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Abstract

Insufficient infiltration or dysfunction of lymphocytes in the tumor immune microenvironment is
considered to be a contributing factor to poor immunotherapy outcomes in solid tumors. Necroptosis,
a form of immunogenic cell death, has attracted increasing interest because of its unique role in regulating
tumor immune responses. CL-387785, a third-generation EGFR inhibitor, has been reported to inhibit
tumors by regulating the cell cycle and inducing apoptosis; however, the underlying mechanisms remain
unclear. In this study, we demonstrated that CL-387785 effectively suppressed the malignant phenotype
of melanoma and lung cancer and confirmed that cancer cells undergo necroptosis, as evidenced by
morphological and protein-level analyses. Further in vivo and in vitro experiments revealed that
CL-387785 enhances tumor cell killing by immune cells by inducing CD80 expression on the tumor cell
surface, thereby increasing CD8* T lymphocyte function. Detailed mechanistic studies indicated that
CL-387785 targets TRADD, recruiting RIPK1 to induce necroptosis in tumor cells, with subsequent
nuclear translocation of NF-kB, which regulates CD80 transcription. In conclusion, our findings indicate
that CL-387785 induces necroptosis in tumor cells via the TRADD/RIPK1/NF-xB/CD80 signaling
pathway, thereby sensitizing tumors to anti-PD-1 therapy. These results suggest that CL-387785 is a
promising candidate for increasing tumor immunotherapy efficacy.
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1. Introduction

Cancer is a major global health problem, with
approximately 10 million individuals dying annually
worldwide[1]. Recently, immunotherapy options,
such as monoclonal antibodies targeting PD-1
(nivolumab and pembrolizumab) and CTLA-4
inhibitors (ipilimumab), have yielded promising
outcomes for melanoma and lung cancer[2-4]. Despite
the favorable therapeutic outcomes of the above

treatments, targeted therapy alone results in a limited
progression-free survival period of only 5.3
months[5]. Patients receiving immunotherapy are
susceptible to rapid development of drug resistance,
and an abnormal immune microenvironment
accounts for a large portion of primary and secondary
resistance to anti-PD-1 mAbs. Moreover, certain
signals in the microenvironment can induce cytotoxic
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T-cell (CTL) consumption, and sustained antigen
stimulation can even induce T-cell alteration,
eventually leading to immune desensitization of
tumor cells and loss of T-cell function[6-8]. Therefore,
the development of effective combination therapies to
sensitize tumor cells is urgent for immunotherapy.

Immunogenic cell death (ICD) is a type of
regulatory cell death triggered by chemotherapeutic
drugs, natural compounds or other treatments to
activate long-lasting antitumor immune responses in
immunocompetent individuals[9-11]. Necroptosis,
owing to its ability to release damage-associated
molecular pattern (DAMP) molecules and activate
T-cell immune responses, is also classified within the
family of ICDs, along with ferroptosis and
pyroptosis[12]. These released DAMPs act as ‘eat me’
or ‘find me’ signals by translocating to the cell
membrane surface or spreading around the tumor
tissue, facilitating the identification of tumor cells by
antigen-presenting cells and triggering effective
immune stimulatory responses[13]. Upon receiving
these signals, activated CD8* T lymphocytes secrete
granzyme B (GZMB) and interferon-y (IFN-y) to kill
tumor cells[14]. By enhancing the immunogenicity of
dying tumor cells, necroptosis can potentially
synergize with immunotherapies, such as immune
checkpoint inhibitors, to improve the clinical
outcomes of cancer treatment[10, 15, 16]. Therefore,
the combination of agents that induce necroptosis
with immunotherapy presents a potential approach
for developing a new generation of cancer
therapeutics. CL-387785, a third-generation EGFR
inhibitor, has been shown to effectively inhibit the
growth of various tumors, including lung cancer,
adenomatous polyposis and gastric cancer[17, 18].
However, its effect on the tumor immune
microenvironment and the specific mechanisms
underlying its antimelanoma activity have not yet
been reported.

Tumor necrosis factor receptor 1l-associated
death domain protein (TRADD) is an adaptor protein
that plays a significant role in necroptosis[19, 20].
TRADD comprises an N-terminal domain that binds
to TRAF2 and a C-terminal death domain (DD). Upon
recruitment, it forms a complex with the RIPKI,
TRAF2, and cIAP proteins[21]. This complex
traditionally activates the NF-xB and JNK signaling
pathways, resulting in  antiapoptotic = and
proinflammatory responses[22]. It has also been
demonstrated that TRADD can induce cell death via
necroptosis, where TRADD not only activates RIPK1
to initiate necroptosis but also interacts independently
with RIPK3 to determine cell fate[23]. Notably, NF-xB
activation in the TRADD signaling pathway plays a
vital role in  necroptosis-induced immune

responses[19]. However, the underlying mechanism
through which NF-xB signaling enhances the immune
response during necroptosis remains unclear.

In this study, the small-molecule inhibitor
CL-387785 exhibited remarkable antitumor activity
against melanoma and lung cancer cells via
necroptosis. Moreover, CL-387785 enhanced immune-
mediated killing of tumor cells through stimulation of
the TRADD/RIPK1/NF-kB/CD80 signaling pathway
and potentiated the therapeutic efficacy of anti-PD-1
antibodies by upregulating CD80 expression on the
tumor cell surface and activating infiltrating CD8* T
cells, suggesting that CL-387785 combined with
anti-PD-1 therapy represents a potentially viable
strategy for cancer treatment.

2. Materials and Methods

2.1. Cell viability

All cells were purchased from the ATCC.
SK-MEL-5, SK-MEL-28, A375 and H1299 cells were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM; 11995065; Gibco, China). B16-F10, A549 and
PIG1 cell lines were cultured in Roswell Park
Memorial Institute (RPMI)-1640 medium (11875093;
Gibco) supplemented with 10% fetal bovine serum
(FBS; 12]J262; ExCell Bio) in an incubator containing
5% CO. at 37 °C. SK-MEL-5, SK-MEL-28, A375,
B16-F10, A549, H1299 and PIG1 cells (3x103 cells per
well) were inoculated into a 96-well plate, cultured
with complete medium supplemented with different
concentrations of CL-387785 (HY-10325;
MedChemExpress, USA), and then incubated at 37 °C
in a thermostatic incubator containing 5% CO: for 24,
48, or 72 hours. Cell viability was determined by
measuring the OD value at a wavelength of 450 nm
after incubation with a Cell Counting Kit 8 (CCK-8)
solution (B34302; Selleck, USA). Each experiment was
conducted independently at least three times. The half
inhibitory concentration (ICs0) value was calculated
by GraphPad Prism 9.0.

2.2. Colony formation assays

SK-MEL-5, SK-MEL-28, A375, and B16-F10 cells
(1000 cells per well) were inoculated into a 6-well
plate, with three wells in each group. After cell
adhesion occurred, the cells were treated with
complete culture media supplemented with different
concentrations of CL-387785. After 48 hours of
cultivation, the supernatant was replaced with
complete culture media without CL-387785 for
continued cultivation. When visible colonies
appeared at the bottom of the plate (approximately
two weeks), the colonies were fixed with 4%
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paraformaldehyde, stained with 0.5% crystal violet  2.6. ROS detection
(Beyotime, China) and counted by Image]J software. Cells were pretreated with different

2.3. Wound healing assay

SK-MEL-5, SK-MEL-28, A375, and B16-F10 cells
(Ix10¢ cells per well) were inoculated into a 6-well
plate. After the cells adhered to the bottom of the dish,
we used a 200 pL pipette tip to create scratches and
gently rinsed off the floating cells generated by the
scratch with PBS. The cells were then cultured in 2%
FBS medium supplemented with different
concentrations of CL-387785. After 0 hours of
imaging, photos were taken at the same location every
24 hours. The cell healing rate ((0 h-cell wound area -
corresponding time point wound area)/0 h-cell
wound area) and the wound area size were calculated
by Image] software.

2.4. Transwell assay

We used Transwell cell culture inserts with 8 pM
pores (353097; Corning, USA) and 24-well plates in
this assay. Matrigel matrix (354248; Corning, USA)
was diluted in serum-free DMEM at a ratio of 1:7 on
ice, and 60 pL of the mixture was added to each insert
and incubated overnight at 37 °C to solidify. The next
day, we obtained and resuspended the cells at a
density of 5x105/mL in serum-free culture medium
supplemented with different concentrations of
CL-387785, after which 200 pL was gently added to
each insert. At the same time, 500 pL of culture
medium supplemented with 30% FBS was added to
the lower compartment. After 24 or 48 hours, we
wiped off the culture medium and cells that had not
passed through the matrix gel in the upper
compartment and fixed the cells with 500 puL of 4%
paraformaldehyde at room temperature for 15
minutes. Cells on the other side of the membrane
were stained with crystal violet for 15 minutes and
counted with Image] software. Three fields of view for
each insert were photographed with an inverted
microscope system (Ti-S, Nikon, Tokyo, Japan).

2.5. Cell cycle assay

SK-MEL-5, SK-MEL-28, A375, and B16-F10 cells
that were pretreated with different concentrations of
CL-387785 for 48 hours were collected and fixed
overnight at 4 °C with precooled 70% ethanol and
kept at -20 °C for at least 2 hours. Afterward, the cells
were stained with propidium iodide (PI)/RNase
staining solution (C1052; Beyotime, China) and
incubated at room temperature in the dark for 15
minutes. Cell detection was performed using flow
cytometry (Becton, Dickinson Company, USA), and
data analysis was performed using FlowJo software.
All the samples were tested three times.

concentrations of CL-387785 for 6 hours and then
digested and resuspended in basal medium to
prepare single-cell suspensions. The DCFH-DA
reagent (ID3130; Solarbio, China) was diluted 1:1000
and incubated with the cells at 37 °C in the dark for 20
minutes. After incubation, intracellular ROS levels
were detected using flow cytometry (Becton,
Dickinson Company, USA).

2.7. Western blot analysis

Cells were lysed in RIPA lysis buffer containing
protease inhibitors and phosphatase inhibitors
(B14001; B15001; Selleck, USA), and the protein
concentration was detected using the BCA protein
quantification kit (20201ES76; Yeasen, China). The
protein sample was prepared to a uniform
concentration, was added with the corresponding
volume of 5x SDS loading buffer (WB3002; NCM
Biotech, China), and was denatured in the metal bath
at 95 °C for 10 minutes. After that, the protein was
separated by SDS-PAGE and transferred to a
polyvinylidene fluoride membrane (IPVHO00010;
Millipore, USA). It was sealed with 5% skim milk for 1
hour and incubated overnight with primary
antibodies at 4 °C. On the second day, the membrane
was incubated with secondary antibodies at room
temperature for 1 hour and imaged using a highly
sensitive ECL chemiluminescence assay kit (P10300;
NCM Biotech) with chemiluminescence. The primary
antibodies involved in our experiments are as listed
below: p-MLKL (YM8687; Immunoway, USA), MLKL
(A21894; ABclonal, China), p-RIPK1 (66854-1-Ig;
Proteintech, USA), RIPK1 (17519-1-AP; Proteintech),
Actin (66009-1-Ig; Proteintech), p-JNK (4668S; CST,
USA), PARP (9542S; CST), BAX (2772S; CST), GSDMD
(ab210070; Abcam, USA), GSDME (ab223877; Abcam),
LC3 (YM8147; Immunoway, USA), p65 (8242S; CST),
P50 (14220-1-AP; Proteintech).

2.8. In vitro killing assay

Peripheral blood mononuclear cells (PBMCs)
were isolated from the blood samples of healthy
volunteers, while murine PBMCs and CD8* T cells
were obtained from mouse spleens. Tumor cells were
pretreated with or without drugs for 16 hours and
then cocultured with isolated immune cells for 24
hours at different effector-to-target cell ratios. The
cytotoxicity of the immune cells was then evaluated
by measuring the number of live tumor cells after
treatment using the CCK-8 assay. Kill ratio (%) = (1-
target group/untreated control group) * 100.
Approval for the human subjects and animal
experimentation was obtained from the Ethics
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Committee of Xiangya Hospital, Central South
University (202308636).

2.9. Xenograft tumor model

B16-F10 cells were resuspended in serum-free
DMEM, and 5%105 cells were subcutaneously injected
into the right backs and abdomens of the mice. When
the tumor size reached 50 mm3, 24 mice were
randomly divided into 4 groups and treated with
vehicle + IgG2a, CL-387785 (25 mg/kg) + IgG2a,
vehicle + anti-PD-1 (200 pg), or CL-387785 (25 mg/kg) +
anti-PD-1 (200 pg) by intraperitoneal injection. The
weights of the mice and tumor sizes were monitored
daily with a weighing scale and a Vernier caliper. The
tumor volumes were calculated using the formula
V=0.5xLxW2. Approval for the animal experiments
was obtained from the Ethics Committee of Xiangya
Hospital, Central South University (2023030354).

2.10. In vitro pull-down assay

Approximately 1 mg of protein was bound to
CL-387785-Sepharose 4B and gently shaken overnight
at 4 °C in an incubation buffer solution. Afterward,
the beads were washed three times with washing
buffer, and the protein of interest was detected by
Western blotting.

2.11. Quantitative real-time PCR analysis

Total RNA was extracted from B16-F10 cells
treated with different concentrations of CL-387785 for
different durations with TRIzol reagent. Total RNA
(Bng) served as a template for the reverse
transcription reaction (RT Master Mix for qPCR II;
HY-KO0511A; MedChemExpress, USA). The
synthesized ¢cDNA was used as a template for
real-time PCR with SYBR Green qPCR mix (B21203;
Selleck, USA). All the PCR primers designed and used
in this study are listed in Supplementary Table 1.

2.12. Ch-IP assay

SK-Mel-5 and SK-Mel-28 cells pretreated with
different concentrations of CL-387785 for 24 hours
were collected for chromatin immunoprecipitation
according to the protocol provided by the EZ ChIP Kit
(Millipore, 17-371RF, MA, USA). The soluble lysates
were mixed with 5 pL of an anti-p65 antibody and a
protease inhibitor and rotated overnight at 4 °C. The
primers used to amplify the CD80 promoter region
through PCR (50 cycles) are listed in Supplementary
Table 2.

2.13. Bioinformatics analysis

The data used in this study, including those from
the TCGA, Hwang Cohort 2020, and Kim Cohort
2019, were obtained from publicly available

databases[24]. These datasets were analyzed using the
BEST platform (https://rookieutopia.hiplot.com.
cn/), which offers high-resolution analysis of cancer
biomarkers through its curated database and
innovative analytical pipelines[25]. All analyses were
performed following the platform’s user manual,
which outlines the standard procedures for data
processing, normalization, and biomarker
exploration.

2.14. Statistical analysis

All the data generated in our study are displayed
as the mean * SD, and at least three independent
experiments were conducted. All the data were
normalized, and significant differences were
determined using GraphPad Prism 9.0 with Student’s
t tests and one-way and two-way ANOVA. p < 0.05
was considered to indicate statistical significance. The
number of asterisks indicates the degree of
significance (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001).

3. Results

3.1. CL-387785 inhibits the malignant
phenotypes in melanoma and lung cancer

To determine the effect of CL-387785 (Fig. 1A) on
melanoma and lung cancer cells, various cancer cell
lines, including melanoma cell lines and lung cancer
cell lines, were treated with CL-387785 at different
concentrations. The results indicated that CL-387785
inhibited the proliferation of cancer cells in a time-
and concentration-dependent manner, with ICso
values of 1.460 pM (SK-MEL-5), 0.7099 pM (A375),
0.9744 pM (A549), 0.7149 pM (H1299), 2.370 pM
(SK-MEL-28), and 3.305 pM (B16-F10) (Fig. 1B and Fig.
S1A). Furthermore, we evaluated the effects of this
drug in additional tumor models, and the results
demonstrated that it significantly inhibited HGC-27,
SK-OV-3, MDA-MB-231, and U-87 MG cell lines (Fig.
S1B). Colony formation assays confirmed the
concentration-dependent  inhibitory  effect  of
CL-387785 (Fig. 1C, 1D and Fig. S2A). To investigate
the mechanism underlying the toxicity of CL-387785,
flow cytometry analysis was conducted to assess its
effect on the cell cycle, which revealed that CL-387785
induced concentration-dependent G0/ G1 phase arrest
in both types of cancer cells (Fig. 1E and Fig. S2B).

The effects of CL-387785 on the invasion and
metastasis of cancer cells were further evaluated.
Wound healing assays revealed that CL-387785
inhibited the migration ability of different types of
cancer cells (Fig. 2A, 2B, and Fig. S2C). Transwell
assays revealed that CL-387785 inhibited the invasive
ability of both melanoma and lung cancer cells (Fig.
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2C, D, and Fig. S2D). Together, these results suggest = migration, and invasion of melanoma and lung cancer
that CL-387785 significantly inhibits the proliferation,  cells.
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Figure 1. CL-387785 Inhibits the Proliferation of Melanoma and Lung Cancer Cells. (A) Chemical structure of the small-molecule inhibitor CL-387785. (B) CCK-8 assays were
conducted to determine the ICso of CL-387785 and its effects on SK-MEL-5, A375 (melanoma), A549, and H1299 (lung cancer) cells. n=4-6. (C) Colony formation assays were

performed on melanoma and lung cancer cell lines to evaluate the long-term anti-proliferative effects of CL-387785. n=3. (D) Quantitative analysis of the colony formation assays.
(E) The effect of CL-387785 on cell cycle distribution was evaluated via flow cytometry assay. n=3.
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Figure 2. CL-387785 Inhibits Migration and Invasion in Melanoma and Lung Cancer Cells. (A) Wound healing assays were performed to assess the effect of CL-387785 on the
migration of SK-MEL-5, A375 (melanoma), A549, and H1299 (lung cancer) cells. X20 magnification. n=3. (B) Quantitative analysis of the wound healing assays. (C) Transwell assays
were conducted to evaluate the inhibitory effect of CL-387785 on invasion. X20 magnification. n=3. (D) Quantitative analysis of the cell invasion results.

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

2091

3.2. CL-387785 induces necroptosis in
melanoma and lung cancer cells

To further investigate the specific form of cell
death induced by CL-387785, the expression levels of
apoptosis-, autophagy- and pyroptosis-related
markers in melanoma and lung cancer cells after drug
treatment were detected by Western blotting.
Cleavage of PARP, LC3, GSDMD or GSDME was not
detected after CL-387785 treatment, and increased
expression of the apoptotic protein BAX was not
detected (Fig. S3A). Interestingly, ROS levels
increased significantly in the cancer cells after
treatment (Fig. 3A and Fig. S3B, 3C). Next, the
ferroptosis inhibitor Fer-1 was utilized to evaluate
whether CL-387785 induces cell death via ferroptosis,
which is an intracellular iron-dependent form of lipid
peroxide death. Fer-1 treatment did not reduce the
degree of cell death caused by CL-387785 (Fig. S3D),
excluding the possibility of ferroptosis. These data
suggest that CL-387785 does not exert its cytotoxic
effects by inducing apoptosis, autophagy, pyroptosis,
or ferroptosis.

Typical swelling was observed in the cells after
drug intervention (Fig. 3B and Fig. S3E), and
morphological changes including membrane rupture,
vacuolar-like changes, mitochondrial swelling,
mitochondrial cristae disorder, nuclear rupture, and
other necrotic morphological changes were observed
in melanoma cells treated with CL-387785 using
transmission electron microscopy (Fig. 3C). After 48
hours of treatment, the nuclei of the cancer cells in the
control group exhibited diffuse and uniform blue
fluorescence with a relatively small proportion of cells
emitting red fluorescence, whereas the proportion of
cells emitting red fluorescence increased significantly
in the CL-387785-treated group. (Fig. 3D and Fig. S3F),
indicating that CL-387785 treatment induced
necroptosis in different types of cancer cells. In
addition, necroptosis inhibitors reversed CL-387785-
induced cell death (Fig. S3G). Immunoblotting was
conducted to detect the expression of key molecules
involved in the intracellular necroptosis pathway
after treatment with different concentrations of
CL-387785. CL-387785 treatment significantly
increased the expression levels of p-RIPK1 and
p-MLKL (Fig. 3E and Fig. S4A). Moreover,
necrostatin-1 (Nec-1) and necrosulfonamide (NSA)
effectively suppressed the antitumor activity of
CL-387785 (Fig. 3F). Since CL-387785 is an EGFR
inhibitor, we investigated whether EGFR contributes
to necroptosis induction. EGFR knockdown did not
upregulate the expression of necroptosis-associated
proteins (Fig. S4B). Together, these results suggest
that CL-387785 induces necroptosis in melanoma and

lung cancer cells in an EGFR-independent manner.

3.3. CL-387785 sensitizes tumors to anti-PD-1
mADb therapy through the activation of tumor-
infiltrating CD8* T cells

Necroptosis is a type of immunogenic death that
can activate adaptive immune responses and produce
long-lasting antitumor immune responses. We then
assessed the effect of CL-387785 on the immune
microenvironment in treated tumors by pretreating
tumor cells with CL-387785 and then coculturing
them with PBMCs. The results indicated that
CL-387785 pretreatment effectively increased the
killing capacity of immune cells in vitro, which was
subsequently abrogated by necrostatin-1 (Fig. 4A and
Fig. 54C). Given that combination therapy is an
effective way to promote immunotherapy efficacy, we
further explored whether CL-387785 could enhance
the therapeutic efficacy of anti-PD-1 mAbs in a
melanoma mouse model (Fig. 4B-E). C57BL/6 mice
bearing B16-F10 tumors were treated with CL-387785,
an anti-PD-1 mAb, CL-387785 plus an anti-PD-1 mAb,
or an IgG isotype control (IgG2a). Compared with
mice treated with IgG2a, mice treated with CL-387785
and the anti-PD-1 mAb demonstrated attenuated
tumor growth. Moreover, compared with those in
mice treated with CL-387785 or the anti-PD-1 mAb
alone, tumor growth in the combination treatment
group was notably inhibited, with minimal effects on
body weight and organs (Fig. 4B-4D and Fig. 54D,
4E).

To explore the downstream mechanism through
which CL-387785 contributes to anti-PD-1 therapy
sensitivity, the percentages of tumor-infiltrating CD8*
T cells, DCs, Tregs and MDSCs were analyzed.
Compared with those in the groups treated with
CL-387785 alone and IgG2a, the percentages of
CD8*/CD4* T cells in the groups treated with the
anti-PD-1 mAb as well as CL-387785 combined with
the anti-PD-1 were significantly greater, while the
numbers of DCs, Tregs, NK cells and MDSC cells did
not significantly differ, indicating that the efficacy of
both groups was closely related to the number of
CD8* T cells rather than the number of DCs and Tregs
(Fig. 4E, 4F, and Fig. S5A-D). Notably, although the
combination treatment group showed greater
therapeutic efficacy than the anti-PD-1 mAb group
did, the number of infiltrating CD8* T cells did not
significantly differ between these groups, suggesting
that the difference in efficacy is not due to the number
of tumor-infiltrating CD8* T cells but to their function.
Perhaps CD8* T cells in the tumor microenvironment
(TME) were functionally incompetent and could be
activated by CL-387785 treatment in the combination
treatment group. Thus, the activity of the infiltrating
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CD8* T cells was tested in both groups. Consistent
with our hypothesis, the activity of CD8* IFN-y* T
cells and CD8*GZMB* T cells significantly increased
in the combined treatment group, indicating an
increase in the cytotoxicity of infiltrating CD8* T cells.
To determine whether the cytotoxic T lymphocytes
originated from the periphery, we analyzed CD8* T
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lymphocytes in the spleen. The results revealed that
the function of CD8* T lymphocytes in the system was
not significantly affected by CL-387785 treatment (Fig.
S6A). Together, these results demonstrated that
CL-387785 could improve the therapeutic efficacy of
anti-PD-1 mAbs by increasing the cytotoxicity of
tumor-infiltrating CD8* T cells.

B

SK-MEL-5 A375 A549 H1299

SK-MEL-5

A375 A549 H1299

£ SKMELS5 £ ASTS £ AS4e £ H1200
2 S 200. S 800 560, —= S80
. stk 2 sopkk S e —_
) _ K] —_ 3 )
g% 3 5% 840 860
) @ @ 8}
100 2 400 2 2
4 2 2 - 240
o o °20 o
g 50 8200 8 820
o o o [s}
3 g o 50 30
€ P N £ Vo 5N E ¥ » E Y
5 RY /\‘b S R ,\‘b 5 RS /\‘b E RS ,\‘2)
3 g 5T g s
= O\,’ = o\; = O\,’ = Q\;
E
SK-MEL-5 A375 A549 H1299
CL-387785(UM) . o5 12 - 06 12 - 06 12 - 06 12
sokpa—[ e W S S SN se s[5 55 Bl anti-o-RIPKT
F -
soon~[ = o [ e e o 0 ] .
55KkDa— [ M———— A g o [ R R |- | onii-vLKL
55kDa—| s ! w" o e wn |[ - - - | anti-p-JNK
45kDa— [T DI I |[ oo s o[ s s we |[ ™= S8 8 | anti-Actin
F A375 A549
150 = Vehicle 150 = Vehicle
— * kKK — *kokk XKk *% =
9 — x» =06uM < s 7 I=I0.6uM
100 =112 uM $100 = — = q2uM
i 3
5 5
£ 50 S 50
D K}
(&) (&)

o

Vehicle

NEC-1 NSA

Vehicle

NEC-1 NSA

Figure 3. CL-387785 Induces Necroptosis in Tumor Cells. (A) ROS levels in SK-MEL-5, A375 (melanoma), A549, and H1299 (lung cancer) cells were detected after treatment
with CL-387785. n=3. (B) The morphological characteristics of SK-MEL-5, A375, A549, and H1299 cells treated with CL-387785 were observed by light microscopy. x20
magnification. (C) Necroptotic features of melanoma cells were further visualized using transmission electron microscopy after CL-387785 treatment. (D) Hoechst/PI staining
was performed to assess necroptotic cell death in melanoma and lung cancer cells treated with CL-387785. Quantitative analysis of the Hoechst/Pl staining is shown in the image.
%20 magnification. n=3. (E) Western blot analysis was used to assess the protein levels of phosphorylated RIPK1 (p-RIPKT1), RIPKI, phosphorylated MLKL (p-MLKL), MLKL, and
phosphorylated INK (p-JNK) in SK-MEL-5, A375, A549, and H1299 cell lysates. (F) Rescue effects of NEC-1 and NSA on CL-387785-induced cell death in A375 and A549 cells.

n=4.
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Figure 4. CL-387785 Enhances the Efficacy of Anti-PD-1 Therapy by Modulating CD8* T Cells. (A) An in vitro cytotoxicity assay was performed to assess the ability of
CL-387785 to enhance the cytotoxic function of PBMCs. n=4. (B—-D) B16-F10 tumor-bearing C57BL/6 mice were treated with CL-387785, IgG2a, or an anti-PD-1 mAb, and the
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3.4. CL-387785 activates tumor-infiltrating
CD8* T cells by increasing CD80 protein levels
on the cancer cell surface

The classical immune process in tumors includes
the identification and processing of tumor cells by
antigen-presenting cells, the recognition of processed
tumor cells by CD8* T cells, and the eventual
activation of CD8* T cells to kill the tumor cells. In
previous animal experiments, the cytotoxicity of
tumor-infiltrating CD8* T cells was significantly
increased by CL-387785 in the combination treatment
group, whereas the cytotoxicity of DCs, the major
antigen-presenting cells in tumors, was not increased
by CL-387785. Therefore, we speculate that the
activation of CD8* T cells induced by CL-387785
treatment is mediated by direct regulation of cancer
cells. To test this hypothesis, B16-F10 melanoma cells
were pretreated with CL-387785 for 16 hours and then
cocultured with CD8* T lymphocytes isolated from
mouse spleens. The results showed that CL-387785
pretreatment significantly improved the ability of
CD8* T cells to kill tumor cells in the absence of
antigen-presenting cells, confirming our hypothesis
(Fig. 4G). Interestingly, pharmacological blockade of
TLR4, a key DAMP receptor, did not completely
attenuate the cytotoxic activity of CD8* T
lymphocytes, suggesting the involvement of TLR4 in
the CL-387785-induced activation of CD8* T
lymphocytes (Fig. S6B).

Tumor cells can activate T cells through antigen
signals or costimulatory signals, among which
antigen signals are related to the specific
characteristics of the immunogen. With respect to
melanoma, the most common antigen signals are
melanoma differentiation antigens and major
histocompatibility complex (MHC) molecules, and
costimulatory signals refer to immune costimulatory
molecules such as CD80/86. To explore the
mechanism by which CL-387785 contributes to the
regulation of tumor cells, we measured the expression
of these signals in CL-387785-pretreated melanoma
cells by real-time PCR. The results revealed that the
expression of the costimulatory molecule CD80
significantly increased, whereas the expression of
melanoma differentiation antigens and MHC did not
significantly change (Fig. 5A and Fig. S6C).
Furthermore, CDS80 expression on the B16-F10
melanoma cell surface increased significantly in a
concentration-dependent manner after the cells were
incubated with CL-387785 for 24 hours (Fig. 5B and
Fig. S6D). We conducted in vitro killing experiments
by knocking down CD80 expression in B16-F10 cells
using shRNA and reported that the killing effect of
CD8* T cells on B16-F10 cells with CD80 knockdown

was significantly reduced (Fig. 5C and Fig. S6E). To
confirm these findings in vivo, we conducted
immunohistochemistry on tumor tissues obtained
from C57BL/6 mice bearing B16-F10 tumors subjected
to different treatments, including CL-387785,
anti-PD-1 mAb, CL-387785 plus anti-PD-1 mAb, and
IgG isotype control treatments. In line with the in
vitro results, mice treated with CL-387785 presented
increased expression of CD80, especially in the
combination treatment group (Fig. 5D). Together,
these data demonstrate that CL-387785 activates
tumor-infiltrating CD8* T cells by increasing CD80
protein levels on the cancer cell surface to increase the
efficacy of anti-PD-1 mAb therapy.

Since CL-387785 has been reported to be an
EGEFR inhibitor, to investigate the specific mechanism
through which CL-387785 induces CD80 expression,
we investigated the relationship between EGFR
expression and CD80 expression. Both public data
and RT-PCR results indicated that EGFR does not
significantly promote CD80 expression (Fig. S7A, 7B).
Proteomic and bulk RNA-seq results suggested that
CL-387785 intervention affected TRADD and TCAM1
expression in tumor cells (Fig. 5E). The results of
surface plasmon resonance, as well as endogenous
and exogenous pull-down experiments, further
validated the high-throughput sequencing results
(Fig. 5F and Fig. S7C), indicating that CL-387785 could
recruit TRADD within cells. Additionally, the results
of endogenous immunoprecipitation demonstrated
that CL-387785 promoted the binding of TRADD and
RIPK1, suggesting that TRADD may function through
RIPK1 (Fig. 5G and Fig. S7D). Moreover, in vitro
cytotoxicity experiments revealed that knockdown of
TRADD and RIPK1 expression significantly inhibited
the cytotoxicity of immune cells to tumor cells (Fig.
S7E).

3.5. CL-387785 increases tumor immuno
therapy efficacy by regulating CD80
expression via the modulation of NF-kB
nuclear translocation

Studies have shown that NF-xB signaling in
necroptotic cells is necessary for the induction of a
CD8* T-cell response and that NF-«xB activation can
increase the expression of CD80; however, the
underlying mechanism remains unclear. We treated
SK-MEL-5, A375 and A549 cells with 1.2 pM
CL-387785 for different durations, after which nuclear
and plasma proteins were extracted to detect the
activation state of NF-«B. The results revealed that as
the intervention time increased, the levels of P65 and
P50 in the nucleus increased, and NF-xB activity
increased (Fig. 6A). Moreover, genetic or
pharmacological inhibition of TRADD, RIPK1, or
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NF-xB abolished the ability of CL-387785 to
upregulate CD80 expression and activate the NF-xB
signaling pathway (Fig. S8A). Therefore, we
examined p65, the putative target of CD80, by a
luciferase reporter assay. Compared with the control
group, p65 increased luciferase activity nearly 60-fold
through binding to a target sequence (Fig. 6B).

Furthermore, chromatin immunoprecipitation (ChIP)-
PCR was conducted to determine the exact binding
area of P65. The results indicated that CL-387785
significantly increased the binding of P65 to CD80
Primer 1 (-722 to -955 bp) and Primer 2 (-1712 to -1870
bp) (Fig. 6B and Fig. S8B).
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Figure 5. CL-387785 targets TRADD to regulate CD80 expression on the surface of tumor cells. (A) RT-PCR was used to analyze the expression levels of CD80 in SK-MEL-5,
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Transcriptomic analysis of data from The Cancer
Genome Atlas (TCGA) revealed a positive correlation
between CDS80 expression and immune score in
melanoma and lung cancer tumors, particularly the
immune score of CD8-positive T lymphocytes. These
findings suggest that increased CD80 expression is
linked to increased immune cell infiltration in the
tumor microenvironment. Remarkably, among
patients receiving anti-PD-1 therapy, the level of
CD80 expression is elevated in responders, indicating
that it is an effective predictor of the response to
anti-PD-1 treatment (Fig. 6C). Furthermore, patients
with high CD80 expression have prolonged
progression-free survival. To summarize, these
findings highlight the significance of upregulating
CD80 expression as a critical strategy to increase the
efficacy of immunotherapy.

4. Discussion

With the use of immune checkpoint blockade
(ICB), tremendous progress has been made in treating
cancers such as melanoma and lung cancer[26, 27].
Nevertheless, only a subset of patients exhibit robust
responses to ICB, and resistance to ICB remains a
clinical challenge, which is possibly attributed to
insufficient TIL infiltration and low immune cell
activity[28].  Altering the tumor immune
microenvironment (TME) can effectively promote the
therapeutic efficacy of ICB[29, 30]. Programmed cell
death (PCD) plays vital roles in regulating the
immunosuppressive tumor microenvironment, thus
determining the outcomes of clinical tumor
therapies[10, 31]. The most intensively studied types
of PCD are apoptosis, pyroptosis, necroptosis,
PANoptosis, ferroptosis, and autophagy, which can
be further categorized into immunogenic and
nonimmunogenic (or tolerogenic) processes on the
basis of the ability to initiate further adaptive immune
response. In our study, we confirmed that CL-387785
inhibited melanoma and lung cancer growth by
inducing necroptosis. Necroptosis, a type of
immunogenic PCD, can warn the surrounding
immune system of potential dangers via the release of
cellular components, such as proinflammatory
cytokines or other DAMPs[10, 15, 32], which can be
further identified by pattern recognition receptors on
innate immune cells, ultimately enhancing the
efficacy of immunotherapy. In recent years, several
protocols leveraging necroptosis to enhance the
efficacy of immune checkpoint therapies have been
proposed, including in situ vaccine therapy,
photodynamic technology, and cryoablation, which
aim to reduce immune tolerance in malignant tumors
such as breast and lung cancers[15, 33-35]. In our
study, CL-387785 pretreatment effectively increased

the capacity of immune cells to kill tumor cells in vitro
and enhanced the therapeutic efficacy of anti-PD-1
mAbs in a melanoma mouse model. Given that
inducing necroptosis in cancer cells has become a
novel strategy for enhancing the efficacy of tumor
immunotherapy, CL-387785 in combination with
anti-PD-1 mAbs is a potentially combination therapy
for melanoma and lung cancer.

The antitumor immune response induced by
necroptotic cells is reportedly associated with the
cross-activation and proliferation of CD8* T cells[10,
36]. In hepatocellular carcinoma, key necroptosis-
associated genes, such as RIPK1, RIPK3, and p-MLKL,
are positively correlated with CD3* and CD8* T-cell
densities in the TME, suggesting a better prognosis for
patients[37]. In breast cancer, the intratumoral
injection of necroptotic tumor cells increases the
recruitment of CD8* T cells into the TME, enhancing
the efficacy of ICB[38]. In addition to inducing potent
antitumor immunity by increasing the number of
CD8* T cells, necroptotic cells can increase the
cytotoxicity of CD8* T cells by regulating IFN-y
secretion[39, 40]. Additionally, dying cells release
DAMPs, ATP, and HMGBI1, which can deliver
antigenic and inflammatory stimuli to dendritic cells
to initiate adaptive immunity, eventually activating
CD8* T cells through antigen cross-priming[36, 41]. In
the exploration of the downstream mechanism
through which CL-387785 contributes to anti-PD-1
therapy sensitivity, no significant difference in the
number of infiltrating CD8* T cells was detected after
CL-387785 treatment, suggesting that the difference in
efficacy is not due to the number but rather to the
function of infiltrating CD8* T cells. Further
evaluations of tumor-infiltrating CD8* T-cell activity
confirmed the increase in cytotoxicity, as evidenced
by the increase in the activity of CD8* IFN-y* T cells
and CD8*GZMB* T cells. Thus, CL-387785 could
increase the therapeutic efficacy of anti-PD-1 mAbs by
increasing the cytotoxicity of tumor-infiltrating CD8*
T cells, providing a novel drug treatment for
ICB-resistant patients.

The classical antitumor immune response
emphasizes the iterative nature of the response, in
which antigen-presenting cells present MHC class 1
molecules, tumor-specific antigens, and neoantigens
to T lymphocytes, thereby activating CD8* T
lymphocytes[42]. In this process, various types of
costimulatory molecules provide secondary signals
that enhance T-cell activation and ensure an effective
immune response. In addition to the classical
pathway, when tumor cells highly express
costimulatory molecules, they can present antigens
directly to CD8* T cells and stimulate their
differentiation into cytotoxic T lymphocytes[43]. To

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

2098

further investigate the underlying mechanism of
CD8* T-cell activation, we conducted q-PCR and
found that CL-387785 increased CD80 expression on
the tumor cell surface in a dose-dependent manner.
CD80 is an important costimulatory molecule that can
stimulate the T-cell immune response by promoting
T-cell proliferation, increasing cytokine secretion, and
preventing apoptosis[44]. In tumors of various types,
such as non-small cell lung cancer, pancreatic cancer,
and lymphoma, the overexpression of CD80 on the
tumor cell surface contributes to the infiltration and
antitumor function of immune cells, while insufficient
or decreased expression of CD80 leads to T
lymphocyte  dysfunction[45-49]. In our study,
CL-387785 activated CD8* T cells through the
overexpression of the costimulatory molecule CD80
on the tumor cell surface.

Although previous studies have shown that
necroptotic cells can upregulate CD80 expression on
the cell membrane surface, the exact mechanism
remains unclear[50]. TRADD, a downstream effector
of TNF, typically binds to RIPK1 and TRAF2,
recruiting Caspase-8 and FADD and thus inducing
apoptosis[23]. In the absence of caspase-8, p-RIPK1
can upregulate p-RIPK3 and p-MLKL, consequently
activating the NF-xB signaling pathway and leading
to necroptosis[20]. In our experiments, we
demonstrated that CL-387785  induces the
upregulation of p-RIPK1 and p-MLKL, resulting in
necroptosis. It is well known that the TRADD-RIPK1
complex can activate downstream NF-xB and MAPK
signaling pathways, and in turn, activated NF-xB
promotes necroptosis by inhibiting Caspase-8
activity[51]. The inhibition of TRADD was reported to
impair necroptosis by disrupting the phosphorylation
of RIPK1 and NF-xB[22]. Findings from Yatim’s group
suggest that CD8* T-cell cross-priming requires
signals from both RIPK1 and the NF-xB signaling
pathway, with either NF-xB signaling or necroptosis
alone reducing priming efficiency and tumor
immunity[36]. Interestingly, we found that CL-387785
targeted TRADD and strengthened its interaction
with RIPK1, ultimately activating the NF-xB signaling
pathway. We further confirmed that NF-xB binds to
the promoter region of CD80, promoting its
transcription. Collectively, these results indicate that
CL-387785 upregulates CD80 expression on tumor cell
surfaces through an NF-xB-dependent mechanism,
thereby enhancing CD8* T-cell cytotoxicity.

5. Conclusions

In summary, our study reveals that CL-387785
coordinates multiple processes that are critical for
both the inhibition of malignant cancer cell
phenotypes and the activation of tumor-infiltrating

CD8* T cells. CL-387785 effectively suppresses the
malignant phenotype of melanoma and lung cancer
cells through TRADD/RIPK1-induced necroptosis. In
addition, tumor-infiltrating CD8* T cells could be
activated by CL-387785-induced CD80 overexpression
in cancer cells through NF-xB, consequently
enhancing the efficacy of anti-PD-1 treatment. Hence,
this study provides a proof-of-concept for a promising
therapeutic approach to combine immunogenic cell
death with immunotherapy in cancer therapy.

Abbreviations

CCK-8: Cell Counting Kit-8

CHIP: Chromatin Immunoprecipitation
cIAP: Cellular Inhibitor of Apoptosis
CO-IP: Co-Immunoprecipitation

CTL: Cytotoxic T Lymphocyte
CTLA-4: Cytotoxic T
Antigen-4

DAMP: Damage Associated Molecular Patterns
DC: Dendritic Cell

DD: Death Domain

EGFR: Epidermal Growth Factor Receptor
GZMB: Granzyme B

ICso: Half maximal inhibitory concentration
ICB: Immune Checkpoint Blockade

ICD: Immunogenic Cell Death

IEN-y: Interferon-y

JNK: ¢c-Jun N-terminal Kinase

mAbs: Monoclonal antibodies

MDSC: Myeloid-Derived Suppressor Cell
MHC: Major Histocompatibility Complex
MLKL: Mixed lineage kinase domain-like
NF-«B: Nuclear factor xB

NK: Natural Killer Cell

PBMC: Peripheral Blood Mononuclear Cells
PCD: Programmed Cell Death

PD-1: Programmed Death 1
gRT-PCR:  Quantitative
Polymerase Chain Reaction
RIPK1: Receptor interacting serine/threonine kinase 1
RIPK3: Receptor interacting serine/ threonine kinase 3
ROS: Reactive Oxygen Species

TCGA: The Cancer Genome Atlas

TME: Tumor Microenvironment
TRADD:  Tumor Necrosis Factor
1-Associated Death Domain Protein
TRAF2: TNF receptor associated factor 2
Treg: Regulatory T Cell

WB: Western Blot

Lymphocyte-associated

Reverse  Transcription

Receptor

Supplementary Material

Supplementary figures and tables.
https:/ / www.ijbs.com/v22p2085s1.pdf

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

2099

Acknowledgements

Funding

This work was supported by grants from the
National Natural Science Foundation of China
(U24A20704, 82473532, 82372934), the Natural Science
Foundation of Hunan Province (2024]]J3052,
2025]]30040, 2025]J50550). This work is also sponsored
by the Science and Technology Innovation Program of
Hunan Province (2023RC3077).

Authorship contribution statement

C.P. and X.C. proposed conception and design of
this project. X.Z. and D.Z. designed and performed
the experiments, analyzed the results, and drafted the
manuscript as well. S.Z. and S.X. performed in vivo
animal experiments. Z.Z. and W.L. analyzed the data
from public database. X.C., C.P. and X.Z. provided the
funding support of the study. All authors agree to the
manuscript content and give approval of the present
version, and we confirm that there are no conflicts of
interest to declare.

Data availability

The bioinformatics analysis included in this
article was conducted using the BEST platform, with
data sourced from the publicly TCGA database.

Ethic approval

The protocol for animal studies strictly complied
to the principles of ARRIVE (https://
arriveguidelines.org) according to institutional
guidelines were approved by the Ethics Committee of
Xiangya Hospital, Central South University
(2023030354).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J
Clin. 2023; 73: 17-48.

2. Sun Q, Hong Z, Zhang C, Wang L, Han Z, Ma D. Immune checkpoint therapy
for solid tumours: clinical dilemmas and future trends. Signal Transduct
Target Ther. 2023; 8: 320.

3. Wang K, Coutifaris P, Brocks D, Wang G, Azar T, Solis S, et al. Combination
anti-PD-1 and anti-CTLA-4 therapy generates waves of clonal responses that
include progenitor-exhausted CD8+ T cells. Cancer Cell. 2024; 42: 1582-97.

4. Mathew D, Marmarelis ME, Foley C, Bauml JM, Ye D, Ghinnagow R, et al.
Combined JAK inhibition and PD-1 immunotherapy for non-small cell lung
cancer patients. Science. 2024; 384: eadf1329.

5. Curti BD, Faries MB. Recent Advances in the Treatment of Melanoma. The
New England Journal of Medicine. 2021; 384: 2229-40.

6. Nixon BG, Kuo F, Ji L, Liu M, Capistrano K, Do M, et al. Tumor-associated
macrophages expressing the transcription factor IRF8 promote T cell
exhaustion in cancer. Immunity. 2022; 55.

7. van der Heide V, Humblin E, Vaidya A, Kamphorst AO. Advancing beyond
the twists and turns of T cell exhaustion in cancer. Sci Transl Med. 2022; 14:
eabo4997.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

Tyrakis PA, Palazon A, Macias D, Lee KL, Phan AT, Velica P, et al
S-2-hydroxyglutarate regulates CD8+ T-lymphocyte fate. Nature. 2016; 540:
236-41.

Galluzzi L, Guilbaud E, Schmidt D, Kroemer G, Marincola FM. Targeting
immunogenic cell stress and death for cancer therapy. Nat Rev Drug Discov.
2024; 23: 445-60.

Meier P, Legrand AJ, Adam D, Silke J. Immunogenic cell death in cancer:
targeting necroptosis to induce antitumour immunity. Nat Rev Cancer. 2024;
24: 299-315.

PanY, Cheng J, Zhu Y, Zhang J, Fan W, Chen X. Immunological nanomaterials
to combat cancer metastasis. Chem Soc Rev. 2024; 53: 6399-444.

Gao W, Wang X, Zhou Y, Wang X, Yu Y. Autophagy, ferroptosis, pyroptosis,
and necroptosis in tumor immunotherapy. Signal Transduct Target Ther. 2022;
7:196.

Garg AD, Romano E, Rufo N, Agostinis P. Immunogenic versus tolerogenic
phagocytosis during anticancer therapy: mechanisms and clinical translation.
Cell Death Differ. 2016; 23: 938-51.

Kamiya M, Mizoguchi F, Kawahata K, Wang D, Nishibori M, Day J, et al.
Targeting necroptosis in muscle fibers ameliorates inflammatory myopathies.
Nat Commun. 2022; 13: 166.

Huang Y, Zou J, Huo J, Zhang M, Yang Y. Sulfate Radical Based In Situ
Vaccine Boosts Systemic Antitumor Immunity via Concurrent Activation of
Necroptosis and STING Pathway. Adv Mater. 2024; 36: €2407914.

Du Y, Yang J, He F, Zhao X, Zhou ], Zang P, et al. Revealing the Mutually
Enhanced Mechanism of Necroptosis and Immunotherapy Induced by Defect
Engineering and Piezoelectric Effect. Adv Mater. 2024; 36: €2304322.

Yu Z, Boggon TJ, Kobayashi S, Jin C, Ma PC, Dowlati A, et al. Resistance to an
irreversible epidermal growth factor receptor (EGFR) inhibitor in
EGFR-mutant lung cancer reveals novel treatment strategies. Cancer Res. 2007;
67:10417-27.

Roberts RB, Min L, Washington MK, Olsen SJ, Settle SH, Coffey R], et al.
Importance of epidermal growth factor receptor signaling in establishment of
adenomas and maintenance of carcinomas during intestinal tumorigenesis.
Proc Natl Acad Sci U S A. 2002; 99: 1521-6.

Dowling JP, Alsabbagh M, Del Casale C, Liu Z-G, Zhang J. TRADD regulates
perinatal development and adulthood survival in mice lacking RIPK1 and
RIPK3. Nat Commun. 2019; 10: 705.

Anderton H, Bandala-Sanchez E, Simpson DS, Rickard JA, Ng AP, Di Rago L,
et al. RIPK1 prevents TRADD-driven, but TNFR1 independent, apoptosis
during development. Cell Death Differ. 2019; 26: 877-89.

Xu D, Zhao H, Jin M, Zhu H, Shan B, Geng ], et al. Modulating TRADD to
restore cellular homeostasis and inhibit apoptosis. Nature. 2020; 587: 133-8.
Sun K, Guo Z, Zhang ], Hou L, Liang S, Lu F, et al. Inhibition of TRADD
ameliorates chondrocyte necroptosis and osteoarthritis by blocking
RIPK1-TAK1 pathway and restoring autophagy. Cell Death Discov. 2023; 9:
109.

Wang L, Chang X, Feng J, Yu J, Chen G. TRADD Mediates RIPK1-Independent
Necroptosis Induced by Tumor Necrosis Factor. Front Cell Dev Biol. 2019; 7:
393.

Kim CG, Kim KH, Pyo KH, Xin CF, Hong MH, Ahn BC, et al
Hyperprogressive disease during PD-1/PD-L1 blockade in patients with
non-small-cell lung cancer. Ann Oncol. 2019; 30: 1104-13.

Liu Z, Liu L, Weng S, Xu H, Xing Z, Ren Y, et al. BEST: a web application for
comprehensive biomarker exploration on large-scale data in solid tumors.
Journal of Big Data. 2023; 10: 165.

Zemek RM, Anagnostou V, Pires da Silva I, Long GV, Lesterhuis WIJ.
Exploiting temporal aspects of cancer immunotherapy. Nat Rev Cancer. 2024;
24: 480-97.

Meyer M-L, Fitzgerald BG, Paz-Ares L, Cappuzzo F, Janne PA, Peters S, et al.
New promises and challenges in the treatment of advanced non-small-cell
lung cancer. Lancet. 2024; 404: 803-22.

Gibney GT, Weiner LM, Atkins MB. Predictive biomarkers for checkpoint
inhibitor-based immunotherapy. Lancet Oncol. 2016; 17: e542-e51.

Ma L, Chen C, Zhao C, Li T, Ma L, Jiang J, et al. Targeting carnitine palmitoyl
transferase 1A (CPT1A) induces ferroptosis and synergizes with
immunotherapy in lung cancer. Signal Transduct Target Ther. 2024; 9: 64.
Scirgolea C, Sottile R, De Luca M, Susana A, Carnevale S, Puccio S, et al. NaCl
enhances CD8+ Tcell effector functions in cancer immunotherapy. Nat
Immunol. 2024; 25: 1845-57.

Xie T, Peng S, Liu S, Zheng M, Diao W, Ding M, et al. Multi-cohort validation
of Ascore: an anoikis-based prognostic signature for predicting disease
progression and immunotherapy response in bladder cancer. Mol Cancer.
2024; 23: 30.

Tong X, Tang R, Xiao M, Xu J, Wang W, Zhang B, et al. Targeting cell death
pathways for cancer therapy: recent developments in necroptosis, pyroptosis,
ferroptosis, and cuproptosis research. ] Hematol Oncol. 2022; 15: 174.

Lee S, Ko MJ, Avritscher R, Lewandowski RJ, Kim D-H. Cryo-Nanocatalyst
Enhances Therapeutic Efficacy of Cryo-Immunotherapy through Necroptosis
and Local Delivery of Programmed Death-Ligand 1 Inhibitors. ACS Nano.
2024; 18: 24269-82.

Chen J, Jin Z, Zhang S, Zhang X, Li P, Yang H, et al. Arsenic trioxide elicits
prophylactic and therapeutic immune responses against solid tumors by
inducing necroptosis and ferroptosis. Cell Mol Immunol. 2023; 20: 51-64.
Zheng Q, Zou T, Wang W, Zhang C, Hu S, Cheng X, et al
Necroptosis-Mediated Synergistic Photodynamic and Glutamine-Metabolic

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22 2100

Therapy Enabled by a Biomimetic Targeting Nanosystem for
Cholangiocarcinoma. Advanced Science (Weinheim, Baden-Wurttemberg,
Germany). 2024; 11: €2309203.

36. Yatim N, Jusforgues-Saklani H, Orozco S, Schulz O, Barreira da Silva R, Reis e
Sousa C, et al. RIPK1 and NF-xB signaling in dying cells determines
cross-priming of CD8" T cells. Science. 2015; 350: 328-34.

37. Nicole L, Sanavia T, Cappellesso R, Maffeis V, Akiba J, Kawahara A, et al.
Necroptosis-driving genes RIPK1, RIPK3 and MLKL-p are associated with
intratumoral CD3+ and CD8+ T cell density and predict prognosis in
hepatocellular carcinoma. ] Immunother Cancer. 2022; 10: e004031.

38. Snyder AG, Hubbard NW, Messmer MN, Kofman SB, Hagan CE, Orozco SL,
et al. Intratumoral activation of the necroptotic pathway components RIPK1
and RIPK3 potentiates antitumor immunity. Sci Immunol. 2019; 4: eaaw2004.

39. Aaes TL, Kaczmarek A, Delvaeye T, De Craene B, De Koker S, Heyndrickx L,
et al. Vaccination with Necroptotic Cancer Cells Induces Efficient Anti-tumor
Immunity. Cell Reports. 2016; 15: 274-87.

40. Chen W-Y, Chen Y-L, Lin H-W, Chang C-F, Huang B-S, Sun W-Z, et al.
Stereotactic body radiation combined with oncolytic vaccinia virus induces
potent anti-tumor effect by triggering tumor cell necroptosis and DAMPs.
Cancer Lett. 2021; 523: 149-61.

41. Chen G, Li X, Li R, Wu K, Lei Z, Dai R, et al. Chemotherapy-Induced
Neoantigen ~ Nanovaccines Enhance  Checkpoint Blockade Cancer
Immunotherapy. ACS Nano. 2023; 17: 18818-31.

42. Rodriguez-Silvestre P, Laub M, Krawczyk PA, Davies AK, Schessner JP,
Parveen R, et al. Perforin-2 is a pore-forming effector of endocytic escape in
cross-presenting dendritic cells. Science. 2023; 380: 1258-65.

43. Ostrand-Rosenberg S, Horn LA, Alvarez JA. Novel strategies for inhibiting
PD-1 pathway-mediated immune suppression while simultaneously
delivering activating signals to tumor-reactive T cells. Cancer Immunol
Immunother. 2015; 64: 1287-93.

44. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and
co-inhibition. Nat Rev Immunol. 2013; 13: 227-42.

45. Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, et al.
Tumor-associated B7-H1 promotes T-cell apoptosis: a potential mechanism of
immune evasion. Nat Med. 2002; 8: 793-800.

46. Takenoyama M, Yoshino I, Eifuku R, So T, Imahayashi S, Sugaya M, et al.
Successful induction of tumor-specific cytotoxic T lymphocytes from patients
with non-small cell lung cancer using CD80-transfected autologous tumor
cells. Jpn ] Cancer Res. 2001; 92: 309-15.

47. Vagaska B, New SEP, Alvarez-Gonzalez C, D'Acquisto F, Gomez SG,
Bulstrode NW, et al. MHC-class-II are expressed in a subpopulation of human
neural stem cells in vitro in an IFNy-independent fashion and during
development. Sci Rep. 2016; 6: 24251.

48. Biton M, Haber AL, Rogel N, Burgin G, Beyaz S, Schnell A, et al. T Helper Cell
Cytokines Modulate Intestinal Stem Cell Renewal and Differentiation. Cell.
2018; 175: 1307-20.

49. Fasolino M, Schwartz GW, Patil AR, Mongia A, Golson ML, Wang Y], et al.
Single-cell multi-omics analysis of human pancreatic islets reveals novel
cellular states in type 1 diabetes. Nat Metab. 2022; 4: 284-99.

50. Lee ACY, Zhang AJX, Chu H, Li C, Zhu H, Mak WWN, et al. H7N9 influenza
A virus activation of necroptosis in human monocytes links innate and
adaptive immune responses. Cell Death Dis. 2019; 10: 442.

51. Verzella D, Pescatore A, Capece D, Vecchiotti D, Ursini MV, Franzoso G, et al.
Life, death, and autophagy in cancer: NF-xB turns up everywhere. Cell Death
Dis. 2020; 11: 210.

https://www.ijbs.com



