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ABSTRACT

Although microglial activation is induced by an increase in chemokines, the role of mitophagy in
this process remains unclear. This study aimed to elucidate the role of microglial mitophagy in
CKLF/CKLF1 (chemokine-like factor 1)-induced microglial activation and neuroinflammation, as
well as the underlying molecular mechanisms following CKLF treatment. This study determined
that CKLF, an inducible chemokine in the brain, leads to an increase in mitophagy markers, such
as DNMIL, PINK1 (PTEN induced putative kinase 1), PRKN, and OPTN, along with a simultaneous
increase in autophagosome formation, as evidenced by elevated levels of BECN1 and MAP1LC3B
(microtubule-associated protein 1 light chain 3 beta)-ll. However, SQSTM1, a substrate of auto-
phagy, was also accumulated by CKLF treatment, suggesting that mitophagy flux was reduced
and mitophagosomes accumulated. These findings were confirmed by transmission electron
microscopy and confocal microscopy. The defective mitophagy observed in our study was caused
by impaired lysosomal function, including mitophagosome-lysosome fusion, lysosome generation,
and acidification, resulting in the accumulation of damaged mitochondria in microglial cells.
Further analysis revealed that pharmacological blocking or gene-silencing of mitophagy inhibited
CKLF-mediated microglial activation, as evidenced by the expression of the microglial marker
AIF1 (allograft inflammatory factor 1) and the mRNA of proinflammatory cytokines (Tnf and //6).
Ultimately, defective mitophagy induced by CKLF results in microglial activation, as observed in
the brains of adult mice. In summary, CKLF induces defective mitophagy, microglial activation,
and inflammation, providing a potential approach for treating neuroinflammatory diseases.
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Introduction also contribute to the pathogenesis of CNS disorders [3]. Upon

Microglia, the predominant resident innate immune cells in the
central nervous system (CNS), play a critical role in CNS
homeostasis and development from embryonic stages to adult-
hood [1,2]. In the homeostatic state, microglia exhibit highly
ramified morphologies with small cell bodies that contribute to
maintaining CNS homeostasis and development [2]. Microglia

activation by immunogenic stimuli, microglia transform into
an activated response phenotype and perform inflammatory
functions, including the enhanced production of cytokines and
reactive oxygen species (ROS), which are considered respon-
ders and inducers of neuroinflammation that play a role in the
pathogenesis of various CNS diseases [2,4].
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Mitochondrial ROS are crucial regulators of inflammatory
responses in microglia [5]. Mitochondria are the primary
source of ROS and maintain mitochondrial integrity and
cellular homeostasis [6,7]. Under pathological conditions,
ROS production increases, leading to oxidative stress and
various pathological processes, such as microglial overactiva-
tion, resulting in cell death and disease [8,9].
Correspondingly, cells have evolved mechanisms to mitigate
mitochondrial damage [10]. Mitophagy, a selective form of
autophagy, plays a crucial role in mitochondrial quality con-
trol by removing damaged and redundant mitochondria [11].
Several studies have demonstrated that mitophagy can limit
the inflammatory response in microglial cells, whereas defec-
tive mitophagy facilitates microglial overactivation and pro-
motes neuroinflammation, underscoring the importance of
mitophagy in microglial fate [12-14].

Mitophagy is a process whereby phagophores engulf and
encapsulate damaged mitochondria, subsequently maturing
into double-membraned vesicles known as mitophagosomes,
which are subsequently transported to lysosomes for proteo-
Iytic degradation [15]. Two primary categories of mitophagy
pathways have been identified: ubiquitin-dependent and ubi-
quitin-independent [16]. Of these, the ubiquitin-dependent
pathway has undergone the most comprehensive investigation
and demonstrated a crucial role in numerous CNS diseases,
such as stroke, Alzheimer disease, and Parkinson disease [17-
19]. In general, damaged mitochondria are segregated from
healthy parts by DNM1L/Drpl (dynamin 1 like), followed by
a decrease in mitochondrial membrane potential [20,21].
Subsequently, the altered membrane potential prevents the
translocation of PINK1 (PTEN induced putative kinase 1)
from the outer mitochondrial membrane to the mitochondrial
matrix, thereby phosphorylating and recruiting cytosolic
PRKN/PARK2 (parkin RBR E3 ubiquitin protein ligase)
[22]. The recruited and activated PRKN executes mitophagy
by ubiquitinating mitochondrial membrane proteins, followed
by the recruitment of autophagic receptor proteins that bridge
the ubiquitinated cargo into mitophagosomes, such as OPTN
(optineurin; a crucial receptor for selective autophagy, in
particular, mitophagy) and SQSTM1/p62 (sequestosome 1),
to bind MAP1LC3B/LC3B (microtubule associated protein 1
light chain 3 beta) and the ER membrane, ultimately leading
to mitophagosome formation [9,16,23-25]. Mitophagosomes
containing damaged mitochondria are subsequently trans-
ported to the lysosomes for efficient clearance [15].
However, defective mitophagy leads to the accumulation of
dysfunctional mitochondria, thereby exacerbating oxidative
stress and inflammation [15]. Most extant studies have
focused on investigating the impact of pathological stimuli,
such as lipopolysaccharide, morphine, and cocaine, on micro-
glial mitophagy [26-28]. Although several studies have exam-
ined the influence of cytokines on microglial mitophagy [29-
31], the effects of chemokines on this process have rarely been
explored.

CKLF/CKLF1 (chemokine-like factor 1) is a CC-type che-
mokine that plays a critical role in various diseases, including
ischemic  stroke,  hypersensitivity,  tumors, cardio-
cerebrovascular diseases, and respiratory diseases, with evi-
dence demonstrating its involvement in inflammation [32-
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37]. C27 is a peptide obtained from secreted CKLF and has
been validated as an active peptide of CKLF [38-40]. Our
previous studies primarily focused on the role of CKLF in
CNS diseases, and we have shown that CKLF C27 peptide
exacerbates neuronal damage after cerebral ischemia/reperfu-
sion by inducing microglial overactivation, resulting in aber-
rant mRNA expression of proinflammatory cytokines, such as
TNE/TNF-a and IL1B/IL-1p [35]. Conversely, CKLF knock-
down or pharmacological inhibition with anti-CKLF immu-
noglobulin G (IgG) lowers proinflammatory cytokine levels,
such as TNF, IL1B, CXCL2/MIP-2 and IL8 and significantly
improves neurobehavioral deficits [41,42]. The conditional
knockout of neuronal CKLF inhibits microglial overactivation
induced by ischemic stroke [32]. These findings indicated the
crucial role of CKLF in microglia-mediated inflammation
under various pathological conditions. Recently, we found
that CKLF C27 peptide exposure led to microglial metabolism
reprogramming, as evidenced by an enhanced extracellular
acid rate, reduced oxygen consumption, and increased mito-
chondrial fission [43], suggesting that mitochondrial dysfunc-
tion induced by CKLF exposure may be linked to mitophagy
in microglial cells.

To verify this hypothesis, the present study aimed to elu-
cidate the role of microglial mitophagy in CKLF-induced
microglial activation and neuroinflammation, as well as the
underlying molecular mechanisms following CKLF treatment.
Our study identified, for the first time, a correlation between
mitochondrial dysfunction, defective mitophagy, and micro-
glial activation in response to CKLF exposure.

Results

C27-induced defective mitophagy and mitochondrial
dysfunction in microglial cells

To investigate how CKLF affects mitophagy, BV2 micro-
glial cells were exposed to various concentrations of the
CKLF active peptide C27 (250, 500, and 1000 nM) for 24 h.
The levels of the mitophagy markers DNMIL, PINKI,
PRKN and OPTN were detected by western blotting, with
BAF used as the positive control [44]. C27 upregulated the
mitophagy —markers DNMIL (Figure 1B), PINK1
(Figure 1C), PRKN (Figure 1D), and OPTN (Figure 1E)
in a concentration-dependent manner, with the most sig-
nificant increase observed at 1000 nM. Therefore, this con-
centration of C27 was selected for subsequent experiments.
The levels of mitophagy markers were examined at differ-
ent time points (0, 3, 6, 12, and 24 h) after exposure to C27
(1000 nM). No significant differences in mitophagy markers
were observed in the BV2 microglial cells without C27
exposure (Figure 1F-]). However, after 3h of C27 expo-
sure, a significant increase in the mitophagy marker
DNMIL was observed (Figure 1G), whereas PINKI levels
increased significantly after 6 h (Figure 1H). All these four
markers increased within 24h of detection (Figure 1F-J).
In addition, the cytosolic and mitochondrial fractions of
BV2 microglial cells were isolated, and the levels of mito-
phagy markers were detected in each fraction. The expres-
sion levels of the mitophagy markers DNMIL, PINKI,
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Figure 1. C27-induced mitophagy in microglial cells. (A-E) concentration-dependent upregulation of mitophagy markers in BV2 microglial cells exposed to C27.
Representative immunoblot images (A) and the quantified results of DNM1L (B), PINK1 (C), PRKN (D), and OPTN (E) (n =4). (F-J) time-dependent upregulation of
mitophagy markers in BV2 microglial cells exposed to C27 (1000 nM). Representative immunoblot images (F) and the quantified results of DNM1L (G), PINK1 (H),
PRKN (1), and OPTN (J) (n=4). (K-S) C27 upregulated the levels of mitophagy markers in a time-dependent manner in the cytosolic fractions and mitochondrial
fractions in BV2 microglial cells. Representative immunoblot images (K) and the quantified results of DNM1L (L, M), PINK1 (N, O), PRKN (P, Q) and OPTN (R, S) (n =4).
GAPDH (for total and cytosol) or VDAC (for mitochondria) was used as the protein loading control. Data are presented as the mean + SEM. One-way ANOVA followed
by Dunnett’s post hoc test (B-E) or two-way ANOVA followed by Sidak’s post hoc test (G-J, L-S) were used to determine statistical significance. *P < 0.05, **P < 0.01,

***¥P < 0.001 vs. control.



PRKN, and OPTN in both the cytosol (Figure 1L,N,P,R)
and mitochondria (Figure 1M,0,Q,S) also significantly
increased in a time-dependent manner.

Mitochondrial membrane potential (Aym) plays a crucial
role in stabilizing PINKI, and the PINK1-PRKN mitophagy
pathway is dependent on mitochondrial Aym [21,45].
Therefore, whether C27 affects the mitochondrial membrane
potential in microglial cells was examined. After exposing
primary microglial cells to C27 for 3 h, mitochondrial Aym
was assessed using the JC-1 kit. In the control group, most
mitochondria appeared healthy, with JC-1 forming
J-aggregates in the mitochondrial matrix and emitting red
fluorescence. However, microglial cells with low mitochon-
drial Aym exhibited JC-1 as a monomer and green fluores-
cence [46]. As shown in Figure 2 (A, B), primary microglial
cells in the control group displayed normal mitochondrial
Aym with red fluorescence, whereas the C27- and CCCP-
positive control groups showed significantly increased green
fluorescence. BV2 microglial cells also exhibited significantly
increased green fluorescence after C27 treatment (Figure S1A,
S1B), indicating that C27 significantly decreased mitochon-
drial Aym in microglial cells.

Reduced mitochondrial DNA (mtDNA) content is
a manifestation of mitochondrial dysfunction [47].
Considering that C27 decreased mitochondrial Aym, the
mtDNA copy number after C27 treatment was also measured.
There was a significant decrease in mtDNA: nDNA ratios in
BV2 microglial cells after 24 h of exposure to different con-
centrations of C27 (Figure 2C). Moreover, it is noteworthy
that the CGAS-STINGI1 pathway can be triggered by cytosolic
mtDNA [48]. Considering the observed reduction in mtDNA:
nDNA ratios caused by C27, we propose that this decrease
may be associated with the presence of the small fragments of
mtDNA, resulting in its release into the cytosol. To explore
this hypothesis, we quantified the extent of mtDNA release
into the cytosol. As expected, treatment with C27 led to
a notable increase in the levels of cytosolic mtDNA (Figure
S2 [A - C]). Furthermore, the upregulation of CGAS and
STINGI expression, along with the increased phosphorylation
of TBK1 and IRF3, was observed in BV2 microglial cells
(Figure S2 [D-H]), indicating the activation of the CGAS-
STINGI signaling pathway in response to treatment with C27.

Given the observed impact of C27 exposure on mitochon-
drial Aym and mtDNA in microglial cells, we aimed to
investigate its effect on the mitochondrial oxygen consump-
tion rate (OCR). OCR serves as an indicator of mitochondrial
function related to aerobic glycolysis and oxidative phosphor-
ylation. Notably, exposure to C27 resulted in significant
alterations in OCR levels in BV2 microglial cells (Figure
S1C, S1D), indicating the occurrence of mitochondrial dys-
function.  Furthermore, our findings demonstrated
a significant decrease in mitochondrial basal respiration, max-
imal respiration, proton leak, ATP-linked respiration, and
spare capacity in BV2 microglial cells exposed to C27 when
compared to the control group. This further supports the
presence of mitochondrial dysfunction induced by C27 expo-
sure in microglial cells.

Given that mitophagy involves both the formation of mito-
phagosomes and the subsequent degradation of
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mitophagosomes by lysosomes via the autophagic pathway
(Figure 2D), we assessed the levels of the macroautophagy/
autophagy markers BECN1/Beclinl (an autophagy initiation
marker), MAPILC3B-II (an autophagy formation marker),
and SQSTM1 (an autophagy degradation marker) in BV2
microglial cells exposed to varying concentrations of C27 for
24h [9]. The expression levels of BECNI1 (Figure 2E),
MAPI1LC3B-II (Figure 2F), and SQSTM1 (Figure 2G) signifi-
cantly increased. Within 24 h of exposure to C27, BECN1
(Figure 2H), MAPILC3B-II (Figure 2I), and SQSTMl1
(Figure 2J) exhibited time-dependent increases, suggesting
that lysosomal degradation was blocked by C27 exposure.

C27 increased mitophagosome formation and reduced
mitophagy flux in microglial cells

Following the detection of upregulated mitophagy-related
proteins, mitochondria were co-stained with MAPILC3B
fluorescence to confirm the relationship between C27-
induced mitophagy protein upregulation and mitophagosome
formation in microglial cells. After exposure to C27 or rote-
none (a mitophagy inducer) for 6 h, the number of mitopha-
gosomes (yellow puncta) and percentage of mitophagosomes
(yellow puncta/green puncta %) significantly increased in
both BV2 microglial cells (Figure S3 [A - C]) and primary
microglial cells (Figure 3A-C), indicating a significant
increase in mitophagosome formation induced by C27.

To verify the effect of C27 on mitophagic flux, we
stained BV2 microglial cells using the Mitophagy
Detection Kit (Figure 3D). Strong fluorescence was
emitted only when mitophagosomes fused with lysosomes.
While the colocalization of mitophagosomes and lyso-
somes was significantly increased in the CCCP treatment
group, BV2 microglial cells in the control, C27 and BAF
groups showed weak fluorescence and rare colocalization
of mitophagosomes and lysosomes, indicating that fusion
processing was blocked in the C27 treated group
(Figure 3E). To further confirm these findings, we evalu-
ated the formation and accumulation of mitophagosomes
using transmission electron microscopy. As predicted, the
mitochondria in the control adult microglial cells had
normal, intact, and healthy morphologies. In contrast,
exposure to C27 damaged mitochondria and mitophago-
some formation (Figure 3F). Adult microglial cells exposed
to C27 showed an unhealthy accumulation of
mitophagosomes.

C27-mediated increased autophagosome formation and
defective autophagic flux in microglial cells

To determine whether the accumulation of mitophagosomes
was due to an increase in mitophagosome formation or
a decrease in autophagic flux, the expression levels of
MAPILC3B-II and SQSTM1 were measured. MAP1LC3B-I
is converted into MAP1LC3B-II during autophagy activation,
which is required for autophagosome membrane formation
[49]. Therefore, the expression level of MAP1LC3B-II directly
reflects autophagosome formation. BV2 microglial cells were
exposed to C27 (1000 nM) for 24 h with or without 400 nM of
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BAF (an autophagosome-lysosome fusion inhibitor) for the
last 4 h. No significant difference in MAP1LC3B-II expression
level was observed between BAF-treated and untreated BV2
microglial cells exposed to C27 (Figure 4A), suggesting that
C27 May lead to decreased autophagy flux and block the
fusion between mitophagosomes and lysosomes.

SQSTML1 is a receptor protein that links MAP1LC3B to
ubiquitin and is selectively trapped in autophagosomes and
degraded by lysosomes. Therefore, SQSTM1 expression nega-
tively correlates with the rate of autophagic degradation
[50,51]. Consistent with the above findings on MAP1LC3B-
IT levels, there was no significant change in SQSTM1 expres-
sion levels between BAF-treated and untreated BV2 microglial
cells exposed to C27 (Figure 4B), suggesting that C27 inhib-
ited autophagic degradation of microglial cells and reduced
autophagy flux.

To further confirm that C27 induced the dysregulation of
autophagic flux, BV2 microglial cells were transduced with an
mRFP-GFP-MAP1LC3-expressing adenovirus and exposed to
C27. This mechanism is shown in Figure 4E. BV2 microglial
cells exposed to C27 (1000 nM) for 24 h exhibited accumula-
tion of colocalized mRFP-GFP yellow puncta, indicating
defective autophagosome degradation and a possible defect
in lysosomal function. Similarly, increased numbers of yellow
puncta were observed in BV2 microglial cells exposed to BAF
(400 nM) in the last 4 h. In contrast, accumulated red puncta
were observed in BV2 microglial cells exposed to rapamycin
(100 nM, an autophagy inducer) for 24 h, suggesting increased
autophagic flux (Figure 4C-E). Co-staining for MAP1LC3B
and LAMP1 (a lysosomal marker) was performed. As pre-
dicted, C27 significantly increased the number of autophago-
somes, decreased LAMP1 intensity, and reduced
colocalization (Figures 4F and S4A). Furthermore, the lysoso-
mal phagocytosis ratio of MAP1LC3B and overlap coefficient
decreased after C27 treatment (Figures 4G,H and S4B).
Overall, these results demonstrated that C27 induced
increased autophagosome formation and defective autophagic
flux, leading to mitophagosome accumulation.

C27-induced lysosomal dysfunction and inhibited fusion
between mitophagosomes and lysosomes

To further validate the inhibition of mitochondrial-lysosomal
crosstalk induced by C27, MitoTracker Green and
LysoTracker Red were used to reveal the interaction between
mitochondria and lysosomes. The morphology of the mito-
chondria was analyzed using the mitochondrial form factor,
average perimeter, and average size. Higher levels of form
factors indicate elongated mitochondria. In both primary
microglial cells (Figure 5A-D) and BV2 microglial cells
(Figure S5 [A - D]), the mitochondrial form factor, average
perimeter, and average size decreased significantly after the
C27 treatment compared to the control group. These results
demonstrated that C27 facilitated mitochondrial fission, con-
sistent with the increased expression of DNMI1L. The coloca-
lization of mitochondria and lysosomes declined after
exposure to C27, indicating that C27 might inhibit the fusion
of mitophagosomes and lysosomes. Based on these findings,
the lysosomal diameters were investigated. Lysosomes could

be categorized into three groups based on diameter: normal
lysosomes (<1.0 um), intermediate lysosomes (1.0-2.5um),
and abnormal lysosomal vacuoles (>3.0 um) [52]. In primary
microglial cells (Figure 5A,E) and BV2 microglial cells (Figure
S5A, S5E), most lysosomes in the control group had
a diameter <1 um, whereas larger lysosomes were detected
after exposure to C27, indicating that C27 might lead to
lysosomal dysfunction.

Moreover, we monitored lysosome-related genes to vali-
date the effects of C27 on lysosomal function. The mRNA
levels of Laptm4a (Figure 5F) and Lampl (Figure 5G) (pro-
moting lysosome biogenesis), Atp6v0dl (Figure 5H) (pro-
motes lysosomal acidification), and Atp6v0d2 (Figure 5I),
(promotes the fusion of mitophagosomes and lysosomes)
were downregulated, demonstrating that C27 May induce
lysosomal dysfunction [27]. Lysosomal function depends on
lysosomal acidification [53]. Consistent with the results of the
mRNA assay, the reduction in lysosomal acidification demon-
strated that C27 led to lysosomal dysfunction (Figure 5J-L).

To further investigate the mechanism of C27-induced lyso-
somal dysfunction, we examined the nuclear localization of
TFEB. TFEB is a key transcriptional master regulator of lyso-
somal biogenesis [54]. TFEB could normally be observed to be
localized in both cytosol and nuclear to maintain metabolic
homeostasis. However, C27 significantly inhibited the nuclear
translocation of TFEB, indicating that TFEB was inactivated
(Figure 5M,N). These results suggest that C27 induced lyso-
somal dysfunction and inhibited the fusion between mitopha-
gosomes and lysosomes.

Restoring lysosomal function resulted in complete
mitophagy in C27-treated microglial cells

In general, the inhibition of TFEB nuclear localization can be
caused by the activation of the MTOR (mechanistic target of
rapamycin kinase) complex 1 (MTORCI) and subsequent
phosphorylation. Moreover, MTOR Ser-2481 phosphorylation
is closely associated with MTORCI1 signaling [55,56].
Therefore, we hypothesized that C27 induced lysosomal dys-
function by mediating MTOR signaling. Notably, C27
induced MTORCI activity while torinl, a potent MTORC1
inhibitor, significantly suppressed MTOR phosphorylation
induced by C27 treatment (Figure 6A,B). To gain further
insights into their involvement in the initiation and formation
of autophagosomes, we conducted western blot analysis of
autophagy markers, namely BECNI, MAPILC3B-II, and
SQSTM1, in both the C27 and C27+torinl groups
(Figure 6C). Both C27 and C27+torinl exhibited increased
expression of autophagy initiation marker BECNI1
(Figure 6D) and autophagy formation marker MAP1LC3B-II
(Figure 6E), with no significant difference in expression
between the two groups. However, following torinl treatment,
the expression of the autophagy degradation marker SQSTM1
was significantly reduced, indicating an improvement in the
blocked autophagy flux (Figure 6F). This outcome might be
attributed to enhanced lysosome functionality. Consequently,
we proceeded to investigate the alterations in lysosome
function.
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Figure 4. C27 increased autophagosome formation and decreased autophagic flux in microglial cells. (A, B) western blots showing the expression of MAP1LC3B-II (A)
and SQSTM1 (B) in BV2 microglial cells exposed to C27 (1000 nM) for 24 h, followed by treatment with 400 nM of BAF for the last 4 h of the treatment period (n = 4).
One-way ANOVA followed by Dunn’s post-hoc test was used to determine statistical significance between multiple groups. (C-E) BV2 microglial cells were infected
with the mRFP-GFP-MAP1LC3B adenovirus and treated with C27 (1000 nM), BAF (100 nM), and rapamycin (10 nM) for 24 h. The number of autophagosomes (yellow
puncta) and autolysosomes (red puncta) per cell was counted (n = 10-20 cells per group). Non-parametric mann — Whitney U test were used to measure significance
between two groups. (F) Representative images of MAP1LC3B co-labeling with LAMP1 in BV2 microglial cells exposed to C27 (1000 nM) for 24 h. Graphs on the right
show the corresponding MAP1LC3B and LAMP1 intensities along the white lines, with colors consistent with the merged images. Scale bar: 5 um. (G, H) quantitative
analysis of the lysosomal phagocytosis ratio of MAP1LC3B (G) and the overlap coefficient of MAP1LC3B and LAMP1 (H) (n=20-25 cells per group). Data are
presented as the mean + SEM. Student’s t-test was used to measure the significance between two groups. **P < 0.01, ***P < 0.001 vs. control.
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Torinl restored the mRNA levels of lysosomal function-
related genes downregulated by C27 (Figure 6G-J).
Thereafter, to further investigate the role of MTORCI in
C27-induced lysosomal dysfunction, we performed co-
staining for MAPILC3B and LAMP1 in BV2 microglial
cells treated with C27 with or without torinl. Compared
to BV2 microglial cells treated with C27 alone, BV2 micro-
glial cells treated with both C27 and torinl exhibited sig-
nificantly increased LAMPI1 puncta and enhanced
colocalization of MAP1LC3B and LAMP1 (Figure 6K,L).
The overlap coefficients and lysosomal phagocytosis ratio
of MAP1LC3B were enhanced; however, the formation of
MAPI1LC3B was not affected (Figure 6M,N, S4C, and S$4D),
which was consistent with the previous result (Figure 6E).
Overall, our findings suggest that C27-induced defective
mitophagy may be attributed to lysosomal dysfunction,
which can be reversed by the inhibition of MTOR
signaling.

Inhibition of mitophagosome initiation blocked
C27-induced mitophagy

To elucidate the relationship between C27-mediated mito-
phagy and autophagy, BV2 microglial cells were treated with
pharmacological autophagy inhibitors 3-methyladenine
(3-MA) and wortmannin. The cells were pretreated with
500 uM of 3-MA or 1uM of wortmannin for 1h, followed
by exposure to 1000 nM of C27 for 24 h. At the end of the
experiment, the expression levels of mitophagy and autophagy
markers were detected using western blotting.

Inhibition of autophagy with 3-MA or wortmannin signif-
icantly suppressed the C27-mediated increase in mitophagy
markers, including DNMI1L (Figure 7A), PINK1 (Figure 7B),
and PRKN (Figure 7C), and increased the levels of autophagy
markers, including BECN1 (Figure 7D), MAPILC3B-II
(Figure 7E), and SQSTM1 (Figure 7F). These results were
further verified using a gene-silencing approach. Consistent
with the findings mentioned above, C27 did not increase the
expression levels of mitophagy (Figure 7G-I) and autophagy
markers (Figure 7J-L) in BV2 microglial cells transfected with
BECNI1 siRNA. These findings suggest that the upregulation
of mitophagy and autophagy induced by C27 could be inhib-
ited by inhibiting autophagy initiation.

We used the mitophagy pharmacological inhibitor Mdivi-1
and a gene-silencing approach to further validate the relation-
ship between autophagy and mitophagy. BV2 microglial cells
were pretreated with Mdivi-1 (5uM) for 1h, followed by
exposure to C27 for 24 h. The expression levels of mitophagy
and autophagy markers were determined using western
blotting.

As predicted, in BV2 microglial cells pretreated with
Mdivi-1, C27 did not induce an increase in the mitophagy
markers DNMI1L (Figure 8A), PINKI1 (Figure 8B), and
PRKN (Figure 8C). Furthermore, the expression levels of
autophagy markers, including MAP1LC3B-II (Figure 8D)
and SQSTMI1 (Figure 8E), were significantly inhibited,
whereas the C27-induced autophagy initiation marker
BECN1 was not inhibited by Mdivi-1 (Figure 8F).
Similarly, BV2 microglial cells transfected with PINKI
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siRNA inhibited the upregulation of mitophagy markers,
including DNMI1L (Figure 8G), PINK1 (Figure 8H), and
PRKN (Figure 8I), and autophagy markers, including
MAPILC3B-II (Figure 8]) and SQSTM1 (Figure 8K).
However, the upregulation of BECN1 induced by C27 was
not inhibited by PINKI siRNA (Figure 8L), suggesting that
the initiation of autophagy occurred upstream of mitochon-
drial damage and that C27 induced the initiation of mito-
phagy and autophagy simultaneously.

C27-mediated defective mitophagy promoted activation
of microglial cells

The previous work of our group demonstrated that C27
induces microglial overactivation and excessive inflammation,
leading to neuronal damage [35]. Knockout of CKLF inhibits
microglial overactivation and reduces neuronal damage
[32,57]. Initially, we assessed the activation status of microglia
by examining the expression levels of key genes associated
with microglia homeostasis, namely those encoding
TMEMI119, P2RY12, and TGFB/TGF-B, as well as pro-
inflammatory genes such as IL1B, TNF, and NOS2/iNOS
[58,59]. Through qPCR analysis, we observed a significant
reduction in the expression of microglia homeostasis-related
genes and a concurrent increase in the expression levels of
pro-inflammatory genes following C27 treatment (Figure
S6A). These findings provide compelling evidence of C27-
induced microglial activation. Thereafter, to explore the
cause of microglial overactivation, we investigated the invol-
vement of defective mitophagy and mitophagosome accumu-
lation. Activated microglia exhibit a characteristic genetic
profile with an enhanced expression of AIF1 (allograft inflam-
matory factor 1) [60]. Therefore, western blotting was used to
detect the expression levels of AIF1. As shown in Figure 9(A,
E,LM), C27 significantly increased the expression level of
AIF1. However, when autophagy or mitophagy was pharma-
cologically inhibited or gene silenced, AIF1 expression did not
increase. Consistent with these findings, the mRNA expres-
sion levels of proinflammatory cytokines, such as Il6 and Tnf,
were also significantly inhibited in C27-exposed BV2 micro-
glial cells after pharmacological blocking or gene silencing of
autophagy or mitophagy (Figure 9C,D,G,HK,L,0,P).
Inhibition of mitophagy resulted in significant downregula-
tion of the mRNA levels of proinflammatory cytokine Il1b
(Figure 9F,N). Moreover, Il1b mRNA levels decreased in C27-
exposed BV2 microglial cells with the inhibition of autophagy
(Figure 9B,]). These findings indicated that C27-mediated
defective mitophagy led to microglial overactivation and sub-
sequent inflammation.

C27 increased the expression level of mitophagy markers
and promoted microglial activation in vivo

To further validate that C27 induced defective mitophagy and
microglial activation in vivo, mice were injected with C27 (10
pg) for 3 and 6h via stereotaxic injection, and brain slices
near the injection site were collected. We performed immu-
nofluorescence co-staining of mitophagy markers (DNMI1L
and PINKI1) and autophagy markers (MAPILC3B and
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Figure 6. Torin1 treatment recovered the lysosomal function impaired by C27 in BV2 microglia cells. (A-B) the activation of MTOR was measured by western blotting
(n = 4). (C-F) Representative immunoblots (C) and bar graphs (D-F) showing western blot analyses of BECN1 (D), MAP1LC3B-II (E) and SQSTM1 (F) in BV2 microglial
cells pretreated with 2 uM of torin1 for 2 h, followed by exposure to C27 (1000 nM) for 24 h (n = 4). (G-J) the mRNA expressions of lysosome-related genes, such as
Laptm4a (G), Lamp1 (H), Atp6v0d1 (1), and Atp6v0d2 (J), were measured by gPCR analysis in BV2 microglial cells pretreated with 2 pM of torin1 for 2 h, followed by
exposure to C27 (1000 nM) for 24 h (n = 3). (K) Representative images of MAP1LC3B co-labeling with LAMP1 in BV2 microglial cells pretreated with 2 uM of torin1 for
2 h followed by exposure to C27 (1000 nM) for 24 h. (L) the corresponding MAP1LC3B and LAMP1 intensity along the white line, colors as in merged images. Scale
bar: 5 pm. (M, N) quantitative analysis of overlap coefficient of MAP1LC3B and LAMP1 (M) and lysosomal phagocytosis ratio of MAP1LC3B (N) (n =20-25 cells per
group). Data are presented as the mean + SEM. One-way ANOVA followed by Dunn’s post-hoc test was used to determine the statistical significance between

multiple groups. Student's t-test was used to measure significance between two groups. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control. *P < 0.05, #P < 0.01, #p <
0.001 vs. C27.
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Figure 7. Pharmacological inhibition and gene silencing of autophagy blocked C27-induced mitophagy. (A-C) Representative western blots showed the expression of
mitophagy markers, such as DNM1L (A), PINK1 (B), and PRKN (C) in BV2 microglial cells pretreated with 0.5 mM of 3-methyladenine (3-MA) or 1 uM of wortmannin for
1 h, followed by exposure to C27 (1000 nM) for 24 h (n = 4). (D-F) Representative western blots showed the expression of autophagy markers, such as BECN1 (D),
MAP1LC3B-II (E), and SQSTM1 (F) in BV2 microglial cells pretreated with 0.5 mM of 3-methyladenine (3-MA) or 1 uM wortmannin for 1 h, followed by exposure to C27
(1000 nM) for 24 h (n = 4). (G-L) Representative western blots showed the expression of DNM1L (G), PINK1 (H), PRKN (1), BECN1 (J), MAP1LC3B-II (K), and SQSTM1 (L)
in BV2 microglial cells transfected with either BECNT siRNA or scrambled siRNA, following exposure to C27 (1000 nM) for 24 h (n = 4). Data are presented as the mean
+ SEM. Non-parametric mann — Whitney U test was used to measure significance between two groups (C, H, K). One-way ANOVA followed by Dunn’s post-hoc test
was used to determine the statistical significance between multiple groups. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; *P < 0.05, P < 0.01, **P < 0.001 vs. C27.



602 (&) H.WANG ET AL.

A B c
DNM1L [ W o & |s0kpa  PINK1 [ IR B |66 kDa  PRKN m 52 kDa
GAPDH [ === === === === |36 kDa GAPDH p— 36 kDa GAPDH --" 36 kDa
2.0 15 . 15
) wekk ) L #H )
2215 B -2 A <y
= H T © Z
S ° =z S 1.0 L ¥ c 1.0 g
z ° 1.0 tHH = © ¥ © =
gz 109 oo 5 [}
i : i £
05 0.5 0.5
c2r - o+ o+ - c2r - o+ o+ - c2r - o+ o+ -
Mdivi-t - - o+ o+ Mdivi-t - - o+ o+ Mdivi-t - - o+ o+
D E F
,\'X':Fm"g’;'l: — ——  __ |15KkDaSQSTM1[ s s sw= === |62kDa BECN1[#w= e swem s | 56 kDa

GAPDH | === wms wmse s | 36 kD2 GAPDH | s s s g | 36 kD GAPDH | s s s s | 36 kDa

20 1.5 o 4 2.0 ns

25, : <5 5 ¢ - 3 "

880 . =5 1, z§ 1° o ”
= < 1. e <

531,0 | me o T o o 831.0 o [® o

ElEs % gl 11 I

=" o5l | [ ﬁ 051 L7 | : o5 ] [© :

cr - o+ + - cr - o+ + - cor - -
Mdivi-t - - o+  + Mdivi-1  — -  + o+ Mdivi-t - - o+ o+
H |

PINK1 [ ™% == & = ===|66kDa PRKN[ % W = |50kDa

GAPDH | s s s s | 36 kD2 GAPDH | ™8 S s s | 36 kDa

DNM1L XX 80kDa

2.0 2.0
S S o
o5 1.5 = £ 1.5 2
Z5 < 5 o HHE
To 10 ¥ 10
o [
L L
0.5 0.5
¥ - * = = cr - + - 4
Scrambled  Pink1 Scrambled  Pink1 Scrambled  Pink1
sSiRNA  siRNA SiRNA  siRNA SiRNA  siRNA
J K L
AP 1LCo.| R | [ == o o | i X I 1
MAPTLESE [ |15 kDasQSTM1 — - 62 kDa BECN(1 - - | G Da

GAPDH| == e s s [36 kD2 GAPDH | s s s s | 36 kD2t GAPDH | = s s s | 36 kDa

_ 15 * 15
oS b : -
ISl @ Z
2 5 'u_) S 1.0 8 S 1.0
oz gz m 3
<o e 2
= 0.5 0.5
Cfy - + - & G — & - 4 GeF - & - &
Scrambled  Pink1 Scrambled  Pink1 Scrambled  Pink1
siRNA siRNA siRNA siRNA siRNA siRNA

Figure 8. Pharmacological inhibition and gene silencing of mitophagy blocked C27-induced mitophagy. (A-C) Representative western blots showed the expression
of mitophagy markers, such as DNM1L (A), PINK1 (B), and PRKN (C) in BV2 microglial cells pretreated with 5 uM of Mdivi-1 (a mitophagy inhibitor) for 1 h, followed by
exposure to C27 (1000 nM) for 24 h (n = 4). (D-F) Representative western blots showing expression of autophagy markers, such as MAP1LC3B-II (D), SQSTM1 (E), and
BECNT1 (F) in BV2 microglial cells pretreated with 5 uM of Mdivi-1 for 1 h, followed by exposure to C27 (1000 nM) for 24 h (n = 4). (G-L) Representative western blots
showed the expression of DNM1L (G), PINK1 (H), PRKN (1), MAPTLC3B-II (J), SQSTM1 (K), and BECN1 (L) in BV2 microglial cells transfected with either PINK7 siRNA or
scrambled siRNA, following exposure to C27 (1000 nM) for 24 h (n = 4). Data are presented as the mean + SEM. Non-parametric mann — Whitney U test was used to
measure significance between two groups (G). One-way ANOVA followed by Dunn’s post-hoc test was used to determine the statistical significance between multiple
groups. P<0.05, "P<0.01, “P<0.001 vs. control; “P < 0.05, P < 0.01, "*P < 0.001 vs. C27.
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Figure 9. Defective mitophagy induced by C27 led to increased microglial activation and elevated proinflammatory cytokines. (A) Representative western blots
showed the expression of AIF1 in BV2 microglial cells pretreated with 0.5 mM of 3-methyladenine (3-MA) or 1 uM of wortmannin for 1 h, followed by exposure to C27
for 24 h (n=4). (B-D) qPCR was used to measure the mRNA expression of proinflammatory cytokines, such as /l7b (B), Il6 (C), and Tnf (D) in BV2 microglial cells
pretreated with 0.5 mM of 3-MA or 1 uM of wortmannin for 1 h, followed by exposure to C27 for 24 h (n = 6). (E) Representative western blots showed the expression
of AIF1 in BV2 microglial cells pretreated with 0.5 uM of Mdivi-1 for 1 h, followed by exposure to C27 for 24 h (n=4). (F-H) gPCR was used to measure the mRNA
expression of proinflammatory cytokines, such as /76 (F), /6 (G), and Tnf (H) in BV2 microglial cells pretreated with 0.5 pM of Mdivi-1, following exposure to C27 for
24 h (n=6). (I) western blot analysis was used to measure the expression of AIF1 in BV2 microglial cells transfected with either BECNT siRNA or scrambled siRNA,
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SQSTM1) with AIF1 (a microglial marker) to confirm the
effect of C27 on mitophagy and the relationship between C27-
mediated mitophagy and microglial activation. As shown in
Figure 10A-D, compared with the sham group, the levels of
microglial mitophagy markers DNM1L and PINK1 and auto-
phagy markers MAPILC3B and SQSTM1 were significantly
increased 3h after C27 treatment and remained at a high
expression level 6 h after administration, suggesting that C27
induced defective mitophagy in vivo. In addition, we assessed
the morphology of AIF1" microglia to confirm microglial
activation. Notably, in the sham operation group, microglial
cells exhibited a highly ramified structure with multiple
branched processes. In contrast, after the C27 treatment, the
morphology of the microglial cells showed significant
changes, including a reduction in endpoints (Figure 10E),
branches (Figure 10F), junctions (Figure 10G), and cell pro-
cess length (Figure 10H). In conclusion, these findings ver-
ified that C27 induced defective mitophagy and increased
microglial overactivation in vivo.

Discussion

As resident cells of the CNS, microglia have been implicated
in brain homeostasis and disease [61,62]. Under pathological
conditions, microglial activation is closely associated with
neuroinflammation [4]. Mitophagy, a selective form of auto-
phagy, is the fundamental mechanism of mitochondrial
degradation. Evidence has shown that mitophagy and neu-
roinflammation interact and modulate each other in response
to pathological events, and impaired mitophagy can induce
exuberant inflammation [63-65]. Although several studies
have investigated the influence of cytokines on mitophagy
and inflammation, the contribution of chemokines in this
regard remains largely understudied [30]. Our research
group has extensively investigated the role of CKLF, a CC-
type chemokine, in inducing aberrant inflammation in ner-
vous system diseases [32,35,41,42]. However, the underlying
mechanism remains unclear. In this study, we demonstrate
that CKLF induces defective mitophagy in microglia, leading
to microglial overactivation and inflammation.

We investigated the role of C27 (an active peptide of
CKLF) in microglial mitophagy. These findings demonstrate
that CKLF induces mitophagy in microglia, as evidenced by
the significantly increased expression of the mitophagy mar-
kers DNM1L, PINK1, PRKN, and OPTN and the autophagy
markers BECN1 and MAPILC3B in a dose- and time-
dependent manner. Transmission electron microscopy analy-
sis further revealed that C27 induces the formation of mito-
phagy in adult microglial cells. Moreover, the detection of
mitophagosomes by the co-location of MAP1LC3B and mito-
chondria demonstrate that the C27-mediated upregulation of

these proteins was accompanied by the accumulation of mito-
phagosomes in primary microglial cells. The PINKI-PRKN
mitophagy pathway is typically associated with mitochondrial
dysfunction, with Aym serving as a critical indicator of mito-
chondrial function [66,67]. Under pathological conditions,
mitochondrial membrane depolarization leads to the stabili-
zation of PINKI1 in the outer mitochondrial membrane, which
further activates the PINK1-PRKN mitophagy pathway [68].
As predicted, CKLF significantly decreases Aym in microglial
cells. This result was accompanied by a decrease in various
aspects of mitochondrial function, including basal respiration,
maximal respiration, proton leak, ATP-linked respiration, and
spare capacity.

In addition, mitochondria possess their own genomes,
known as mitochondrial DNA (mtDNA), and abnormalities
in mtDNA, including deletions and copy number variations,
contribute to mitochondrial dysfunction [69]. Both C27 and
BAF treatment resulted in a relative decrease in the mtDNA:
nDNA ratio. This decrease may be attributed to the presence
of small fragments of mtDNA, which could potentially lead to
a significantly lower enrichment of mtDNA compared to
nuclear DNA [69,70]. Furthermore, an increase in cytosolic
mtDNA levels was observed in BV2 microglial cells following
exposure to C27, providing additional support for the afore-
mentioned hypothesis. Previous studies have demonstrated
that the release of small mtDNA fragments into the cytosol
triggers the activation of the CGAS-STINGI pathway [71].
The cytosolic DNA sensor CGAS (cyclic GMP-AMP synthase)
plays a crucial role in initiating innate immune responses by
generating the second messenger cGAMP. This molecule, in
turn, activates the protein STINGI. Once activated, STING1
recruits and activates TBK1 (TANK-binding kinase 1), which
phosphorylates STING1 and IRF3 (interferon regulatory fac-
tor 3) [72]. Our results demonstrate a significant upregulation
of CGAS and STINGI expression, as well as a substantial
increase in TBK1 and IRF3 phosphorylation, in BV2 micro-
glial cells upon treatment with C27. These findings strongly
suggest that C27 is capable of inducing the activation of the
CGAS-STING1 pathway.

In general, the mitophagy pathway involves the forma-
tion of mitophagosomes and their degradation by lyso-
somes [73]. Therefore, we assessed the expression of
SQSTM1, an autophagic cargo receptor protein recruited
by phospho-ubiquitinated PRKN, and considered it an
autophagy degradation marker [74]. Notably, our findings
reveal that SQSTM1 is upregulated in a dose- and time-
dependent manner, suggesting impaired degradation of
accumulated mitophagosomes. This was further confirmed
by the unaltered expression level of MAPILC3B-II and
SQSTM1 in BV2 microglial cells treated with C27 alone
and in combination with the autophagosome-lysosome

following exposure to C27 for 24 h (n = 4). (J-L) qPCR was used to measure the mRNA expression of proinflammatory cytokines, such as /I7b (J), ll6 (K), and Tnf (L) in
BV2 microglial cells transfected with either BECNT siRNA or scrambled siRNA, following exposure to C27 for 24 h (n=6). (M) western blot analysis was used to
measure the expression of AIF1 in BV2 microglial cells transfected with either PINK7 siRNA or scrambled siRNA, following exposure to C27 for 24 h (n = 4). (N-P) qPCR
was used to measure the mRNA expression of proinflammatory cytokines, such as //7b (N), /16 (0), and Tnf (P) in BV2 microglial cells transfected with either PINK1
siRNA or scrambled siRNA, following exposure to C27 for 24 h (n=6). Data are presented as the mean + SEM. Non-parametric mann — Whitney U test was used to
measure significance between two groups (D, L). One-way ANOVA followed by Dunn’s post-hoc test was used to determine the statistical significance between
multiple groups. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; *P < 0.05, *P < 0.01, **P <0.001 vs. C27.
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Figure 10. C27 induced upregulation of mitophagy markers and microglial activation in vivo in a time-dependent manner. (A) immunofluorescence staining for AIF1
(red), DNM1L (green), and Hoechst (blue) in the cortices near the injection site. (B) immunofluorescence staining for AIF1 (red), PINK1 (green), and Hoechst (blue) in
the cortices near the injection site. (C) immunofluorescence staining for AIF1 (red), MAPTLC3B (green), and Hoechst (blue) in the cortices near the injection site. (D)
immunofluorescence staining for AIF1 (red), SQSTM1 (green), and Hoechst (blue) in the cortices near the injection site. Scale bar: 10 um. (E-H) C27 upregulated
microglial activation in vivo. Morphological features, including endpoints (E), branches (F), junctions (G), and cell process length (H), were quantified using ImageJ
software (n=20-25 cells from three mice per group). The data are presented as the mean + SEM. Non-parametric mann — Whitney U test was used to measure
significance between two groups. ***P < 0.001 vs. control.
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fusion inhibitor BAF. Mitophagic and autophagic fluxes
were also reduced, thereby validating these results.

Mitophagy is an essential catabolic process whereby
damaged mitochondria are sequestered by mitophagosomes
and subsequently fused with lysosomes for degradation,
thereby maintaining cellular homeostasis [16]. Lysosomes
are considered the primary sites for degradation in most
eukaryotic cells. Proper lysosomal physiology requires lysoso-
mal acidification, lysosomal biogenesis, fusion between lyso-
somes and autophagosomes [75]. Consequently, impairing
lysosomal functions significantly disrupts the flux of mito-
phagy. Considering that the impaired degradation of mito-
phagosomes may be due to lysosomal dysfunction, we
assessed the effects of C27 on lysosomal function. Our results
indicate that exposure to C27 significantly reduces mRNA
levels related to lysosomal biogenesis, lysosomal acidification,
and mitophagosome-lysosome fusion, suggesting that C27
disrupts lysosomal function [76]. In addition, C27 reduced
the acidity of lysosomes, as evidenced by the lysosomal pH
indicator. TFEB exerts comprehensive control on autophagy
and lysosomal function by regulating genes involved in var-
ious stages of autophagosome formation, fusion between
autophagosomes and lysosomes, and degradation within lyso-
somes [75]. Thus, TFEB serves as a pivotal regulator of auto-
phagy by controlling the delivery of cargo and degradation of
substrates [77]. Moreover, TFEB overexpression stimulates
the generation of new lysosomes, highlighting the importance
of TFEB in lysosomal regulation [78]. Our findings demon-
strate that treatment with C27 inhibits TFEB activity and
reduces its nuclear translocation, leading to a severe impair-
ment of lysosomal function [79]. As MTORCI-mediated
phosphorylation inhibits the nuclear translocation of TFEB,
we hypothesized that C27 impairs lysosomal function via
MTORCI-TFEB signaling [75,79]. As predicted, torinl treat-
ment inhibited C27-induced MTOR phosphorylation, which
was accompanied by recovery of lysosomal function. Our
findings suggest that C27-mediated defective mitophagy may
result from lysosomal dysfunction via MTORC1-TFEB signal-
ing. However, further investigations are needed to elucidate
the interactions between lysosomes and MTORC1 following
C27 treatment.

Previous studies have shown that PINK1 and BECN1
interact with and influence each other, thereby influencing
mitophagy and autophagy [80,81]. Our findings illustrate
that the inhibition of autophagy significantly reduces the
expression of mitophagy markers. In contrast, blocking
mitophagy did not reduce the expression of the autophagy
initiation marker BECN1, suggesting that autophagy initia-
tion occurs upstream of mitophagy.

Our previous study has provided evidence that CKLF is
responsible for inducing acute microglial activation and
inflammation and initiating metabolic reprogramming,
leading to a shift from oxidative phosphorylation to glyco-
lysis [43]. These findings underscore the critical involve-
ment of CKLF in the pathogenesis of ischemic stroke.
Dysregulated mitophagy may trigger inflammation

associated with damaged mtDNA [65,82]. Consequently,
the present study aimed to investigate the impact of CKLF-
induced defective mitophagy on microglial overactivation
and inflammation. In this study, we used both pharmaco-
logical inhibition and gene silencing approaches. The over-
activation of microglia was reduced by inhibiting either
pharmacological autophagy inhibitors (3-MA and wortman-
nin) and the mitophagy inhibitor Mdivi-1 or by silencing
BECNI and PINKI, as evidenced by the expression level of
ATF1. Furthermore, the neuroinflammation caused by C27
treatment was reversed by both autophagy and mitophagy
inhibition, as evidenced by the significantly decreased
mRNA expression levels of proinflammatory cytokines 16,
Tnf, and Il1b. These results highlight the crucial role of
C27-mediated defective mitophagy in microglial activation
and inflammation.

Finally, ~we wvalidated the in vivo findings.
Immunofluorescence assays showed that the expression of
mitophagy markers DNM1L and PINK1 and autophagy mar-
kers MAP1LC3B and SQSTM1 were significantly increased in
the microglial cells of mice administered C27. These findings
suggest enhanced induction of mitophagy in microglial cells,
albeit with a concurrent blockade of the degradation process.
The morphology of microglial cells transitions from
a homeostatic to an activated response state, which enables
their participation in immune responses [83]. In the sham
group, microglia exhibited a highly ramified structure,
whereas microglial cells in C27-treated mice showed reduced
endpoints, branches, junctions, and cell process lengths, sug-
gesting that defective mitophagy was accompanied by micro-
glial activation in CKLF-treated mice, similar to the in vitro
results.

In summary, we demonstrated for the first time that CKLF
can facilitate defective mitophagy in microglial cells, leading
to microglial overactivation and inflammation (Figure 11).
Our study substantiates the new concept that CKLF-
mediated defective mitophagy in microglial cells is associated
with mitochondrial dysfunction, microglial activation, and
inflammation in the brain. Given the crucial role of CKLF
in inflammation, intervening in diseases exacerbated by CKLF
may be possible by blocking mitochondrial dynamics and/or
promoting the clearance of damaged mitochondria. This
study provides a basis for further enriching our understanding
of the mechanism of CKLF-mediated diseases and treatments
based on this mechanism. However, the precise impact of
CKLF on pathological conditions remains an area that
requires further investigation.

Materials and methods
Reagents

CKLF peptide C27 (ALIYRKLLFNPSGPYQKKPVHEKKEVL)

with>99%  purity ~was obtained from  Guoping
Pharmaceutical Co., LTD (Hefei, China). Wortmannin
(T6283), 3-methyladenine (3-MA) (T1879), and
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Figure 11. Schematic diagram of CKLF-mediated defective mitophagy and microglial activation (by Figdraw). CKLF decreased mitochondrial membrane potential and
induced mitochondrial dysfunction, followed by initiation of PINK1-PRKN mitophagy and subsequent mitophagosome formation. However, an impaired lysosomal
function disrupted mitophagosome-lysosome fusion and degradation, leading to mitophagosome accumulation. The defective mitophagy caused by CKLF resulted in

microglial overactivation, which further triggered neuroinflammation.

mitochondrial division inhibitor 1/Mdivi-1 (T1907) were
obtained from TargetMol. Rotenone (R8875) was obtained
from Sigma-Aldrich. Bafilomycin A; (BAF; S1413) was
obtained from Selleck. Torinl (SC0245) was obtained from
Beyotime.

Animals

Male C57BL/6 (eight-weeks old) mice weighing 20-22 g were
obtained from Vital River (Beijing, China). The animals were
housed in sanitary cages with constant temperature (24 +
2°C), humidity (45+5%), and a 12-12h day-night cycle.
During the experiment, animals were provided free access to
food and water. All animal experiments were conducted fol-
lowing the protocols approved by the Animal Care and Use
Committee of the Peking Union Medical College, Chinese
Academy of Medical Sciences, and the NIH Guide for the
Care and Use of Laboratory Animals.

Cell cultures

Primary newborn microglial cells were isolated from the cere-
bral cortices of C57BL/6 neonatal mice within 24 h [35]. The
cortex was separated at 4°C on Dulbecco’s Modified Eagle
Medium (DMEM)/F12 medium (Gibco 12,400,024) after
removing the meninges and blood vessels. The cortex tissue
was then cut into 1 mm® and transferred to a digestion solu-
tion (10 ml of DMEM/F12 medium containing 1 ml of 2.5%
trypsin-EDTA, 20 pl of 5mg/ml of DNase I) at 37°C for 10

min. The collected cells were plated in poly-L-lysine (PLL)-
precoated cell culture flasks (Sigma-Aldrich, P1399) in
DMEM/F12 containing 10% FBS and 1% penicillin-
streptomycin. Half of the medium was changed on the
third day, and the medium was then changed every three
days. Approximately 13 days later, when the mixture cells
attained confluence, primary microglial cells were collected
by shaking at 180xg for 5h at 37°C. The purity of the
primary microglial cells was confirmed to be>99% (Figure
S7A, S7B).

Adult microglial cells were isolated from the cerebral
cortices of male C57BL/6 (eight weeks old) mice using
a modified procedure based on previous studies [84]. The
brain tissue was dissociated using the Adult Brain
Dissociation Kit following the instructions of the manufac-
turer (RWD, DHABE-5003). Adult microglial cells were
then  isolated using ITGAM/CDI11b  (microglia)
MicroBeads (Miltenyi Biotec, 130-093-634). Purified adult
microglial cells were plated in poly-D-lysine-precoated cell
culture dishes in DMEM/F12 containing 10% FBS, 1%
penicillin-streptomycin, 10ng/ml of recombinant murine
CSF1/M-CSF (Beyotime, P6015), and 50 ng/ml of TGFB1/
TGE-B1 (Bioss, bs-10899P). Half of the medium was chan-
ged every three days, and the adult microglial cells were
cultured for 9 d before use. The purity of the adult micro-
glial cells was confirmed by immunofluorescence staining
with AIF1 (Figure S7C, S7D).

BV2 microglial cells were cultured in DMEM supplemen-
ted with 10% G-FBS and 1% penicillin-streptomycin. All
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cells were incubated in a humified 37°C incubator with 5%
CO,.

Mitochondria isolation

BV2 microglial cells were cultured in 100-mm culture dishes
at a density of 7x 10° cells per dish and incubated in the
incubator for 24 h. Following exposure to 1000 nM of C27 for
0, 3, 6, 12, and 24h, the mitochondrial fractions were
extracted using a Mitochondria Isolation kit (Beyotime,
C3601) according to the instructions of the manufacturer.
The BV2 cells were collected and centrifuged at 600 x g for
6 min. The cells were then resuspended in a mitochondrial
separation reagent and incubated on ice for 15min. The
suspensions were homogenized until the Trypan Blue positive
cells exceeded 50%, and the homogenate was centrifuged at
1000 x g for 10 min at 4°C. The supernatant was transferred to
another centrifuge tube and centrifuged at 3500 x g for 10 min
at 4°C, resulting in the isolation of the mitochondrial fraction.
The supernatant was further centrifuged at 12,000 x g for 12
min at 4°C to improve the purity of cytoplasmic proteins,
resulting in the isolation of purified cytoplasmic proteins. The
mitochondrial fraction was added to 50 pul of mitochondrial
lysis solution and incubated on ice for 10 min. The suspen-
sions were then centrifuged at 12,000 x g for 10 min at 4°C,
and the resulting supernatant was used for subsequent wes-
tern blot experiments. The isolated mitochondrial and cyto-
plasmic protein concentrations were measured using a BCA
kit (Applygen, P1511).

Detection of mitophagy flux

To assess mitophagy flux, BV2 microglial cells were stained
with a Mitophagy Detection Kit (Dojindo, MDO01) following
the instructions of the manufacturer with minor modifica-
tions. Briefly, BV2 microglial cells were seeded in confocal
dishes at a density of 2x 10> cells/dish and cultured in an
incubator for 24 h. After staining with Mtphagy Dye (contain-
ing 25 nM of MitoTracker Deep Red [Yeasen, 40743ES50]) for
30 min at 37°C, the cells were washed twice and treated with
C27 for 6 h. Thereafter, the cells were treated with Lyso Dye
for 30 min at 37°C and washed with phosphate-buffered saline
(PBS; Servicebio, G0002) twice. Fluorescent images were cap-
tured using a Cytation C10 Confocal Imaging Reader (Agilent
BioTek, CA, USA).

Analysis of mitochondrial membrane potential

The effect of C27 on the mitochondrial membrane potential of
microglia was detected using a JC-1 mitochondrial membrane
potential detection kit (Beyotime, C2006) following the instruc-
tions of the manufacturer. Briefly, the primary microglial cells
were seeded in 12-well plates at a density of 2 x 10° cells/well.
The cells were exposed to 1000 nM of C27 24 h later; carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) (10 uM) was used
as a positive control. Subsequently, the cells were washed with
PBS, and JC-1 staining solution (JC-1 working solution: DMEM
serum-free medium = 1:3) was added and incubated for 20 min
in a 37°C incubator. The cells were then washed twice with JC-1

staining buffer, and the fluorescence was observed using an
inverted optical microscope.

Measurement of oxygen consumption rate (OCR)

OCR was assessed using a Seahorse XF24 analyzer (Agilent,
USA). A total of 4 x 10* cells were seeded in XF24 cell culture
microplates and incubated overnight at 37°C and 5% CO,.
The following day, the cells were treated with C27 (1000 nM)
for 12h. Simultaneously, the “Flux Pak” cartridge was
hydrated with XF Calibrant solution by overnight incubation
in a non-CO, incubator at 37°C. Prior to the assay, the culture
medium was replaced with the assay medium (XF DMEM
medium containing 10 mM glucose, 1 mM pyruvate, and 2
mM glutamine). Using the Agilent Seahorse XF Cell Mito
Stress Test Kit (Seahorse Bioscience 103,015-100), we pre-
pared mitochondrial complex inhibitor solutions according
to the manufacturer’s instructions. These solutions were
loaded into the hydrated Flux Pak as follows: Port A: 56 pl
oligomycin A ([stock] =15 uM), Port B: 62 ul FCCP ([stock]
=20 uM), and Port C: 69 ul rotenone-antimycin A ([stock] =
5 uM). Each well on the cell culture plate was quantified, and
the data were normalized to the cell count. Basal respiration,
ATP production, maximal respiration, spare capacity, and
proton leak were calculated.

Analysis of mitophagosome formation

Primary microglial cells were seeded at a density of 1 x 10°
cells/well in a PLL-precoated 24-well plate with sterile glass
coverslips and cultured in an incubator at 37°C for 24 h.
The cells were then exposed to C27 (1000 nM) and the
positive control rotenone (1000 nM) for 6 h. The medium
was replaced with 200 nM of MitoTracker Red CMXRos
(Beyotime, C1049B), and the cells were incubated at 37°C
for 30 min. After being washed three times with PBS, the
cells were fixed with 4% paraformaldehyde for 20 min at
25°C. The cells were then washed with PBS and permeabi-
lized with 0.2% Triton X-100 (Rhawn Chemical Technology
Co. Ltd., R009177) for 7 min. The cells were then blocked
with 5% bovine serum albumin (BSA; Roche
10,738,328,103) for 60 min and incubated with primary
antibody MAP1LC3B (Cell Signaling Technology, 3868S)
overnight at 4°C. Alexa Fluor 488-labeled donkey Anti-
Rabbit IgG (Invitrogen, A21206; 1:500) was used as the
secondary antibody. Fluorescent images were captured
using a confocal laser microscope. The number of puncta
that colocalized with MAP1LC3B and MitoTracker, and the
percentage of MAPILC3B™ puncta that colocalized with
MitoTracker, were quantified using the Image] software.
A total of 20-25 cells were analyzed in three independent
experiments per group.

siRNA transfection

BV2 microglial cells were transfected with either BECNI
siRNA (Santa Cruz Biotechnology, sc -29,798) or PINKI
siRNA (Santa Cruz Biotechnology, sc -44,599). Briefly, BV2
microglial cells were plated in 6-well plates at a density of



6 x 10° cells/well and cultured in an incubator at 37°C for
24 h. Thereafter, the INTERFERin Transfection Reagent
(Polyplus Transfection, PT-409-10) was used to transfect
the targeted siRNA or scrambled siRNA (100 nM), accord-
ing to the instructions of the manufacturer. After 24 h, the
transfected BV2 microglial cells were exposed to C27 for
the next 24 h. Transfection efficiency was analyzed by wes-
tern blotting.

Adenovirus monomeric red fluorescence protein-green
fluorescence protein-MAP1LC3 infection

BV2 microglial cells were seeded in 8-well chamber slides at
a density of 1 x 10° cells/well. The cells were infected by 100
multiplicity of infection/MOI adenovirus expressing mono-
meric red fluorescent protein (mRFP)-green fluorescent pro-
tein (GFP)-MAPI1LC3 fusion protein (Hanbio, HBAD-1007)
on the next day according to the instructions of the manu-
facturer. Fluorescent images were captured using a Cytation
C10 Confocal Imaging Reader. A total of 10-20 cells per
group from three independent experiments were analyzed
using ImageJ software.

Transmission electron microscopy

Adult microglial cells were isolated as previously described
[84]. The cells were seeded in 60 mm culture dishes at
a density of 2x10° cells/dish and cultured as previously
described. After treatment, adult microglial cells were fixed
with 2.5% glutaraldehyde (Solarbio, P1126) for 30 min at 4°C.
Subsequently, adult microglial cells were gently collected in
2.5% glutaraldehyde, and images were obtained using
a transmission electron microscope (JEOL, Japan).

MitoTracker and LysoTracker co-staining and image
quantification

Primary microglial cells were seeded at a density of 1x 10°
cells/well in a PLL-precoated 24-well plate with sterile glass
coverslips and cultured for 24 h. Subsequently, the cells were
exposed to C27 (1000 nM) for 24 h. After washing with PBS,
the cells were stained with 500 nM of MitoTracker Green
(Invitrogen, M7514) and 50nM of LysoTracker Red
(Beyotime, C1046) at 37°C for 30 min. The medium was
then replaced with DMEM, and fluorescence images were
captured using a laser confocal microscope. The morphology
of mitochondria was analyzed using Image] software from 26-
30 cells in three independent experiments per group [52,85].
In addition, the diameters of the lysosomes were calculated
using Image] software, with ten cells in three independent
experiments per group.

Analysis of lysosome acidity

BV2 microglial cells were cultured in 60-mm culture dishes at
a density of 4 x 10° cells/dish and incubated for 24 h. After
exposure to 1000 nM of C27 for 24 h, the cells were incubated
with 1uM of LysoSensor Green DND-189 (Yeasen,
40767ES50) for 30 min at 37°C. The cells were then harvested
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and suspended in 50 pl Flow Cytometry Staining Buffer with
a concentration of 2 x 10 cells/ml for imaging flow cytome-
try. Subsequently, the mean fluorescence intensity of the cells
was determined using the ImageStream™ MK II (Amnis
Corporation, USA). The data were analyzed using IDEAS
6.2 software.

Stereotaxic injection

Male C57BL/6 (eight weeks old) mice were anesthetized using
1.5% isoflurane and placed in a stereotaxic frame (RWD
68,002). The body temperatures of the mice were maintained
at 37°C with an electric heating pad. After identifying bregma,
1 ul of C27 (10 ug/ul) was injected into the brain tissue at 0.2
(l/min. The stereotaxic injection sites (from the bregma) were
anterior to posterior (0 mm), mid to lateral (1.5mm), and
dorsal to ventral (—1.3 mm). After injection, the needle was
left in position for 10 min to ensure the complete distribution
of the reagent. The sham-operated mice were injected with
PBS using the same procedure.

Western blotting

Cell suspensions were harvested and lysed on ice with radio-
immunoprecipitation assay lysis buffer (Applygen, C1053)
containing a protease inhibitor (Sigma-Aldrich, P8340) and
a phosphatase inhibitor (APE x BIO, K1015) for 30 min.
After centrifugation at 13,201 xg for 30 min at 4°C, the
supernatant was collected for western blot analysis. Protein
concentration was determined using a BCA protein quanti-
tative kit, following the instructions of the manufacturer.
The protein expression levels were detected by western blot-
ting. Equal amounts of proteins were loaded onto SDS-
PAGE gels and transferred onto polyvinylidene difluoride
membranes. After blocking with 5% BSA, the membrane
was incubated with primary antibody overnight at 4°C. The
primary antibodies used in this study included: PINK1
(Abcam, ab23707; 1:600), PRKN (Proteintech 14,060-1-AP;
1:3000), DNMI1L (Santa Cruz Biotechnology, sc -271,583;
1:50), OPTN (Proteintech 10,837-1-AP; 1:6000), BECN1
(Abcam, ab207612; 1:2000), MAPILC3B (Cell Signaling
Technology, 3868S; 1:1000), SQSTM1 (Proteintech 18,420-
1-AP; 1:1000), AIF1 (Wako Pure Chemical Industries, 019-
19741; 1:1000), MTOR (Abcam, ab32028; 1:1000), p-MTOR
(Abcam, ab137133; 1:1000), CGAS (Proteintech 26,416-
1-AP; 1:300), STING1 (Proteintech 19,851-1-AP; 1:2000),
TBK1 (Proteintech 28,397-1-AP; 1:1000), p-TBK1 (Cell
Signaling Technology, 5483S; 1:1000), IRF3 (Proteintech
66,670-1-Ig; 1:5000), p-IRF3 (Cell Signaling Technology,
29047S;  1:1000), GAPDH (Proteintech 60,004-1-Ig;
1:10000), and VDAC (Beyotime, AF1027; 1:1000). The mem-
brane was washed thrice with TBST (Tris Buffered Saline
[Servicebio, G0001-2L], 2mL Tween-20 [Tianjin Fuchen
Chemical Reagent Factory, 9005-64-5], pH 7.6 for 2L) and
incubated with species-specific horseradish peroxidase-
conjugated sheep Anti-Rabbit IgG (SeraCare, 5220-0336;
1:5000) or horseradish peroxidase-polyclonal sheep Anti-
Mouse IgG (SeraCare, 5220-0341; 1:5000) for 2h at 25°C.
The density of the bands was measured using an Image
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Quant LAS 4000 mini (GE Healthcare, WI, USA) and quan-
tified using Image] software.

Real-time quantitative polymerase chain reaction

Total RNA was extracted from BV2 microglial cells using
TRIzol reagent. The extracted RNA was reverse transcribed
into cDNA using the TransScript One-Step gDNA Removal
and cDNA Synthesis SuperMix kit (TransGen Biotech,
AT311-04) following the instructions of the manufacturer.
cDNA was amplified on a 7900 hT real-time quantitative
polymerase chain reaction (PCR) System (Applied
Biosystems) using the PerfectStart Green quantitative PCR
(qPCR) Supermix kit (TransGen Biotech, AQ601-04). The
following mouse primer sequences were utilized: Tnf forward
5”-AGAAGTTCCCAAATGGCCTC-3°, Tnf reverse 5-
CCACTTGGTGGTTTGCTACG-3, IlIb  forward 5-
GCCCATCCTCTGTGACTCAT-3,, IlIb  reverse  5-
AGCTCATATGGGTCCGACAG-35, Il6  forward 5-

AGTTGCCTTCTTGGGACTGA-3°, 1l6  reverse  5-
TCCACGATTTCCCAGAGAAC-3', Laptmda forward 5-
TGCGTTCTTTTTGCCGTCTC-3°, Laptm4a reverse 5-
GAATCAGCCAGCCCACTTGA-3, Lampl forward 5-
CCAGAGCGTTCAACATCAGC-3°, Lampl reverse 5-
ACAGGCTAGAGCTGGCATTC-3¢, Atp6v0dl forward 5-
CGCCACATGAGAAACCATGC-3, Atp6vOdl reverse 5-

CTCAAAGCTGCCTAGCGGAT-3,
CTGGTTCGAGGATGCAAAGC-3',
TCCAAGGTCTCACACTGCAC-35,
CCTTCACCCAGAGCTGGTTC-3°, Tmemll9 reverse 5-
GGCTACATCCTCCAGGAAGG-3°, P2ryl2 forward 5-
ATGGATATGCCTGGTGTCAACA-3‘, P2ryl2 reverse 5-
AGCAATGGGAAGAGAACCTGG-3°, Tgfb forward 5-
TGCGCTTGCAGAGATTAAAA-3°, Tgfb  reverse 5-
CGTCAAAAGACAGCCACTCA-3°, Nos2 forward 5-
GTTCTCAGCCCAACAATACAAGA-3°, Nos2 reverse 5-
GTGGACGGGTCGATGTCAC-3,  Actb  forward 5-
GTGACGTTGACATCCGTAAAGA-3', and Actb reverse 5 -
GCCGGACTCATCGTACTCC-3”. The results were analyzed
by the 27°*“" method, with B-actin serving as the internal
control.

Atp6v0d2 forward 5-
Atp6v0d2 reverse 5-
Tmeml19 forward 5-

Immunofluorescence and immunocytochemistry staining
and analysis

C57 BL/6 mice were infused with PBS and 4% paraformal-
dehyde, and their brain tissues were collected and fixed in
4% paraformaldehyde. The brains were then cut into thick
slices (20 pum) using a Leica CM3050S cryostat after being
subjected to gradient dehydration in sucrose. After antigen
retrieval, the slides were washed with PBS, permeabilized
with PBS containing 0.5% Triton X-100 at 25°C for 15 min,
washed with PBS, and blocked with 5% BSA for 30 min.
The slides were then incubated overnight with primary
antibodies at 4°C. The following primary antibodies were
used: AIF1 (Servicebio, GB12105; 1:100), PINK1 (Abclonal,
A11435; 1:50), DNMIL (Santa Cruz Biotechnology, sc
-271,583; 1:30), MAPILC3B (Cell Signaling Technology,

3868S; 1:200), and SQSTM1 (Proteintech 18,420-1-AP;
1:200). After washing three times with PBST, the slices
were incubated with the appropriate secondary antibodies
at 25°C for 2 h. The secondary antibodies used were Alexa
Fluor 488-labeled donkey Anti-Rabbit IgG (Invitrogen,
A21206; 1:500) and Alexa Fluor 546-labeled donkey Anti-
Mouse IgG (Invitrogen, A10036; 1:500), and the nuclei were
labeled with Hoechst 33,342 (Dojindo, H342; 1:1000).
Images were captured using a laser confocal scanning
microscope, and the morphology of the microglia was ana-
lyzed using Image] software [86].

For immunocytochemistry, BV2 microglial cells were
seeded at a density of 1x10° cells/well in a PLL-pre-
coated 24-well plate containing sterile glass coverslips and
cultured for 24 h. After treatment, cells were washed with
PBS and fixed with 4% paraformaldehyde for 20 min at
25°C. The cells were then washed with PBS and permeabi-
lized with 0.2% Triton X-100 for 7 min. The cells were then
blocked with 5% BSA for 60 min and incubated with pri-
mary antibodies overnight at 4°C. The primary antibodies
used were TFEB (Beyotime, AF8130; 1:200), TOMM?20
(Proteintech 11,802-1-AP; 1:200), DNA (PROGEN, AC-
30-10; 1:200), MAPILC3B (Cell Signaling Technology,
3868S; 1:200), and LAMP1 (GeneTex, GT25212; 1:200).
The secondary antibodies used were Alexa Fluor 488-
labeled donkey Anti-Rabbit IgG (Invitrogen, A21206;
1:500), Alexa Fluor 546-labeled donkey Anti-Mouse IgG
(Invitrogen, A10036; 1:500), and Alexa Fluor 546-labeled
donkey Anti-Rabbit IgG (Invitrogen, A10040; 1:500). The
nucleus was labeled with Hoechst 33,342 (Dojindo, H342;
1:1000). Fluorescent images were captured using a Cytation
C10 Confocal Imaging Reader. For the TFEB nuclear trans-
location analysis, 15-20 randomly selected fields from three
independent experiments per group were analyzed. To ana-
lyze MAPILC3B and LAMPI colocalization, 20-25 ran-
domly selected cells from three independent experiments
per group were analyzed. All analyses were performed using
Image] software.

Analysis of the mitochondrial DNA copy number

BV2 microglial cells were seeded in 6-well plates at a density
of 4x 10° cells/well and cultured in an incubator at 37°C for
24 h. The cells were then exposed to various concentrations of
C27 for 24h. Genomic DNA was extracted from the BV2
microglial cells using the EasyPure® Genomic DNA Kit
(TransGen Biotech, EE101-01) according to the instructions
of the manufacturer. DNA was amplified by Applied
Biosystems 7900 hT real-time quantitative PCR using the
PerfectStart Green qPCR Supermix Kit (TransGen Biotech,
AQ601-04). The mitochondrial DNA copy number was mea-
sured as the relative ratio of mitochondrial DNA to nuclear
DNA. The mitochondrial DNA level was reflected by the mt-
Col/coxl gene encoded on the heavy strand with the forward
primer 5 ”-CCACTTCGCCATCATATTCGTAGG-3‘ and the
reverse primer 5 -TCTGAGTAGCGTCGTGGTATTCC-3
while Actb was used as the nuclear DNA control with the
forward primer 5 -GCAGGAGTACGATGAGTCCG-3‘ and



the reverse primer 5 ~ACGCAGCTCAGTAACAGTCC-3”.
The results were obtained by the 27°““" method.

Statistical analyses

All data are expressed as the mean + SEM. A normal distri-
bution test was conducted to assess the distribution of the
data. Student’s t-test was used for the comparison of two
groups for variables with normal distributions. Mann-
Whitney U test was used for variables with non-normal
distributions. One-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s test or Two-way ANOVA followed by
Sidak’s multiple comparison test was used to compare data
among multiple groups. All statistical analyses were per-
formed using GraphPad Prism software (version 8.4.3).
Values with P<0.05 were considered statistically significant
in all analyses.
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