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ABSTRACT

Background Immunotherapy with checkpoint

inhibitors, especially those targeting programmed death
receptor 1 (PD-1)/PD-1 ligand (PD-L1), is increasingly
recognized as a highly promising therapeutic modality

for malignancies. Nevertheless, the efficiency of immune
checkpoint blockade therapy in treating glioblastoma
(GBM) is constrained. Hence, it is imperative to expand our
comprehension of the molecular mechanisms behind GBM
immune escape (IE).

Methods Protein chip analysis was performed to screen
aberrantly expressed OMAT1 protein in PD-1 inhibitor
sensitive or resistant GBM. Herein, public databases and
bioinformatics analysis were employed to investigate the
OMAT and PD-L1 relation. Then, this predicted relation
was verified in primary GBM cell lines through distinct
experimental methods. To investigate the molecular
mechanism behind OMA1 in immunosuppression,

a series of experimental methods were employed,
including Western blotting, co-immunoprecipitation
(Co-IP), mass spectrometry (MS), immunofluorescence,
immunohistochemistry, and qRT-PCR.

Results Our findings revealed that OMA1 competitively
binds to HSPA9 to induce mitophagy and mediates the IE
of GBM. Data from TCGA indicated a significant correlation
between OMA1 and immunosuppression. OMA1 promoted
PD-L1 levels in primary cells from patients with GBM. Next,
the results of Co-IP and MS conducted on GBM primary
cells revealed that OMAT1 interacts with HSPA9 and
induces mitophagy. OMA1 promoted not only cGAS-STING
activity by increasing mitochondrial DNA release but also
PD-L1 transcription by activating cGAS—STING. Eventually,
OMA1 has been found to induce immune evasion in GBM
through its regulation of PD-1 binding and PD-L1 mediated
T cell cytotoxicity.

Conclusions The OMA1/HSPA9/cGAS/PD-L1 axis is
elucidated in our study as a newly identified immune
therapeutic target in GBM.

BACKGROUND

Glioma represents the prevailing primary
malignant neoplasm within the central
nervous system tumors, with glioblastoma
(GBM) exhibiting the most severe degree
of malignancy and the worst prognosis for

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Overexpression of OMA1 in tumor tissues is as-
sociated with a poor prognosis in many tumors.
Nevertheless, recent studies have mainly focused
on the effect of OMA1 on cell metabolism while
largely ignoring its immune-modulation function.

WHAT THIS STUDY ADDS

= OMA1 inhibited the formation of IP3R/HSPA9/VDAC1
complex by competitively binding with IP3R to
HSPA9, resulting in the blockage of mitochondrial
tricarboxylic acid cycle. The impaired mitochondrial
function will promote mitophagy, thereby increasing
mitochondrial DNA release, activating the cGAS—
STING signaling pathway, and overexpressing pro-
grammed death receptor 1 ligand (PD-L1).

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE, OR POLICY

= These findings highlight that OMA1 is a specific
PD-L1 positive regulator that hinders the cytotox-
icity of CD8" T cells. Targeting OMA1 may syner-
gize with immune checkpoint blockade for glioma
immunotherapy.

patients, as evidenced by a 5-year survival rate
below 10%." * In spite of the implementa-
tion of an extensive, conventional treatment
regimen that encompasses surgical interven-
tion, radiation therapy, chemotherapy, and
TTF, patients are observed to have a median
survival period of merely 12-14 months
subsequent to the initial diagnosis.” ® The
imperative objective for clinical researchers
is to identify efficacious treatment modalities
and enhance the prognosis of patients.
Recently, the immunotherapy of glioma
has received extensive attention, but there is
no effective immunotherapy for GBM so far.
Therefore, elucidating the underlying mech-
anism of glioma immune microenvironment
regulation can provide new therapeutic strat-
egies for GBM. Immunotherapy, especially
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targeting programmed death receptor 1 (PD-1)/PD-1
ligand (PD-L1) for immune checkpoint blockade, has
brought about significant transformations in the manage-
ment of various tumors.* However, the clinical effect of
targeting PD-1/PD-L1 in patients afflicted with GBM is
still limited. Most patients suffering from GBM exhibit
resistance to pharmaceutical interventions that specif-
ically target PD-1/PD-L1, except for a limited subset of
patients who demonstrate a positive response to immuno-
therapeutic approaches using this pathway.” The response
to PD-1/PD-L1 blockade was found to be related to PD-L.1
expression levels in tumor cells.® © Moreover, PD-L1
protein levels were found to be related to glioma grades,
and higher tumor cell PD-LI levels contribute to immune
evasion in glioma patients.®? To enhance effective strate-
gies for glioma immunotherapy, the mechanisms behind
PD-L1 regulation require further investigation.

OMALI is a metalloprotease situated within the inner
mitochondrial membrane and encoded by the OMAI
gene. Studies have shown that OMALI can be triggered and
activated by exogenous stimuli or cellular stress. OMALI
possesses the ability to cleave and degrade substrate
proteins, including but not limited to OPA1, DELEI], and
PINKI, owing to its protease activity. This enzymatic action
allows OMAI to modulate the morphology and function-
ality of mitochondria, consequently leading to alterations
in various cellular biological processes, thereby resulting
in a range of disorders."’ ' The upregulation of OMALI in
neoplastic cells has a correlation to a significant enhance-
mentin both its expression and activity. This upregulation
contributes to excessive cell proliferation and expedites
tumor initiation and progression through its governing
of mitochondrial function and cellular metabolism."* In a
study conducted by Thomas Langer and colleagues, it was
observed that the integrated stress response, mediated by
OMAL, plays a protective role toward ferroptosis in cases
of mitochondrial cardiomyopathy.”” In GBM, further
research is needed to understand how OMALI affects
immunosuppression, particularly PD-L1 expression.

Herein, our results indicated that OMA]1 is related
to immunosuppression and overexpressing PD-L1 in
PD-1 inhibitorresistant GBM. Further, we found that
the expression of OMAI was increased, which inhib-
ited the formation of IP3R/HSPA9/VDACI complex by
competitively binding with IP3R to HSPAY, resulting in
the blockage of mitochondrial TCA cycle. The impaired
mitochondrial function will promote mitophagy, thereby
increasing mitochondrial DNA release, activating the
cGAS-STING signaling pathway, and overexpressing
PD-L1. PD-L1 is recognized by PD-1 of CD8" T cells and
contributes to immune escape (IE).

Materials and methods

Clinical samples

Surgical samples of GBM were obtained from Wuhan
Union Hospital (Wuhan, China). Online supplemental
table S1 provides details on the patient features. Each

patient signed an informed consent form before spec-
imen collection. All patients had not received chemo-
radiotherapy before surgery. This research followed the
Declaration of Helsinki, and the necessary ethical autho-
rizations were acquired.

Cell culture and treatment

For the detailed extraction and culture methods of GBM
primary cells, please refer to the previous article.'*® All
cells underwent short tandem repeat analysis and were
consistently screened for mycoplasma contamination. For
more detailed steps on extraction, culture, and passage
of GBM primary cells, please refer to the supplementary
materials.

Plasmids and siRNAs

GeneChem (Shanghai, China) synthesized the lentiviral
overexpression plasmids for OMAI and HSPA9, as well as
the lentiviral knockdown plasmids for OMA1 and c-GAS.
Online supplemental table S2 lists the used sequences
of shRNAs and siRNAs. PCR was used to amplify and
clone the truncated structure cDNAs of human OMAI
(NM_145243.5) into the pECMV-3xFLAG-C expression
vector. For transient transfections, Lipofectamine 3000
from TermoFisher Scientific in the USA was used per
the protocols. Subsequently, colonies expressing cells
were chosen by applying 2mg/mL puromycin for stable
expression.

Western blotting (WB) and antibodies

Our previous studies published the related protocol
details."*'” Online supplemental table S3 provides details
on all antibodies. For more detailed experimental proce-
dures, please refer to the supplementary material.

Nuclear and cytoplasmic extraction, RNA extraction, and qRT-
PCR

An RNA purification kit (AM1921, Thermo Fisher Scien-
tific) was used to separate nuclear and cytoplasmic RNA.
The total RNA extraction from tissues or cell lines was
conducted through Trizol (Takara, Otsu, Japan) per the
protocols. With SYBR Green premix Pro Taq HS qPCR Kit
(AG11728, Accurate Biotechnology, Hunan, China), the
reverse transcription of 1pg of total RNA into cDNA was
performed using Evo M-MLV RT Kit. Real-time PCR reac-
tions were carried out using the BioRad system (BioRad,
USA). The internal reference GAPDH was employed to
normalize the RT-qPCR results, calculating the relative
expression via the 2(-AACT) method. Online supple-
mental table S4 lists the primer sequences.

Transmission electron microscopy

Briefly, GBM primary cells were plated in T25 culture
flasks and treated for 48 hours with different treatments.
After centrifugation and precipitation, cells are collected.
The cells went through resuspension in IEM fixative
followed by fixation at 4°C for preservation. An electron
microscope (Hitachi, HT7700, Japan) was used to obtain
the images.
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Bioinformatics analysis

The TCGA (https://cancergenome.nih.gov/)  was
accessed to download transcript data of glioma samples
and clinical information while accessing the Genotype-
Tissue Expression (https://gtexportal.org/home/) to
download the transcript data of normal brain tissues."
For more detailed experimental procedures, please refer
to the supplementary material.

Co-immunoprecipitation (Co-IP)

We conducted Co-IP assays, as reported ecarlier.” 1° ¥ We
first enriched mitochondrial proteins before performing
immunoprecipitation to study the interaction between
OMAI and HSPA9. In brief, Protein A+G magnetic beads
were used to hatch the indicated cell lysates for a whole
night at 4°C with specific primary antibodies. Employing
the corresponding antibodies, the immunocomplexes
were then analyzed via immunoblotting after being rinsed
with lysis buffer. Online supplemental table S3 provides
detailed information on the antibodies used herein.

Determination of total cellular ATP

Aspirate the culture medium, add lysis liquid at a ratio
of 200pL to each well of the 6-well plate (equivalent to
1/10 of 2mL of cell culture medium), and lyse the cells.
When lysing cells, in order to fully lyse them, you can
use a pipette to repeatedly pipet or shake the culture
plate to fully contact the lysis solution and lyse the cells.
Normally cells lyse immediately after contact with the lysis
buffer. After lysis, centrifuge at 12000g for 5min at 4°C,
and take the supernatant for subsequent determination.
Next, strictly follow the instructions of the ATP Assay Kit
(YT361) to prepare the measurement of the standard
curve, the preparation of the ATP detection working solu-
tion, and the measurement of the ATP concentration. For
more detailed experimental procedures, please refer to
the supplementary material.

Immunofluorescence (IF) and immunohistochemistry (IHC)
staining

The study performed IF and IHC assays, as reported
earlier./’ % 1n brief, sectioned human or mouse tissue
specimens were subjected to fixation in 4% paraformal-
dehyde, embedding in paraffin, and immunostaining
with specific antibodies. The IF staining assays used 4%
paraformaldehyde for 15min at room temperature, 0.5%
Triton X-100 for 10min, and 5% BSA for 1hour. After-
ward, secondary antibodies with fluorine labels (1:200,
Thermo Fisher Scientific) were applied. Then we stained
nuclei with DAPI (C1002, Beyotime) using a fluorescent
microscope (Nexcope NE930, Ningbo, China). Online
supplemental table S3 lists the corresponding antibodies
used herein.

Cell counting kit-8 (CCK-8) assay

The first step is to prepare the cell suspension. Cells were
collected by trypsin digestion and centrifugation. The
collected cells were resuspended in serum-containing
medium, counted using a hemocytometer, and then

diluted to a single cell suspension of 5x10°-5x10* cells/
mL. The second step is to inoculate the cell suspension
in a 96-well plate, 100 pL. per well, and design different
concentration groups. Each concentration group can
be designed with 3-6 duplicate wells and set up a blank
group and a control group. The third step is to put the
culture plate into the incubator and preculture it for
about 24 hours (37°C, 5% CO,). The fourth step is to add
different concentrations of lentivirus to each well of the
culture plate and place it in the incubator for 6-96 hours.
Step 5: Add 10pL of CCK-8 solution to each well. After
adding the reagent, gently shake the culture plate to help
mix (to prevent errors caused by CCK-8 reagent sticking
to the wall of the well). Try as much as possible during the
adding process. Do not create bubbles to avoid affecting
the OD value reading. Then put the culture plate into
the incubator and incubate it for 1-4hours. Finally, the
absorbance (OD) at 450 nm was measured using a micro-
plate reader.

Colony formation assay

To assess the colony formation ability of each cell line,
the following experimental procedure was carried out. In
short, cell plating, incubation, fixation, staining, colony
counting and photography and replicate experiments.
For more detailed experimental procedures, please refer
to the supplementary material.

Confocal microscopy

The HBAD-EGFP-LC3 and HBAD-h-mito-dsRed adeno-
viral particles were obtained from HanBio (Shanghai,
China). The cells were cultured for another 24 hours
after infection with adenoviral particles. Following three
PBS washes, the glioma cells were incubated at 37°C for
lhour in the dark with 4% paraformaldehyde. After
that, the sections were mounted with VECTASHIELD
Antifade Mounting Medium containing DAPI (H-1200,
Vector Laboratories, Burlingame, California, USA). As a
final step, samples were imaged using a Nikon A1"/AIR"
confocal laser microscope (Nikon, Tokyo, Japan).

Xenograft model

In view of the advantages of fast reconstruction, high
conversion rate, and low cost of the humanized mouse
immune reconstitution model of PBMC, the authors used
this model in this study to explore and verify the role of
the main molecule OMAI in tumor immunity. Briefly,
following the random categorization into distinct groups,
female NOG-dKO mice (aged 6-8 weeks, n=5/group)
went through anesthesia. Subsequently, a suspension of
5pL GBM cells (5x10° cells) (with indicated treatment)
was injected into the mouse brain with the stereotaxic
device. Tumor size estimation was conducted using the
formula V=(Dxd?) /2, where D and d refer to the longest
and shortest diameter, respectively. For more detailed
experimental procedures, please refer to the supplemen-
tary material.
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Statistical analysis

The study employed SPSS V.25.0 (SPSS, Chicago, Illinois,
USA) and GraphPad Prism (V.8.0; GraphPad, La Jolla,
California, USA) for performing all statistical analyses.
For more detailed experimental procedures, please refer
to the supplementary material.

RESULTS

OMA1 promotes GBM progression and is closely associated
with prognosis

Clinically, we found that some patients with GBM are
sensitive to PD-L1 inhibitors, while others are resistant.
In order to further elucidate the molecular mechanism
behind this phenomenon, we collected tumor samples
from these patients and carried out primary isolation and
culture. The protein chip technology was used to screen
the differential proteins between the two. The heatmap
shows the top 15 differentially expressed proteins in
PD-1 inhibitor sensitive or resistant GBM (online supple-
mental figure S1A). Subsequently, we used methods such
as bioinformatics analysis and the novelty of candidate
molecules, and finally, we locked the research molecule
OMALI. Then, the study used WB for validating OMAI
expression in PD-1 inhibitor-sensitive or resistant GBM,
revealing that OMA1 was overexpressed in PD-1 inhibitor-
resistant GBM (online supplemental figure S1B). From
TCGA GBM database results, we found OMA1 was upregu-
lated in glioma, was proportional to tumor grade, and was
inversely proportional to the patient’s prognosis (online
supplemental figure S1C,D). Herein, about online
supplemental figure S1D, we only use two standardized
methods, FPKM and TPM, for quantitative grouping, and
adopt different statistical assumptions. Currently, TPM is
more recommended. These two pictures actually express
the same meaning. Aiming to verify OMAI1 biological
function, we knocked down and overexpressed OMAI,
respectively, followed by employing qRT-PCR and WB for
validating the efficiency of knockdown and overexpres-
sion (online supplemental figure SIE). CCK-8, colony
formation experiments, and EdU experiments all showed
that overexpression of OMA1 (oeOMAI) promoted GBM
proliferation while knocking down OMAI1 had the oppo-
site effect (figure 1A-C and online supplemental figure
S2A-C). Similarly, animal experiments on intracranial
orthotopic tumorigenesis of glioma showed that oeOMA1
promoted GBM growth while knocking down OMAI had
the opposite effect. The results of KI67 IF-staining on the
tumor specimens of the above two groups of animals also
confirmed the above results again (figure 1D and online
supplemental figure S1F and S2D). The above results indi-
cate that OMAI can promote the progression of GBM.

OMA1 mediates IE in GBM

In order to further explore whether OMAI can mediate
the IE of GBM, we cocultured primary GBM cells overex-
pressing or knocking down OMAL1 with CD8" T cells in
vitro. The number of surviving primary cells with OMA1

overexpressing increased, whereas the surviving number
of GBM primary cells with OMA1 knockdown decreased
(figure 2A and online supplemental figure S3A). Conse-
quently, CD8" T cell growth and IFN-y, TNF-o,, and Gzmb
expressions were determined by employing flow cytom-
etry and qPCR. The outcomes exhibited that CD8" T cells
exhibited lower TNF-o, IFN-y, and Gzmb expression levels
and proliferation in the 0eOMAI groups (figure 2B-E).
However, the OMAI1 knockdown groups showed that
CD8" T cells exhibited higher TNF-o,, IFN-y, and Gzmb
expression levels and proliferation (online supplemental
figure S3B-E). The following procedures were followed
to establish an intracranial orthotopic tumor model in
a nude mouse: The primary GBM cells were implanted
orthotopically into the mouse brain while being subjected
to various treatment conditions. Following a 15-day
period, the activated CD8" T cells that were isolated from
healthy human peripheral blood were administered
through the tail vein at intervals of 3 days, revealing that
mice subjected to oeOMAI injection showed a signifi-
cantly increased tumor size more than the control. Yet,
OMAI knockdown groups showed that tumor size signifi-
cantly decreased. As anticipated, the IF analysis of Ki-67
in the transplanted animal tumor samples revealed that
the 0cOMALI groups exhibited a higher Ki-67 expression
than the mice in the Vector groups. However, OMAI
knockdown groups showed weakened expression of Ki-67
(figure 2F,G and online supplemental figure S3F,G).

Furthermore, ELISA outcomes revealed that CDS8"
T cells supernatants that were cocultured with GBM
primary cells overexpressing OMAI exhibited reduced
IFN-y, TNF-o,, and Gzmb secretion levels, while the
OMAI1 knockdown groups exhibited the opposite effect
(online supplemental figure S4A). Moreover, the IF of
CD8 on the transplanted animal tumor samples in each
group revealed that the proportion of CD8" cells in
the oeOMAI groups was significantly lower than in the
control. However, OMA1 knockdown groups showed
higher expression of CD8 (online supplemental figure
S4C).

OMA1 promotes tumor IE via mitophagy

Mitochondria are organelles that contribute to multiple
functions, including energy metabolism, cell signal
regulation, and apoptosis in eukaryotes.”’ Mitophagy
controls mitochondrial mass and maintains cellular
homeostasis by selectively degrading excess or damaged
mitochondria.”® * Mitophagy is involved to a great
extent in regulating immune-related diseases, including
tumors,24 % neurodegenerative diseases,26 7 and cardiovas-
cular diseases.”® * Interestingly, it has been reported that
BNIP3L, a key protein of mitophagy, is highly expressed
in glioma, so it is speculated that the mitophagy pathway
is activated in glioma.” *' Nevertheless, the mitophagy
and tumor IE association remains unelucidated. There-
fore, we wanted to explore whether mitophagy possesses
a regulatory role in the process of OMAI promoting IE
in glioma.
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showed that oeOMA1 promoted the proliferation of GBM primary cells. The right side represents a typical histogram. (D) The
results of animal experiments on orthotopic tumorigenesis of glioma also showed again that OMA1 promotes the intracranial
growth of GBM. Representative Ki-67 immunofluorescent staining and corresponding histograms of intracranial tumor
specimens of mice in various animal experiments (n=5). Scale bar, 50 ym. The means+SDs are provided (n=5). *p<0.05,
**p<0.01, and **p<0.001 according to two-tailed Student’s t-tests or one-way ANOVA followed by Dunnett tests for multiple
comparisons. ANOVA, analysis of variance; CCK-8, cell counting kit-8; GBM, glioblastoma; oeOMA1, overexpression of OMA1.

Zhu W, et al. J Immunother Cancer 2024;12:¢008718. doi:10.1136/jitc-2023-008718



A Vector B Vector C Vector
B 0eOMA1 B 0cOMA1 B 0eOMA1
) 30‘ *%k *% 12— 1 2'
> 2.4 22 v 2 -i- &
E;;' ‘ggo.Q- -34:0.9-
S ol =y . g d
% 5 e 8 0.64 *k % S 0.6+ *%
O £1.29 QO o > ok
22 =5 0.3+ s 0.3
T 0.6 ﬁ L % -
GJ N
(n'd
® 0.0 : : 0.0 : : 0.0 : :
GBM#5 GBMm#7 GBM#5 GBM#7 GBM#5 GBM#7
D Vector E Vector G Vector
B 0eOMA1 B 0eOMA1 B 0eOMA1
. 1A o 1.5 2.5+ ok *x
o o —_—
< ve - S 12 T T 20
2209 23 ; £ S
O O X 0.9 o 2 1.5
S E 0.6 - g E N2
°F - ® € 0.61 xx x 2 21,04
2 Z 0.3 23 ET
s> S T 0.3 2 2 0.5
(0] (0] ~
[h'd (04
00 T T OC T T 00 T I
GBM#5 GBM#7 GBM#5 GBM#7 GBM#5 GBM#7
F Vector 0eOMA1
S|
5 |
2" Y | g
JEr
= .
5 ‘
o} \
g i\

Ki-67

GBM#5/GBM#7 Vector/oeOMA1
intracranial injection 5
©
@ Intravenous injection of CD8™ T cells ~ L ~
H* 3+
A @ @
344444 8 e
| = 3
Day 0 15 18 21 24 27 Q
Sacrificed °

Figure 2 OMA1 promotes immune escape in GBM. (A) o0eOMAT1 significantly inhibited T cell-mediated tumor cell killing
compared with Vector. (B-E) Flow cytometry and gPCR results indicated that CD8" T cells cocultured with GBM primary

cells overexpressing OMA1 showed lower proliferation and expression of IFN-y, TNF-¢, and Gzmb. (F) Schematic diagram of
animal experiments. (G) Typical animal experiment tumor slices, Ki-67 IF pictures, and typical column chart in different groups.
Scale bar, 50um. The means+SDs are provided (n=5). *p<0.05and **p<0.01 according to two-tailed Student’s t-tests or one-
way ANOVA followed by Dunnett tests for multiple comparisons. ANOVA, analysis of variance; GBM, glioblastoma; oeOMA1,
overexpression of OMA1.
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Next, in the GBM primary cells overexpressing OMAI,
the mitophagy markers PINKI, p-Parkin, BNIP3, and
BNIP3L were detected by WB, and the expressions were
all increased. In addition, WB was employed for detecting
the expression levels of marker proteins LC3-I1/T of auto-
phagy flow, and it was observed that the LC3-II/1 ratio
increased. Additionally, to further confirm the alterations
in autophagy flux, the inhibition of lysosomal degrada-
tion by bafilomycin Al should be employed (figure 3A).
By combining TOM20 and LC3 fluorescent signals,
OMAI1 enhanced autophagosome-mitochondrion colo-
calization (figure 3B,C). PINKI1/Parkin represents a key
signaling pathway mediating mitophagy in mammals,
and it is involved in autophagosome formation.” After
overexpressing OMAI, PINKI and Parkin expression
were detected. As shown, oeOMA1l enhanced PINKI,
p-Parkin*"®, and LC3 expressions in GBM primary cells
(figure 3D). The Parkin translocation to mitochondria
represents a well-known mitophagy hallmark.”® There-
fore, we proceeded to investigate this translocation in
flubendazole-treated cells through analysis of cellular frac-
tionations. Just like expectation, Parkin exhibited enrich-
ment in the mitochondria fraction in oeOMAI groups
(figure 3E). Consistently, the aforementioned findings
were additionally corroborated by the heightened level
of PINKI and Parkin colocalization in oeOMAI groups
(figure 3F). Based on these findings, OMALI triggers mito-
phagy through PINKI1/Parkin signaling in GBM.

Furthermore, we assessed the influences of OMA1 on
the mitochondrial permeability transition pore (mPTP)
opening in GBM primary cells. In comparison with
the Vector groups, the oeOMAIl groups significantly
decreased Calcein AM fluorescence intensity, indicating
an accelerated rate of opening of mPTP (online supple-
mental figure S5A). Permeability in the mitochondria’s
outer membrane is often accompanied by morpholog-
ical changes and dysfunction.* To assess OMAl-induced
mitochondrial changes in GBM primary cells, we analyzed
mitochondrial morphology, quantity, and function.
MitoTracker Deep Red FM probe was used to stain GBM
primary cells. It has been observed that the oeOMAI
groups significantly enhanced the number of mitochon-
dria displaying ring-shaped structures in GBM primary
cells more than in the control. This observation suggests
the presence of mitochondrial fission or even fragmenta-
tion (online supplemental figure S5B). Additionally, mito-
chondrial DNA copy number was used to determine the
relative mitochondrial number. Consequently, oecOMA1
decreased mtDNA copy number, suggesting mitochon-
drial loss (online supplemental figure S5C). Addition-
ally, 0ecOMA1 enhanced mitochondrial fission (online
supplemental figure S5D). In addition, oecOMALI induced
an increased ATP level and an increase in superoxide in
GBM primary cells (online supplemental figure S5E,F).
Of course, we also examined mitochondrial ATP energy
production and total cellular ATP production. The results
showed that overexpression of OMAI reduced mitochon-
drial ATP energy production but increased total cellular

ATP energy production. This is also consistent with the
metabolic characteristics of tumor cells. Normally differ-
entiated cells mainly rely on oxidative phosphorylation of
mitochondria to supply energy to cells, while most tumor
cells rely on aerobic glycolysis. This phenomenon is called
the “Warburg effect.” That is to say, tumor cells rely on
aerobic glycolysis that occurs in the cytoplasm for energy.
To further clarify OMAIl promotes tumor IE through
mitophagy. We added the mitophagy inhibitor Brefeldin
A to the coculture system of OMAIl-overexpressing GBM
primary cells and CD8" T cells and found that Brefeldin A
could reduce OMAIl-mediated IE (figure 4A-G).
Although the reduction in Calcein AM fluorescence
can indicate changes in mitochondrial membrane perme-
ability, it also reflects decreased cell viability and apop-
totic features. However, we assert that cells under this
condition exhibit higher activity and increased prolif-
erative capacity. According to the literature, OMALI is
a regulator of cell apoptosis, with its overexpression
promoting the release of cytochrome c. Herein, we used
WB to detect the expression of OMAI in normal astro-
cytes (NHA) and glioma cell lines (T98G, LN-18, LN-229,
A-172 and U-87). The results showed that compared with
astrocytes, OMAI1 was highly expressed in glioma cell
lines (online supplemental figure S6A). In addition, as
the tumor grade increases, the expression level of OMALI
also increases (online supplemental figure S6B). We
selected T98G, which has a low expression of OMAI,
as the cell line that overexpresses OMAI, and LN-229,
which has a high expression of OMAI, as the cell line that
knocks down OMAL. The results showed that knocking
down OMALI inhibited the expression of cytochrome c
while overexpressing OMAI promoted the expression of
cytochrome c¢ (online supplemental figure S6C). Because
cGAS/STING is required, we also observed type I IFN
in culture (online supplemental figure S6D). Besides,
we have conducted experiments to investigate whether
STING impacts CD8 recruitment, particularly through
the CXCL10-CXCR3 pathway. Our findings indicate that
compared with the control group, adding CXCL10 to the
lower chamber significantly promoted the migration of
CDS8" T cells into the lower chamber through the Tran-
swell membrane. The data suggest a notable influence
of STING on CD8 recruitment, with a specific involve-
ment of the CXCL10-CXCR3 pathway (online supple-
mental figure S6E). Of course, the main effect of OMAI
targeting is an effect on proliferation so it is very difficult
to claim that immune system have are role in the delay
in tumor growth. We will perform and supplement these
data on syngeneic models like GL261. Specifically, we
will perform targeting experiments of OMAI in WT and
RAG mice to confirm the current hypothesis. Such exper-
iments will provide us with deeper insights into a more
comprehensive understanding of the impact of OMAI
targeting on tumor growth, thereby strengthening our
study conclusions. Animal experimental results show that
overexpression of OMAI promotes tumor growth while
knocking down OMALI inhibits tumor growth (online

Zhu W, et al. J Immunother Cancer 2024;12:¢008718. doi:10.1136/jitc-2023-008718

7


https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718
https://dx.doi.org/10.1136/jitc-2023-008718

Open access

A LC3/DAPI

o

TOM20 Merged Magnified

0eOMA1+
Bafilomycin A1
0eOMA1+
Bafilomycin A1
Vector

. \Vector
. 0eOMA1

-
o
o

* N
(3]
-
[
-
o
o
w
-
N
©
(O'
(4]

GBM#3

I
|
7|
A
1
0

Parkin PINK1

1.00 0.98 1.01 1.00 1.05 1.12
ns ns ns ns

0eOMA1

A— — -~-|

1.00 2.65 1.00 1.00 2.54 0.98

*kk *kk *kk *kk

p-Parkin

ns ns ns ns
1.00 1.02 0.99 1.00 1.00 1.03

- — ——

)
Q
[0
L
o
©]
-
= - W e e e 16
¢3 1.00 2.68 1.02 1.00 254 1.35
' dkk  kkk *kk *% g
 1.00 2.82 1:56 1.00 2.85 0.95 o
E| — D S | &
o 2
§ 1.00 3.15 1.00 1.00 2.87 0.93 o
o ns ns ns ns =
S 1.00 1.00 1.00 1.00 1.00 1.03 Q)
"g| — e c— I GED G | 5]
o GBM#3 GBM#5
C D : E . .
e 80y _s OMAT 0 5 10 15.0 5 10 15(ug) -Cylo _Mio  Cyto _Mio
= I o - - . T _ T, % %
3 ﬂ% PINK1| - - - - | 9%9%19%9%
Y— . " [&] [&] O O
%S 60+ 2 Parkln‘ ----:—---‘ § 2 3 2323 %3
55 -Parkin ' S 1
@ p-Far ; — D e a—— -—
.5%40_ ! (ser65)‘ - ---f oo“ &’ 3 — ‘
= o -— | (@] 1
82 3 LC3| — — ~ | | - - -
58204 |> LC3 ||| - e SR | < i
2 : £ rama —
3P B-actin[ Wi D SR W - — | T [ - ]
GBM#3 GBM#5 GBM#3 |  GBM#5 &  GBWM#3 | GBMW#5
F GBM#3 ; GBM#5 D wm Vector
PINK1/DAPI Parkin Merged Magnified: PINK1/DAPI Parkin Merged Magnified g q ks .

olocalization of PINK1 with
en
P

.0-
s a GBM#3 GBM#5
o mm 0eOMA1
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statistically significant; oeOMAT1, overexpression of OMA1; WB, Western blotting.
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supplemental figure S6F,G). This study shows that OMA1
can effectively promote the intracranial growth of mouse
GL261 glioma cells by inhibiting the infiltration of CD8"
T cells into the tumor microenvironment and weakening
the toxicity of CD8" T cells. When anti-CD8 monoclonal
antibodies (A2102) were used to eliminate CD8" T cells
in mice, the tumor-promoting effect of OMAI disap-
peared, proving that OMALI relies on CD8" T cells to exert
its tumor-promoting effect in tumor immunotherapy
(online supplemental figure S6H).

OMA1 competitively binds HSPA9 to inhibit the IP3R/HSPA9/
VDAC1 complex and mediate mitophagy

For further exploration of the specific molecular mecha-
nism behind OMAI activating mitophagy, we performed
Co-IP combined mass spectrometry (MS) experiments
in GBM primary cells overexpressing OMAI and found
a series of proteins that bind to OMAI, among which
HSPA9 caught our attention (figure bA). Studies have
reported that HSPA9 can form a complex with IP3R
and VDACI to participate in the Ca®* transport between
the endoplasmic reticulum and mitochondria, which is
crucial for the maintenance of mitochondria’s normal
function.”® Mitophagy removes aging and dysfunctional
mitochondria.”* Therefore, we speculate that the combi-
nation of OMAI and HSPA9 interferes with the forma-
tion of IP3R/HSPA9/VDACI complex, impairs the
normal function of mitochondria, and promotes mito-
phagy to clear damaged mitochondria. To verify this
conjecture, we first proved that OMALI could bind HSPA9
through Co-IP experiments (figure 5B). Laser confocal
results showed that OMAI and HSPA9 colocalize in the
cytoplasm (figure 5C). Additionally, the Co-IP results
indicated that oeOMAI weakened the binding ability of
HSPA9 to IP3R and VDACI (figure 5D). Knockdown of
HSPA9 in control GBM primary cells simulated OMAI
competitively inhibiting the IP3R/HSPA9/VDACI
complex and found that the expression of mitophagy
markers PINKI, p-Parkin*"®, LC-3, BNIP3, and BNIP3L
increased, suggesting that OMAI competitively combined
with HSPA9 to inhibit IP3BR/HSPA9 The HSPA9/VDACI
complex promotes mitophagy (figure 5E).

Based on the secondary structure predicted with
the InterPro (http://www.ebi.ac.uk/interpro/), PDB
(https://www.rcsb.org/), and Pfam (www.pfam.org)
databases, three OMAIl truncations were created for
validating its binding to HSPA9. Co-IP assays provided
evidence that the binding sequences specific to HSPA9
were found within the 168-354 aa region (Al) of OMAI
protein (online supplemental figure S7A). Once the
binding series has undergone mutation (AOMAL), we
employed WB to assess the autophagy-related molecule
expressions in the context of OMAI overexpression
(0eAOMAL), revealing that mitophagy-related mole-
cule (PINKI, p-Parkin, BNIP3, and BNIP3L) expression
levels did not change significantly (online supplemental
figure S7B). In addition, we also used PCR and WB to
verify the overexpression efficiency of HSPA9 (online

supplemental figure S7C). Of course, we also confirm
the precise region where HSPA9 binds to OMA1 (online
supplemental figure S8A), mutate their binding sites and
use WB to repeatedly verify the changes in mitophagy-
related proteins after knocking down HSPA9 with
mutated binding sites. As expected, there was no signifi-
cant change in mitophagy-related proteins after knocking
down HSPA9 with a mutated binding site (online supple-
mental figure S8B). Of course, we also performed IHC
testing to detect the expression of PDL1 and OMALI at
different levels of Glioma (online supplemental figure
S8C). Besides, the functional experiment results also indi-
cated that oeAOMALI failed to promote the IE of GBM
(online supplemental figure S9A-G).

To further demonstrate that OMAI competes with
HSPA9 to mediate mitophagy. First, we examined mito-
chondrial components (including Mitofusin-2, SOD2,
VDACI, COX IV, and TOM20) by WB in primary GBM
cells overexpressing OMAL. The results showed a dose-
dependent decrease in these proteins (online supple-
mental figure SI0A). The maintenance of mitochondrial
integrity is achieved through the regulation of a delicate
equilibrium between the mechanisms of fission and
fusion.”® Our previous experimental results also proved
that OMAI can promote mitochondrial fission (online
supplemental figure S5). We found that oeOMAIl
increased p-DRP1Ser616 in GBM primary cells (online
supplemental figure S10A). This finding supports the
hypothesis that Drpl phosphorylation at the Ser616
site enhances its mitochondrial translocation, thereby
inducing mitochondrial fission. Subsequently, an inves-
tigation was conducted to determine the significance of
HSPA9 in the process of OMAl-induced mitophagy in
GBM. Overexpression of OMAI and simultaneous over-
expression of HSPA9 (oeHSPAY9) in GBM primary cells.
HSPA9 overexpression significantly reduced OMAI-
induced colocalization of the autophagosome within the
mitochondria (online supplemental figure S10B). Simi-
larly, the utilization of WB and IF analysis demonstrated
that 0eHSPAY resulted in a reduction in PINKI and
Parkin expressions when subjected to OMAI treatment
(online supplemental figure S10C,D).

OMAT1 upregulates PD-L1 on the GBM surface by promoting

mitophagy and activating the mtDNA-cGAS-STING pathway

Studies have reported that mitophagy can promote mito-
chondrial DNA release into the cytoplasm and activate
the ¢cGAS-STING pathway.?’7 % Accumulating evidence
has indicated that the cGAS-STING pathway contrib-
utes significantly to tumor immunity.” In order to verify
whether OMAI activates the mtDNA-cGAS-STING
pathway through mitophagy, we performed cytoplasmic
isolation in GBM primary cells overexpressing OMAI
and detected the mtDNA marker genes D-LOOP, CytB,
and ND4 in the cytoplasm by qPCR. The expression was
found to be significantly increased. However, the expres-
sion of D-LOOP, CytB, and ND4 could be downregulated
after adding the mitophagy inhibitor Mdivi-1 (figure 6A).
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Figure 5 OMA1 competitively binds HSPA9 to inhibit the IPBR/HSPA9/VDAC1 complex and mediate mitophagy. (A)
Identification of OMA1-binding proteins by WB and MS. (B) Using Co-IP to clarify that OMA1 could directly bind HSPA9. (C) The
results of laser confocal experiments showed that OMA1 and HSPA9 colocalized in the cytoplasm of GBM primary cells. (D) The
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PINK1, p-Parkinser65, LC-3, BNIP3, and BNIP3L in GBM primary cells treated with the indicated treatment. The means+SDs
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Figure 6 OMA1 promotes mitophagy and activates the mtDNA—cGAS—STING pathway to upregulate PD-L1 on the GBM
surface. (A) oeOMAT1 significantly promoted the expression of mtDNA marker genes D-LOOP, CytB, and ND4 in the cytoplasm
by gPCR. However, the mitophagy inhibitor Mdivi-1 could rescue the above phenomenon. (B) oeOMA1 significantly enhanced
the expression of cGAS, p-STING, p-TBK1, and p-IRF3 by WB. However, the mitophagy inhibitor Mdivi-1 could rescue the
above phenomenon. (C, D) The results of CCK-8 and EdU assays indicated that oeOMA1 promoted the proliferation of GBM
primary cells. However, the mitophagy inhibitor Mdivi-1 could rescue the above phenomenon. The bottom represents a typical
histogram. (E, F) The results of WB and IF showed that overexpression of OMA1 promoted the expression of PD-L1, while
knockdown of OMAT1 inhibited the expression of PD-L1. The means+SDs are provided (n=5). **p<0.01and ***p<0.001 according
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Further, the key molecules of the c-GAS-STING pathway
(cGAS, STING, p-STING, TBKI1, p-TBKI1, IRF3, p-IRF3)
were detected by WB, and the pathway was found to be
activated. Yet Mdivi-1 can downregulate the phosphory-
lation level of key molecules in this pathway (figure 6B).
The results of Edu and CCK-8 cell function experiments
also showed again that oeOMAI significantly enhanced
primary GBM cell proliferation. However, Mdivi-1 could
weaken OMALI capability to promote primary GBM cell
proliferation (figure 6C,D), suggesting that OMAI acti-
vates the cGAS-STING pathway dependent on the mito-
phagy pathway. To further verify that OMAl-activated
cGAS-STING pathway is related to its activated IE, we
simultaneously knocked down c¢-GAS in GBM primary
cells overexpressing OMAIL. The key molecule PD-L1,
which mediates tumor IE, was detected in GBM primary
cells overexpressing/knocking down cGAS by WB and
IF, and PD-L1 expression was also increased/decreased
(figure 6E,F). We verified c-GAS knockdown efficiency
by WB and qPCR (online supplemental figure S11A).
In addition, we simultaneously knocked down c-GAS in
primary GBM cells overexpressing OMAI and cocultured
them with CD8' T cells in vitro, revealing again that OMAL1
promoted IE of GBM. However, the knockdown of c-GAS
could weaken the ability of OMAI to promote the IE of
GBM (figure 7A-G). Interestingly, the TCGA database
analysis showed that OMAI expression is directly propor-
tional to PD-L1 (online supplemental figure S11B) and
inversely proportional to CD8" T cell contents (online
supplemental figure S11C).

Knockdown of OMA1 combined with PD-1 inhibitor can
significantly inhibit the growth of GBM

In order to further demonstrate that OMAIl mediates
GBM IE by overexpressing PD-1, we conducted the
following experiments. First, we selected two primary
GBM cell lines with high expression of OMAI and resis-
tance to PD-1 inhibitors, namely GBM#6 and GBM#3.
Then we cocultured primary GBM cells knocking down
OMAL with CD8" T cells in vitro and divided into whether
to add PD-1 inhibitors in the medium. The results are
completely consistent with the previous conclusions. The
surviving number of GBM primary cells with OMAI knock-
down decreased. Consequently, CD8" T cell growth and
IFN-y, TNF-0, and Gzmb expressions were determined by
employing flow cytometryand qPCR. The outcomes exhib-
ited that CD8" T cells exhibited higher TNF-o, IFN-y, and
Gzmb expression levels and proliferation in the OMAI
knockdown groups (sh-OMAI#2+PBSvs. sh-NC+PBS).
Interestingly, PD-1 inhibitors can significantly promote
the biological functions mediated by knockdown of
OMALI (sh-OMA1#2+PD-1 inhibitor vs sh-OMA1#2+PBS).
In addition, we demonstrated again through cell line
functional experiments that primary GBM cells with
high expression of OMAIl are indeed resistant to
PD-1 inhibitors (sh-NC+PBSvs sh-NC+PD-1 inhibitor)
(figure 8A and online supplemental figure S12A). Addi-
tionally, we performed apoptosis and colony formation

experiments, and the results showed that knocking down
OMAI1 can promote tumor cell apoptosis and inhibit
proliferation (sh-OMAI1#2+PBSvs sh-NC+PBS). Inter-
estingly, PD-1 inhibitors can significantly enhance the
biological functions mediated by knockdown of OMAI
(sh-OMA1#2+PD-1 inhibitor vs sh-OMA1#2+PBS). In
addition, we demonstrated again through the two func-
tional experiments that GBM primary cells with high
expression of OMALI are indeed resistant to PD-L1 inhibi-
tors (sh-NC+PBSvs sh-NC+PD-1 inhibitor) (figure 8B and
online supplemental figure S12B).

The following procedures were followed to establish an
intracranial orthotopic tumor model in a nude mouse:
GBM primary cells under different treatment conditions
(sh-NC and sh-OMAI1#2) were orthotopically implanted
into the mouse brain. Following a 15-day period, the
activated CD8" T cells that were isolated from healthy
human peripheral blood were administrated through the
tail vein every 6days. After 18 days, PBS or PD-1 inhibi-
tors were also administrated via the tail vein every 6 days,
revealing that mice subjected to the sh-OMAI1#2+PBS
injection had a significantly decreased tumor size more
than control groups (sh-NC+PBS). Yet, the knockdown
of OMAI combined with PD-1 inhibitor groups showed
that tumor size significantly decreased (sh-OMA1#2+PD-1
inhibitor vs sh-OMA1#2+PBS). Just like expectations, the
IF of Ki-67 in the transplanted animal tumor samples
revealed that control groups (sh-NC+PBS) exhibited
enhanced Ki-67 expression more than the mice in the
OMAL1 knockdown groups (sh-OMA1#2+PBS). Addition-
ally, sh-OMAI1#2+PD-1 inhibitor groups showed weakened
Ki-67 expression more than sh-OMA1#2+PBS. In addition,
IHC staining of CD8 was conducted on the animal tumor
specimens of the abovementioned groups, and corre-
sponding scoring was performed. For the scoring rules,
please refer to the previously published articles,"” '” and
the results also confirmed the above conclusions again
(figure 8C and online supplemental figure S12C).

Besides, we also recognize that cell lines may not be
the most ideal GBM models and neurospheres would
improve the quality of the paper. Owing to the profound
effects of OMAI on mitochondrial dynamics in GBM and
the presence of distinct mitochondrial morphologies in
GSCs, we investigated the functional roles of OMAI and
other mitophagy regulators in GSCs. First, we knocked
down and overexpressed OMA1 in LN-229, T98G, and
GBM primary cells, respectively, and observed the effect
on the self-renewal capacity of glioma cells using spheroid
formation and limiting dilution assays. Knockdown of
OMALI reduced the spheroiding ability of glioma cells
compared with the control, whereas overexpression of
OMAI1 enhanced the spheroiding ability of glioma cells
(online supplemental figure S13).

DISCUSSION
Tumor-induced immune suppression is by far the most
extensively studied mechanism. There are two main
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Figure 7 OMA1 promotes GBM immune escape through the mtDNA-cGAS-STING pathway. (A) ocOMA1 significantly
inhibited T cell-mediated tumor cell killing compared with Vector. However, sh-cGAS#2 could rescue the above phenomenon.
(B-E) Flow cytometry and gPCR results indicated that CD8" T cells cocultured with GBM primary cells overexpressing

OMA1 showed lower proliferation and expression of IFN-y, TNF-o, and Gzmb. However, sh-cGAS#2 could rescue the above
phenomenon. (F, G) Schematic diagram of animal experiments. Typical animal experiment tumor slices, Ki-67 IF pictures,

and typical column charts in different groups. Scale bar, 50 um. The means+SDs are provided (n=5). **p<0.01 and **p<0.001
according to two-tailed Student’s t-tests or one-way ANOVA followed by Dunnett tests for multiple comparisons. ANOVA,
analysis of variance; GBM, glioblastoma; oeOMA1, overexpression of OMA1.
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ways of tumor-induced immunosuppression. The first
is to induce immunosuppressive cells, including regula-
tory T cells, myeloid-derived suppressor cells, dendritic
cells, and M2 macrophages, aiming at gathering around
the tumor, secreting immunosuppressive factors, and
inactivating cytotoxic T lymphocytes, thereby increasing
immune tolerance of tumor cells.*** The second immu-
nosuppressive mechanism entails overexpressing immu-
nosuppressive molecules or their receptors, including
PD-L1/PD-1, Galectin-9/Tim-3, IDO1, LAG-3, and cyto-
toxic T lymphocyte antigen-4 (CTLA-4). These mole-
cules, commonly referred to as immune checkpoints
(ICs), possess the ability to impede effector T lymphocyte
activation, consequently resulting in tumor IE.* More-
over, ICs contribute significantly to immune homeostasis
maintenance and autoimmunity prevention. The system
comprises both stimulatory and inhibitory pathways,
which are essential to maintain autoimmune tolerance
and to govern immune response type, intensity, and dura-
tion. Under normal conditions, ICs enable the activation
of immune system in order to initiate a defensive response
toward infections and malignancies while simultaneously
protecting normal tissues from potential harm resulting
from this immune response. Nevertheless, the expression
of certain IC proteins by malignant cells can dysregulate
anti-tumor immunity and favor cancer cell growth and
expansion.

As a form of treatment, tumor immunotherapy restores
and maintains the body’s normal antitumor immune
responses in order to control and eliminate tumors. In
many cases of cancer, immunotherapy has proven effec-
tive.*** In personalized medicine, tumor immunotherapy
uses various essential proteins for improving or restoring
the function of immune cells.*’ ** Immunotherapy has
been included in treatment guidelines for multiple
cancers recently.* ° PD-1, an immunoglobulin super-
family member, represents a crucial immunosuppres-
sive molecule. Immunomodulation targeting PD-1 holds
considerable importance in antitumor, anti-infection,
antiautoimmune disorders, and organ transplant survival.
Its ligand PD-L1 has the potential to function as a target,
and the corresponding antibody can similarly fulfill this
role. The binding of PD-1 ligand to its receptor PD-L1
or PD-L2 has the ability to hinder innate cytotoxic T
cells from mounting an antitumor response through the
inhibition of kinases contributing to T cell activation or
by initiating T cell programmed death, enabling tumor
cells to gain IE.”" * Recently, some IC inhibitors were
found to target PD-L1, CTLA-4, T cell immunoglobulin,
and mucin domains containing molecule 3 (TIM-3) and
programmed cell death protein 1 (PD-1) to enhance cyto-
toxic activity.”® The utilization of antibodies for blocking
the interaction between PD-L1 and the PD-1 receptor has
exhibited significant enhancements in the survival rates
of certain individuals diagnosed with lung cancer.”*

Studies have shown that the tumor microenvironment
(TME) presents a highly immunosuppressive state, and
high PD-1 expression has been found in tumor-infiltrating

lymphocytes of breast, prostate, ovarian cancers, as well
as melanoma and among others. High PD-1 expression
exhibits an association with tumor grade, size, lymph
node metastasis, and distant metastasis, among others.”®%’
PD-1 was found to be involved to a great extent in tumor-
igenesis. Additionally, PD-L1 is overexpressed in multiple
tumor cells, and after combining with PD-1 molecules
on the lymphocyte surface, it weakens the antitumor
immune response of body, thereby enhancing tumor
escape from the immune system.”® * PD-L1 expression
on the tumor cell surface may be a compensatory mech-
anism to cope with the TME. PD-1 protein consists of
three parts: an N-terminal extracellular binding domain,
a transmembrane domain, and a C-terminal cytoplasmic
domain. The cytoplasmic domain comprises an immu-
noreceptor tyrosine-based switch motif (ITSM) and an
immune receptor tyrosine-based inhibitory motif. When
PD-L1 or PD-L2 binds to the PD-1 receptor on activated
T cells, it can promote the tyrosine phosphorylation of
the end of cytoplasmic domain of PD-1, and then recruit
SHP-2 to ITSM, and finally, SHPZ2, it can dephosphorylate
TCR-related proteins CD-3{ and ZAP70, and then disrupt
a series of downstream signaling pathways: (1) inhibit
the secretion of inflammatory factors TNF-o, IFN-y, and
IL-2; (2) inhibit PI3K/Akt, mTOR, activation of S6, Erk2,
and other signaling pathways, while upregulating PTEN;
(8) inhibit the metabolism of carbohydrates and amino
acids, and promote the oxidation of fatty acids.”” More-
over, tumor cell exosomes were found to carry PD-L1 on
the surface, which can directly bind to T cells and inhibit
T cell function.”'

Mitophagy is mitochondria-specific autophagy, which
contributes significantly to mitochondrial quality control
by clearing damaged mitochondria and exhibits a close
association with mitochondrial fusion and division.
Mitochondria are highly dynamic structures. The rapid
morphological adaptation of mitochondria is facilitated
by the coordinated cycles of mitochondrial fusion and
fission. These cycles also possess significant functions in
governing the cell cycle, cellular immunity, apoptosis,
and mitochondrial mass.”® ® The occurrence of dysmo-
tility arises from an in-equilibrium in the processes of
mitochondrial fusion and fission, leading to an inade-
quate supply of ATP or an excessive generation of ROS
and NOS. These detrimental effects directly impair
cellular integrity, consequently giving rise to various
physiological abnormalities, including neurodegenera-
tive disorders, cancer, and autoimmune diseases.’* Mito-
phagy is a cellular process that specifically targets and
eliminates mitochondria that are either damaged or no
longer necessary. Mitophagy is a crucial element of the
mitochondrial stress response and the maintenance of
homeostatic regulation, as it serves as a regulatory mech-
anism for mitochondrial quality control.” Hence, in
instances where the mitophagy process is compromised,
there is a reduction in mitochondrial function or an
occurrence of mitochondrial redundancy, which disrupts
cellular homeostasis and contributes to the development
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of associated disorders.®® The mitophagy pathway can be
categorized into three primary types, namely ubiquitin-
mediated mitophagy, receptor-mediated mitophagy, and
atypical mitophagy. According to the different receptors
that mediate mitophagy, mitophagy is mainly divided into
the following categories: (1) ATG-mediated yeast mito-
phagy, (2) Nix-mediated mitophagy, (3) Parkin and PINK-
mediated mitophagy, (4) FUNDCI-mediated mitophagy,
and (5) Bcl-rambo-mediated mitophagy.”® The pathways
that have received more extensive research attention
include the PINKI-Parkin-mediated ubiquitin pathway
and the FUNDCI receptor-mediated pathway. In the
PINK/Parkin pathway, following mitochondrial damage
or the depletion of mitochondrial potential, PINKI phos-
phorylates multiple target proteins, including ubiquitin.
The PINKI protein subsequently recruits Parkin, thereby
amplifying the signal by ubiquitinating the receptor
protein located on the surface of mitochondria. Receptor
proteins are liable for recognizing ubiquitinated
proteins, facilitating the mitochondrial generation of
autophagosomes, and ultimately facilitating their degra-
dation. The FUNDCI1/BNIP3/NIX pathway involves the
recognition of LC3 by mitochondrial receptor proteins,
which facilitates the complementary binding of phago-
somes and subsequently directs the selective removal of
mitochondria through mitophagy, which is facilitated by
the binding of mitochondrial outer membrane proteins
FUNDCI, BNIP3, or NIX to LC3-II via their cytoplasmic
LIR motifs.”

Numerous variables exert an influence on the effective-
ness of immunotherapy, encompassing changes in the
TME, tumor-infiltrating lymphocytes (specifically CD8"
T cells related to treatment response), tumorrelated
macrophages, and some non-responsive patients. Activa-
tion of regulators (eg, PIK3y and PAX4), low percentage
of PD-L1 and PD-1 expressing cells, tumor mutational
burden, gain or loss of antigen-presenting molecules,
genetic alterations in genes, or expression associated
with drug resistance.”® Developing pharmaceuticals that
specifically target PD-1/PD-L1 star molecules is in the
ascendant. In the follow-up research and development,
in order to better benefit patients, there are many issues
worthy of consideration by researchers. For example: Are
there clinically detectable markers of efficacy? How to
effectively combine anti-PD-1/PD-L1 drugs with existing
chemotherapy, radiotherapy, surgery, and other treat-
ment options? Can small molecule inhibitors of PD-1/
PD-L1 be developed? How to solve the problem of drug
efficacy being affected when DSB is combined with PD-L1
caused by radiotherapy and chemotherapy? How to reset
the ability of anti-tumor immunity in the TME?

CONCLUSIONS

To conclude, we elucidated that OMAI competitively
binds to HSPA9 to promote mitophagy and activate the
cGAS-STING pathway to mediate IE of GBM (figure 9).
Additionally, we found that GBM with OMAI deletion
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Figure 9 Mechanism diagram. In GBM, the expression of
OMAT1 was increased, which inhibited the formation of IP3R/
HSPA9/VDAC1 complex by competitively binding with IP3R
to HSPAY, resulting in the blockage of mitochondrial TCA
cycle. The impaired mitochondrial function will promote
mitophagy, thereby increasing the release of mitochondrial
DNA, activating the cGAS-STING signaling pathway, and
promoting the expression of PD-L1. PD-L1 is recognized by
PD-1 of CD8* T cells and plays a role in immune escape.
GBM, glioblastoma; PD-L1, programmed death receptor 1
ligand.

or low expression is more sensitive to PD-L1 inhibitors;
maybe in the future, we can develop OMAI small mole-
cule inhibitors combined with PD-L1 inhibitors to treat
GBM.

X Rong Fu @furong
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