Pelil '~ mice with the 5xFAD background by crossing
Pelil™'~ mice with 5XFAD transgenic mice (S6A and S6B Fig), and then analyzed the AB
deposition in the brains of Pelil '~ 5xFAD mice in comparison with that of aged-matched
Pelil** 5xFAD mice. Interestingly, we found that Pelil deficiency does not affect the produc-
tion of amyloid precursor protein (APP) in the brains of both 6-month-old and 10-month-old
5xFAD mice (S6C-S6E Fig). In 10-month-old mice, we observed a large number of AR were
deposited in the brains of aged Pelil*"*~5xFAD mice (Fig 4G and 4H). Consistent with the ex
vivo phagocytosis data, Pelil deficiency led to an obvious decrease of the A stained-area along
with similar staining of Ibal* microglia in the aged brain slices as compared to that of WT
5xFAD mice (Fig 4G-4I). In addition, Pelil deficiency also increased C/EBPf and CD36 pro-
teins levels in the adult microglia that isolated from the brains with 5xFAD background (Fig
4] and 4K, S6F and S6G Fig). Therefore, these data confirmed the negative role of Pelil in reg-
ulating the C/EBPP degradation, CD36 expression, AP phagocytosis and AP clearance in
5xFAD mice.
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Fig 4. Pelil impairs AP clearance in 5xFAD mice. (A-F) Flow cytometry of intracellular AB in control and Pelil-knockdown BV2
cells or in Pelil*~ and Pelil™~ primary microglia that incubated with or without the unfixed brain slices obtained from 5xFAD
mice. The data are presented as representative histograms showing cellular AR MFI (A, E), scatter plots showing the frequencies of
the cells that phagocytized with Ap (C) and summary bar graphs (B, D, F). (G-I) Immunofluorescent images showing A
deposition and Ibal* microglia in the brains from aged Peli1** 5xFAD or Pelil™'~ 5xFAD male mice (n = 4 or 5 mice/group, 2-3
slices per mouse were applied for the staining). The data are presented as representative images (G) and summary bar graph
quantifying the brain AB deposition (H) and Ibal™ microglia (I). Scale bar: 50 pum. (J, K) Flow cytometry of intracellular C/EBPp
expression in microglia isolated from age- and sex-matched aged Pelil*"* 5xFAD or Pelil™’~ 5xFAD mice. The data are presented
as representative histogram (J) and summary bar graph (K). (L, M) Flow cytometry of intracellular Pelil in microglia isolated from
10-month-old age- and sex-matched adult naive and 5xFAD transgenic mice. The data are presented as histogram (L) and
summary bar graphs (M). (N) Model of Pelil in regulating microglia Ap phagocytosis during AD pathogenesis. Data with error bars
represent mean + SEM. Each panel is representative of at least 3 independent experiments. Numerical values for (B, D, F, H, I, K,
M) are available in S1 Data. *P < 0.05, **P < 0.01, ***P < 0.001 as determined by unpaired Student ¢ test. 5xFAD, AD, five familial
Alzheimer’s disease; AB, amyloid-f; MFI, mean fluorescent intensity; C/EBP, CCAAT/enhancer-binding protein.

https://doi.org/10.1371/journal.pbio.3000837.g004
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The critical role of Pelil in microglia to curtail AR phagocytosis promoted us to ask an
intriguing question that whether Pelil expression was modulated during AD pathogenesis. We
then isolated the CD11b" microglia from the brains of age- and sex-matched 8-month-old
adult naive and 5XFAD mice and examined the Pelil expression. Interestingly, the protein lev-
els of Pelil were elevated in the adult microglia of aged 5XFAD mice when compared with
aged naive mice (Fig 4L and 4M) or in the human AD brain when compared with non-AD
brain (S6H Fig), suggesting Pelil was increased in the brain during AD pathogenesis. Accord-
ingly, the expression of C/EBPp and CD36 were decreased in the adult microglia of 5xFAD
mice when compared with aged naive mice (S6I-S6M Fig). Together, these results suggested
that the AD brain niche was a potential inducer of microglial Pelil protein, which may, in
turn, have aggravated the disease severity through regulating C/EBPP degradation and impair-
ing CD36 expression and microglial A clearance.

Discussion

Microglia are critical to maintain the brain homeostasis of healthy individual. Under patholog-
ical conditions, microglia functions as a damage sensor to clear cell debris and misfolded or
aggregated proteins like AP through its abundantly expressed surface scavenger receptors
[29,30]. Two scavenger receptors, SRA and CD36, are highly expressed on microglial surface
and have been identified to critically regulate microglia-mediated AP phagocytosis and clear-
ance [29,30,34]. In the present study, we identified Pelil, an E3 ubiquitin ligase that abun-
dantly expressed in microglia [26], as a negative regulator of CD36 through mediating the
ubiquitination and degradation of C/EBPf. As a consequence, loss of Pelil increased micro-
glial CD36 expression and thus, promoted in vivo A clearance of AD-like mice.

Published studies have suggested that Pelil exhibited nonredundant function in microglia
[26,27] and have established TLRs signaling as a key pathway for Pelil induction [26,42,43].
We have previously demonstrated that microglial Pelil is a pathogenic factor to promote neu-
roinflammation through mediating toll-like receptors (TLRs) signaling, which, in turn, con-
tributed to the enhanced Pelil expression in microglia during disease pathogenesis [26]. Other
groups have also suggested that TLRs and the downstream kinase TANK-binding kinase 1
(TBK1)/inhibitor of kappa B kinase epsilon (IKKe) are critical for Pelil induction and activa-
tion in macrophages [43,44]. It is known that A could interact with TLRs and then activate
the downstream signaling, and the debris from the dead neural cells in AD brains are also
strong inducers of TLRs signaling [35,45,46]. Therefore, it is not surprising that microglial
Pelil is strongly induced in AD brains, and it is also reasonable to speculate that the Pelil
induction is mediated through the signaling transduced by TLRs that highly expressed on the
surface of microglia during AD pathogenesis.

Microglial phagocytosis may be a double-edged sword in AD. On one hand, reduced
microglial phagocytosis and suppressed clearance of apoptotic neurons and protein aggregates
may result in the proinflammatory activation of microglia [47,48]. However, on the other side,
inappropriate phagocytosis of neurons and synapses in neurodegeneration has been postu-
lated, which contributes to the neuropathology of AD [49-51]. In the present study, we found
that Pelil deficiency did not affect microglial phagocytic ability of apoptotic neuron cells (S1H
and S1I Fig). A plausible explanation is that different scavenger receptors are involved in the
phagocytosis of different substrates [31,52]. In addition, although phagocytosis of AP has been
implicated in the spreading of toxic oligomers [53], our data showed that no spreading toxic
oligomers were observed in the brain of Pelil-deficient mice with 5XFAD background (Fig
4G). These data collectively suggested that Pelil may act specifically to regulate microglial
phagocytic ability to AB.
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In summary, our study established the E3 ligase Pelil as a crucial regulator of microglial AR
phagocytosis in AD. During AD pathogenesis, Pelil expression was elevated, presumably through
the activation of TLRs signaling in microglia, which increased Pelil protein associated with the
transcription factor C/EBPP and functioned as its direct E3 ubiquitin ligase to mediate the ubiquiti-
nation and degradation of C/EBPB. Consequently, decreased C/EBPp impaired the transcription of
the gene encoding scavenger receptor CD36 and further suppressed the phagocytic ability to AB of
microglia (Fig 4N). Considering the essential pathogenic role of Pelil in driving microglia-medi-
ated neurodegeneration like multiple sclerosis and AD, we proposed that microglial Pelil may be a
critical novel therapeutic target that have clinical potential for the neurodegenerative diseases.

Methods
Ethics statement

The neuropathology studies on human brain samples were approved by the Ethical Committee
from the University of Verona and Azienda Ospedaliera Universitaria Integrata di Verona
(Number: protocol 20794). All the animal experimental procedures were approved by the
institutional Biomedical Research Ethics Committee of Shanghai Institute of Nutrition and
Health, Chinese Academy of Sciences (IACUC number: SIBS-2019-XYC-1), according to the
guidelines for Animal Experiments published by the Chinese Government.

Mice

Peli1*"* and Pelil™'~ mice were generated by breeding Pelil*'~ mice as previously described
[37]. The 5XFAD transgenic mice were purchased from Shanghai Model Organisms Center.
In some experiment, Peli 17"~ mice were crossed with 5xFAD transgenic mice to generate
Pelil** and Pelil™'~ mice on 5xFAD background, and the age-matched male mice
(10-month-old) were used to examine the AP deposition in the brains. All mice were main-
tained on a C57BL/6 background in a specific pathogen-free (SPF) facility. Mice were sacri-
ficed by cervical dislocation or as indicated for animal experiments.

Plasmids and reagents

The plasmids pcDNA-HA-Pelil/PelilAC, PRV-Pelil/PelilAC, and pLKO.1-shPelil were
described as previously study [37]. The pcDNA 3.1-C/EBPp plasmid was provided by Dr. X.
Qi [54]. The pLKO.1-GFP-shCebpb plasmid was generated by cloning shRNA sequence tar-
geting Cebpb to pLKO.1-GFP shRNA vector. MG132 (C2211) was purchased from Sigma,
the puromycin (54041) was ordered from Merck, and FluoSpheres carboxylate-modified
microsphere (1.0 um, 2% solids, internally dyed with Nile red) (F8819) was purchased from
Thermo Fisher Scientific. The anti-Pelil (sc-271065), anti-C/EBP (sc-150), anti-Ubiquitin
(sc-8017), and anti-Hsp60 (sc-13115) antibodies were purchased from Santa Cruz, and the
anti-HA (2013819) antibody was from Roche. The PE- and Alexa Fluor 488-conjugated
anti-mouse CD36 antibodies (102606 and 102608) were purchased from BioLegend, and

the PE-conjugated anti-mouse CD204 (SRA) (130-102-328) antibody was from Miltenyi Bio-
tec. The anti-B-Amyloid antibody (2454) and normal rabbit IgG (2729) were from Cell Sig-
naling. The APC-eFluor 780-conjugated anti-mouse CD11b antibody (47-0112-82) and
Alexa Fluor 488-conjugated anti-rabbit IgG secondary antibody (A11034) was from Thermo
Fisher. The anti-PELI1 (12053-1-AP) and anti-GAPDH (60004-1-Ig) antibodies were from
Proteintech. Antibodies were used at the concentration of 1:100 for flow cytometry, 1:1,000
for immunoblot, and 1:400 (primary antibodies) or 1:1,000 (secondary antibodies) for
immunofluorescence.
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Viral infection for gene knockdown or reconstitution

BV2 cells were maintained in RPMI 1640 medium (HyClone) containing 10% fetal bovine
serum (FBS, Gibco). For gene knockdown experiment, BV2 cells were infected with lentivirus
containing shRNA sequence targeting mouse Pelil that also encoded a puromycin resistance
marker or targeting mouse Cebpb or Cebpa that expressed a GFP for flow cytometric sorting.
For gene reconstitution experiments, lentivirus particles containing the plasmids encoding
mouse FL Pelil orPelilAC, which also expressed a GFP marker for flow cytometric sorting,
were infected into the Pelil-knockdown BV2 cells. Eight hours after infection, virus-contain-
ing media were removed and replaced with fresh media, and the cells were selected by puro-
mycin or sorted by flow cytometry 72 hours after infection. The puromycin selected cells or
GFP" cells were then applied for phagocytosis assay, immunoblotting, or gPCR analysis.

siRNA transfection

siRNA oligonucleotides were purchased from GenePharma (Shanghai) and transfected

into mouse primary microglia or BV2 cells with Lipofectamine RNAiMAX reagent (13778,
Invitrogen) following the manufacturer’s protocol. In brief, siRNA was dissolved with DEPC-
treated distilled water, 0.02 uM siRNA oligonucleotide and 3 ul RNAiMAX reagent were
diluted with Opti-ME medium (31985062, Thermo Fisher), respectively, and incubated at
room temperature for 5 minutes and then mixed (1:1) thoroughly. For the gene knockdown in
primary microglia, the siRNA-RNAiMAX complex was added to the mixed glial cultures, and
then the microglial cells were collected for further analysis. For the gene knockdown in BV2
cells, the siRNA-RNAiIMAX complex was added to the cell carefully and cultured in cell incu-
bator for 48 hours at 37°C, and the siRNA-transfected cells were then applied for further
experiment.

Immunoblotting and immunoprecipitation

Cells were lysed in RIPA buffer with proteinase inhibitors cocktail (B14001, Bimake), and the
lysates were boiled with SDS loading buffer for 5 minutes. The immunoblotting was assessed
with SDS-PAGE, followed by blotting with specific primary antibodies as well as horseradish
peroxidase (HRP)-conjugated secondary antibodies. For immunoprecipitation (IP), the indi-
cated antibody was added into the cell lysates and incubated at 4 °C on shaker overnight after
preclear, followed by pulling down the desired protein with Protein A/G magnetic beads
(HY-K0202, Med Chem Express). The precipitated proteins were boiled with SDS loading
buffer and assessed by immunoblotting.

Immunofluorescence

For Pelil and C/EBP colocalization assay, the murine primary microglia and BV2 cells were
fixed with 4% paraformaldehyde and permeabilized with Triton X-100, followed by blocking
with bovine serum albumin (Roche) at room temperature for 1 hour and incubating with spe-
cific primary antibodies at 4 °C overnight. After washing with PBS for 3 times, the secondary
antibodies labeled with different fluorescence were added and incubated for 2 hours, and the
fluorescent images were assessed by confocal microscopy (ZEISS Cell Observer).

For brain A deposition detection, the brain tissues were fixed with 4% paraformaldehyde
overnight and dehydrated with PBS buffer containing 30% saccharose. After blocking, the
brain slices were incubated with anti-AB, anti-APP, or anti-Ibal primary antibodies followed
by fluorescent labeled secondary antibodies, and images were assessed by microscope (ZEISS
Axio Imager A2).
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For microscopic analysis of the phagocytosis for AB;_4, in primary microglia and BV2 cells,
the Rhodamine B-labeled oligomeric AB;_4, (2 uM) were added into the plated cells and incu-
bated for indicated time at 37 °C in cell incubator. The phagocytic cells were fixed with 4%
paraformaldehyde at 4 °C for 30 minutes, followed by imaging assessed with microscope
(ZEISS Axio Imager Al). The integrated density of images was quantified by Image J software
(NIH, https://imagej.nih.gov/ij/).

For human brain samples, paraffinated brain autopsy samples from 3 sporadic human AD
patients and 3 aged-matched controls were obtained from the MRC London Brain Bank for Neuro-
degenerative Disease and used for immunofluorescence staining. Temporal cortex sections of male
subjects were pretreated with Dako Target Retrevial Solution (pH 9, Dako, S2368) in a water bath
at 95°C for 30 minutes. Brain slices were incubated in blocking buffer for 1 hour at room tempera-
ture then with anti-PELI1 antibody overnight at 4°C. After washing, appropriate fluorophore-con-
jugated secondary antibodies were added and then were treated with Sudan B Black 0.1% in
ethanol 70% for 20 minutes. Nuclei were stained with DAPI. The sections were mounted with
Dako medium. Images were acquired with Axio Imager Z2 (ZEISS, Germany).

ChIP-qPCR assay

ChIP assay was operated under the manufacturer’s protocol (EZ-ChIP kit, 17-371RF, Milli-
pore). In brief, primary microglia, adult microglia, or BV2 cells were fixed with 1% formalde-
hyde (F1635-500ML, Sigma-Aldrich) on the rotator for 10 minutes at room temperature and
then quenched with 125 mM glycine on ice for another 10 minutes. After washing with PBS
twice, cells were lysed with SDS lysis buffer, then cell lysates were sonicated with Covaris E220
for 10 minutes and precleared with Protein A agarose (16-157, Millipore). The sonicated and
precleared cell lysates were immunoprecipitated with anti-C/EBP antibody (sc-150, Santa
Cruz) or isotype IgG as control. After washing with buffers, chromatin was eluted from the
Protein A/antibody/protein/DNA complex and reversed crosslinks with 5 M NaCl for 4 hours
at 65 °C. The freed DNA was digested with proteinase K and RNase A and purified with Phe-
nol-Chloroform-Isoamyl Alcohol Mixture (Sangon Biotech). The DNA was then subjected to
qPCR with SYBR Green master mix (04913914001, Roche). Sequences of ChIP-qPCR primers
on mouse Cd36 promoter were listed on S1 Table.

Flow cytometry

Cell suspensions of isolated primary microglia, adult microglia, or BV2 cells were stained with
the indicated antibodies or challenged with fluorescent microspheres and then subjected to
flow cytometric analysis by using a Beckman Gallios flow cytometer as described before [55].
For the intracellular staining of Pelil, C/EBPB, and AR, the cells were fixed and permeabilized
by fixation/permeabilization buffer (00-5223-56 and 00-5123-43, Thermo Fisher) before stain-
ing the specific primary antibodies and followed by fluorescent-labeled secondary antibodies
staining, and then detected by flow cytometer.

Culture and isolation of mouse primary microglia

Primary microglia were cultured and isolated as previously described [56]. Briefly, the brains
of newborn mice were dissociated with 0.25% trypsin after removing the meninges, cells were
filtered using a 70-pum mesh and then cultured in complete DMEM/Ham’s F-12 medium (DF-
12, HyClone). After 2 weeks of cultivation with medium changes every 3 days, the adherent
astrocytes were removed through mild trypsinization for 30 minutes, and the remaining
microglia were collected and were used for further experiments. The purity of the isolated
microglia was determined by flow cytometry as more than 97%.
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Isolation of mouse adult microglia from brains

Adult mouse microglia were isolated as previously described [57]. In brief, 12-week-old mice
were euthanized and perfused with 20 mL cold PBS. Brains were then rinsed, minced, and
digested at 37°C with collagenase IV (0.5 mg/ml; Gibco) and DNase I (10 pg/ml; Roche) in
RPMI 1640. Cell suspension was layered onto a Percoll (Amersham) density gradient and iso-
lated by collection of the interface fraction between 37% and 70% Percoll according to the
manufacturer’s instructions. After intensive washing and cell separation using CD11b
MicroBeads (130-049-601, Miltenyi Biotec), the isolated CD11b" adult microglia were then
applied for further analysis by flow cytometry using specific antibodies. CD11b" adult micro-
glia could also be isolated by Adult Brain Dissociation Kit (130-107-677, Miltenyi Biotec) com-
panied with MicroBeads separation according to the manufacturer’s procedure.

Preparation of oligomeric A;_,,

The hexafluoroisopropanal (HFIP)-pretreated Rodamin B-labeled synthetic f-Amyloid peptide
(AP;_42) was purchased from GL Biochem (Shanghai). The lyophilized AB;_4, was dissolved in
dimethyl sulfoxide (D2650, Sigma) to a concentration of 2 mM and then was further diluted with
Ham’s Nutrient Mixture F12 medium (51651C, Sigma) to a final concentration of 200 uM. The
diluted AB,_4, was incubated at 4°C for 24 hours, then aliquoted and stored at —80°C for use.

In vitro phagocytosis assay

Mouse primary microglia or BV2 cells were cultured in 12-well plates at a density of 1x10°
cells/well in RPMI 1640 with 10% FBS, and the microspheres (10 microspheres per cell; 1 pm,
internally dyed with Nile red; F8819, Thermo Fisher) or AB;_4, oligomers (2 uM) were added.
Cells and microspheres or AB;_4, were incubated together for indicated time points at 37°C in
the cell incubator and were subsequently washed with PBS, followed by fixing with 4% parafor-
maldehyde for 30 minutes. The cells were then applied for flow cytometric analysis.

For apoptotic neurons phagocytosis assay, the protocol was modified as described before
[58,59]. In brief, the N2A cells were digested by 0.25% trypsin and harvested by centrifugation.
Collected cells were suspended with DMEM medium and incubated at 60°C for 1 hour. The
N2A cells were then incubated with fixable violet dye to stain the apoptotic cells, followed by
flow cytometry to make sure that the percentage of apoptotic cells was more than 95%. After
washed with PBS, the stained N2A cells were added to BV2 cells in 6-well plates with DMEM
medium containing 0.5% FBS at approximately 60% confluence. After incubation for 24 hours
with light avoiding, the BV2 cells were harvested and stained with CD11b antibody to specifi-
cally mark the microglial BV2 cells. Percentage of phagocytic dead N2A cells in BV2 was fur-
ther analyzed by flow cytometric analysis.

Ex vivo A phagocytosis assay

Ex vivo AP phagocytosis assays were performed as previously described [29,30]. Briefly,
10-month-old 5xFAD transgenic mice were euthanized and perfused with 20 ml cold PBS.
Brains were removed from these mice and snap-frozen in cold isopentane (Sinopharm). The
frozen brains sections (10 pm) were prepared and dried for 2-3 hours in the air. After washing
with hybridoma serum-free medium (H-SFM; Gbico) containing 1% FBS, brain sections were
cultured with 5x10° BV2 cells in 1% FBS H-SFM for 18 hours at 37°C in the cell incubator.
The cells were then washed for 3 times with PBS and digested with 10 mM EDTA-PBS buffer
containing 2% FBS and were subsequently assessed the intracellular phagocytic Ap by flow
cytometric analysis.
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Ubiquitination assay

In vivo and in vitro ubiquitination assay were performed as previously described [60]. For C/
EBP in vivo ubiquitination assay, the BV2 cells or 293T cells that transfected with the indi-
cated expression vectors were treated with MG132 for 4 hours and then were lysed with lysis
buffer containing protease inhibitors and N-ethylmaleimide (Sigma). The cell extracts were
boiled for 5 minutes in the presence of 1% SDS to dissociate the C/EBPB-interacting proteins
and then were diluted with lysis buffer until the concentration of SDS was 0.1% before immu-
noprecipitation. C/EBPp was then immunoprecipitated from the cell extracts and was assessed
the status of ubiquitination with anti-ubiquitin antibody. For C/EBPS in vitro ubiquitination
assay, the HA-Pelil, HA-PelilAC, and C/EBPp were translated in vitro by using cell-free quick
coupled transcription/translation system (L1170, Promega). The ubiquitination reaction was
processed by mixing the translated proteins with precharged ubiquitin-conjugating enzyme
E2 UbcH5a (E2-800, Boston Biochem) and incubating at 37°C for 4 hours according to the
manufacturer’s protocol. The reaction was then terminated by boiling for 5 minutes in SDS
loading buffer, and the samples were subjected to SDS-PAGE and immunoblotting to detect
the ubiquitination of C/EBPP mediated by Pelil.

Real-time qPCR

Total RNA was extracted by using TRIzol reagent (15596018, Thermo Fisher Scientific), and
the cDNA was reverse transcript with PrimeScript RT reagent kit (RR037A, Takara). Real-
time qPCR was performed in triplicate by using SYBR Green Supermix (04913914001, Roche).
The expression of individual genes was calculated and normalized to the expression of Actb.
The gene-specific qPCR primers were listed on S1 Table.

Statistical analysis

Statistical analyses were measured by GraphPad Software. Differences between groups were
established using an unpaired Student ¢ test for 2 conditions, a 1-way ANOVA with a Tukey’s
test for multiple comparisons. P values of less than 0.05 were considered as statistically
significant.

Supporting information

S1 Fig. Pelil impairs phagocytosis of microspheres and AB;_4, peptide in primary micro-
glia. (A) Immunoblot of Pelil and Hsp60 (loading control) in isolated heterozygous (Pelil )
and Pelil-deficient (Pelil '~) murine primary microglia, showing the deleting efficiency of
Pelil. (B) Immunoblot of Pelil and Gapdh (loading control) in isolated wild-type microglia
and astrocyte, showing the expression of Pelil. (C-E) Flow cytometry of the phagocytic ability
for fluorescent microspheres in Pelil*’~ and Pelil”’~ primary microglia. The data are presented
as representative histogram showing the MFI and the relative phagocytosis efficiency of micro-
glia (C) and summary bar graphs (D, E). (F-G) Flow cytometric analysis of the phagocytic
ability for AB,_y, in Pelil*’~ and Pelil ™'~ primary microglia treated with DMSO or actin poly-
merization inhibitor Cytochalasin D (5uM) throughout A, 4, incubation. The data are pre-
sented as representative histogram showing the MFI and the relative phagocytosis efficiency of
microglia (F), and summary bar graphs (G). (H-I) Flow cytometric analysis of the phagocytic
ability for apoptotic N2A cells in Pelil*"* and Pelil™’~ primary microglia. The data are pre-
sented as scatter plots showing the frequencies of the microglia that phagocytized with apopto-
tic N2A (H) and summary bar graph (I). Data with error bars represent mean + SEM. Each
panel is representative of at least 3 independent experiments. Numerical values for (D, E, G, I)
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are available in S1 Data. *P < 0.05, **P < 0.01, ***P < 0.001 as determined by unpaired Stu-
dent ¢ test. MFI, mean fluorescent intensity; N2A, Neuron-2A; ns, not significant.
(TIF)

S2 Fig. Pelil impairs phagocytosis of microspheres and AB;_4, peptide in BV2 cells. (A)
Flow cytometric analysis of Ki67 expression in Pelil*’~ and Pelil '~ primary microglia, the
data are presented as representative histogram showing the MFI and the relative expression of
Ki67 in cells. (B) Immunoblot of Pelil and Hsp60 (loading control) in BV2 microglial cells
with lentivirus encoding shRNA targeting Pelil or control, showing the deleting efficiency of
Pelil. (C) Flow cytometric analysis of Ki67 expression in Pelil-sufficient and Pelil-knockdown
BV2 cells, the data are presented as representative histogram showing the MFI and the relative
expression of Ki67 in cells. (D-F) Flow cytometry of the phagocytic ability for microspheres
incubated with control or Pelil-knockdown BV?2 cells for indicated times. The data are pre-
sented as representative histogram showing cellular microspheres MFI (D), and summary bar
graphs showing the MFI (E) and the frequencies of cells that phagocytized with microspheres
(F). (G, H) Microscopic analysis of the phagocytosis of AB1-42 peptide at the indicated time
points in control and Pelil-knockdown BV2 cells. The data are presented as representative
images (G) and summary bar graph (H). Scale bars: 100 pm. Data with error bars represent
mean + SEM. Each panel is representative of at least 3 independent experiments. Numerical
values for (A, G, E, F, H) are available in S1 Data. *P < 0.05, **P < 0.01, ***P < 0.001 as deter-
mined by unpaired Student ¢ test. **P < 0.01, ***P < 0.001 as determined by unpaired Student
t test. AB, amyloid-f; MFI, mean fluorescent intensity; ShRNA, short hairpin RNA.

(TIF)

S3 Fig. Deficiency of Pelil increases the expression of CD36 but not SRA in microglia.
(A-D) Flow cytometry of the SRA expression on the surface of Pelil*’~ and Pelil '~ microglia
or control and Pelil-knockdown BV2 cells. The data are presented as representative histogram
showing SRA MFI (A, C) and summary bar graphs (B, D). (E-G) Immunoblot of CD36, Pelil,
and Gapdh (loading control) in PeliI-sufficient (Peli1*'*) and Pelil-deficient (Pelil ™) pri-
mary microglia, control and Pelil-knockdown BV2 cells, and microglia isolated from Pelil*'*
and Peli1™'~ adult mice. The data showed the increased expression of CD36 in Pelil-deficient
cells. Data with error bars represent mean + SEM. Each panel is representative of at least 3
independent experiments. Numerical values for (B, D) are available in S1 Data. MFI, mean
fluorescent intensity; SRA, scavenger receptors class A.

(TIF)

S4 Fig. Deficiency of Pelil increases the transcription of CD36, rather than other recep-
tors, by up-regulating C/EBPp protein level in microglia. (A) Real-time qPCR analysis of
Marco, Srbl, Rage, and Trem2 mRNA expressions in Pelil*’* and Pelil™'~ primary microglia.
(B-C) Flow cytometric analysis of the intracellular C/EBPP expression in Pelil*"* and Pelil ™~
primary microglia. The data are presented as representative histogram showing MFI of C/
EBP@ staining (B) and summary bar graph (C). Data with error bars represent mean + SEM.
Each panel is representative of at least 3 independent experiments. Numerical values for (A, C)
are available in S1 Data. *P < 0.05 as determined by unpaired Student ¢ test. C/EBP, CCAAT/
enhancer-binding protein; Marco, macrophage receptor with collagenous structure; MFI,
mean fluorescent intensity; qPCR, quantitative PCR; Rage, receptor for advanced glycation
end product; Srb1, scavenger receptor B-1; Trem2, triggering receptor expressed on myeloid
cells 2.

(TIF)
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S5 Fig. Pelil suppresses the ability of microglial phagocytosis through regulating C/EBPf
rather than C/EBPa. (A) qPCR analysis of Cebpb mRNA expressions in Pelil*'~ and Pelil™'~
primary microglia electrotransfected with siRNA targeting Cebpb or control. (B) Immunoblot
of C/EBPB, Pelil, and Gapdh (loading control) in Pelil-sufficient and Pelil-knockdown BV2
cells with or without Cebpb knockdown. (C-D) Flow cytometry of the ability of microspheres
phagocytosis in Pelil-sufficient and Pelil-knockdown BV?2 cells with or without Cebpb knock-
down. The data are presented as representative scatter plots showing the frequencies of the
cells that phagocytized with microspheres (C) and summary bar graphs (D). (E) Immunoblot
of C/EBPo.and Hsp60 (loading control) in BV2 cells electrotransfected with siRNA targeting
Cebpa or control. The data show the knockdown efficiency of C/EBPa. (F-G) Flow cytometric
analysis of the phagocytic ability for microspheres in Pelil-sufficient and Pelil-knockdown
BV2 cells with or without Cebpa knockdown. The data are presented as representative scatter
plots showing the frequencies of the cells that phagocytized with microspheres (F) and sum-
mary bar graphs (G). (H) Ubiquitination of endogenous C/EBPB in Pelil*"* and Pelil™' pri-
mary astrocyte that were pretreated with MG132 for 4 hours, assessed by immunoblot analysis
with anti-ubiquitin after immunoprecipitation with anti-C/EBPp (top), and immunoblot anal-
ysis with Pelil, C/EBPB, and loading control of whole-cell lysate in Pelil*'* and Pelil™'~ pri-
mary astrocyte that were not pretreated with MG132 (below). Data with error bars represent
mean + SEM. Each panel is representative of at least 3 independent experiments. Numerical
values for (A, D, G) are available in S1 Data. *P < 0.05, **P < 0.01 as determined by unpaired
Student ¢ test. C/EBP, CCAAT/enhancer-binding protein; qPCR, quantitative PCR; siRNA,
small interfering RNA.

(TTF)

S6 Fig. Pelil is induced in brain microglia during AD pathogenesis. (A-B) The genotyping
PCR analysis of Pelil*’* and Pelil™~ adult mice (A) and AD-like 5xAID transgenic mice (B).
(C) Immunoblot of APP and Gapdh (loading control) in the brain tissues of 6-month-old
naive, Pelil*’* 5xFAD and Pelil /= 5xFAD mice. (D, E) Immunofluorescent images showing
APP expression in the cerebral cortex from 10-month-old Pelil*’* 5xFAD or Pelil '~ 5xFAD
male mice (n = 4 or 5 mice/group). The data are presented as representative images (D) and
summary bar graph quantifying the APP expression (E). Scale bar: 20 pm. (F, G) Flow cytome-
try of CD36 expression on the surface of microglia isolated from age- and sex-matched aged
Pelil** 5xFAD or Pelil”’~ 5xFAD male mice. The data are presented as representative histo-
gram (F) and summary bar graph (G). (H) Immunofluorescent images showing PELI1 expres-
sion (green) in the brains of human AD patients and aged-matched non-AD controls. Scale
bar: 30 um. (I-J) Flow cytometry of the intracellular C/EBPP expression in microglia isolated
from 10-month-old age- and sex-matched adult naive and 5xFAD transgenic mice. The data
are presented as representative histograms showing the MFI of the C/EBP staining (I) and
summary bar graphs (J) quantifying the C/EBP expression. (K) qPCR analysis of Cd36
mRNA expression in microglia isolated from 10-month-old age- and sex-matched adult naive
and 5xFAD transgenic mice. (L-M) Flow cytometry of the surface CD36 expression in micro-
glia isolated from 10-month-old age- and sex-matched adult naive and 5XFAD transgenic
mice. The data are presented as representative histograms (L) and summary bar graphs (M).
Data with error bars represent mean = SEM. Each panel is representative of at least 3 indepen-
dent experiments. Numerical values for (E, G, J, K, M) are available in S1 Data. *P < 0.05, **P
< 0.01, ***P < 0.001 as determined by unpaired Student ¢ test. AD, Alzheimer’s disease; APP,
amyloid-beta precursor protein; C/EBP, CCAAT/enhancer-binding protein; MFI, mean fluo-
rescent intensity; ns, not significant; QPCR, quantitative PCR; 5xFAD, five familial AD.

(TIF)
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S1 Table. Primers used for real-time qPCR or ChIP-qPCR. ChIP, chromatin immunopre-
cipitation; qPCR, quantitative PCR.
(DOCX)

S1 Data. In separate sheets, the excel spreadsheet contains the numerical values for Figs
1B, 1D, 1F, 1H, 1], 1L, 10, 2B, 2D, 2F, 2G, 2H, 21, 2K, 2L, 2N, 3A, 3E, 3F, 3G, 3H, 4B, 4D,
4F, 4H, 41, 4K and 4M; S1D, S1E, S1G, S11I, S2A, S2C, S2E, S2F, S2H, S3B, S3D, S3E, S3F,
S3G, S4A, S4C, S5A, S5D, S5G, S6E, S6G, S6], S6K and S6M Figs.

(XLSX)

S1 Raw images. All the original images for Figs 1M, 2I, 3B, 3D, 3E, 3F, 3G and 3H; S1A,
S1B, S2B, S3E, S3F, S3G, S5B, S5E, S5H, S6A, S6B and S6C Figs.
(PDF)

Author Contributions

Conceptualization: Chaoming Mao, Yichuan Xiao.

Data curation: Yichuan Xiao.

Formal analysis: Gabriela Constantin, Chaoming Mao, Yichuan Xiao.
Funding acquisition: Gabriela Constantin, Yichuan Xiao.

Investigation: Jing Xu, Tao Yu, Enrica Caterina Pietronigro, Jia Yuan, Jessica Arioli, Yifei Pei,
Xuan Luo, Jialin Ye.

Methodology: Jing Xu, Tao Yu, Enrica Caterina Pietronigro, Jia Yuan, Jessica Arioli, Yifei Pei,
Xuan Luo, Jialin Ye.

Project administration: Yichuan Xiao.
Resources: Gabriela Constantin.
Supervision: Chaoming Mao, Yichuan Xiao.
Validation: Yichuan Xiao.

Writing - original draft: Yichuan Xiao.

Writing - review & editing: Yichuan Xiao.

References

1. Du X, Wang X, Geng M. Alzheimer’s disease hypothesis and related therapies. Transl Neurodegener.
2018; 7:2. https://doi.org/10.1186/s40035-018-0107-y PMID: 29423193; PubMed Central PMCID:
PMC5789526.

2. Querfurth HW, LaFerla FM. Alzheimer’s disease. N Engl J Med. 2010; 362(4):329—44. https://doi.org/
10.1056/NEJMra0909142 PMID: 20107219.

3. Huang, Mucke L. Alzheimer mechanisms and therapeutic strategies. Cell. 2012; 148(6):1204—22.
https://doi.org/10.1016/j.cell.2012.02.040 PMID: 22424230; PubMed Central PMCID: PMC3319071.

4. Beyreuther K, Masters CL. Amyloid precursor protein (APP) and beta A4 amyloid in the etiology of Alz-
heimer’s disease: precursor-product relationships in the derangement of neuronal function. Brain
Pathol. 1991; 1(4):241-51. https://doi.org/10.1111/j.1750-3639.1991.tb00667.x PMID: 1669714.

5. Bushman DM, Kaeser GE, Siddoway B, Westra JW, Rivera RR, Rehen SK, et al. Genomic mosaicism
with increased amyloid precursor protein (APP) gene copy number in single neurons from sporadic Alz-
heimer’s disease brains. Elife. 2015; 4. https://doi.org/10.7554/eLife.05116 PMID: 25650802; PubMed
Central PMCID: PMC4337608.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000837 October 5, 2020 18/21


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000837.s007
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000837.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000837.s009
https://doi.org/10.1186/s40035-018-0107-y
http://www.ncbi.nlm.nih.gov/pubmed/29423193
https://doi.org/10.1056/NEJMra0909142
https://doi.org/10.1056/NEJMra0909142
http://www.ncbi.nlm.nih.gov/pubmed/20107219
https://doi.org/10.1016/j.cell.2012.02.040
http://www.ncbi.nlm.nih.gov/pubmed/22424230
https://doi.org/10.1111/j.1750-3639.1991.tb00667.x
http://www.ncbi.nlm.nih.gov/pubmed/1669714
https://doi.org/10.7554/eLife.05116
http://www.ncbi.nlm.nih.gov/pubmed/25650802
https://doi.org/10.1371/journal.pbio.3000837

PLOS BIOLOGY

Peli1 impairs microglial AR phagocytosis

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Hardy J, Allsop D. Amyloid deposition as the central event in the aetiology of Alzheimer’s disease.
Trends Pharmacol Sci. 1991; 12(10):383-8. https://doi.org/10.1016/0165-6147(91)90609-v PMID:
1763432.

Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: progress and problems on the
road to therapeutics. Science. 2002; 297(5580):353-6. https://doi.org/10.1126/science.1072994 PMID:
12130773.

Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol Med. 2016;
8(6):595—608. https://doi.org/10.15252/emmm.201606210 PMID: 27025652; PubMed Central PMCID:
PMC4888851.

Honig LS, Vellas B, Woodward M, Boada M, Bullock R, Borrie M, et al. Trial of Solanezumab for Mild
Dementia Due to Alzheimer’s Disease. N Engl J Med. 2018; 378(4):321-30. https://doi.org/10.1056/
NEJMoa1705971 PMID: 29365294.

Lahiri DK, Maloney B, Long JM, Greig NH. Lessons from a BACE1 inhibitor trial: off-site but not off
base. Alzheimers Dement. 2014; 10(5 Suppl):S411-9. https://doi.org/10.1016/j.jalz.2013.11.004 PMID:
24530026; PubMed Central PMCID: PMC4205206.

Green RC, Schneider LS, Amato DA, Beelen AP, Wilcock G, Swabb EA, et al. Effect of tarenflurbil on
cognitive decline and activities of daily living in patients with mild Alzheimer disease: a randomized con-
trolled trial. Jama. 2009; 302(23):2557—64. https://doi.org/10.1001/jama.2009.1866 PMID: 20009055;
PubMed Central PMCID: PMC2902875.

Zhang F, Gannon M, Chen Y, Yan S, Zhang S, Feng W, et al. beta-amyloid redirects norepinephrine
signaling to activate the pathogenic GSK3beta/tau cascade. Sci Transl Med. 2020; 12(526). https://doi.
org/10.1126/scitranslmed.aay6931 PMID: 31941827.

Sevigny J, Chiao P, Bussiere T, Weinreb PH, Williams L, Maier M, et al. The antibody aducanumab
reduces Abeta plaques in Alzheimer’s disease. Nature. 2016; 537(7618):50—6. https://doi.org/10.1038/
nature19323 PMID: 27582220.

D’Andrea MR, Cole GM, Ard MD. The microglial phagocytic role with specific plaque types in the Alzhei-
mer disease brain. Neurobiol Aging. 2004; 25(5):675-83. https://doi.org/10.1016/j.neurobiolaging.
2003.12.026 PMID: 15172747.

Lee S, Varvel NH, Konerth ME, Xu G, Cardona AE, Ransohoff RM, et al. CX3CR1 deficiency alters
microglial activation and reduces beta-amyloid deposition in two Alzheimer’s disease mouse models.
Am J Pathol. 2010; 177(5):2549-62. https://doi.org/10.2353/ajpath.2010.100265 PMID: 20864679;
PubMed Central PMCID: PMC2966811.

Lee AT, Vogt D, Rubenstein JL, Sohal VS. A class of GABAergic neurons in the prefrontal cortex sends
long-range projections to the nucleus accumbens and elicits acute avoidance behavior. J Neurosci.
2014; 34(35):11519-25. https://doi.org/10.1523/JNEUROSCI.1157-14.2014 PMID: 25164650;
PubMed Central PMCID: PMC4145166.

Krauthausen M, Kummer MP, Zimmermann J, Reyes-lIrisarri E, Terwel D, Bulic B, et al. CXCRS3 pro-
motes plaque formation and behavioral deficits in an Alzheimer’s disease model. J Clin Invest. 2015;
125(1):365-78. https://doi.org/10.1172/JCI66771 PMID: 25500888; PubMed Central PMCID:
PMC4382235.

Wang Y, Cella M, Mallinson K, Ulrich JD, Young KL, Robinette ML, et al. TREM2 lipid sensing sustains
the microglial response in an Alzheimer’s disease model. Cell. 2015; 160(6):1061-71. https://doi.org/
10.1016/j.cell.2015.01.049 PMID: 25728668; PubMed Central PMCID: PMC4477963.

Wyss-Coray T, Lin C, Yan F, Yu GQ, Rohde M, McConlogue L, et al. TGF-beta1 promotes microglial
amyloid-beta clearance and reduces plaque burden in transgenic mice. Nat Med. 2001; 7(5):612-8.
https://doi.org/10.1038/87945 PMID: 11329064.

El Khoury J, Toft M, Hickman SE, Means TK, Terada K, Geula C, et al. Ccr2 deficiency impairs micro-
glial accumulation and accelerates progression of Alzheimer-like disease. Nat Med. 2007; 13(4):432-8.
https://doi.org/10.1038/nm1555 PMID: 17351623.

Hickman SE, Allison EK, El Khoury J. Microglial dysfunction and defective beta-amyloid clearance path-
ways in aging Alzheimer’s disease mice. J Neurosci. 2008; 28(33):8354—60. https://doi.org/10.1523/
JNEUROSCI.0616-08.2008 PMID: 18701698; PubMed Central PMCID: PMC2597474.

Marschallinger J, Iram T, Zardeneta M, Lee SE, Lehallier B, Haney MS, et al. Lipid-droplet-accumulat-
ing microglia represent a dysfunctional and proinflammatory state in the aging brain. Nat Neurosci.
2020; 23(2):194—-208. https://doi.org/10.1038/s41593-019-0566-1 PMID: 31959936.

Streit WJ, Xue QS. Life and death of microglia. J Neuroimmune Pharmacol. 2009; 4(4):371-9. https://
doi.org/10.1007/s11481-009-9163-5 PMID: 19680817.

Spangenberg EE, Lee RJ, Najafi AR, Rice RA, EImore MR, Blurton-Jones M, et al. Eliminating microglia
in Alzheimer’s mice prevents neuronal loss without modulating amyloid-B pathology. Brain. 2016; 139
(Pt 4):1265—-1281. https://doi.org/10.1093/brain/aww016 PMID: 26921617 PMCID: PMC5006229.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000837 October 5, 2020 19/21


https://doi.org/10.1016/0165-6147%2891%2990609-v
http://www.ncbi.nlm.nih.gov/pubmed/1763432
https://doi.org/10.1126/science.1072994
http://www.ncbi.nlm.nih.gov/pubmed/12130773
https://doi.org/10.15252/emmm.201606210
http://www.ncbi.nlm.nih.gov/pubmed/27025652
https://doi.org/10.1056/NEJMoa1705971
https://doi.org/10.1056/NEJMoa1705971
http://www.ncbi.nlm.nih.gov/pubmed/29365294
https://doi.org/10.1016/j.jalz.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24530026
https://doi.org/10.1001/jama.2009.1866
http://www.ncbi.nlm.nih.gov/pubmed/20009055
https://doi.org/10.1126/scitranslmed.aay6931
https://doi.org/10.1126/scitranslmed.aay6931
http://www.ncbi.nlm.nih.gov/pubmed/31941827
https://doi.org/10.1038/nature19323
https://doi.org/10.1038/nature19323
http://www.ncbi.nlm.nih.gov/pubmed/27582220
https://doi.org/10.1016/j.neurobiolaging.2003.12.026
https://doi.org/10.1016/j.neurobiolaging.2003.12.026
http://www.ncbi.nlm.nih.gov/pubmed/15172747
https://doi.org/10.2353/ajpath.2010.100265
http://www.ncbi.nlm.nih.gov/pubmed/20864679
https://doi.org/10.1523/JNEUROSCI.1157-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25164650
https://doi.org/10.1172/JCI66771
http://www.ncbi.nlm.nih.gov/pubmed/25500888
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1016/j.cell.2015.01.049
http://www.ncbi.nlm.nih.gov/pubmed/25728668
https://doi.org/10.1038/87945
http://www.ncbi.nlm.nih.gov/pubmed/11329064
https://doi.org/10.1038/nm1555
http://www.ncbi.nlm.nih.gov/pubmed/17351623
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18701698
https://doi.org/10.1038/s41593-019-0566-1
http://www.ncbi.nlm.nih.gov/pubmed/31959936
https://doi.org/10.1007/s11481-009-9163-5
https://doi.org/10.1007/s11481-009-9163-5
http://www.ncbi.nlm.nih.gov/pubmed/19680817
https://doi.org/10.1093/brain/aww016
http://www.ncbi.nlm.nih.gov/pubmed/26921617
https://doi.org/10.1371/journal.pbio.3000837

PLOS BIOLOGY

Peli1 impairs microglial AR phagocytosis

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

Dagher NN, Najafi AR, Kayala KM, EImore MR, White TE, Medeiros R, et al. Colony-stimulating factor 1
receptor inhibition prevents microglial plague association and improves cognition in 3xTg-AD mice. J
Neuroinflammation. 2015; 12:139. https://doi.org/10.1186/s12974-015-0366-9 PMID: 26232154.
PMCID: PMC4522109.

Xiao'Y, Jin J, Chang M, Chang JH, Hu H, Zhou X, et al. Peli1 promotes microglia-mediated CNS inflam-
mation by regulating Traf3 degradation. Nat Med. 2013; 19(5):595-602. https://doi.org/10.1038/nm.
3111 PMID: 23603814; PubMed Central PMCID: PMC3899792.

Xiao Y, Jin J, Zou Q, Hu H, Cheng X, Sun SC. Peli1 negatively regulates type | interferon induction and
antiviral immunity in the CNS. Cell Biosci. 2015; 5:34. https://doi.org/10.1186/s13578-015-0024-z
PMID: 26131354; PubMed Central PMCID: PMC4486122.

Lereim RR, Oveland E, Xiao Y, Torkildsen O, Wergeland S, Myhr KM, et al. The Brain Proteome of the
Ubiquitin Ligase Peli1 Knock-Out Mouse during Experimental Autoimmune Encephalomyelitis. J Prote-
omics Bioinform. 2016; 9(9):209—19. https://doi.org/10.4172/jpb.1000408 PMID: 27746629; PubMed
Central PMCID: PMC5061044.

Frenkel D, Wilkinson K, Zhao L, Hickman SE, Means TK, Puckett L, et al. Scara1 deficiency impairs
clearance of soluble amyloid-beta by mononuclear phagocytes and accelerates Alzheimer’s-like dis-
ease progression. Nat Commun. 2013; 4:2030. https://doi.org/10.1038/ncomms3030 PMID: 23799536;
PubMed Central PMCID: PMC3702268.

Lucin KM, O'Brien CE, Bieri G, Czirr E, Mosher KI, Abbey RJ, et al. Microglial beclin 1 regulates retro-
mer trafficking and phagocytosis and is impaired in Alzheimer’s disease. Neuron. 2013; 79(5):873-86.
https://doi.org/10.1016/j.neuron.2013.06.046 PMID: 24012002; PubMed Central PMCID:
PMC3779465.

Husemann J, Loike JD, Anankov R, Febbraio M, Silverstein SC. Scavenger receptors in neurobiology
and neuropathology: their role on microglia and other cells of the nervous system. Glia. 2002; 40
(2):195-205. https://doi.org/10.1002/glia. 10148 PMID: 12379907.

Yan SD, Chen X, Fu J, Chen M, Zhu H, Roher A, et al. RAGE and amyloid-beta peptide neurotoxicity in
Alzheimer’s disease. Nature. 1996; 382(6593):685-91. https://doi.org/10.1038/38268520 PMID:
8751438.

El Khoury J, Hickman SE, Thomas CA, Cao L, Silverstein SC, Loike JD. Scavenger receptor-mediated
adhesion of microglia to beta-amyloid fibrils. Nature. 1996; 382(6593):716-9. https://doi.org/10.1038/
38271620 PMID: 8751442.

El Khoury JB, Moore KJ, Means TK, Leung J, Terada K, Toft M, et al. CD36 mediates the innate host
response to beta-amyloid. J Exp Med. 2003; 197(12):1657—-66. https://doi.org/10.1084/jem.20021546
PMID: 12796468; PubMed Central PMCID: PMC2193948.

YuY, Ye RD. Microglial Abeta receptors in Alzheimer’s disease. Cell Mol Neurobiol. 2015; 35(1):71-83.
https://doi.org/10.1007/s10571-014-0101-6 PMID: 25149075.

Qiao L, Zou C, Shao P, Schaack J, Johnson PF, Shao J. Transcriptional regulation of fatty acid translo-
case/CD36 expression by CCAAT/enhancer-binding protein alpha. J Biol Chem. 2008; 283(14):8788—
95. https://doi.org/10.1074/jbc.M800055200 PMID: 18263877; PubMed Central PMCID: PMC2276366.

LiuJ, Huang X, Hao S, Wang Y, Liu M, Xu J, et al. Peli1 negatively regulates noncanonical NF-kappaB
signaling to restrain systemic lupus erythematosus. Nat Commun. 2018; 9(1):1136. https://doi.org/10.
1038/s41467-018-03530-3 PMID: 29555915; PubMed Central PMCID: PMC5859150.

Wang H, Meng H, Li X, Zhu K, Dong K, Mookhtiar AK, et al. PELI1 functions as a dual modulator of
necroptosis and apoptosis by regulating ubiquitination of RIPK1 and mRNA levels of c-FLIP. Proc Natl
Acad SciU S A. 2017; 114(45):11944-9. https://doi.org/10.1073/pnas. 1715742114 PMID: 290784 11;
PubMed Central PMCID: PMC5692605.

Choi SW, Park HH, Kim S, Chung JM, Noh HJ, Kim SK, et al. PELI1 Selectively Targets Kinase-Active
RIP3 for Ubiquitylation-Dependent Proteasomal Degradation. Mol Cell. 2018; 70(5):920-35.€7. hitps://
doi.org/10.1016/j.molcel.2018.05.016 PMID: 29883609.

Bard F, Cannon C, Barbour R, Burke RL, Games D, Grajeda H, et al. Peripherally administered antibod-
ies against amyloid beta-peptide enter the central nervous system and reduce pathology in a mouse
model of Alzheimer disease. Nat Med. 2000; 6(8):916—9. https://doi.org/10.1038/78682 PMID:
10932230.

Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J, et al. Intraneuronal beta-amyloid aggregates,
neurodegeneration, and neuron loss in transgenic mice with five familial Alzheimer’s disease mutations:
potential factors in amyloid plaque formation. J Neurosci. 2006; 26(40):10129—40. https://doi.org/10.
1523/JNEUROSCI.1202-06.2006 PMID: 17021169; PubMed Central PMCID: PMC6674618.

Chang M, Jin W, Sun SC. Peli1 facilitates TRIF-dependent Toll-like receptor signaling and proinflamma-
tory cytokine production. Nat Immunol. 2009; 10(10):1089-95. https://doi.org/10.1038/ni.1777 PMID:
19734906; PubMed Central PMCID: PMC2748822.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000837 October 5, 2020 20/21


https://doi.org/10.1186/s12974-015-0366-9
http://www.ncbi.nlm.nih.gov/pubmed/26232154
https://doi.org/10.1038/nm.3111
https://doi.org/10.1038/nm.3111
http://www.ncbi.nlm.nih.gov/pubmed/23603814
https://doi.org/10.1186/s13578-015-0024-z
http://www.ncbi.nlm.nih.gov/pubmed/26131354
https://doi.org/10.4172/jpb.1000408
http://www.ncbi.nlm.nih.gov/pubmed/27746629
https://doi.org/10.1038/ncomms3030
http://www.ncbi.nlm.nih.gov/pubmed/23799536
https://doi.org/10.1016/j.neuron.2013.06.046
http://www.ncbi.nlm.nih.gov/pubmed/24012002
https://doi.org/10.1002/glia.10148
http://www.ncbi.nlm.nih.gov/pubmed/12379907
https://doi.org/10.1038/382685a0
http://www.ncbi.nlm.nih.gov/pubmed/8751438
https://doi.org/10.1038/382716a0
https://doi.org/10.1038/382716a0
http://www.ncbi.nlm.nih.gov/pubmed/8751442
https://doi.org/10.1084/jem.20021546
http://www.ncbi.nlm.nih.gov/pubmed/12796468
https://doi.org/10.1007/s10571-014-0101-6
http://www.ncbi.nlm.nih.gov/pubmed/25149075
https://doi.org/10.1074/jbc.M800055200
http://www.ncbi.nlm.nih.gov/pubmed/18263877
https://doi.org/10.1038/s41467-018-03530-3
https://doi.org/10.1038/s41467-018-03530-3
http://www.ncbi.nlm.nih.gov/pubmed/29555915
https://doi.org/10.1073/pnas.1715742114
http://www.ncbi.nlm.nih.gov/pubmed/29078411
https://doi.org/10.1016/j.molcel.2018.05.016
https://doi.org/10.1016/j.molcel.2018.05.016
http://www.ncbi.nlm.nih.gov/pubmed/29883609
https://doi.org/10.1038/78682
http://www.ncbi.nlm.nih.gov/pubmed/10932230
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17021169
https://doi.org/10.1038/ni.1777
http://www.ncbi.nlm.nih.gov/pubmed/19734906
https://doi.org/10.1371/journal.pbio.3000837

PLOS BIOLOGY

Peli1 impairs microglial AR phagocytosis

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Smith H, Liu XY, Dai L, Goh ET, Chan AT, Xi J, et al. The role of TBK1 and IKKepsilon in the expression
and activation of Pellino 1. Biochem J. 2011; 434(3):537—-48. https://doi.org/10.1042/BJ20101421
PMID: 21204785; PubMed Central PMCID: PMC5791887.

Goh ET, Arthur JS, Cheung PC, Akira S, Toth R, Cohen P. Identification of the protein kinases that acti-
vate the E3 ubiquitin ligase Pellino 1 in the innate immune system. Biochem J. 2012; 441(1):339—46.
https://doi.org/10.1042/BJ20111415 PMID: 22007846.

Gambuzza ME, Sofo V, Salmeri FM, Soraci L, Marino S, Bramanti P. Toll-like receptors in Alzheimer’s
disease: a therapeutic perspective. CNS Neurol Disord Drug Targets. 2014; 13(9):1542-58. https://doi.
org/10.2174/1871527313666140806124850 PMID: 25106635.

Tahara K, Kim HD, Jin JJ, Maxwell JA, Li L, Fukuchi K. Role of toll-like receptor signalling in Abeta
uptake and clearance. Brain. 2006; 129(Pt 11):3006—19. https://doi.org/10.1093/brain/aw|249 PMID:
16984903; PubMed Central PMCID: PMC2445613.

Neumann H, Kotter MR, Franklin RJ. Debris clearance by microglia: an essential link between degener-
ation and regeneration. Brain. 2009; 132(Pt 2):288-95. https://doi.org/10.1093/brain/awn109 PMID:
18567623; PubMed Central PMCID: PMC2640215.

Neher JJ, Neniskyte U, Zhao JW, Bal-Price A, Tolkovsky AM, Brown GC. Inhibition of microglial phago-
cytosis is sufficient to prevent inflammatory neuronal death. J Immunol. 2011; 186(8):4973-83. https://
doi.org/10.4049/jimmunol.1003600 PMID: 21402900.

Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ramakrishnan S, et al. Complement and micro-
glia mediate early synapse loss in Alzheimer mouse models. Science. 2016; 352(6286):712—6. hitps://
doi.org/10.1126/science.aad8373 PMID: 27033548; PubMed Central PMCID: PMC5094372.

Salter MW, Stevens B. Microglia emerge as central players in brain disease. Nat Med. 2017; 23
(9):1018-27. https://doi.org/10.1038/nm.4397 PMID: 28886007.

Vilalta A, Brown GC. Neurophagy, the phagocytosis of live neurons and synapses by glia, contributes to
brain development and disease. Febs j. 2018; 285(19):3566—75. https://doi.org/10.1111/febs.14323
PMID: 29125686.

Krieger M. Scavenger receptor class B type | is a multiligand HDL receptor that influences diverse phys-
iologic systems. J Clin Invest. 2001; 108(6):793-7. https://doi.org/10.1172/JCI14011 PMID: 11560945;
PubMed Central PMCID: PMC200944.

Sengupta U, Nilson AN, Kayed R. The Role of Amyloid-beta Oligomers in Toxicity, Propagation, and
Immunotherapy. EBioMedicine. 2016; 6:42-9. https://doi.org/10.1016/j.ebiom.2016.03.035 PMID:
27211547; PubMed Central PMCID: PMC4856795.

Qi X, Nishida J, Chaves L, Ohmori K, Huang H. CCAAT/enhancer-binding protein alpha (C/EBPalpha)
is critical for interleukin-4 expression in response to FcepsilonRI receptor cross-linking. J Biol Chem.
2011; 286(18):16063—73. https://doi.org/10.1074/jbc.M110.213389 PMID: 21454593; PubMed Central
PMCID: PMC3091215.

YuT,Gan S, Zhu Q, Dai D, Li N, Wang H, et al. Modulation of M2 macrophage polarization by the cross-
talk between Stat6 and Trim24. Nat Commun. 2019; 10(1):4353. https://doi.org/10.1038/s41467-019-
12384-2 PMID: 31554795; PubMed Central PMCID: PMC6761150.

Zhang X, Wang Y, Yuan J, Li N, Pei S, Xu J, et al. Macrophage/microglial Ezh2 facilitates autoimmune
inflammation through inhibition of Socs3. J Exp Med. 2018; 215(5):1365-82. https://doi.org/10.1084/
jem.20171417 PMID: 29626115; PubMed Central PMCID: PMC5940261.

Cardona AE, Huang D, Sasse ME, Ransohoff RM. Isolation of murine microglial cells for RNA analysis
or flow cytometry. Nat Protoc. 2006; 1(4):1947-51. https://doi.org/10.1038/nprot.2006.327 PMID:
17487181.

Fricker M, Oliva-Martin MJ, Brown GC. Primary phagocytosis of viable neurons by microglia activated
with LPS or Abeta is dependent on calreticulin/LRP phagocytic signalling. J Neuroinflammation. 2012;
9:196. https://doi.org/10.1186/1742-2094-9-196 PMID: 22889139; PubMed Central PMCID:
PMC3481398.

Hornik TC, Vilalta A, Brown GC. Activated microglia cause reversible apoptosis of pheochromocytoma
cells, inducing their cell death by phagocytosis. J Cell Sci. 2016; 129(1):65-79. https://doi.org/10.1242/
jcs. 174631 PMID: 26567213; PubMed Central PMCID: PMC4732292.

ZhuQ, YuT,Gan S, Wang, Pei Y, Zhao Q, et al. TRIM24 facilitates antiviral immunity through mediat-
ing K63-linked TRAF3 ubiquitination. J Exp Med. 2020; 217(7):e20192083. https://doi.org/10.1084/jem.
20192083 PMID: 32324863 PMCID: PMC7336305.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000837 October 5, 2020 21/21


https://doi.org/10.1042/BJ20101421
http://www.ncbi.nlm.nih.gov/pubmed/21204785
https://doi.org/10.1042/BJ20111415
http://www.ncbi.nlm.nih.gov/pubmed/22007846
https://doi.org/10.2174/1871527313666140806124850
https://doi.org/10.2174/1871527313666140806124850
http://www.ncbi.nlm.nih.gov/pubmed/25106635
https://doi.org/10.1093/brain/awl249
http://www.ncbi.nlm.nih.gov/pubmed/16984903
https://doi.org/10.1093/brain/awn109
http://www.ncbi.nlm.nih.gov/pubmed/18567623
https://doi.org/10.4049/jimmunol.1003600
https://doi.org/10.4049/jimmunol.1003600
http://www.ncbi.nlm.nih.gov/pubmed/21402900
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1126/science.aad8373
http://www.ncbi.nlm.nih.gov/pubmed/27033548
https://doi.org/10.1038/nm.4397
http://www.ncbi.nlm.nih.gov/pubmed/28886007
https://doi.org/10.1111/febs.14323
http://www.ncbi.nlm.nih.gov/pubmed/29125686
https://doi.org/10.1172/JCI14011
http://www.ncbi.nlm.nih.gov/pubmed/11560945
https://doi.org/10.1016/j.ebiom.2016.03.035
http://www.ncbi.nlm.nih.gov/pubmed/27211547
https://doi.org/10.1074/jbc.M110.213389
http://www.ncbi.nlm.nih.gov/pubmed/21454593
https://doi.org/10.1038/s41467-019-12384-2
https://doi.org/10.1038/s41467-019-12384-2
http://www.ncbi.nlm.nih.gov/pubmed/31554795
https://doi.org/10.1084/jem.20171417
https://doi.org/10.1084/jem.20171417
http://www.ncbi.nlm.nih.gov/pubmed/29626115
https://doi.org/10.1038/nprot.2006.327
http://www.ncbi.nlm.nih.gov/pubmed/17487181
https://doi.org/10.1186/1742-2094-9-196
http://www.ncbi.nlm.nih.gov/pubmed/22889139
https://doi.org/10.1242/jcs.174631
https://doi.org/10.1242/jcs.174631
http://www.ncbi.nlm.nih.gov/pubmed/26567213
https://doi.org/10.1084/jem.20192083
https://doi.org/10.1084/jem.20192083
http://www.ncbi.nlm.nih.gov/pubmed/32324863
https://doi.org/10.1371/journal.pbio.3000837

