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Abstract

Background: Neuroinflammation is thought to be a cause of Alzheimer’s disease (AD), which is partly caused by
inadequate mitophagy. As a receptor of mitophagy, we aimed to reveal the regulatory roles of optineurin (OPTN) on
neuroinflammation in the pathogenesis of AD.

Methods: BV2 cells and APP/PS1 transgenic (Tg) mice were used as in vitro and in vivo experimental models to
determine the regulatory roles of OPTN in neuroinflammation of AD. Sophisticated molecular technologies including
quantitative (q) RT-PCR, western blot, enzyme linked immunosorbent assay (ELISA), co-immunoprecipitation (Co-IP)
and immunofluorescence (IF) were employed to reveal the inherent mechanisms.

Results: As a consequence, key roles of OPTN in regulating neuroinflammation were identified by depressing the
activity of absent in melanoma 2 (AIM2) inflammasomes and receptor interacting serine/threonine kinase 1 (RIPK1)-
mediated NF-kB inflammatory mechanisms. In detail, we found that expression of OPTN was downregulated, which
resulted in activation of AIM2 inflammasomes due to a deficiency in mitophagy in APP/PS1 Tg mice. By ectopic
expression, OPTN blocks the effects of AR oligomer (ABo) on activating AIM2 inflammasomes by inhibiting mRNA
expression of AIM2 and apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain
(ASQ), leading to a reduction in the active form of caspase-1 and interleukin (IL)-1( in microglial cells. Moreover, RIPK1
was also found to be negatively regulated by OPTN via ubiquitin protease hydrolysis, resulting in the synthesis of IL-1(3
by activating the transcriptional activity of NF-kB in BV2 cells. As an E3 ligase, the UBAN domain of OPTN binds to the
death domain (DD) of RIPK1 to facilitate its ubiquitination. Based on these observations, ectopically expressed OPTN in
APP/PS1 Tg mice deactivated microglial cells and astrocytes via the AIM2 inflammasome and RIPK-dependent NF-kB
pathways, leading to reduce neuroinflammation.

Conclusions: These results suggest that OPTN can alleviate neuroinflammation through AIM2 and RIPK1 pathways,
suggesting that OPTN deficiency may be a potential factor leading to the occurrence of AD.

Keywords: Optineurin, Absent in melanoma 2, Receptor interacting serine/threonine kinase 1, Proteasome
degradation, Alzheimer’s disease

Introduction

The pathological characteristics of Alzheimer’s dis-
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hyperphosphorylated tau, which is triggered by the
impaired mitochondrial function [1-3]. Actually, the
biogenesis of mitochondria was impaired via deactivat-
ing PGCla-NRF-TFAM pathway in AD patients [4].
Furthermore, mitochondria dysfunction induces the pro-
duction and deposition of AP in the brains of AD animals
[5-7], suggesting the relationship between mitochondria
impairment and AD. Reciprocally, the deposited Ap in
B-amyloid plaques (APs) may cause further mitochon-
drial dysfunction and impair mitochondrial biogenesis
[8]. With regard to the mechanism, it is caused by the
lacking of mitophagy, which is responsible for recycling
and removing the impaired mitochondria via autophagy
[9]. As a selective autophagy pathway, mitophagy defi-
ciency was found to be related to AD by impairing syn-
aptic function and memory [10, 11]. Moreover, activating
mitophagy reduces the formation of APs and neurofi-
brillary tangles (NFTs) in AD patients and animals [10].
Except for AD, impaired mitochondria is recruited to
mitophagy via a series of mitophagy receptors, such as
the ubiquitin-binding receptors optineurin (OPTN) and
p62 (SQSTM1) et al. [12]. Along these lines, mitophagy
impairment has been suggested as a critical event in initi-
ating AD, and restoring the function of mitophagy might
be helpful for ameliorating the syndrome of AD [10, 13].

During this process, neuroinflammation seems to exert
pivotal roles in accelerating the progression of AD. Con-
sistent with this hypothesis, microglial cells have already
been activated in the preclinical stage of AD as shown
by positron emission tomography (PET) imaging [14].
In addition, inflammatory factors secreted by activated
microglia can further exacerbate neuronal death [15].
In the brain of AD patients, many activated microglial
cells have been observed around APs [16, 17]. This is
ascribed to the existence of AP receptors, such as NOD-
like receptors (NLRs) [18], Toll-like receptors (TLRs)
[19] and receptor for advanced glycation end products
(RAGE) [20], on the surface of microglial cells. Mecha-
nistically, AR has the ability to penetrate the cell mem-
brane of microglial cells to bind with the intracellular
domains of NLRs, which activate NOD-, LRR- and pyrin
domain-containing 3 (NLRP3) inflammasomes, lead-
ing to the release of proinflammatory cytokines, such as
interleukin-1p (IL-1f), and resulting in neuronal death
[21]. In cultured microglial cells, AB,_,, fibrils promote
the maturation and secretion of tumor necrosis factor
a (TNF-a) and IL-1p through TLR2, TLR4, TLR6 and
CD36 receptors [22, 23]. In addition, RAGE can bind to
AP to induce neurotoxicity by facilitating the secretion of
IL-1p and TNF-« in microglial cells [24]. These findings
all emphasize the important roles of neuroinflammation
in AD.
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Given the critical roles of neuroinflammation in AD,
pyroptosis is a novel discovered mode of programmed
cell death that is characterized by the rapid rupture of the
cell membrane, leading to the release of proinflamma-
tory factors. During the process of pyroptosis, cell lysis
is primarily mediated by caspase-1 [25-27]. Caspase-1
activation has the ability to form pores of different sizes
in the cell membrane [25], resulting in a reduction in
the concentration of intracellular ions and an increase in
osmotic pressure and cell swelling, leading to dissolution
and release of inflammatory substances [28]. This obser-
vation is consistent with the phenomenon that the size of
cells was increased when they were dying from pyropto-
sis [29]. This mechanism is supported by the fact that gly-
cine specifically blocks ion flow in damaged eukaryotic
cells, which prevents swelling and lysis during pinocyto-
sis, acting as a cytoprotective agent [30]. Similar to this
observation, the cytoskeleton is impaired in response to
pyroptosis [31], even though caspase-1 is not involved in
chromatin DNA cleavage during the course of pyroptosis
[32].

Although pyroptosis mediates the effects of neuroin-
flammation on neuronal death, questions regarding the
mechanisms by which cells sense intracellular and extra-
cellular “danger” signals remain [33]. Among inflamma-
tory pathways, TLRs can activate NF-kB, MAPK and
interferon regulatory factors (IRFs), through which they
induce the release of proinflammatory cytokines, such
as NO, by activating microglia [34]. Similar to TLR4,
the signaling cascades of inflammasomes are activated
when NLRs nucleotide-binding oligomerization domain-
containing protein 1 (NOD1) and NOD2 are recognized
and activated by their ligands, leading to the release of
proinflammatory cytokines, such as IL-1 and IL-18,
through which pyroptosis occurs [35]. In addition, both
TLRs and NODs can induce the production and accumu-
lation of pro-IL-1f in microglial cells. Moreover, activa-
tion of TLR2 or TLR4 alone can promote the maturation
and secretion of IL-1P, which is mediated by stimulating
caspase-1 and accelerating the release of endogenous
adenosine triphosphate [36]. Due to the central roles of
caspase-1 and IL-1P in inflammasomes, all of this evi-
dence indicates the involvement of TLRs and NODs in
activating inflammasomes.

The inflammasome is composed of multiple cytoplas-
mic proteins, including NOD-like receptors (NLRs) or
absent in melanoma 2 (AIM2), caspase-1 and apopto-
sis-associated speck-like protein containing a C-termi-
nal caspase recruitment domain (ASC), which activate
and maintain immunity under both physiological and
pathological conditions [37]. Notably, ASC is respon-
sible for recruiting NLRs to caspase-1 [38]. Based on
their different N-terminal domains, the NLR family can



Cao et al. Journal of Neuroinflammation (2021) 18:281

be divided into several subfamilies, such as NLRP and
AIM2. For NLRP subfamily proteins, the N-terminus
contains a pyrin domain (PYD), which interacts with
the PYD domain of ASC, leading to the formation of a
complex with pro-caspase-1. Meanwhile, NLRPs con-
tain a caspase recruitment domain (CARD), which can
directly bind to pro-caspase-1 [39]. AIM2 inflammas-
omes can bind to DNA through their HIN200 domain,
which mediates ASC oligomerization to initiate the
activation of caspase-1-dependent inflammatory bod-
ies, leading to the maturation and secretion of the pro-
inflammatory cytokines IL-1p and IL-18 [40].

During the activation of inflammasomes, TLRs medi-
ate the effects of ligands or endogenous stimulators,
such as Myd88 and TRIF, on the activation of NF-kB
or AP-1, resulting in upregulation of NLRP3 expres-
sion [41]. By activating NLRP3, large protein complexes
of inflammatory bodies are formed by recruiting ASC
and caspase-1 into the inflammasomes, leading to the
hydrolytic activity of caspase-1, which results in cleav-
age of pro-IL-1P and pro-IL-18 to produce mature and
bioactive forms of IL-1p and IL-18 [37]. In addition
to this canonical inflammasome-activating pathway,
lipopolysaccharide (LPS) has the ability to bind and
activate caspase-11 [37], which results in the aggrega-
tion of NLRP3, leading to accelerated maturation and
secretion of IL-1f and IL-18 [42]. Activated caspase-11
can also induce cleavage of the N-terminal region of
gasdermin-D (GSDMD), leading to pyroptosis [41]. As
the natural ligand of TLR4, LPS has been proposed to
activate the NLRP3 inflammasome via Toll-like recep-
tor adaptor molecule 1 (TICAMI1/TRIF)-, receptor
interacting serine/threonine kinase 1 (RIPK1)-, FAS-
associated death domain protein (FADD)- and caspase-
8-activating pathways [36, 43]. In addition to NLRP3
inflammasomes, AIM2 inflammasomes have the ability
to activate signaling cascades of cGAS-STING-TBK1-
NE-«B, leading to the synthesis of proinflammatory
cytokines, such as IFN-p and IL-1p [44].

In AD transgenic mice, activation of the NLRP3 inflam-
masome promotes the production and deposition of Af,
and knocking out expression of NLRP3 improves spatial
memory by reducing the deposition of AP in the brain
[45]. Reciprocally, the deposition of AP in microglial cells
activates NLRP3 inflammasomes, leading to the matura-
tion and secretion of IL-1f [21], which accelerates AD
progression. Due to the interaction between RIPK1 and
the NLRP3 inflammasome [46], RIPK1 is likely involved
in regulating the pathogenesis of AD via inflammatory
mechanisms. Indeed, mRNA and protein expression of
RIPK1 is markedly increased in AD patients compared
to control subjects [47]. Since RIPK1 is highly expressed
in microglial cells in mouse and human brains [48], it is
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generally believed that RIPK1 plays an important role in
neuroinflammation [49]. Inhibiting the kinase activity of
RIPK1 induces microglia microglial cells to degrade A
[48].

Based on these clues, we identified OPTN for the first
time as an essential receptor for mitophagy that regulates
neuroinflammation. Specifically, OPTN deficiency in AD
activates AIM2 inflammasomes and RIPK1-mediated
inflammation. Furthermore, OPTN expression blocks
the activation of AIM2 inflammasomes by inhibiting
the expression of AIM2, ASC, caspase-1 and IL-1f in
microglial cells. In addition, OPTN suppresses the trans-
location of NF-kB from the cytosol to the nucleus by
inducing ubiquitin-dependent RIPK1 degradation mech-
anisms. Through these mechanisms, OPTN overexpres-
sion suppresses neuroinflammation during the course of
AD development and progression.

Materials and methods

Reagents

Horseradish peroxidase-labeled secondary antibod-
ies were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Antibody specific for OPTN (sc-166576, mouse,
1:1000 for WB) were obtained from Santa Cruz Biotech-
nology. Antibodies against AIM2 (sc-293174, mouse,
1:500 for WB), ASC (sc-514414, mouse, 1:500 for WB)
were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Fluorescence-tagged secondary anti-
bodies (A32732 rabbit, A11034 rabbit, A32727 mouse,
A11029 mouse, 1:500 for IF) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Other
antibodies, including p-actin (#3700, mouse, 1:2,000
for WB), Histone (#4499, rabbit, 1:2000 for WB), IL-1p
(#12242, mouse, 1:2000 for WB), RIPK1 (#3493, rabbit,
1:2000 for WB), p-IKBa (#2859, rabbit, 1:2000 for WB),
IKBa (#4814, mouse, 1:2000 for WB), GFAP (#80788,
rabbit, 1:5000 for WB), ubiquitin (#3933, rabbit, 1:1000
for WB) were from Cell Signaling Technology (Danvers,
MA, USA). An Ibal antibody (rabbit, 1:200 for IHC)
was purchased from Wako Life Sciences (Wako, Tokyo,
Japan). Antibody against caspase-1 (22915-1-AP, rabbit,
1:1000 for WB) and Flag (66008-3-Ig, mouse, 0.5-4.0 ug
for IP and 1:2000 for WB), and HA (51064-2-AP, rabbit,
0.5-4.0 ug for IP and 1:4000 for WB) were purchased
from Proteintech (Wuhan, Hubei, PR.C). All reagents
for the sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) experiments were purchased
from Bio-Rad Laboratories (Hercules, CA, USA). Anti-
body specific against NF-kB (ab16502, rabbit, 1:2000 for
WB) and HSP60 (ab190828, rabbit, 1:1000 for WB) were
obtained from Abcam (Cambridge, MA, USA). DAPI
was obtained from Beyotime Institute of Biotechnology
(Haimen, Jiangsu, China). Bafilomycin Al (Baf A1) was
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obtained from MedChemExpress (Monmouth Junction,
NJ, USA). High-fidelity restriction enzymes for Xmal,
Sall, Xhol, and HindIII were obtained from New England
Biolabs (Beverly, MA, USA). All reagents for the quanti-
tative real-time PCR (qRT-PCR) experiments were pur-
chased from Bio-Rad Laboratories (Hercules, CA, USA).
All other reagents were from ThermoFisher Scientific
(Waltham, MA, USA) unless specified otherwise.

Tg mice and treatments

APP/PS1 (Stock No. 004462) were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). Wild-type
(WT) mice were purchased from Liaoning Changsheng
Biotechnology Co., Ltd. (Benxi, Liaoning, China). The
neurons in the brains of APP/PS1 Tg mice doubly
expressed a chimeric mouse/human amyloid precur-
sor protein (Mo/HuAPP695swe) and a mutant human
PS1 (PS1-dE9). Both mutations are associated with the
early onset of AD. Tg mice showed deposition of AP at
approximately 6-7 months of age. At 9 months of age,
APP/PS1 Tg mice showed obvious impairment of learn-
ing ability compared with that observed in WT mice. Five
mice per cage were housed in a controlled environment
at standard room temperature and relative humidity with
a 12-h light—dark cycle and free access to food and water.
The general health and body weights of the animals were
monitored daily. The brains of animals in different groups
were collected under anesthesia. Subsequently, the brains
were fixed through perfusion, as previously described
[50].

AB,4; oligomer preparation

Ao was generated as in previous study [51]. p-amyloid,,
was purchased from ChinaPeptides Co., Ltd. (Shanghai,
China). Specifically, lyophilized AB,, were dissolved in
1,1,1,3,3,3-hexafluoro2-propanol (HFIP; Sigma-Aldrich
St. Louis, MO, USA) to 1 mM. The solution was bisected,
the HFIP was evaporated, and the peptide was stored at
— 80 °C. 24 h prior to use, amyloid peptide was dissolved
(100 M) in dimethyl sulfoxide (DMSO; Sigma-Aldrich St.
Louis, MO, USA) and ultrasound treatment. The solution
was diluted to 20 M in F12/DMEM (glutamate-free, Kib-
butz Beit-Haemek, Israel) and incubated at 4 °C for 24 h
to obtain the A oligomer (ABo). The quality of oligomers
product was controlled by Western blot using against Af
peptide antibody (Sigma-Aldrich St. Louis, MO, USA).

Cell culture

Mouse BV2 cells were grown (37 °C and 5% CO,) on 6 cm
tissue culture dishes (1 x 10° cells per dish) in appropri-
ate medium. In a separate set of experiments, the cells
were grown in serum-free medium for an additional 24 h
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before incubation with inhibitors in the absence or pres-
ence of Afo [52].

Culture of primary microglia cells

The plates were incubated with 0.01% l-polylysine at
37 °C for 4 h. Remove the l-polylysine solution, rinse
the culture dish with sterilized deionized water, and
dry it for standby. The mice born within 24 h were dis-
infected with 75% (volume fraction) alcohol. The mice
were decapitated under aseptic conditions. The brain tis-
sue was taken out and placed in a cold plate of pH 7.2,
d-hank’s solution without calcium and magnesium (with
ice bag under it). The cerebellum, hippocampus and cer-
ebral medulla were removed under aseptic conditions,
and then the cerebral cortex was obtained. The menin-
ges and blood vessels were carefully stripped. The tissue
was cut into 1 mm? tissue pieces with iris scissors, and
then digested with 0.125% trypsin and DNA enzyme at
37 °C for 20 min, and shaking for 2-3 times. Discard the
supernatant, add complete inoculation solution to stop
digestion, rinse twice. After resuspension with complete
medium, let it stand for 2 min. Then the suspension was
carefully collected in a new centrifuge tube, centrifuged
(1000 rpm/min, 10 min, 4 °C), and the supernatant was
discarded. Add the complete culture medium, and then
resuspend and filter with 200 mesh stainless steel mesh.
The cell filtrate was inoculated into the culture dish. After
24 h of incubation in 5% CO, incubator at 37 °C, the
medium was changed, and then the medium was changed
every 3 days. The cells were cultured for 14—16 days. The
culture medium was poured out and digested with 0.05%
trypsin (2-3 ml). When the microglia attached to astro-
cytes were detached, the digestion medium containing
floating microglia was transferred into a 10 ml centri-
fuge tube, and the digestion was immediately terminated
with complete medium. 1000 rpm/min, centrifugation
for 5 min, discard the supernatant, add complete culture,
blow into cell suspension again, inoculate in the coated
culture dish, and place in CO, constant temperature cell
incubator (37 °C). After 24 h, the culture medium was
sucked out to remove the adherent oligodendrocytes, and
the complete culture medium was added to continue the
culture.

Acquisition of fluorescence images

Cells grown on gelatin-coated coverslips, which were
co-transfected with green fluorescent protein-OPTN
(GFP-OPTN) and RFP-RIPK1 or pCHAC-mt-mkeima,
respectively. After 48 h, the cells were fixed with 4% para-
formaldehyde for 10 min, permeabilized with 0.1% Triton
X-100 for 10 min, washed three times with phosphate-
buffered saline PBS (—), and stained with DAPI. Images
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were captured and processed using a confocal micro-
scope system obtained from Leica (Wetzlar, Germany),
equipped with a 63 x 1.4 numerical aperture oil differen-
tial interference contrast Plan-Apochromat objective at
room temperature.

Co-immunoprecipitation (ColP)

Transfected 293T or infected BV2 cells were lysed in
lysis buffer (50 mM Tris—hydrochloride, pH 7.4, 150 mM
sodium chloride [NaCl], 1% Nonidet P-40, 0.25% sodium
deoxycholate, and 1 mM ethylenediaminetetraacetic
acid, with protease and phosphatase inhibitors) for 1 h.
The lysed cells were then centrifuged to remove cell
debris. Protein amounts were quantified using a bicin-
choninic acid protein assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). A fraction (1/10) of the cell lysate
supernatant was heated as whole-cell lysate for immu-
noblotting. Co-immunoprecipitation was performed by
incubating the remaining lysate supernatant (9/10) with
1 mg of the indicated antibodies or control IgG overnight
at 4 °C for 16 h. The immune complexes were captured
using Dynabeads obtained from Thermo Fisher Scientific
(Waltham, MA, USA) for 3 h at 4 °C, under gentle shak-
ing. The immunoprecipitates were washed five times,
eluted by addition of sample buffer, boiled, and analyzed
through SDS-PAGE. For ubiquitination, cells were ini-
tially lysed with radioimmunoprecipitation assay (RIPA)
buffer containing 1% SDS. Subsequently, the cell extracts
were diluted with RIPA buffer to 0.1% SDS. Finally, a frac-
tion of the diluted extracts (1/10) was heated as whole-
cell lysate for immunoblotting and the remained lysate
(9/10) was subjected to immunoprecipitation.

Flow cytometry detection

WT or APP/PS1 Tg mice were killed using tribromoe-
thanol and perfused using PBS, and the hippocampus
and cerebral cortex were removed. The obtained tissues
were washed twice in DMEM serum-free medium and
then quickly cut into 1 mm?® pieces using a scalpel. The
cells were incubated at 37 °C in 5 ml DMEM contain-
ing 2.5 mg trypsin and 5 mg collagenase for 20 min. The
digestive reaction was stopped by adding DMEM con-
taining 10% serum, and the cell suspension was strained
through a 40 um cell sieve. The filtrate was centrifuged
and resuspended in 6 ml HSSS and carefully placed on
top of the Optiprep gradient solution. The tubes contain-
ing the cells and gradient solution were centrifuged in a
Thermo Fisher centrifuge for 15 min at 1900 rpm. The
lipid and debris layers were carefully aspirated, and the
glial layer at the bottom was resuspended in 2.5 ml HBSS
solution. After washing with HBSS, cells were fixed in
4% paraformaldehyde for 1 h and then incubated in 1%
Triton X-100 for 1 h. Finally, OPTN and Ibal antibodies
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were added and incubated at 4 °C for 4 h after blocking
with goat serum for 1 h. After washing with PBS, the
fluorescent secondary antibody was added and incubated
at room temperature for 1 h. The samples were analyzed
using a FACSCalibur (Becton—Dickinson) flow cytom-
eter. For all samples, 5000 events per sample were read,
and Flow Jo was used to complete the data analysis.

Measurement of the IL-1B concentration

The IL-1f levels in the media of both the control cells and
the APo-treated cells were determined using the IL-1p
enzyme immunoassay kits obtained from R&D Systems
(Minneapolis, MN, USA), following the manufacturer’s
instructions. The results were expressed as ng IL-1p per
ml medium.

Quantitative real-time PCR (qRT-PCR)

Real-time PCR assays were performed on the Mini-
Opticon Real-Time PCR detection system (Bio-Rad)
using total RNA and the GoTaq One-step Real-Time
PCR kit with SYBR green (Promega, Madison, WI,
USA) [52]. The gene expression levels were normal-
ized to those of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). GAPDH (NM_001289726.1) F-AAC
TTTGGCATTGTGGAAGG, R-ACACATTGGGGG
TAGGAACA; AIM2 (NM_001013779) F-TGGAGG
TCACCAGTTCCTCA, R-TTCCTCTGTTATCTTCTG
GACTTT; ASC (NM_023258) F-GTCGTATGGCTT
GGAGCTCA, R-CCACAGCTCCAGACTCTTCT;
OPTN (NM_001356487) F-GGAGGCAGTAGACAG
TCCCT, R-CACTTGGGGCAGGAGTGAAT; RIPK1
(NM_001359997) F-GCCAGTAGCAGATGACCTCA,
R-GCTTGGTGTCTGGAAGTCGA. The ratio was cal-
culated using the following equation:

2 ACt(Genecontrol — GeneExperiment)
Ratio =

ZACt(GAPDHControl _GAPDHExperiment) ’

The untreated sample was always set to 1, and the value
of the treatment group was obtained from the previous
equation.

Western blotting analysis

Tissues or cells were lysed in RIPA buffer (25 mM
Tris—HCI [pH 7.6], 150 mM NaCl, 1% Nonidet P-40,
1% sodium deoxycholate, and 0.1% SDS), containing a
protease inhibitor cocktail (Thermo Fisher Scientific,
Waltham, MA, USA). The protein content of the cell
lysates was determined using a bicinchoninic acid pro-
tein assay reagent (Thermo Fisher Scientific, Waltham,
MA, USA). The total cell lysates (15 ug) were subjected
to SDS-PAGE, transferred to a membrane, and incubated
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with a panel of specific antibodies. Each membrane was
probed with only one antibody, and B-actin was used as
a loading control. All western blotting experiments were
performed at least in triplicate, with a different cell prep-
aration each time.

Immunohistochemistry (IHC)

Mouse brains were collected from 3-month-old APP/
PS1-Control-AAV or APP/PS1-OPTN-AAV Tg mice and
immobilized with 4% paraformaldehyde. Serial sections
(thickness: 10 pm) were cut using a cryostat (CM1850;
Leica, Wetzlar, Germany). The slides were rehydrated in
a graded series of ethanol and submerged in 3% hydrogen
peroxide, to eliminate the activity of endogenous peroxi-
dase. The levels of Ibal and GFAP were determined using
an immunohistochemical staining kit, according to the
instructions provided by the manufacturer (Invitrogen,
Carlsbad, CA, USA) [53].

Preparation of lentiviral particles

Lentiviral vectors encoding the mouse OPTN, HA-
OPTN, and Flag-RIPK1 genes, as well as a control len-
tiviral vector were provided by Keygen Biotech. Co.
(Nanjing, China). The lentiviral vectors were purified
and co-transfected with packaging vectors (psPAX, and
pMD,.G) into HEK293T cells. After 48 h and 72 h, the
lentiviral particles in the supernatant were concentrated
through ultracentrifugation and resuspended in PBS (—).
For knocking down the expression of OPTN, the lentivi-
ral particles that contained sh-OPTN or control shRNA
were adjusted to 10°~107 titers prior to infecting BV2
cells.

Purification of adeno-associated virus (AAV)

Recombinant AAV-OPTN was generated via triple
transfection of HEK293T cells with pAOV-OPTN,
PAAV-RCY, and pHelper vectors using Lipofectamine
2000 Thermo Fisher Scientific (Waltham, MA, USA),
Waltham, MA, USA). Viral particles were harvested from
the media 72 h after transfection. Cell pellets were resus-
pended in 10 mM Tris with 2 mM magnesium dichloride,
pH 8, freeze-thawed three times, and treated with 100 U/
ml Benzonase at 37 °C for 1 h. After centrifugation at
13,000 g for 10 min, the supernatants were collected. The
combined media and supernatants were concentrated
through precipitation with 10% polyethylene glycol 8000
(Sigma-Aldrich, St. Louis, MO, USA) and 500 mM NaClL
After centrifugation at 15,000 g for 30 min, the precipi-
tated virus was suspended in 10 mM Tris with 2 mM
magnesium dichloride. The virus particles were puri-
fied using gradient (15%, 25%, 40%, and 60%) iodixanol
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(Sigma-Aldrich, St. Louis, MO, USA). The viral titers
were determined through qRT-PCR. The results were
expressed as DNA resistance particles/ml.

Intracerebroventricular (i.c.v) injection of AAV-OPTN
Particles of AAV-OPTN viruses were injected (i.c.v) to
APP/PS1 mice. In brief, stereotaxic injections were per-
formed at the following coordinates from the bregma:
mediolateral, 2.10 mm; anteroposterior, 2.00 mm; and
dorsoventral, 2.28 mm. Following injection, each mouse
was allowed to spontaneously recover on a heated pad.
The reliability of the injection sites was validated by
injecting trypan blue dye (Invitrogen, Carlsbad, CA,
USA) in separate cohorts of mice and observing the
staining in the cerebral ventricles. At 25 days post-
injection, the mice were euthanized while under anes-
thesia and perfused with PBS (—) [54].

Transfection

Plasmids for HA-tagged OPTN and their fragment,
Flag-tagged RIPK1 and their fragment were cloned
into the plvx-IRES-zsgreen vector for transient expres-
sion in HEK293T cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). In the control experi-
ments, plvx-IRES-zsgreen plasmids were transfected
to BV2 cells via similar methods. The transfected cells
were allowed to recover for >12 h in growth medium
and subsequently incubated overnight in serum-free
medium prior to treatment with Apo before extraction.

Infection with lentiviral particles

BV2 cells were seeded in 24-well plates at a density
of 2x 10° cells/well. Lentiviral particles and 8 pg/ml
polybrene (Sigma-Aldrich, St. Louis, MO, USA) were
added to the culture and centrifuged for 90 min at
1.5 x 10% rpm. The supernatant was removed immedi-
ately after infection and replaced with basal medium
(Invitrogen, Carlsbad, CA, USA) containing 10% fetal
bovine serum and 50% conditional medium. The effi-
ciency of the infection was determined via qRT-PCR
and western blotting after 72 h.

Animal management

All animals were managed according to the Care
and Use of Medical Laboratory Animals (Ministry of
Health, Beijing, China) and all experimental protocols
were approved by the Laboratory Ethics Committee of
Northeastern University of China.

Statistical analysis
All data are presented as the mean + standard error of
at least three independent experiments. The statistical
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significance of the differences between the means was
determined using Student’s ¢ test or one-way analysis
of variance, as appropriate. In cases of significantly dif-
ferent means, multiple pairwise comparisons were per-
formed using Tukey’s post hoc test.

Results

Expression of OPTN is downregulated in the brains of AD
patients and APP/PS1 Tg mice

With increasing age, cells gradually become senescent,
resulting in the disruption of various cell functions, such
as overloading the degradation ability of the proteasome,
leading to activation of the autophagy system to remove
accumulated misfolded proteins, intracellular aggregates
and irreparably damaged organelles [55]. In addition,
many proteins that are mutated in neurodegenerative
diseases are related to autophagy or lysosomal function
[56, 57]. Given these observations, we searched the GEO
database to integrate transcriptome sequencing data of
AD patients. All of the collected data were divided into
four groups: the entorhinal cortex (GSE26927, GSE48350,

GSE5281, GSE26972), frontal cortex (GSE12685,
GSE15222, GSE33000, GSE36980, GSE48350, GSE5281),
hippocampus  (GSE28146, GSE29378, GSE36980,

GSE48350, GSE5281), and temporal cortex (GSE15222,
GSE36980, GSE5281, GSE37263). As an autophagy recep-
tor, the OPTN gene was identified to be significantly
decreased in AD patients compared to healthy controls
(Fig. 1A-D). To further validate these results, we meas-
ured the expression of OPTN in 9-month-old APP/PS1
Tg mice. The results demonstrated that the mRNA and
protein expression of OPTN was downregulated in the
cerebral cortex and hippocampus of 9-month-old APP/
PS1 Tg mice compared to that of WT mice (Fig. 1IE-G),
which is consistent with the transcriptomic sequencing
data from AD patients (Fig. 1A-D).

Because OPTN expression is downregulated in the
brains of AD patients and APP/PS1 Tg mice, we further
determined its origin. For this purpose, a double-immu-
nofluorescence labeling technique was used to determine
the localization of OPTN in the brains of 9-month-old
APP/PS1 Tg mice. By immunostaining the brains with
OPTN together with either NeuN, Ibal or GFAP, we
found that OPTN colocalized with Ibal (Fig. 1H), and
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its expression in microglial cells was downregulated, as
shown by flow cytometry (Fig. 1I). This result suggests
that OPTN is primarily expressed in microglial cells but
not neurons or astrocytes in the brains of 9-month-old
APP/PS1 Tg mice.

OPTN is critical for mitophagy

As an essential receptor for mitophagy [58], we initially
investigated the roles of OPTN in autophagy. By over-
expressing the mitochondrial keima protein in BV-2
cells, we found that APo treatment markedly blocked
the fusion between mitochondria and lysosomes, as evi-
denced by attenuation of the red fluorescent signals at
543 nm, which is activated by the acidic environment of
the lysosomal cavity (Fig. 2A). When we overexpressed
OPTN in APo-treated BV-2 cells, the red fluorescence
was restored, indicating the recovery of autophagic func-
tion (Fig. 2A). To further validate these observations,
we measured the expression of heat shock protein 60
(HSP60). Using western blot, we revealed that OPTN
overexpression blocked the effects of APo on induc-
ing the protein expression of HSP60 in treated BV2 cells
(Fig. 2B). Based on these observations, OPTN was identi-
fied to be essential for mitophagy.

AIM2 inflammasomes are activated during the progression
of AD

By disrupting mitochondrial autophagy, impaired mito-
chondria release reactive oxygen species (ROS), free
radicals and mitochondrial DNA (mtDNA) into the cyto-
plasm due to a lack of mitochondrial clearing mecha-
nisms, potentially contributing to inflammation [59].
Indeed, AIM2 has been reported to bind to free cytoplas-
mic DNA through its HIN200 domain, resulting in the
oligomerization of ASC and leading to the formation of
caspase-1-dependent inflammatory bodies and the matu-
ration and secretion of proinflammatory cytokines, such
as IL-1p and IL-18 [60]. For these reasons, we assessed
the activity of AIM2 inflammasomes during the course of
AD development and progression. By analyzing the GEO
database, expression of AIM2 and ASC was found to be
upregulated in AD patients compared to healthy controls
(Fig. 3A-D). To confirm the results in the database, we
further determined the mRNA and protein expression

(See figure on next page.)

**P<0.01

Fig. 1 OPTN expression is downregulated in AD patients and APP/PS1 transgenic mice. A-D Transcriptome data of the entorhinal cortex,
hippocampus, frontal cortex, and temporal cortex in AD patients were analyzed after normalization. E-H Nine-month-old APP/PS1 transgenic mice
were anesthetized and euthanized to obtain the cerebral cortex and hippocampus. E Expression of OPTN in the cerebral cortex and hippocampus
of APP/PS1 transgenic mice was detected by gRT-PCR using GAPDH as an internal control. F The protein level of OPTN in the cerebral cortex and
hippocampus of APP/PS1 transgenic mice was assessed by western blotting using B-actin as an internal control. G ImageJ software was used to
semiquantitatively analyze the fold change of OPTN relative to B-actin. HWT or APP/PS1 Tg mice were double-stained for Iba1 (green) and OPTN
(red). I Expression of OPTN in microglia in the cortex and hippocampus of APP/PS1 transgenic mice at 9 months of age was detected by flow
cytometry. The data represent the means =+ S.E. of independent experiments. APP/PS1 transgenic mice were compared with WT mice *P <0.05,
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Fig. 2 OPTN alleviates ABo-induced dysfunction of mitochondrial autophagy. A, B BV2 cells were treated with Ao in the absence or presence
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emission filter. B Expression levels of HSP60 and OPTN were detected by western blotting. B-actin served as an internal control. The data represent
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of AIM2 inflammasome components, including AIM2, qRT-PCR and western blots, the results demonstrated
ASC, caspase-1 and IL-1B, in the cerebral cortex and that mRNA and protein expression of AIM2 and ASC
hippocampus of 9-month-old APP/PS1 Tg mice. Using was upregulated in the cerebral cortex and hippocampus
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GAPDH served as internal control. G The expression of AIM2, ASC, pro-caspase-1, caspase-1 and IL-1(3 in the hippocampus was detected by western
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*P<0.05,**P<0.01, **P<0.001

of APP/PS1 Tg mice compared to WT controls (Fig. 3E—
H). The cleaved active form of caspase-1 is produced
from pro-caspase-1 in APP/PS1 Tg mice (Fig. 3E, G).
Moreover, the protein abundance of mature IL-1p was
enhanced in APP/PS1 Tg mice (Fig. 3E, G). These find-
ings indicate that AIM2 inflammasomes are activated in
the AD brains.

Ao activates AIM2 inflammasomes

Since the AIM2 inflammasome was activated in the
brains of AD patients and APP/PS1 Tg mice, we logi-
cally next explored the effects of Ap on the activation

of inflammasomes. In BV2 cells, ABo treatment clearly
induced mRNA and protein expression of both AIM2
and ASC (Fig. 4A, C). Similarly, the active form of cas-
pase-1 and mature IL-1p were produced in Afo-treated
BV-2 cells (Fig. 4A, B, D). To further validate these obser-
vations, we performed similar experiments in primary
cultured microglial cells treated with APo, and similar
results were obtained (Fig. 4E—H). These results clearly
indicate that Ao activates AIM2 inflammasomes during
the course of AD development and progression.
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OPTN blocks the effects of ABo on activating AIM2
inflammasomes

Given the potential roles of OPTN in neuroinflammation
[61], we further investigated its roles in APo-activated
AIM2 inflammasomes. By knocking down the expression
of OPTN in BV2 cells, Ao exhibited enhanced ability
to increase the active cleavage product of caspase-1 and
mature IL-1f in supernatants (Fig. 5A-C). In whole-cell
lysates, APo induced early activation of AIM2 and ASC
and decreased the protein abundance of pro-caspase-1
in OPTN knockdown BV2 cells (Fig. 5A, D-G). These
results revealed that OPTN deficiency facilitated the
activation of AIM2 inflammasomes in APo-stimulated
microglial cells.

Reciprocally, we ectopically expressed OPTN in BV2
cells. In response to increasing OPTN protein levels, the
active form of caspase-1 and the production of mature
IL-1P were decreased in OPTN-overexpressing BV2 cells
(Fig. 5H-]). In whole-cell lysates, the protein abundance
of AIM2 and ASC was downregulated, and pro-caspase-1
accumulated due to the lack of cleavage into the active
form of caspase-1 in OPTN-overexpressing cells (Fig. 5H,
K-H). Although Ao can activate AIM2 inflammasomes,
it was unable to diminish the effects of OPTN overex-
pression on deactivating AIM2 inflammasomes (Fig. 5H—
L). Based on these observations, OPTN alleviates the
effects of APo on activating AIM2 inflammasomes in
microglial cells.

As a downstream target of TLRs, RIPK1 expression

is elevated in the brains of AD patients

As discussed above, TLRs mediate the effects of ligands
or endogenous stimulators, such as Myd88 and TRIF,
on activating NF-kB or AP-1, which results in the acti-
vation of inflammasomes [41]. Specifically, TLR2, 4 and
6 mediate the effects of AP, ,, fibrils on promoting the
maturation and secretion of tumor necrosis factor o
(TNF-a) and IL-1f in microglial cells [23, 62]. Moreo-
ver, LPS, the natural ligand of TLR4, has been proposed
to activate inflammasomes via the Toll-like receptor
adaptor molecule 1 (TICAM1/TRIF)-, receptor interact-
ing serine/threonine kinase 1 (RIPK1)-, FAS-associated
death domain protein (FADD)- and caspase-8-axes [43].
Based on these clues, we next explored the activity of
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TLRs in AD. GSEA of transcriptome sequencing data
from AD patients in the GEO database demonstrated
that TLR signaling pathways were markedly upregulated
in the entorhinal cortex, frontal cortex and hippocam-
pus (Fig. 6A-D). As a downstream target of TLRs, RIPK1
in this pathway plays critical roles in driving inflamma-
tion, apoptosis and necrosis [49, 63]. In addition, RIPK1
activation has been reported to be associated with neu-
rodegenerative diseases via inflammation-activating
mechanisms [49]. Therefore, it is necessary to determine
the activity of RIPK1 during the course of AD devel-
opment and progression. As expected, we found that
expression of RIPK1 was significantly upregulated in the
entorhinal and temporal cortex of AD patients compared
to healthy controls (Fig. 6E, G). Even though it was not
statistically significant, the average expression of RIPK1
was higher in the hippocampus and frontal cortex in AD
patients than in healthy subjects (Fig. 6F, H). To further
validate these observations, we determined the expres-
sion of RIPK1 in the brains of APP/PS1 Tg mice. The
results demonstrated that mRNA and protein expression
of RIPK1 was elevated in the cerebral cortex and hip-
pocampus of APP/PS1 Tg mice compared to WT mice
(Fig. 61-K). These observations indicate that the signal-
ing cascades of TLRs and RIPK1 are activated during the
course of AD development and progression.

OPTN deactivates the neuroinflammatory pathways

of RIPK1

Since OPTN has been shown to depress the activities of
AIM2 inflammasomes, we further elucidated its roles in
regulating RIPK1-mediated inflammatory pathways. As a
result, knocking down the expression of OPTN induced
the accumulation of RIPK1 protein in the cytoplasm of
BV2 cells (Fig. 7A-C). Overloading RIPK1 in the cyto-
plasm triggers the translocation from the cytoplasm to
the nucleus by enhancing the phosphorylation of IxBa
in BV2 cells (Fig. 7A, D-Q). Interestingly, the mRNA
expression of RIPK1 was not changed by knocking down
the expression of OPTN in BV2 cells (Fig. 7H-I). Based
on these observations, we further determined the roles
of OPTN in the production of IL-1f in BV2 cells. Using
ELISA, we determined that shRNA-mediated knock-
down of OPTN expression elevated the production of

(See figure on next page.)

compared with vehicle treatment *P<0.05, **P < 0.01, ***P<0.001

Fig.4 Ao activates the AIM2 inflammasome. A-D BV2 cells were treated with Apo for 12 h. A Expression levels of AIM2, ASC, pro-caspase-1

and caspase-1 were detected by western blotting. 3-actin served as an internal control. B ImagelJ software was used for semiquantitative analysis
of western blots. C gRT-PCR was used to detect the mRNA expression of AIM2 and ASC with GAPDH as an internal control. D Secretion of IL-13
was evaluated by ELISA. E-H Primary microglia were treated with ABo for 12 h. E Protein levels of AIM2, ASC, pro-caspase-1, and caspase-1 were
detected by western blotting with 3-actin as the internal control. F ImageJ software was used to semiquantitatively analyze the fold change in
AIM2, ASC, pro-caspase-1 and caspase-1 relative to 3-actin. G mRNA expression of AIM2 and ASC was detected by gRT-PCR with GAPDH as an
internal control. H Secretion of IL-1 was detected by ELISA. The data present means & S.M. of independent experiment. ABo treatment were
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Fig.5 OPTN alleviates the ABo-induced AIM2 inflammasome. A-G OPTN was silenced in BV2 cells that were then treated with Ao for 4, 8, and

12 h. A Western blotting was used to detect the protein expression of AIM2, ASC, OPTN and pro-caspase-1 in whole-cell lysates. Meanwhile,
extracellular secretion of caspase-1 and IL-1f was assessed in the conditioned medium. B-G ImageJ software was used to semiquantitatively
analyze the fold changes in caspase-1, IL-163, AIM2, ASC, OPTN and pro-caspase-1 relative to 3-actin. The data are presented as the mean & S.M. of
independent experiment. WT BV2 cells compared to OPTN knockdown, *P <0.05, **P < 0.01, ***P < 0.001. H-N BV2 cells gradually increased their
expression of OPTN in the absence or presence of ABo for 12 h. H Western blotting was used to detect the protein expression of AIM2, ASC, OPTN
and pro-caspase-1 in whole-cell lysates. Meanwhile, extracellular secretion of caspase-1 and IL-13 was detected in the cell culture medium. I-N
ImagelJ software was used to semiquantitatively analyze the fold change in caspase-1, IL-153, AIM2, ASC, OPTN and pro-caspase-1 relative to $-actin.
The data are presented as the means 4 S.M. of independent experiment. The data present mean =+ S.M. of independent experiment. ABo treatment
BV2 cells compared with vehicle treatment BV2 cells, *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)

compared with WT mice, ***P <0.001

Fig. 6 The Toll-like receptor pathway is upregulated in AD patients, and RIPK1 expression is increased in APP/PS1 transgenic mice. A-D
Transcriptome sequencing data of the entorhinal cortex, hippocampal cortex, temporal cortex and frontal cortex tissues from AD patients were
collected from the GEO database, and GSEA was performed after normalization. E-H The differences in RIPK1 expression in the transcriptome of the
entorhinal cortex, hippocampus, frontal cortex and temporal cortex were normalized in AD patients. I-K Nine-month-old APP/PS1 Tg mice were
anesthetized and euthanized to obtain the cerebral cortex and hippocampus. I mMRNA expression of RIPK1 in the cerebral cortex and hippocampus
was detected by gPCR using GAPDH as the internal control. J Protein levels of RIPK1 in the cerebral cortex and hippocampus were elucidated by
western blotting with 3-actin as the internal control. k ImageJ software was used to semiquantitatively analyze the fold change in RIPK1 relative to
B-actin. The data present means = S.M. of independent experiment. The data present mean & S.M. of independent experiment. APP/PS1 Tg mice

IL-1B in BV2 cells (Fig. 7]). For this reason, knocking
down the expression of OPTN promoted the transcrip-
tional activity of NF-kB in BV2 cells (Fig. 7K). In OPTN
knockdown cells, we further treated BV2 cells with APo

for 12 h. Compared with to controls, Afo treatment
markedly induced protein accumulation of RIPK1 by
slightly depressing the protein levels of OPTN in BV-2
cells (Fig. 7A—-C). As a consequence, NF-kB translocates
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from the cytoplasm to the nucleus by enhancing the
phosphorylation of IkBa, which results in activating the
transcriptional activity of NF-«B, leading to the synthesis
of IL-1P in BV-2 cells (Fig. 7A, D-G, ], K). More inter-
estingly, the mRNA expression of RIPK1 was elevated in
response to treatment with Ao in BV2 cells (Fig. 7).

To further validate the above observations, we over-
expressed OPTN in BV2 cells. Ectopic overexpression
of OPTN resulted in markedly decreased protein levels
of RIPK1 without affecting the mRNA levels of RIPK1
in BV2 cells (Fig. 7L-N, S, T), leading to reduce trans-
location of NF-kB from the cytoplasm to the nucleus by
dephosphorylating IxkBa in BV2 cells (Fig. 7L, O-R). By
depressing the transcriptional activity of NF-«B, the pro-
duction of IL-1p was decreased in OPTN-overexpressing
BV2 cells (Fig. 7U, V). In OPTN-overexpressing cells, we
further treated BV2 cells with APo for 12 h. Treatment
with APo blocked the effects of ABo on inducing the
protein accumulation of RIPK1 in BV2 cells (Fig. 7L-N).
Similarly, phosphorylation of IkBa was also prevented by
OPTN overexpression, which impaired NF-«kB transloca-
tion from the cytoplasm to the nucleus in APo-treated
BV2 cells (Fig. 7L, O-R). Consistent with these obser-
vations, OPTN overexpression partially suppressed the
ability of APo to induce the synthesis of IL-1p and the
transcriptional activity of NF-xB in BV2 cells (Fig. 7U,
V). Notably, OPTN overexpression did not block the
effects of APo on inducing the synthesis of IL-1f or the
transcriptional activity of NF-xB in BV2 cells (Fig. 7U,
V). Based on these observations, the NF-kB p65 subunit
might not be a unique factor for the transcriptional activ-
ity of NF-kB or the secretion of IL-1f3 in BV2 cells.

OPTN promotes ubiquitin protease hydrolysis of RIPK1
through ubiquitination

As discussed above, genetic interventions of OPTN
have the ability to negatively regulate the protein accu-
mulation of RIPK1 without affecting the mRNA expres-
sion of RIPK1 in BV2 cells (Fig. 6A, C, I, L, N, T). These
results indicate that OPTN does not regulate RIPK1 at
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the transcriptional level. Given this, we speculated that
the protein-degrading process, such as autophagy or the
ubiquitin proteasome-degrading pathway, might be dis-
rupted by OPTN intervention. To this end, we treated
BV2 cells with either bafilomycin (Bafi) Al to block the
lysosomal pathway of autophagy or MG132 to inhibit
the proteasome pathway in OPTN-overexpressing cells.
Treatment with BafiAl significantly decreased protein
levels in OPTN-overexpressing BV2 cells (Fig. 8A, B). In
contrast, MG132 treatment blocked the effects of OPTN
on reducing protein levels of RIPK1 in BV2 cells (Fig. 8A,
B). Therefore, the ubiquitin proteasome pathway seems
to contribute to mediating the effects of OPTN on RIPK1
degradation in microglial cells.

To confirm the above findings, BV2 cells were trans-
fected with Flag-RIPK1 in the absence or presence of
OPTN knockdown by shRNAs. Immunoprecipitation
with an anti-Flag antibody revealed the amount of ubiq-
uitin that was bound, which was probed and visualized
by western blots. The results demonstrated that knock-
ing down the expression of OPTN markedly disrupted
the binding between RIPK1 and ubiquitin in BV2 cells
(Fig. 8C). Reciprocally, binding between RIPK1 and ubiq-
uitin was strengthened by overexpressing RIPK1 in BV2
cells (Fig. 8D). Based on these observations, OPTN facili-
tates the ubiquitination of RIPK1 in microglial cells.

The UBAN domain of OPTN and the death domain of RIPK1
mediate their interaction

Since optineurin (OPTN) is a ubiquitin-binding recep-
tor protein [12, 64], we speculated that OPTN might be
able to facilitate the ubiquitination of RIPK1 through a
direct interaction. Using computational biology, we ini-
tially predicted the structures of OPTN and RIPK1. The
C-score of RIPK1 was — 2.41, and the TM score was
0.434+4.0 A. For OPTN, the C-score was — 1.35, and
the TM score was 0.5540.15 A (Additional file 1: Fig.
S1A). Based on their molecular structures, molecular
docking was employed to predict the probability of bind-
ing between OPTN and RIPK1 using Haddock software

(See figure on next page.)

Fig. 7 OPTN negatively regulates RIPK1 inflammatory signaling pathways. A BV2 cells with OPTN silenced were treated with ABo for 12 h.Then,
OPTN, RIPK1, p-IkBa, and IkBa in the cytoplasm and NF-kB in the cytoplasm or nucleus were detected by western blot with -actin as an internal
control. B-G ImageJ software was used to semiquantitatively analyze the optical density of western blots. H-K OPTN-silenced BV2 cells were
treated with ABo for 12 h. H OPTN mRNA expression was detected by gRT-PCR using GAPDH as an internal control. I RIPK1 RNA expression

was detected by qRT-PCR using GAPDH as an internal control. J Extracellular secretion of IL-13 was assessed by ELISA. K The binding activity of
NF-kB was evaluated by dual-luciferase assay. The data are presented as the means & S.M. of independent experiment. OPTN-silenced BV2 cells
compared to control BV2 cells or ABo-treated BV2 cells compared to vehicle BV2 cells, *P<0.05, **P<0.01, ***P<0.001. L-V BV2 cells with ectopic
overexpression of OPTN in the absence or presence of ABo treatment for 12 h. L Protein levels of OPTN, RIPK1, p-IkBa, and IkBa in the cytoplasm
and NF-kB in the cytoplasm or nucleus were detected by western blot using (3-actin as an internal control. N-R ImageJ software was used to

semiquantitatively analyze the western blot results. S mRNA expression of OPTN was detected by gRT-PCR using GAPDH as an internal control. T
mRNA expression of RIPK1 was detected by gRT-PCR using GAPDH as an internal control. U Extracellular secretion of IL.-1(3 was assessed by ELISA.
V The binding activity of NF-kB was evaluated using a dual-luciferase assay. The data present means =+ S.M. of independent experiment. OPTN
overexpressed BV2 cells compared with control BV2 cells or ABo-treated BV2 cells compared with vehicle BV2 cells, *P < 0.05, **P<0.01, ***P < 0.001
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[65]. The results demonstrated that the binding affinity,
AG, was — 14.3 kcal/mol and that the dissociation con-
stant Kd (M) at 25.0 °C was 3.1 x 107! (Additional file 1:
Fig. S1B). Generally, the interaction is considered stable
if Kd is less than 1 x 107°. Therefore, OPTN may inter-
act with RIPK1 according to the computational biology
results. Analyzing the docking active amino acids, OPTN
binds with RIPK1 through their N-termini and C-termini
(Additional file 1: Fig. S1B).

To confirm the above prediction, we next overex-
pressed GFP-OPTN and mCherry-RIPK1 in BV2 cells.
Using confocal microscopy, we found that OPTN
colocalized with RIPK1 in BV2 cells (Fig. 9A). To fur-
ther confirm their interaction, we immunoprecipitated

OPTN using a specific antibody in BV2 cells. Using
western blot, we found that RIPK1 co-immunopre-
cipitated with OPTN in BV2 cells, suggesting binding
between OPTN and RIPK1 in microglial cells (Fig. 9B).
In HEK293T cells, we cotransfected HA-OPTN and
Flag-RIPK1. By immunoprecipitation using an anti-Flag
antibody, we found that HA-OPTN co-immunoprecip-
itated with RIPK1, suggesting binding between OPTN
and RIPK1 in HEK293T cells (Fig. 9C). From the results
of the above immunoprecipitation, we fully confirmed
the interaction between OPTN and RIPK1.

To determine the precise interacting domains, we ini-
tially analyzed the functional microdomains of OPTN
and RIPK1. The results demonstrated that OPTN
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contains NEMO and UBAN domains, and RIPK1 con-
tains protein kinase-like and death domains (Fig. 9D,
E). According to this analysis, we established trunca-
tion fragments of HA-OPTN and Flag-RIPK1, which
deleted the N- or C-terminal functional domains and
were then cotransfected into HEK293T cells (Fig. 9F,
G). By co-immunoprecipitation with either anti-Flag or
anti-HA antibodies, we found that deletion of C-termi-
nal functional domains disrupted the binding between
OPTN and RIPK1 in HEK293T cells (Fig. 9F, G). There-
fore, these results revealed that the UBAN domain of
OPTN and the death domain of RIPK1 mediate their
interaction in microglial cells.
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Restoration of OPTN decreases neuroinflammation

by deactivating AIM2 inflammasomes and inducing

RIPK1-degrading pathways in glial cells in APP/PS1 Tg mice
Because the expression of OPTN is downregulated in
APP/PS1 Tg mice, we aimed to determine the effects of
OPTN restoration on neuroinflammation. By inject-
ing AAV-OPTN into the hippocampus of APP/PS1 Tg
mice, we found that protein levels of AIM2, ASC, active
forms of caspase-1 and the production of IL-1f were all
repressed (Fig. 10A, B and Additional file 1: Fig. S2A-E).
Similarly, OPTN overexpression decreased NF-«B trans-
location from the cytoplasm to the nucleus by reducing
phosphorylation of IkBa in a RIPK1-dependent mecha-
nism in APP/PS1 Tg mice (Fig. 10C, D and Additional
file 1: Fig. S2F-L). By immunohistochemistry, Ibal stain-
ing demonstrated that OPTN overexpression deactivates
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OPTN was ectopically overexpressed in the brains of 3-month-old APP/PS1 transgenic mice. A Ibal immunohistochemical staining was performed
in brain tissues of the OPTN-AAV-injected and control groups. B, C The activity of microglial cells was analyzed in hippocampal and cerebral cortex
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tissues. The data are presented as the means =+ S.M. of independent experiment. D GFAP immunohistochemical staining was performed in the
brains of the OPTN-overexpressing and control groups. E Statistical analysis of astrocytes. OPTN-AAV injected APP/PS1 Tg mice compared with

microglial cells by increasing their endpoints and pro-
cess length (Fig. 11A-C). Additionally, the activity of
astrocytes was also inhibited in response to ectopically
expressed OPTN in APP/PS1 Tg mice (Fig. 11D, E).
Based on these observations, OPTN is critical for sup-
pressing neuroinflammation via the AIM2 inflamma-
some and RIPK-dependent NF-«kB pathways.

Discussion

AD is a progressive neurodegenerative disease that
causes dementia. The primary symptoms associated with
the disease are progressive loss of cognitive function and

memory. The pathological mechanism of the disease is
generally thought to be deposition of AP and hyperphos-
phorylation of tau [66]. AP deposition results in a poten-
tial innate immunopathological response in AD [67].
Indeed, the immune response is primarily focused on
the deposition of AP and tangles of neuronal fibers [67,
68]. For example, APs are often closely associated with
activated microglial cells and surrounded by activated
astrocytes. Additional evidence suggests that cytokines,
including IL-1P and IL-18, may contribute to the patho-
genesis of AD [69]. Furthermore, studies have demon-
strated that AP can activate the inflammasome, resulting
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in the secretion of IL-1f [21]. Treatment of AD model
mice with inflammasome inhibitors significantly attenu-
ated the decline in memory and reduced the deposition
of APs [70]. In a subsequent study, APP/PS1/NLRP3~/~
mice exhibited reduced caspase-1 cleavage and AP dep-
osition and enhanced phagocytosis of A compared to
APP/PS1 mice, providing evidence that NLRP3 plays an
in vivo and exacerbating role in the pathogenesis of AD
[45].

Based on these previous studies, we explored the activ-
ity of the AIM2 inflammasome in AD model mice. We
found that the AIM2 inflammasome was also signifi-
cantly activated, which was also confirmed in AB-treated
microglial cells (Fig. 4). The AIM2 inflammasome was
initially found to recognize and mediate the effects of
pathogens [71] and host double-stranded DNA [72] on
damaging the targeted tissues by inducing inflamma-
tion. Gradually, activation of the AIM2 inflammasome
was found not to be restricted to only innate immune
responses. In patients with type 2 diabetes, activation of
the AIM2 inflammasome induced chronic inflammation
[73]. In the brain, the AIM2 inflammasome contributes
to neuroinflammation independently of NLRP3 [74],
resulting in neuronal cell death [75]. Moreover, depletion
of AIM2 in an AD mouse model mitigated the deposition
of AP and microglial activation [76]. Our data revealed
that the AIM2 inflammasome is activated in APP/PS1 Tg
mice in response to the accumulation of A in APs.

Similar to the NLRP3 inflammasome, the AIM2
inflammasome has also been identified as a multiprotein
platform. Together with ASC and caspase-1, they induce
the maturation of cytokines, such as IL-1p [40]. Consist-
ently, we further found that production of the mature
and active forms of caspase-1 and IL-1[ was elevated in
an AB-dependent manner (Fig. 4). In agreement with our
observation, inflammatory factors, including caspase-1
and IL-1p, were upregulated following activation of the
AIM2 inflammasome in patients infected with the hepa-
titis B virus [71]. Therefore, the AIM2 inflammasome is a
potential essential mediator of neuroinflammation and a
therapeutic target of AD.

With respect to activating AIM2 inflammasomes,
OPTN deficiency was identified to be critical for this pro-
cess in the brains of APP/PS1 Tg mice (Fig. 5). As a gene
associated with normal tension glaucoma (NTG), OPTN
was recently identified in NFTs and dystrophic neurites
in AD patients, suggesting a new role for OPTN in the
disease [77]. In addition to AD, OPTN was also identified
to be expressed in the spinal cords of amyotrophic lateral
sclerosis (ALS), Lewy bodies and Lewy neurites of Par-
kinson’s disease, ballooned neurons of Creutzfeldt—Jakob
disease, glial cytoplasmic inclusions of multiple system
atrophy, and Pick bodies of Pick’s disease, suggesting that
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OPTN may represent a more general marker for neuro-
degenerative diseases [78]. Although OPTN is widely dis-
tributed in neurodegenerative conditions, its significance
is still obscure. Based on the above question, we initially
extended prior works and demonstrated that the expres-
sion of OPTN was downregulated in the brains of AD
patients and APP/PS1 Tg mice (Fig. 1A-G).

Given the above observation, we were prompted to
determine OPTN’s roles in regulating the activity of
AIM2 inflammasomes. As an essential receptor for mito-
chondrial autophagy [12], we found that OPTN restora-
tion blocked the effects of APo on disrupting the fusion
between mitochondria and lysosomes (Fig. 2). OPTN
is recruited to the damaged outer mitochondrial mem-
brane by binding to ubiquitinated mitochondrial pro-
teins in a PTEN-induced putative kinase 1 (PINK1)- and
parkin RBR E3 ubiquitin protein ligase (PARK2)-acti-
vating manner [79]. OPTN then induces the formation
of autophagosomes around damaged mitochondria by
interacting with the domain of the LC3 interaction region
(LIR) [64]. Conversely, depletion of endogenous OPTN
inhibits LC3 recruitment to mitochondria, result-
ing in inhibition of mitochondrial degradation [64]. As
upstream modulators of LC3, autophagic factors, includ-
ing unc-51-like autophagy activating kinase 1 (ULK1),
FYVE-containing protein 1 (DFCP1) and WD-repeat
protein interacting with phosphoinositides (WIPI) fam-
ily 1 (WIPI1), are also recruited to focal regions proximal
to the mitochondria [12]. Moreover, phosphorylation of
OPTN by tank-binding kinase 1 (TBK1) at Ser473 ena-
bles its binding to the ubiquitin chains of pS65, which
results in recruitment of OPTN to the mitochondria in
PINK1-driven and parkin-independent mitophagy [80].
Although the biological functions of OPTN in mitophagy
have been reported to be associated with neurodegenera-
tive diseases, including ALS [64], Parkinson’s disease [79]
and Huntington’s disease [81], the significance of OPTN
in AD has not been elucidated. Therefore, we extended
prior work on OPTN to AD, demonstrating that AP dis-
rupts the fusion between impaired mitochondria and
lysosomes by suppressing the expression of OPTN in
microglial cells (Fig. 2B).

In response to the disruption of mitochondrial
autophagy, impaired mitochondria release reactive oxy-
gen species (ROS), free radicals and mitochondrial DNA
(mtDNA) into the cytoplasm due to a lack of mitochon-
drial clearance, which may contribute to inflammation
[59]. Indeed, AIM2 has been reported to bind to free
cytoplasmic DNA through its HIN200 domain, which
induces the oligomerization of ASC, leading to the for-
mation of caspase-1-dependent inflammatory bodies
and the maturation and secretion of proinflammatory
cytokines, such as IL-1P and IL-18 [60]. Consistently, we



Cao et al. Journal of Neuroinflammation (2021) 18:281

further found that OPTN deficiency is critical for activat-
ing AIM2 inflammasomes in microglial cells (Fig. 5A).

We observed that OPTN deficiency induces accumu-
lation of the RIPK1 protein in microglial cells (Fig. 8).
In contrast to AIM2 inflammasomes, OPTN degrades
RIPK1 via a proteasome pathway (Fig. 8). In agreement
with our observation, RIPK1 is activated in response to
proteasome inhibition [82]. In addition, there is evidence
that RIPK1-mediated Cst7 induction leads to lysosomal
pathway damage, which further induces the disease-
associated microglia (DAM) phenotype, including an
enhanced inflammatory response and decreased phago-
cytic activity [48]. However, the inherent mechanisms
are not yet understood in microglial cells in the context
of AD. To address this gap in knowledge, we extended
prior works and found that OPTN recruits ubiquitinated
RIPK1 to proteasomes by the UBAN domain of OPTN
and the death domain of RIPK1 (Fig. 9F, G). These new
findings provide a reasonable explanation for the fact
that RIPK1 is activated by inhibiting the proteasome in
microglial cells.

Apart from the regulatory mechanisms, we further
found that ectopically expressed OPTN inhibited the
proinflammatory pathways of NF-kB by degrading RIPK1
in APP/PS1 Tg mice (Fig. 10). RIPK1 mediates axonal
degeneration by promoting inflammation and necrop-
tosis in ALS [82]. As a key regulator of innate immune
signaling pathways, heterozygous RIPK1 mutations pre-
vent caspase-8 cleavage of RIPK1 in humans, which pro-
motes autoinflammatory diseases [83]. With respect to
the critical roles of RIPK1 in inflammation, RIPK1 has
been identified as a therapeutic target of monogenic and
polygenic autoimmune, inflammatory, neurodegenera-
tive, ischemic and acute conditions, such as sepsis, by the
potential applications of RIPK1 inhibitors [84]. Based on
these clues, we extended prior works and demonstrated
that RIPK1 mediates the effects of OPTN on suppressing
neuroinflammation.
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