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Abstract: Programmed cell death protein 1 (PD-1) antibody is facing the challenge of drug resistance in cancer
therapy. RAB7 plays a key role in autophagic lysosomal fusion, but its function in tumor immune regulation, espe-
cially whether it can enhance the efficacy of PD-1 inhibitors, is not clear. RAS-associated binding protein 7 (RAB7)
and stimulator of interferon gene (STING) were knocked down by siRNA in lung squamous cell carcinoma (LUSC)
cells. The effects of RAB7 and STING on the malignant phenotype of cells were evaluated. The autophagy flux and
cytoplasmic double-stranded DNA (dsDNA) accumulation were observed by Western blot, RFP-GFP-LC3B tandem
fluorescent probe, transmission electron microscopy and immunofluorescence. The expression of STING/interferon
regulatory factor 1 (IRF1) pathway was analyzed by Western blot. CD8* T cells were co-cultured with lung cancer
cells to investigate RAB7 knockdown effects on CD8* T cell activation. Finally, mouse subcutaneous xenograft mod-
els were established to explore RAB7 knockdown combined with anti-PD-1 treatment. RAB7 was highly expressed
in lung cancer, and its knockdown blocked autophagy flux, leading to cytoplasmic dsDNA accumulation, which in
turn activated the STING/IRF1 signaling axis and up-regulated C-C motif chemokine ligand 5 (CCL5) and C-X-C motif
chemokine ligand (CXCL) 10. In the co-culture system, knockdown of RAB7 promoted CD8* T cell proliferation and
cytotoxicity, up-regulated Perforin expressions, and decreased the levels of PD-1 and CD39. The combined applica-
tion inhibited tumor growth, which was accompanied by activation of STING/IRF1 pathway, increased tumor infiltra-
tion and CD8* T cell function. STING knockdown reversed all anti-tumor and immune activation effects mediated by
RAB7 knockdown. In summary, knockdown of RAB7 activated the STING/IRF1/CCL5/CXCL10 signaling pathway by
blocking autophagy flux, enhanced the activation and infiltration of CD8* T cells, and significantly enhanced PD-1
antibody efficacy against lung cancer.
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Introduction a good effect on lung cancer [6]. The survival
time of 16% patients with advanced squamous

The number of global lung cancer cases and non-small cell lung cancer (NSCLC) and 15%

deaths in 2022 was 2.4803 million and 1.8172
million, respectively, ranking first among all
malignant tumors [1]. Lung cancer incidence in
China have shown a significant upward trend
[2, 3]. The 5-year survival rate after distant
metastasis of lung cancer is only about 5% [4,
5], and the disease burden is extremely seri-
ous. Studies have shown that programmed cell
death protein-1 (PD-1) and programmed cell
death ligand 1 (PD-L1) immunotherapy com-
bined with cytotoxic chemotherapy drugs have

patients with advanced non-squamous NSCLC
is up to 5 years or longer [7, 8]. However, immu-
notherapy has limitations such as low response
rate, susceptibility to drug resistance and
immune-related adverse reactions. Therefore,
how to improve the efficacy of immunotherapy
is the focus of current cancer-related research.

Studies have shown that the efficacy of immu-
notherapy for lung cancer is strongly associated
with tumor-infiltrating lymphocytes (TILs) func-
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tion [9]. TILs are highly heterogeneous lympho-
cyte subsets that can infiltrate the cancer tis-
sue after the immune response of the body.
Through cancer cell identification and killing,
the immune response is achieved, and less cy-
tokine storm is generated [10]. The enhanced
anti-tumor effect of TILs is mainly attributed to
CD8* T lymphocyte reactivation, which inhibits
cancer cell growth. Functional CD8* T cells can
effectively remove tumor cells. However, CD8* T
cell depletion occurs in tumor microenviron-
ment (TME). They are usually an important
reason for tumor immune escape and resis-
tance to PD-L1 inhibitors [11]. When tumor
cells produce cytoplasmic double-stranded
DNA (dsDNA) due to genomic instability, repli-
cation stress or therapeutic damage, cyclic
GMP-AMP synthase (cGAS) will sense these
dsDNA and catalyze cGAMP production, which
in turn stimulates stimulator of interferon gene
(STING) protein on the endoplasmic reticulum
[12-14]. Activated STING activates interferon
regulatory factor (IRF) by phosphorylating TANK
binding kinase 1 (TBK21). It drives interferon
(IFN) and a variety of chemokines (such as C-C
motif chemokine ligand 5 (CCL5), C-X-C motif
chemokine ligand 9 (CXCL9), CXCL10) expres-
sions to activate T cells and establish an anti-
tumor immune response [15-17]. Therefore,
exploring safe and effective strategies that can
activate the STING signal axis is a feasible way
to enhance the effect of immunotherapy.

Autophagy is the core process for cells to
maintain their homeostasis. It degrades intra-
cellular damaged organelles and proteins by
forming autophagosome-lysosome structures.
However, autophagy plays a complex ‘double-
edged sword’ role in tumors. On the one hand,
autophagy can inhibit tumorigenesis; on the
other hand, established tumors use autophagy
to cope with various stresses and maintain
their survival and proliferation [18, 19]. It is par-
ticularly noteworthy that there is a close and
complex interaction between the autophagy
pathway and innate immune signals. There is
evidence that autophagy can selectively de-
grade dsDNA or cGAS, STING and other signal-
ing molecules in cytoplasm, thus negatively re-
gulating cGAS-STING axis [20, 21]. This sug-
gests that intervention in specific aspects of
autophagic flux may be a potential means to
release immunogenic signals from the inside
and break the state of immune tolerance. RAS-
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associated binding protein 7 (RAB7) is a small
guanosine triphosphatase (GTPase), which is
mainly present in late endosomes and controls
autophagy, transport and migration of cells.
RAB7 has both carcinogenic and anti-cancer
effects [22]. Moreover, RAB7 protein, as a
transporter, is a key membrane protein on lyso-
somes and a core molecule regulating the late
stage of autophagic flux, and is vital for the
maturation of autophagosomes [23]. RAB7 is
highly expressed in cancer tissues, inhibition of
RAB7 expression can prevent tumor growth in
vivo [24]. RABTA is overexpressed in pancreatic
cancer tissues and is a risk factor affecting
patient prognosis [25]. Inhibition of RAB7 activ-
ity also inhibited tumor progression and auto-
phagy flux in colorectal cancer [23]. Although
RAB7’s roles in tumor cell multiplication have
been sporadically reported, there is still a lack
of systematic research on its role in tumor im-
mune regulation, especially in affecting STING
signaling and CD8* T cell function by regulating
autophagy flow.

The purpose of this study was to systemati-
cally elucidate whether and how inhibition of
RAB7 promotes anti-PD-1 therapeutic efficacy
through the STING/IRF1/CCL5/CXCL10 signal-
ing axis. We explored the regulatory effect of
knockdown of RAB7 alone or in combination
with anti-PD-1 immunotherapy on the immune
function of tumor-infiltrating CD8* T lympho-
cytes in lung cancer, and explored the internal
mechanism, in order to provide reference for
further combined treatment of lung cancer.

Methods
Correlation analysis

Tumor Immune Estimation Resource (TIMER)
(http://timer.comp-genomics.org/) was used to
infer the abundance of tumor-infiltrating im-
mune cells from gene expression profiles. The
correlation between RAB7 and immune sub-
types was analyzed by TISIDB (http://cis.hku.
hk/TISIDB/).

Cell grouping and transfection

Human normal lung bronchial epithelial cells
Beas-2B and lung squamous cell carcinoma
(LUSC) cell lines (NCI-H520, SK-MES-1, HCC-
827 and NCI-H226) were purchased from
SUNNCELL (Wuhan, China, SNL-203, SNL-394,
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SNL-438, SNL-210, SNL-388). The cells were
cultured in RPMI 1640 medium (SNM-001E,
SUNNCELL) containing 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin solution
at37°Cina 5% CO, cell incubator (Galaxy® 170
R, Eppendorf, Hamburg, Germany).

siRAB7 (5-GGCAGUGACUUUCUUGGAUTT-3"),
siSTING (5-UCAUAAACUUUGGAUGCUA-3’) and
siNC (5-GUGUCACGUTT-3’) were purchased fr-
om lJinkairui Bioengineering Co., Ltd. (Wuhan,
China). NCI-H520 and SK-MES-1 cells (1x10°
cells/well) were seeded, and 70% confluence
was achieved after 24 h. The above vectors
were transfected into cells according to the
LipofectamineTM 3000 (L3000001, Invitrog-
en, USA) instructions. Each well was diluted
with 50 nmol/L siRNA and 7.5 pL Lipofecta-
mine 3000 in 250 yL Opti-MEM, respectively.
After standing for 5 min, the mixture was incu-
bated for 15 min to form a complex. The com-
plex was added drop by drop into the well,
replaced with complete medium after 6 h, and
cultured for 48 h. Then the knockdown efficien-
cies were detected.

The transfected LUSC cells were cultured for
24, 48, 72 and 96 h, respectively, and 10 uL of
cell counting kit-8 (CCK-8) working solution
(SNK-010, SUNNCELL) was added and incubat-
ed in dark for 2 h. The optical density (OD) val-
ues of the cells in each group at 450 nm were
measured by a microplate reader (Cytation 5,
Agilent, California, USA) to evaluate cell viabi-
lity.

Plate clone formation experiment

NCI-H520 and SK-MES-1 cells were digested
and resuspended into a single cell suspension.
The cells were inoculated into 6-well plates,
and cultured at 37°C in a 5% CO, incubator for
10-14 days until a cell colony with a diameter
greater than 50 ym was visible to the nak-
ed eye under a microscope (BX53, Olympus,
Tokyo, Japan). At the end of culture, the culture
medium was discarded, and the cell colo-
nies were fixed with 4% paraformaldehyde
(PO099, Beyotime, Shanghai, China) for 20
min, and then stained with 0.1% crystal violet
solution (C0121, Beyotime) for 5 min. Finally,
the excess dye was gently washed with running
water and culture dish was dried. Observe the
cell colony (usually defined as a colony with a
population of more than 50 cells), count and
take photos.
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Cell scratch test

NCI-H520 and SK-MES-1 cells were cultured in
6-well plates. The 100 uL pipette tip was used
to scratch the bottom of the vertical orifice
plate in a straight line. The migration of cells
was observed under a microscope at O and 12
h after culture, and the relative migration rate
of cells in each group was measured and re-
corded by Image J software.

Autophagic flux detection

RFP-GFP-LC3 was used to construct an autoph-
agy dual fluorescent plasmid to evaluate auto-
phagic flux. RFP-GFP-LC3 (HANBIO, Shanghai,
China) was transfected in 6-well plates with
LipofectamineTM 3000 for 24 h. After transfec-
tion with siRAB7 and siNC, the cells were fixed
with 4% paraformaldehyde, and then sealed
with an anti-fluorescence quencher. Fluore-
scence microscopy (Axio Observer 3, Zeiss,
Oberkohen, Germany) was used to detect the
autophagic compartment. Six fields of view
were chosen from each dish to confirm GFP-
LC3 and RFP-LC3 fluorescence point number,
thereby quantifying the level of autophagy flux.

Transmission electron microscope (TEM)

LUSC cells were slowly added with precooled
2.5% glutaraldehyde and stored at 4°C over-
night. Immobilize with 1% UO, for 1.5 h at 4°C
and wash with PBS for 3 times. The cells were
dehydrated by gradient concentration of etha-
nol, and finally treated with anhydrous acetone
for 20 min. Cells were placed overnight in epo-
xy resin Ep812 (GP2001, Servicebio, Wuhan,
China). The samples were cut into 80 nm-thick
sections using an ultra-thin slicing machine
and stained with uranium acetate and lead
citrate for 5 min. Finally, transmission electron
microscopy (JEM1400, Jeol, Tokyo, Japan) was
used to observe the autophagic structure.

Detection of dsDNA by Picogreen method

The dsDNA content in LUSC cells was detect-
ed according to the instructions of PicoGreen
dsDNA fluorescence quantitative assay kit
(P7581, Thermo Fisher, Massachusetts, USA).
After the treatment of NCI-H520 and SK-MES-1
cells, the cell lysate was added, the cell mem-
brane was lysed on ice, and the supernatant
was collected after centrifugation. Standard
samples were prepared at concentrations of
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1000, 100, 25, 10, 2.5, and 0.25 ng/mL, and
the cell supernatant samples were diluted.
100 uL was added, and 100 uL of diluted
PicoGreen working solution was added. Mix
well and avoid light for 3 min. The signal inten-
sity was detected by a fluorescence microplate
reader. The dsDNA levels were calculated.

Cell co-culture

10 mL human peripheral blood was taken from
healthy people in Zhengzhou University Cancer
Hospital (Henan Cancer Hospital) and inform-
ed consent was obtained. 10 mL peripheral bl-
ood of healthy blood donors was collected in
anticoagulant tubes and diluted with RPMI
1640 in a ratio of 1:2. A 15 mL centrifuge tube
was taken out and 3 mL Ficocll solution was
added. The diluted peripheral blood was slowly
added along the tube wall. Peripheral blood
mononuclear cells (PBMCs) were isolated by
Ficoll density gradient centrifugation. Accord-
ing to the CD8* T cell sorting kit (480012, Bio-
legend, USA), CD8* T cell magnetic beads (130-
045-201, Miltenyi Biotech, Germany) were
added to PBMCs and incubated for 30 min. The
cells were placed on a magnetic frame and
allowed to stand for 10 min. The supernatant
was discarded and resuspended in RPMI 1640
medium containing 10% FBS and 10 IU/mL
interleukin (IL)-2. The cells were seeded in 6-
well plates coated with anti-CD3 (2.5 pg/mL)
and anti-CD28 (2 pyg/mL) antibodies [26] and
cultured to initiate and maintain CD8* T cell
activation and proliferation. Then NCI-H520
and SK-MES-1 cells were co-cultured with acti-
vated CD8* T cells at a ratio of 1:3.

The spleens of OT-I mice (whose CD8* T cells
specifically recognize the Ovalbumin (OVA) pep-
tide SIINFEKL) were removed under sterile con-
ditions, ground and prepared into single cell
suspension through a 70 um cell sieve. After
removing red blood cells using red blood cell
lysate (420301, BioLegend), mouse CD8* T cell
sorting kit (480008, BioLegend) was used to
obtain CD8"* T cells in strict accordance with the
instructions. The cells were activated in RPMI
1640 medium containing 10% FBS, CD3 (5 ug/
mL) and CD28 (2 yg/mL), and cultured in a cell
incubator at 37°C and 5% CO, for 36 h [27].
Subsequently, activated CD8* T cells were co-
cultured with different proportions of tumor
cells (5:1, 10:1, 15:1 and 20:1). After 24 h,
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CD8* T cells were taken out and the plate was
washed three times with PBS. The apoptosis of
tumor cells was evaluated by flow cytometry,
and the survival rate of tumor cells was evalu-
ated by CCK-8 assay.

UN-SCC679-0VA cells transfected with shNC,
shRAB7 or shRAB7+shSTING plasmids were
incubated with SIINFEKL-H-2Kb antibody (xH-
2Kb, 141604, BiolLegend) or 1gG control anti-
body (100 pg/mL) for 30 min at 4°C. Subse-
quently, activated OT-I CD8" T cells were co-
cultured with tumor cells at a ratio of 5:1, and
the cytotoxicity of OT- CD8* T cells was evalu-
ated by flow cytometry.

Carboxyfluorescein succinimidyl ester (CFSE)

CD8* T cells (1x10° cells/mL) were resuspend-
ed in PBS. Carboxyfluorescein succinimidyl
ester (CFSE) working solution was added to a
final concentration of 5 yM and incubated in
dark for 20 min. Subsequently, 5-fold volume
of pre-cooled medium was immediately added
to terminate labeling. Then, these CD8* T cells
were co-cultured. After culture, CD8* T cell was
collected and incubated with CD8 (ab237709,
Abcam, Cambridge, UK) flow antibody for 30
min. Cells were resuspended and CD8" T cell
proliferation level was measured using flow
cytometry.

Lactate dehydrogenase (LDH) assay

CD8* T cell cytotoxicity was tested using LDH
kits (C203041, Thermo Fisher). The co-cultured
cell culture medium was collected, centrifuged
for 10 min, 100 pL supernatant was taken, and
60 uL LDH detection solution was added for
incubation in dark for 30 min. The OD,, val-
ues were read using a microplate reader.
Cytotoxicity (%) = (reaction pore 0D, -natu-
ral release pore OD,,, . )/(maximum release
pore OD,, .. -natural release pore OD

100% [28].

490 nm) X

Transwell experiment

Matrigel was thawed overnight at 4°C, placed
on an ice table, mixed with pre-cooled medium
at a ratio of 1:8, and set aside. 60 yL Matrigel
was added vertically and evenly to the upper
chamber to avoid bubbles and adherence. After
incubation for 1 h, the matrix gel was discarded
and the remaining liquid in the upper chamber

Am J Cancer Res 2026;16(2):741-765



Inhibition of RAB7 enhances PD-1-mediated anti-lung cancer efficacy

was discarded. The medium was added to each
well in the upper and lower chambers, and
the membrane was hydrated after 2 h of cul-
ture. LUSC cells were taken and adjusted to a
density of 2.5x10% cells/mL with serum-free
medium, and 150 pL was added to the upper
chamber. A total of 600 uL of complete me-
dium containing 20% FBS was added to the
lower chamber. After 48 h of culture, the upper
and lower chambers were discarded. After
washing with PBS buffer for 2 times, 4% para-
formaldehyde was added and fixed for 15 min.
The cells were washed twice with PBS buffer,
stained with 0.1% crystal violet for 30 min, and
rinsed with PBS buffer for 3 times. The non-
invasive cells and Matrigel in the upper cham-
ber were gently wiped off with cotton swabs.
Six regions were randomly selected and photo-
graphed under a microscope to count the num-
ber of invasive cells.

At the same time, Transwell assay was used
to detect CD8" T cells penetrating the mem-
brane. NCI-H520 and SK-MES-1 cells were
added to the lower chamber, and CD8* T cells
were added to the upper chamber, and incu-
bated for 4 h. The remaining steps were the
same as the invasion experiment. Finally, the
number of migrations to the lower room is
counted.

Mice grouping and intervention

All animal experiments were approved by the
Henan Cancer Hospital Ethics Committee
(Approval No. 2022-KY-0151-001). Female
SPF grade C57BL/6 mice, 6-8 weeks of age,
weighing 18-22 g, purchased from Sberfos
Biotechnology Co., Ltd. (Beijing, China). All
mice were housed in an SPF animal room with
22°C and 50% relative humidity to simulate
normal circadian rhythms. Mice can eat and
drink freely.

The mice were randomly divided into 4 groups:
shCtrl group, anti-PD-1+shCtrl group, shRAB7
group and anti-PD-1+shRAB7 group. Mice in
the shCtrl and anti-PD-1+shCtrl groups were
subcutaneously injected with 1x10% UN-SCC-
679 cells (mouse origin, RC-T2571, Yali Biolo-
gical, Shanghai, China) transfected with shCtrl,
and the remaining mice were subcutaneously
injected with 1x108 UN-SCC679 cells transfect-
ed with shRABY7. Mice in the anti-PD-1 interven-
tion group were intraperitoneally injected with
10 mg/kg anti-PD-1 on days 11, 14, 17, 20,
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and 23 (BE0146, BioXcell, New Hampshire,
USA). During this period, the body weight and
tumor diameter of the mice were measured ev-
ery 5 days, and the tumor volume (1/2 x long
diameter x short diameter?, mm?3) was calcu-
lated. After 25 days, the mice in each group
were weighed and recorded by electronic bal-
ance. Then all mice were anesthetized by inha-
lation of 5% isoflurane, and subsequently euth-
anized by cervical dislocation. The tumor tis-
sues were collected and weighed on an elec-
tronic balance. Some tumor tissues were im-
mersed in 4% paraformaldehyde for fixation.
Another part of the tumor tissue was stored at
-80°C.

Immunohistochemistry

The fixed tumor tissue was dehydrated with
gradient ethanol, transparent with xylene, and
embedded in paraffin. The tissue was serially
sectioned on a microtome (RM2255, Leica,
Wetzlar, Germany) with a thickness of about 5
um. After the paraffin section of the tumor tis-
sue was baked, xylene was dewaxed and gradi-
ent ethanol was hydrated. Endogenous peroxi-
dase was inhibited by incubation with 3% H,0,
for 20 min in the dark. The slices were placed in
sodium citrate-citrate buffer. The slices were
heated to above 95°C by microwave oven and
kept at high temperature for 20 min, then re-
moved and cooled to room temperature natu-
rally. Add Ki67 (ab279657, 1:500, Abcam) pri-
mary antibody, 4°C refrigerator overnight. The
first antibody was discarded, PBS was washed,
the second antibody (ab6728, 1:2000, Abcam)
was added and incubated for 2 h, PBS rinsed,
DAB coloration, hematoxylin nuclear re-stain-
ing. Gradient ethanol dehydration, xylene trans-
parent after sealing. Six fields of view were ran-
domly selected under the microscope to take
photos and perform data statistics.

TUNEL staining

Paraffin sections of tumor tissues were sub-
jected to dewaxing to water, protease K repair
antigen without DNase, and membrane rup-
ture. TUNEL reaction solution (G1504, Service-
bio) was prepared and added to the slice, and
the TUNEL reaction solution was incubated for
1 h. After washing with PBS, DAPI was added
for 10 min. The staining was observed under a
fluorescence microscope and the image was
taken. Six fields of vision were chosen, and the
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average optical density value of apoptotic cells
was recorded by Image J software.

Immunofluorescence

LUSC cells in each group were fixed with 4%
paraformaldehyde, stained with PicoGreen ds-
DNA fluorescent reagent, and examined by fluo-
rescence microscope. The cells and mouse tu-
mor tissues were fixed with 4% paraformalde-
hyde and blocked with 10% goat serum for 30
min. Lysosomal-associated membrane protein
1 (LAMP1, ab25630, 1:500, Abcam), microtu-
bule-light chain 3 beta (LC3B, ab48394, 1:500,
Abcam), GFP (ab183734, 1:500, Abcam), phos-
phorylation of histone H2AX (y-H2AX, 2577,
1:1000, Cell Signaling Technology, Massachu-
setts, USA), RAB7 (ab137029, 1:500, Abcam)
and CD8 (ab316778, 1:100, Abcam) antibo-
dies were added and incubated overnight at
4°C. After that, fluorescent antibody IgG and
DAPI staining solution were added and incubat-
ed for 2 h and 10 min, respectively. The slides
were dried and sealed with anti-fluorescence
quencher. The slides were observed under a
fluorescence microscope and the images were
collected. The protein fluorescence intensity
was analyzed by Image J software.

NCI-H520 and SK-MES-1 cells were incubat-
ed with 200 nM Mito-Tracker Red CMXRos
(C1035, Beyotime) at 37°C for 15 min to spe-
cifically label the mitochondria of living cells.
After staining, the cells were fixed with 4%
paraformaldehyde at room temperature for 15
min and permeabilized with 0.1% Triton X-100
for 10 min. Then dsDNA antibody (76651, Cell
Signaling Technology) was added and incubat-
ed at 4°C overnight. Fluorescent antibody IgG
was added for incubation at room tempera-
ture for 2 h, and DAPI was used for nuclear re-
staining. The co-localization of dsDNA and
mitochondria was observed under a fluores-
cence microscope.

Flow cytometry experiments

LUSC cells (1x10° cells) in each group and LUSC
cells in the co-culture system were taken and
placed in a flow tube. Each tube was add-
ed with 5 pyL Pl and 5 pL Annexin V-APC
(E-CK-A217, Elabscience, Wuhan, China), incu-
bated in the dark for 15 min, washed once,
and resuspended with 500 pL phosphate buf-
fer. Apoptosis was detected on a flow cytome-
ter (FACSCelesta, BD Biosciences, USA).
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The mouse tumor tissue was cut into pieces
and digested with a digestive solution contain-
ing collagenase IV (1 mg/mL) at 37°Cfor 1 h to
obtain a single cell suspension. Subsequently,
the suspension was filtered using a cell sieve
and tumor-infiltrating lymphocytes were en-
riched by Percoll method. The obtained cells
were stained with CD8 and CD3 antibodies and
incubated at 4°C in dark for 30 min. After stain-
ing, flow cytometry was used to collect data
and calculate the percentage of CD8" T cells.

Western blot

The tumor tissues of mice were quickly thawed,
and LUSC cells in each group were collected.
RIPA lysis buffer containing protease inhibitor
(PO013B, Beyotime) was added for homogeni-
zation. After lysis and centrifugation, the super-
natant was the total protein. Then the protein
was quantified by BCA kit (PO010, Beyotime),
and the corresponding loading amount was
calculated. After protein denaturation, SDS-
PAGE gel was prepared. After gel electrophore-
sis separation, the protein was transferred to
PVDF membrane, and the membrane was
transferred for 60 min at a constant current of
250 mA at 4°C. The PVDF membrane was
blocked with blocking solution (5% skim milk
powder) for 90 min, incubated with primary
antibody (Table 1), and slowly shaken over-
night in a refrigerator at 4°C. The bands were
incubated with the secondary antibodies of
the corresponding species for 2 h, and the ECL
luminescent chromogenic solution (PO018M,
Beyotime) was added dropwise. The gel imag-
ing system (Azure 600, Azure Biosystems,
California, United States) was used to take pic-
tures. The gray value of the protein bands was
analyzed by ImageJ software, and the expres-
sion levels of different proteins were calculat-
ed.

Enzyme-linked immunosorbent assay (ELISA)

The cGAS ELISA kit was purchased from SYBIO
(SY-H06146, Shanghai, China). The cells were
collected, and the lysate was added. The cells
were lysed on ice for 30 min, centrifuged at
4°C and 12000 r/min for 15 min, and the su-
pernatant was collected as the sample to
be tested. ELISA kits for mouse GZMB, IFN-y
and TNF-a were purchased from eBioscien-
ce (E-EL-M0594, E-EL-MO0048, E-EL-M3063,
Wuhan, China). The culture supernatant in the
co-culture system was collected as the sample
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Table 1. The primary antibodies used for Western blot

Protein name Dilution ratio Catalog number Producer
RAS-associated binding protein 7 (RAB7) 1:10000 ab137029 Abcam
Microtubule-light chain 3 Beta (LC3B) 1:1000 M186-3 MBL
p62 1:50000 ab109012 Abcam
Perforin 1:1000 ab261727 Abcam
Interferon (IFN)-y 1:2000 DF6045 Affinity
Granzyme B (GZMB) 1:1000 ab255868 Abcam
CD39 1:1000 ab223842 Abcam
Programmed cell death protein 1 (PD-1) 1:2000 DF2943 Affinity
phosphorylation of histone H2AX (y-H2AX) 1:1000 2577 Cell Signaling Technology
Stimulator of interferon gene (STING) 1:2000 DF12090 Affinity
p-STING 1:1000 ab324229 Abcam
Interferon regulatory factor 1 (IRF1) 1:1000 ab230652 Abcam
C-C motif chemokine ligand 5 (CCL5) 1:2000 AF5151 Affinity
Cyclic GMP-AMP synthase (cGAS) 1:1000 ab224144 Abcam
C-X-C motif chemokine ligand 10 (CXCL10) 1:2000 DF6417 Affinity
GAPDH 1:10000 ab181602 Abcam

to be tested. The experiment was carried out in
strict accordance with the operating instruc-
tions of the kit. The OD,, value of each hole
was detected by microplate reader. The stan-
dard curve was drawn according to the concen-
tration and OD value of the standard, and the
contents of cGAMP, GZMB, IFN-y and TNF-« in

each sample were calculated.

Detection of mitochondrial membrane poten-
tial (MMP)

NCI-H520 and SK-MES-1 cells in each group
were collected, added with 1 mL JC-1 staining
solution (C2003S, Beyotime), and incubated in
a 5% CO, incubator at 37°C for 20 min. After
the incubation was completed, the cells were
washed twice with pre-cooled PBS to remove
the free dye. Finally, the cells were resuspend-
ed with 500 yL PBS and immediately analyzed
by flow cytometry.

Detection of reactive oxygen species (ROS)

NCI-H520 and SK-MES-1 cells were collected
and resuspended in PBS containing 10 uM
DCFH-DA fluorescent probe (S1105S, Beyo-
time). The cells were incubated at 37°C for 20
min in the dark. During the incubation period,
the dye was gently shaken every 5 minutes to
ensure full contact with the cells. After incuba-
tion, the cells were resuspended in PBS and
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immediately analyzed by flow cytometry to
detect the relative level of ROS in the cells.

Detection of mitochondrial reactive oxygen
species (MtROS)

After treatment of NCI-H520 and SK-MES-1
cells, MitoSOX Red probe (SO061S, Beyotime)
diluted to 5 uM with serum-free medium was
added and incubated at 37°C in dark for 20
min. After incubation, the cells were fixed with
4% paraformaldehyde for 15 min. After wash-
ing with PBS, DAPI staining solution was added
for nuclear re-staining. Finally, the red fluores-
cence signal was observed and collected by
fluorescence microscope.

Statistical analysis

Statistical analysis was conducted using SPSS
version 27.0. Normality and homogeneity of
variance were assessed for all data sets. For
the comparison between the two groups, Stu-
dent’s t-test was used. One-way ANOVA was uti-
lized, followed by Tukey's post hoc test for
group comparisons. Repeated measures ANO-
VA was used for data comparison involving con-
tinuous time points (such as tumor volume or
cell viability at different time points). Data for
each group were presented as mean + stan-
dard deviation, with P < 0.05 deemed statisti-
cally significant.
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Results

Knockdown of RABY blocked autophagic flux
and inhibited malignant phenotype of lung
cancer cells

RAB7 protein has a cancer-promoting func-
tion, involving autophagy, apoptosis and cell
migration [22]. RAB7 protein was elevated in a
variety of LUSC cells (NCI-H520, SK-MES-1,
HCC827 and NCI-H226) compared with Beas-
2B cells, and it was highest in NCI-H520 and
SK-MES-1 cells (Figure 1A, 1B), so these two
cells were selected for functional studies. After
that, siRAB7 and siNC were transfected into
LUSC cells, and the level of RAB7 protein in
cells transfected with siRAB7 was significantly
decreased, indicating that siRNA successfully
knocked down RAB7 (Figure 1C, 1D). Kno-
ckdown of RAB7 significantly lessened the cell
viability (Figure 1E, 1F), cell colony number, and
the colony formation ability of LUSC cells
(Figure 1G, 1H), suggesting that knockdown of
RAB7 suppressed LUSC cell proliferation. Kno-
ckdown of RAB7 also resulted in apoptotic cells
(Figure 1l, 1J), and cell migration rate (Figure
1K, 1L) and the number of invasive cells (Figure
1M, 1IN) were also much lower than those of
LUSC cells. Knockdown of RAB7 inhibited LUSC
cell malignant phenotype.

RAB7 is strongly associated with autophagy
[23] and is crucial for the maturation of auto-
phagosomes. RAB7 knockdown resulted in an
increase in p62 protein levels and an increase
in LC3B-II/I protein ratio (Figure 10, 1P). RFP-
GFP-LC3 can monitor autophagy flux. When
autophagosomes fuse with lysosomes, GFP
(green) fluorescence is quenched due to the
acidic environment in lysosomes, while RFP
(red) signal persists. RAB7 knockdown signifi-
cantly increased the number of yellow fluores-
cent dots (Figure 1Q, 1R), suggesting that
autophagosomes accumulated but degrada-
tion was blocked, indicating impaired autopha-
gy flux. TEM observed that in RAB7 knockdown
cells, the number of undegraded autophago-
somes in the cells was accumulated, but the
number of mature autolysosomes that were
undergoing degradation was rare (Figure 1S,
1T). At the same time, immunofluorescence
co-localization analysis of GFP-LC3B and LAM-
P1 showed that autophagosomes (GFP-LC3
fluorescent spots) in RAB7 knockdown cells

748

was much higher than that in LUSC cells, but
the co-localization of autophagosomes and
lysosomes (i.e., autolysosomes) was reduced
(Figure 1U-W). These results together indicated
that RAB7 maintained autophagy flux by pro-
moting autophagic lysosomes in lung cancer.
RAB7 knockdown could block the autophagy
process, and its mechanism involved reduced
autophagosome maturation and impaired lyso-
somal function.

Knockdown of RAB7 promoted the accumula-
tion of cytoplasmic dsDNA in lung cancer cells

RAB7 is an autophagy-related gene, and auto-
phagy is closely related to dsDNA. To investi-
gate whether RAB7 knockdown causes DNA
damage and dsDNA accumulation in LUSC ce-
lls, we detected the expression level of DNA
damage marker y-H2AX and cytoplasmic ds-
DNA level. In RAB7 knockdown NCI-H520 and
SK-MES-1 cells, the level of DNA damage mark-
er y-H2AX protein and positive cell number
were markedly enhanced (Figure 2A-D), and
cytoplasmic dsDNA level (Figure 2E) and fluo-
rescence intensity (Figure 2F, 2G) were also
enhanced. Knockdown of RAB7 resulted in ob-
vious DNA damage and cytoplasmic dsDNA
accumulation. To further elucidate the upstr-
eam mechanism of dsDNA accumulation in-
duced by autophagic flux blockade, we evalu-
ated mitochondrial function. The results show-
ed that the MMP of RAB7 knockdown cells
was significantly decreased (Figure 2H, 2I). In
addition, we evaluated ROS and mtROS levels
by DCFH-DA flow cytometry and MitoSOX Red
staining. The intracellular ROS level (Figure 2J,
2K) and mtROS content (Figure 2L, 2M) of
RAB7 knockdown cells were much higher than
those of LUSC cells. These data suggested that
RAB7 knockdown induced severe mitochondri-
al dysfunction and oxidative stress. Mitochon-
dria were a potentially important source of cy-
toplasmic dsDNA. Subsequently, we observed
the complete mtDNA structure by staining with
dsDNA antibody. The results of immunofluores-
cence co-localization analysis of mitochondria
and dsDNA showed that a large number of
green fluorescence signals (dsDNA antibody
labeling) and red fluorescence signals (Mito-
Tracker labeled mitochondria) were clearly co-
localized in RAB7 knockdown cells (Figure 2N,
20), suggesting that the leaked mtDNA was
one of the main sources of cytoplasmic dsDNA
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Figure 1. Knockdown of RAB7 blocked autophagic flux and inhibited malignant phenotype of lung cancer cells. A, B. Western blot detected RAB7 protein in human
bronchial epithelial cells Beas-2B and LUSC cell lines (NCI-H520, SK-MES-1, HCC827 and NCI-H226). C, D. RAB7 protein in LUSC cells was knocked down by siRNA,
and the knockdown efficiency was analyzed. E, F. CCK-8 assays detected LUSC cell viability. G, H. LUSC cell proliferation ability was observed through plate colony
formation assay. |, J. Flow cytometry analyzed LUSC cell apoptosis. K, L. Cell scratch assays detected LUSC cell migration (x10, 200 uym). M, N. Transwell assays
detected LUSC cell invasion (x20, 100 um). O, P. Western blot detected autophagy-related protein (p62, LC3B-I, and LC3B-Il) levels. Q, R. RFP-GFP-LC3 was used to
monitor autophagy flux (x40, 50 um). S, T. The structure of autophagy was observed by TEM (x15.0 k, 1 ym). U-W. Immunofluorescence co-localization of GFP-LC3B
and LAMP1 was used to analyze autophagy flux (x40, 50 pm). ***P < 0.001 vs NC group. Notes: RAB7, RAS-associated binding protein 7; LUSC, lung squamous
cell carcinoma; CCK-8, cell counting kit-8; LC3B, microtubule-light chain 3 Beta; TEM, transmission electron microscope; LAMP1, lysosomal-associated membrane
protein 1.
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Figure 2. Knockdown of RAB7 promoted the accumulation of cytoplasmic dsDNA. A, B. Western blot analyzed DNA damage marker y-H2AX protein expression. C,
D. Immunofluorescence detected the formation of y-H2AX (x40, 50 um). E. Picogreen dsDNA quantitative fluorescence was used to evaluate cytoplasmic dsDNA.
F, G. dsDNA expression was detected by immunofluorescence (x40, 50 um). H, I. JC-1 fluorescent probe detected MMP levels. J, K. DFCH-DA detected intracellular
ROS levels. L, M. MitoSOX Red measured mtROS levels (x40, 50 um). N, O. DNA and mitochondria were double-labeled by immunofluorescence. Mitochondria were
stained with MitoTracker (red), and dsDNA was stained with dsDNA antibody (green) (x40, 50 uym). ***P < 0.001 vs NC group. Notes: dsDNA, double-stranded DNA;
y-H2AX, phosphorylation of histone H2AX; MMP, mitochondrial membrane potential; ROS, reactive oxygen species; mtROS, mitochondrial reactive oxygen species.

751 Am J Cancer Res 2026;16(2):741-765



Inhibition of RAB7 enhances PD-1-mediated anti-lung cancer efficacy

accumulation. These results together indicated
that knockdown of RAB7 induced mitochondri-
al dysfunction and oxidative stress, which in
turn led to mtDNA leakage into the cytoplasm.

Knockdown of RAB7 promoted CD8* T cell
activity and enhanced the Killing effect on lung
cancer cells

Following the TIMER 2.0 database analysis,
RAB7 expression was related to many immune
cell infiltration, and the negative correlation
with CD8* T cells was the most significant
(Figure 3A). In order to verify its function, CD8*
T cells were extracted and activated, then RAB7
knockdown LUSC cells were co-cultured with
CD8* T cells (Figure 3B). Knockdown of RAB7
promoted CD8* T cell proliferation in the co-
culture system (Figure 3C, 3D). Knockdown of
RAB7 accelerated CD8* T cell recruitment into
LUSC cells (Figure 3E), indicating that knock-
down of RAB7 promoted CD8* T cell penetra-
tion into tumor area. Knockdown of RAB7
enhanced CD8* T cell toxicity to tumor cells
(Figure 3F). Moreover, after RAB7 knockdown,
the protein levels of effector molecules IFN-y,
GZMB and Perforin in co-cultured CD8* T cells
were raised, and exhaustion markers PD-1
and CD39 protein expressions were declined
(Figure 3G-l). Further apoptosis experiments
confirmed that apoptotic cell proportion in
RAB7 knockdown cells after co-cultured were
much higher than those of LUSC cells (Figure
3J-L), indicating that CD8* T cells co-cultured
with RAB7 knockdown tumor cells could more
effectively induce tumor cell apoptosis. These
results indicated that knockdown of RAB7
enhanced the killing effect on LUSC cells by
enhancing CD8* T cell activation and cytotoxic-
ity and alleviating their depletion. In order to
further verify the immune regulation function
of RAB7 in antigen-specific system, we con-
structed UN-SCC679-0OVA cells and co-cultur-
ed them with CD8* T cells derived from OT-I
mice. The experimental schematic diagram
was shown in Figure 3M. Flow cytometry
analysis showed that knockdown of RAB7 sig-
nificantly increased the expression level of
SIINFEKL-H-2Kb complex on the surface of
UN-SCC679-0OVA cells (Figure 3N), suggesting
that RAB7 deficiency might enhance the im-
munogenicity of tumor cells by affecting anti-
gen processing or MHC-I molecule delivery.
Subsequently, we used different proportions of
OT-1CD8"* T cells to co-culture with RAB7 knock-
down UN-SCC679-0VA cells for 24 h. The opti-
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mal effector-target ratio was determined by
gradient co-culture experiments as OT-I CD8*
T cells: tumor cells = 5:1 (Figure 30). On this
basis, ELISA detection showed that knock-
down of RAB7Y significantly increased the se-
cretion levels of IFN-y, GZMB and TNF-« in the
culture supernatant (Figure 3P-R), and also
promoted tumor cell apoptosis (Figure 3S). To
confirm the antigen specificity of the Kkilling
effect, we treated tumor cells with aH-2Kb. The
results showed that it blocked the apoptosis
of tumor cells enhanced by RAB7 knockdown
(Figure 3T), demonstrating that this effect
depended on the specific recognition of the
antigen peptide-MHC-I complex. In summary,
knockdown of RAB7 increased the level of
MHC-I in tumor cells, which in turn significantly
enhances the activation and targeted Killing
ability of CD8* T cells.

Knockdown of RAB7 activated the STING/IRF1
signaling axis

Cytoplasmic dsDNA accumulation is a key ini-
tial step in activating the STING signaling path-
way. The STING/IRF1 signaling axis is con-
cerned with regulating immune responses in
tumor cells [17]. In RAB7 knockdown LUSC
cells, p-STING and IRF1 and their downstream
chemokines CCL5 and CXCL10 proteins were
significantly increased (Figure 4A-C), suggest-
ing that knockdown of RAB7 might activate the
STING/IRF1 signaling axis. Moreover, Western
blot and ELISA results showed that the level of
cGAS of RAB7 knockdown cells were much
higher than those of LUSC cells (Figure 4D-F),
suggesting that the cGAS-STING/IRF1 signal-
ing axis was activated. To further validate the
function of this signal axis, siSTING and siNC
were transfected into LUSC cells in this study,
SiSTING successfully knocked down STING
(Figure 4G, 4H). Subsequently, a double knock-
down experiment of RAB7 and STING was per-
formed in NCI-H520 cells. Simultaneous kno-
ckdown of STING inhibited the STING/IRF1/
CCL5/CXCL10 signaling pathway (Figure 4l,
4J). In summary, knockdown of RAB7 activated
the STING/IRF1 signaling axis.

Knockdown of RABY activated STING/IRF1
pathway to inhibit lung cancer cell malignant
phenotype and promote CD8* T cell activation

In addition, compared with knockdown of RAB7
alone, the cell viability (Figure 5A), colony num-
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Figure 3. Knockdown of RAB7 promoted CD8* T cell activity and enhanced killing effect on lung cancer cells. A. TIMER 2.0 database analyzed the correlation be-
tween RAB7 and various immune cells. B. The schematic diagram of co-culture of human CD8* T cells and LUSC cells. C, D. CFSE assay detected CD8* T cell prolif-
eration. E. Transwell assay counted CD8"* T cells penetrating the membrane. F. LDH kit detected CD8* T cell cytotoxicity. G-I. Western blot detected CD8* T cell-related
protein (IFN-y, GZMB, Perforin, PD-1 and CD39) expressions. J-L. Flow cytometry detected LUSC cell apoptosis in the co-culture system. M. The experimental flow
chart of isolation, activation and co-culture with UN-SCC679-0OVA cells of CD8* T cells derived from OT-I mice. N. The expression level of SIINFEKL-H-2Kb complex
on the surface of UN-SCC679-0OVA cells was detected by flow cytometry. O. CCK-8 assay was used to detect the Killing efficiency of OT-1 CD8* T cells against UN-
SCC679-0VA cells at different effector-target ratios. P-R. The concentrations of IFN-y, GZMB and TNF-a in the co-culture system of UN-SCC679-OVA cells and OT-l
CD8* T cells were detected by ELISA. S. The apoptosis rate of tumor cells in the co-culture system of UN-SCC679-0OVA cells and OT-I CD8* T cells was detected by
flow cytometry. T. aH-2Kb or IgG was added to the co-culture system of UN-SCC679-OVA cells and OT-I CD8* T cells. The apoptosis rate of tumor cells was detected
by flow cytometry. ***P < 0.001 vs NC group. Notes: CFSE, carboxyfluorescein succinimidyl ester; LDH, lactate dehydrogenase; IFN-y, interferon-y; GZMB, Granzyme
B; PD-1, programmed cell death protein 1.
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Figure 4. Knockdown of RAB7 activated the STING/IRF1 signaling axis. A-C. Western blot detected STING/IRF1 signal axis protein (p-STING, STING, IRF1, CCL5 and
CXCL10) expression. D, E. The level of cGAS protein was detected by Western blot. F. The level of cGAS was detected by ELISA. G, H. siSTING and siNC were trans-
fected into LUSC cells, and STING knockdown efficiencies were analyzed using Western blot. |, J. RAB7 and STING in NCI-H520 cells were knocked down at the same
time, and the expression of STING/IRF1 signal axis proteins (p-STING, STING, IRF1, CCL5 and CXCL10) was analyzed using Western blot. ***P < 0.001 vs NC group;
###P < 0.001 vs siRAB7 group. Notes: STING, stimulator of interferon gene; IRF1, interferon regulatory factor 1; CCL5, C-C motif chemokine ligand 5; CXCL10, C-X-C
motif chemokine ligand 10; cGAS, cyclic GMP-AMP synthase; ELISA, enzyme-linked immunosorbent assay.
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Figure 5. Knockdown of RAB7 activated STING/IRF1 pathway to inhibit the malignant phenotype of lung cancer cells and promote CD8* T cell activity. A. CCK-8 as-
says detected NCI-H520 cell viability. B, C. NCI-H520 cell proliferation was observed using plate colony formation assay. D, E. Flow cytometry detected NCI-H520 cell
apoptosis. F, G. Cell scratch assays detected NCI-H520 cell migration (x10, 200 um). H, I. Transwell assays detected NCI-H520 cell invasion (x20, 100 ym). J, K.
CFSE assay detected CD8* T cell proliferation in the co-culture system. L. Transwell assay counted CD8* T cells penetrating membrane. M. LDH kit detected CD8* T
cell cytotoxicity. N, O. Western blot detected CD8* T cell-related protein (IFN-y, GZMB, Perforin, PD-1 and CD39) expressions. P, Q. Flow cytometry detected NCI-H520
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cell apoptosis in co-culture system. R-T. The concentrations of IFN-y, GZMB and TNF-a in the co-culture system of
UN-SCC679-0VA cells and OT-I CD8* T cells were detected by ELISA. U. The apoptosis rate of tumor cells in the co-
culture system of UN-SCC679-OVA cells and OT-I CD8* T cells was detected by flow cytometry. V. aH-2Kb or IgG was
added to the co-culture system of UN-SCC679-0VA cells and OT-I CD8* T cells. The apoptosis rate of tumor cells was
detected by flow cytometry. ***P < 0.001 vs NC group; ##P < 0.01, ###P < 0.001 vs siRAB7 group.

ber (Figure 5B, 5C), migration rate (Figure
5F, 5G) and number of invasive cells (Figure
5H, 5l) of NCI-H520 cells with simultaneous
STING knockdown were much higher than
those of NC group, with only a few apoptotic
cells (Figure 5D, 5E). At the same time, knock-
down of STING suppressed CD8* T cell pro-
liferation (Figure 5J, 5K), inhibited CD8* T cell
recruitment into tumor cells (Figure 5L), weak-
ened CD8" T cell cytotoxicity (Figure 5M),
reduced the expression of IFN-y, GZMB and
Perforin proteins, and increased PD-1 and
CD39 proteins (Figure 5N, 50). In addition,
knockdown of STING also reduced NCI-H520
cell apoptosis rates in the co-culture system
(Figure 5P, 5Q). This indicated that knock-
down of STING could partially weaken CD8* T
cell activation and Killing effect. These results
fully demonstrate that RAB7 knockdown sup-
presses LUSC cell malignant phenotype and
the promotion of CD8* T cell activation mainly
depends on STING/IRF1 axis activation. Sub-
sequently, in the co-culture system of UN-
SCCB79-0VA cells and OT-I CD8* T cells, com-
pared with RAB7 knockdown alone, simultane-
ous knockdown of STING significantly reduced
the levels of GZMB, IFN-y and TNF-a (Figure
5R-T) and decreased tumor cell apoptosis rate
(Figure 5U). And aH-2Kb also blocked the kill-
ing of OT-I CD8* T cells on all groups of tumor
cells (Figure 5V). More importantly, under the
background of antibody blocking, there was
no significant difference in the apoptosis rate
between the groups, further excluding the
interference of non-specific cytotoxic effects.
This proved that the cytotoxicity in this model
depended on the recognition of the antigen
peptide-MHC-I complex.

Knockdown of RABY synergized with PD-1 anti-
body to suppress lung tumor growth

In the subcutaneously transplanted UN-SCC-
679 cell model of C57BL/6 mice, RAB7 was
knocked down by shRNA, and RAB7 was suc-
cessfully knocked down (Figure 6A, 6B).
Knockdown of RAB7 or anti-PD-1 treatment
reduced the volume and weight of subcutane-
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ous tumors by about 50%, and tumor growth
was inhibited, and the combination of the two
treatments could further enhance the anti-
tumor effect, it was manifested by reduced
cancer volume and tumor weight (Figure 6C-E).
In addition, the number of Ki67 positive cells
in tumor tissues treated with knockdown of
RAB7 or anti-PD-1 treatment was much lower
than that in the NC group (Figure 6F, 6G), and
the number of TUNEL positive cells was much
higher than that in the NC group (Figure 6H,
6l), and the effect of combined treatment
was the most significant. In summary, knock-
down of RAB7 effectively enhanced anti-PD-1
anti-tumor efficacy, synergistically suppressed
lung cancer growth and promote its apoptosis.

Knockdown of RAB7 synergized with PD-1 an-
tibody to activate STING/IRF1/CCL5/CXCL10
pathway and enhance CD8* T cell activity

In the tumor-bearing mouse model, knockdown
of RAB7 or anti-PD-1 treatment significantly
activated the STING/IRF1/CCL5/CXCL10 sig-
naling pathway in tumor tissues, and the com-
bined activation effect of the two was the
most significant (Figure 7A, 7B). Knockdown of
RAB7 reduced RAB7 fluorescence intensity,
and raised CD8 fluorescence intensity (Figure
7C-E). Flow cytometry analysis further showed
that after knockdown of RAB7 or anti-PD-1
intervention, tumor tissues showed many CD8*
T cell infiltrations (Figure 7F, 7G), and IFN-y,
GZMB and Perforin protein increased, while
PD-1 and CD39 protein decreased (Figure 7H,
71), and the combination of the two enhanced
CD8* T cell activity most significantly. Kno-
ckdown of RAB7 enhanced CD8* T cell infiltra-
tion and activity by activating STING/IRF1/
CCL5/CXCL10 signaling axis, thereby exerting
synergistic anti-cancer effects with anti-PD-1.

Discussion

This study first established the carcinogenic
role of RAB7 in lung cancer. We confirmed that
RAB7 was high expressed in a variety of LUSC
cells (NCI-H520, SK-MES-1, HCC827 and NCI-
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Figure 6. RAB7 knockdown synergized with PD-1 antibody to suppress lung tumor growth. A, B. The knockdown efficiency of RAB7 in subcutaneous tumor tissues
was detected by Western blot. C-E. Morphological image, cancer volume and weight of tumors in mice. F, G. Ki67 immunohistochemical representative images and
histograms of tumors (x40, 50 um). H, I. TUNEL staining of tumors represented images and histograms (x40, 50 ym). *P < 0.05, ***P < 0.001 vs shCtrl group;
###P < 0.001 vs shCtrl+anti-PD-1 group.
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Figure 7. Knockdown of RAB7 synergized with PD-1 antibody to activate STING/IRF1/CCL5/CXCL10 pathway and
enhance CD8* T cell activity. A, B. Western blot detected STING/IRF1 signal axis proteins (p-STING, STING, IRF1,
CCL5 and CXCL10). C-E. CD8 immunofluorescence representative images and histograms of tumors (x40, 50 ym).
F, G. Tumor-infiltrating CD8* T cell proportion was analyzed by flow cytometry. H, . Western blot detected CD8* T
cell-related protein (IFN-y, GZMB, Perforin, PD-1 and CD39) expressions. *P < 0.05, **P < 0.01, ***P < 0.001 vs
shCtrl group; #P < 0.05, ###P < 0.001 vs shCtrl+anti-PD-1 group.

H226), RAB7 may have a vital impact on lung
cancer development, which is consistent with
some recent studies on RAB7 promoting tumor
progression [23, 24]. Subsequently, RAB7 kno-
ckdown plasmids were transfected into NCI-
H520 and SK-MES-1 cells. After RAB7 knock-
down, LUSC cell proliferation, movement and
invasion were significantly decreased, and the
apoptosis rate was increased, indicating that
knockdown of RAB7 can inhibit the malignant
phenotype of lung cancer. This suggests that
RAB?Y is vital for lung cancer malignant biologi-
cal behavior.

More importantly, we found a new function of
RAB7 in regulating tumor immune microenvi-
ronment. TIMER2.0 database analysis show-
ed that RAB7 was negatively correlated with
CD8* T cell infiltration, which provided initial
clues for our subsequent exploration of im-
mune function. CD8* T cells are vital for anti-
tumor immunity. Effector CD8* T cells can exert
their cytotoxic effects by releasing effector
molecules such as TNF-«, INF-y, GZMB and
Perforin [29]. Through in vitro co-culture ex-
periments, RAB7 knockdown directly enhanced
CD8* T cell proliferation, migration, and cyto-
toxicity, while increasing the expression of its
effector molecules (IFN-y, GZMB, Perforin) and
reducing depletion marker levels (PD-1 and
CD39). Crucially, to distinguish tumor antigen-
specific immunity from non-specific allogeneic
responses, OT-1 CD8* T cells and UN-SCC679-
OVA cells were co-cultured. In this model, RAB7
knockdown significantly enhanced the surface
expression of the SIINFEKL-H-2Kb complex,
directly linking RAB7 knockdown with improved
antigen presentation. Thus, we observed that
the activation of CD8* T cells, the secretion of
cytokines, and the Kkilling effect of target cells
were significantly enhanced, and these phe-
nomena were dependent on the recognition of
MHC-I, which was confirmed by the blocking
antibody aH-2Kb. This discovery extends the
function of RAB7 from the traditional autono-
mous survival of tumor cells to a new dimen-
sion of regulating adaptive immune response.
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DNA, as an immune stimulating factor, is re-
cognized by pattern recognition receptors to
initiate innate immune responses and further
induce the formation of adaptive immunity.
This dual immune mechanism works together
to provide an effective defense barrier for the
body, and is concerned with regulating various
pathological processes including microbial
infection, autoimmune, inflammation, and or-
gan degradation [30]. The functional integrity
of autophagy is essential for maintaining intra-
cellular homeostasis. LC3 and p62 are bio-
markers of autophagy. Among them, p62 is the
first identified selective autophagy receptor
protein, which can drive ubiquitination-depen-
dent autophagy degradation [31]. cGAS-STING
axis is an important pathway in identifying
cytoplasmic DNA and an important signaling
cascade in innate immunity [32]. The cytoplas-
mic dsDNA also activates the cGAS-STING
pathway, allowing STING to respond to STING’s
own degradation and attenuation by phosphor-
ylating p62 [33]. Therefore, in the negative
feedback loop activated by the STING pathway,
autophagy is vital for ensuring that the STING
signal can be transmitted instantaneously,
effectively avoiding the excessive activation of
the pathway, thereby maintaining the physio-
logical homeostasis of the human body [34].
Our data showed that knockdown of RAB7 sig-
nificantly increased p62 and LC3B-Il/I protein
levels, blocked autophagy flux, resulting in a
large accumulation of autophagosomes and a
significant reduction in autophagic lysosomes.
Crucially, knockdown of RAB7 led to loss of
MMP and increased ROS levels, inducing
mitochondrial dysfunction. Mitochondria with
impaired function cannot be removed in time,
resulting in mtDNA leakage to the cytoplasm.
More importantly, we observed a significant
increase in cytoplasmic dsDNA and a notable
increase in y-H2AX content, as well as a sig-
nificant increase in cGAS levels. The destruc-
tion of autophagic flux makes the stress signals
of endogenous genomes (such as damaged
mitochondrial DNA or nuclear DNA fragments)
unable to be cleared in time and thus perceived
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by cGAS in the cytoplasm. This finding echoes
previous studies that autophagy-related pro-
teins can negatively regulate the cGAS-STING
pathway, forming a feedback loop [35-37]. Our
study highlights the key role of RAB7 in this
process.

Subsequently, we confirmed that knockdown of
RAB7 significantly activated the STING/IRF1/
CCL5/CXCL10 signaling. The innate immune
response mediated by the this pathway is vital
for inhibiting tumor development through cell-
autonomous and non-cell-autonomous signal
transduction, thereby forming immune cell-
mediated tumor suppression [38]. Li et al.
found that overexpression of IRF1 can up-regu-
late CXCL10, thereby promoting CD8* T cell
accumulation to reduce tumor growth [39]. The
STING/IRF1 signaling axis regulates cancer cell
immune responses triggered by fractionated
irradiation [17]. It has been reported that
Brazilin can significantly activate the STING/
IRF3/CCL5/CXCL10 signaling pathway, and in-
hibit the proliferation of NSCLC [40]. Tan et al.
also found that tetrandrine can increase cyto-
plasmic dsDNA, thereby activating the STING/
TBK1/IRF3 signaling pathway, thereby promot-
ing CD8* T lymphocyte infiltration and enhanc-
ing the efficacy of NSCLC anti-PD-1 immuno-
therapy [41]. In this study, simultaneous knock-
down of RAB7 and STING significantly promot-
ed NCI-H520 cell malignant biological behavior,
and significantly weakened the activation, toxic
effects and tumor clearance of CD8" T cells.
These results fully demonstrate that RAB7
knockdown inhibits lung cancer cell malignant
phenotype and the promotion of CD8* T cell
activation mainly depends on the activation of
STING/IRF1/CCL5/CXCL10 signaling pathway.

An intriguing observation in our study is that
STING knockdown partially reduced the levels
of y-H2AX and cytoplasmic dsDNA induced by
RABY inhibition. Since STING is a downstream
adaptor of DNA sensing rather than a direct
regulator of DNA damage or release, this effect
likely reflects an indirect, feedback-dependent
stabilization of the immunogenic state. Acti-
vated STING can promote cellular senescence,
modulate mitochondrial ROS production, and
engage crosstalk with the DNA damage res-
ponse machinery. Thus, loss of STING signaling
may allow cells to recover from the initial
genomic stress triggered by RAB7 inhibition,
leading to diminished DNA damage markers
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and reduced dsDNA accumulation. This inter-
pretation aligns with emerging evidence that
STING signaling not only transmits innate
immune signals but also actively shapes the
cellular stress landscape [30, 42].

Our in vivo experiments found that knockdown
of RAB7 alone has shown anti-tumor effects,
and when combined with PD-1 antibody, it has
a significant synergistic effect, which greatly
inhibits tumor growth, accompanied by a de-
crease in Ki67* tumor cells and an increase in
apoptosis. The analysis of intratumoral tissues
further confirmed that the STING/IRF1 path-
way was strongly activated in the combined
treatment group, and the infiltration and func-
tional status of CD8* T cells also reached a
better level. This finding has important clinical
significance because it provides a novel joint
strategy to overcome the resistance of PD-1
inhibitors.

This study systematically revealed the key role
and molecular mechanism of targeted knock-
down of RAB7 in enhancing the efficacy of anti-
PD-1 in the treatment of lung cancer. Our re-
sults together show that inhibition of RAB7 can
not only directly inhibit the malignant behavior
of lung cancer cells, but also lead to cytoplas-
mic dsDNA accumulation by destroying auto-
phagy flux, activate the STING/IRF1/CCL5/
CXCL10 signaling axis, and ultimately reshape
the tumor immune microenvironment, enhance
the activation and killing function of CD8" T
cells, thus producing a strong synergistic anti-
tumor effect with PD-1 antibody.

Of course, this study also has some limitations.
First of all, the research mainly depends on the
established tumor cell lines. In the future, it
needs to be verified in the patient-derived
organoids or primary cell models to be closer to
the clinical reality. Secondly, the specific role of
RABY7 in different cell types in the TME has not
been clarified, and the use of gene knockout
animal models will be able to more accurately
analyze its cell-specific functions. Third, knock-
down of STING partially attenuates RAB7 kno-
ckdown-induced DNA damage signals. Given
that STING is a downstream adaptor protein,
this phenomenon suggests that its function
may exceed classical signal transduction, or
indirectly affect genomic stability by non-specif-
ic pathways such as increasing endoplasmic
reticulum stress and interfering with cell cycle
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[42, 43]. In the future, more sophisticated mod-
els are needed to analyze this complex interac-
tion. Finally, although we have confirmed that
mitochondrial DNA leakage is an important
source of dsDNA, the role of other potential
sources (such as nuclear DNA leakage) and
whether other DNA receptors other than cGAS
are involved remain to be further explored.

Conclusion

In summary, knockdown of RAB7 activates the
STING/IRF1/CCL5/CXCL10 signaling pathway
by blocking autophagy flux and accumulating
cytoplasmic dsDNA, thereby recruiting and
activating CD8* T cells and enhancing the effi-
cacy of anti-PD-1 immunotherapy for lung can-
cer. Therefore, RAB7 is expected to provide a
new direction for molecular targeted therapy of
lung cancer, and provide a solid theoretical
basis and prospect for clinical development of
combined therapy targeting RAB7 and aiming
at reversing immune resistance. However, con-
sidering the limitations of existing evidence,
further large-sample, multi-center, high-quality
randomized controlled trials should be carried
out in the future to further verify the efficacy
and safety of knocking down RAB7 combined
with PD-1 antibody in the treatment of lung
cancer.
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