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Abstract

Background: Immunogenic cell death (ICD) is a crucial mechanism for triggering the adaptive immune response in cancer patients.
Damage-associated molecular patterns (DAMPs) are critical factors in the detection of ICD. Chemotherapeutic drugs can cause ICD and
the release of DAMPs. The aim of this study was to assess the potential for paclitaxel and platinum-based chemotherapy regimens to
induce ICD in squamous cell carcinoma (SCC) cell lines. In addition, we examined the immunostimulatory effects of clinically relevant
chemotherapeutic regimens utilized in the treatment of SCC. Methods: We screened for differentially expressed ICD markers in the
supernatants of three SCC cell lines following treatment with various chemotherapeutic agents. The ICD markers included Adenosine
Triphosphate (ATP), Calreticulin (CRT), Annexin A1 (ANXA 1), High Mobility Group Protein B1 (HMGB1), and Heat Shock Protein
70 (HSP70). A vaccination assay was also employed in C57BL/6J mice to validate our in vitro findings. Lastly, the levels of CRT and
HMGB1were evaluated in Serum samples from SCC patients. Results: Addition of the chemotherapy drugs cisplatin (DDP), carboplatin
(CBP), nedaplatin (NDP), oxaliplatin (OXA) and docetaxel (DOC) increased the release of ICD markers in two of the SCC cell lines.
Furthermore, mice that received vaccinations with cervical cancer cells treated with DDP, CBP, NDP, OXA, or DOC remained tumor-free.
Although CBP induced the release of ICD-associated molecules in vitro, it did not prevent tumor growth at the vaccination site in 40% of
mice. In addition, both in vitro and in vivo results showed that paclitaxel (TAX) and LBP did not induce ICD in SCC cells. Conclusion:
The present findings suggest that chemotherapeutic agents can induce an adjuvant effect leading to the extracellular release of DAMPs.
Of the agents tested here, DDP, CBP, NDP, OXA and DOC had the ability to act as inducers of ICD.
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1. Introduction
Tumor cell death is the ultimate biological and ther-

apeutic objective of antitumor therapy [1]. Recently, im-
munotherapy has become established as a new milestone
in cancer treatment. However, clinical trials indicate that
only 10–30% of patients derive therapeutic benefit from
immune checkpoint inhibitors (ICIs) due to suboptimal re-
sponses [2]. The crucial role of the physiological process
induced by cell death in determining the therapeutic effi-
cacy of ICIs is often overlooked [3–5]. During the devel-
opment and homeostasis of the vertebrate immune system,
cells develop a highly orchestrated mode of immunologi-
cally silent, or tolerogenic, cell death. These dead/dying
cells promote innate and adaptive immune responses with-
out inducing inflammation. Immunogenic cell death (ICD)
is a type of cell death that kills tumor cells by stimulating
and directing the adaptive immune response against them.
ICD depends on endoplasmic reticulum stress and the se-
cretion of damage-associated molecular patterns (DAMPs)
by dying tumor cells [6]. Cells that undergo ICD in the
presence of anticancer therapeutics undergo regulated cell

death that initiates adaptive immune responses associated
with immune memory. Consequently, drugs that are capa-
ble of inducing ICD are considered to be clinically signifi-
cant because of their ability to enhance therapeutic efficacy
by recruiting antitumoral immunity.

The canonical DAMPs include calreticulin (CRT),
high mobility group protein 1 (HMGB1), adenosine
triphosphate (ATP), membrane-connected protein A1
(ANXA1), and heat-shock protein 70 (HSP70) [7]. These
ectopically expressed DAMPs may represent a promising
approach for activating the tumor immune microenviron-
ment, thereby improving the sensitivity of immunotherapy
[8]. Consistent with this notion, it has been reported
that drug-induced ICD is positively associated with the
therapeutic response and enhances antitumor CD8+ T-cell
immunity in the clinical setting. There is accumulating
clinical evidence that several inducers of ICD commonly
used in the treatment of cancer patients can synergize
with immunotherapy involving ICIs [9,10]. However,
only a few anticancer agents are acknowledged to be
bona fide inducers of ICD, including oxaliplatin (OXA),
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cyclophosphamide (CPA), mitoxantrone, epirubicin, and
doxorubicin. Most conventional chemotherapies do not
induce ICD when used as monotherapy, including cisplatin
(DDP) and gemcitabine [11,12].

The aim of this study was therefore to generate
comprehensive data on the ability of clinically relevant
chemotherapeutic agents to induce ICD in squamous cell
carcinoma (SCC). To do this, we compared the immuno-
genicity of different chemotherapeutics in specific cancer
models. We employed an in vivo vaccination assay, con-
sidered as the “gold standard”, using a panel of human and
murine cervical SCC cell lines. This was used to evalu-
ate the ability of different therapeutic agents to induce ICD
[13]. We also investigated the immunoadjuvant role of sig-
nature DAMPs in promoting anti-tumor immune responses.
The percentage of tumor-free mice is an indicator of the
immunogenicity of the tested compounds. Consequently,
these in vitro and in vivo experiments provided novel in-
sights into the potential of various first- and second-line
chemotherapeutic agents for the treatment of cervical SCC.

2. Materials and Methods
2.1 Cell Lines and Cell Culture

Eca109 (RRID: CVCL 6898), Siha (RRID: CVCL
0032) and U14 (RRID: CVCL 9U56), cancer cells were
purchased from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China) and authenticated by the sup-
plier (Shanghai, China). Siha and U14 cultured in
Dulbecco’s modified eagle medium (DMEM) (Pricella;
PM150210, Wuhan, China), and Eca109 were cultured
in the RPMI1640 (Pricella; PM150110, Wuhan, China)
medium, supplemented with 10% fetal bovine Serum (Cy-
tiva; SH30401.01, Attleboro, MA, USA) and 1%penicillin–
streptomycin (Cytiva; SV30010, Attleboro, MA, USA). All
cell lines were validated by STR profiling and tested nega-
tive formycoplasma. Cells were all cultured in a humidified
incubator at 37 °C and 5% CO2.

2.2 Cytotoxicity of Different Chemotherapies
The following chemotherapeutic agents were used:

cisplatin (DDP), carboplatin (CBP), nedaplatin (NDP),
lobaplatin (LBP), OXA, paclitaxel (TAX), docetaxel
(DOC). All medications donated from the Pharmaceutical
Dispensing Center of the Army Medical Center except for
the OXA (Selleck; S1224, Houston, TX, USA) and DOC
(Selleck; S1148, Houston, TX, USA). To evaluate cyto-
toxicity of the different chemotherapeutic agents, Eca109,
Siha, and U14 cells were seeded in 96-well plates (NEST;
701002, Shanghai, China), incubated overnight. Eca109
cells treated for 48 h with either DDP (0–16 µM), CBP
(0–512 µM), NDP (0–128 µM), LBP (0–512 µM), OXA
(0–512 µM), TAX (0–32 nM), DOC (0–1600 nM) as sin-
gle agents. As to Siha cells treated for 48 h with either
CDDP (0–80 µM), CBP (0-1200 µM), NDP (0-320 µM),
LBP (0-120 µM), OXA (0-640 µM), TAX (0–5160 nM),

DOC (0–400 nM). Finally, U14 cells were treated for 24 h
with either DDP (0–40 µM), CBP (0-1200 µM), NDP (0-
160 µM), LBP (0–120 µM), OXA (0–640 µM), TAX (0–
8000 nM), DOC (0–200 nM) as single agents. After treat-
ment, cell counting kit-8 (CCK-8) at 10 µL/well (Dojindo;
C0042, Kumamoto, Japan) added for incubation for two
hours, and the absorbance measured at 450 nm with a mi-
croplate reader (Molecular Devices, Sunnyvale, CA, USA).
The inhibitory concentration (IC) of the drug that leads to
50% (IC50) growth inhibition was calculated using the soft-
ware GraphPad Prism 9.0.0 (9.0.0121) (Dotmatics, Boston,
MA, USA). All experiments were performed at least in trip-
licate. For ECA109 and Siha cells, the treatment was 48 h,
while U14 treated for 24 h.

2.3 Cell Apoptosis Detection
After culture and treatments, cells were collected and

centrifuged at 1000 g for 5 min. Then, the cells in 195
µL binding buffer were incubated with 5 µL AnnexinV-
Fluorescein Isothiocyanate (FITC) and 10 µL PI for 15 min
at room temperature in the dark according to the manufac-
turer’s instruction (Beyotime, C1062S, Shanghai, China).
Cell apoptosis was analyzed by flow cytometer.

2.4 ATP Release
Extracellular ATP was measured in the conditioned

media (supplemented with heat inactivated FBS) 24 h af-
ter chemotherapeutic treatment using the Firefly luciferase
ATP assay, according to the manufacturer’s protocol (Be-
yotime, S20026, Shanghai, China). The bioluminescent
signal was measured using a SpectarMaxL plate reader
(Molecular Devices, Sunnyvale, CA, USA).

2.5 HMGB1 Release
Release of HMGB1 was analyzed 48 h after treat-

ment in the conditioned media using an enzyme-linked
immunosorbent assay kit (Animaluni, Human: LV10792,
Mouse: LV30652, Shanghai, China) according to the in-
structions of the manufacturer. The absorption was mea-
sured via the SpectarMax iD3 plate reader (Molecular De-
vices, Sunnyvale, CA, USA).

2.6 Detection of Damps Molecule in Condition Media via
Western Blot

After culture and treatments, condition media col-
lected by Laboratory Syringe Filters (Merck; SLGPR33RB,
Rahway, NJ, USA). It should be noted that the media used
to detect supernatant proteins were Serum-free media, this
is due to the fact that only Serum-free media can ensure that
no other proteins interfere with the collected supernatant.
Since the damps molecule itself is minimally expressed in
the supernatant, we innovatively used a gradient of drug
concentrations in order to be able to observe more signif-
icant changes. Briefly, we set the concentration of each
drug treated for three cell lines to 0.5 × IC50, 1 × IC50,
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2 × IC50, 4 × IC50, 8 × IC50 based on the IC50 values of
each drug (Supplementary Tables 1,2,3) in different cells
determined in the previous period. First, we quantified the
amount of protein loaded in each lane utilizing the silver
staining kit (Thermo; 24612, Waltham, MA, USA) follow-
ing the manufacturer’s protocol (Supplementary Fig. 1).
Next, Supernatant protein samples (20 µL) were separated
by SDS-PAGE (Ace; ET15420Gel, Changzhou, China) and
transferred to polyvinylidene fluoride (PVDF) membranes.
Next, the membranes were blocked with 10% non-fat milk
for one hour and incubated overnight at 4 ℃ with primary
antibodies: HSP70 (Cell Signaling; 4872T, Danvers , MA,
USA), CRT (Cell Signaling; 12238S, Danvers , MA, USA),
Annexin A1 (ANXA 1) (Abcam; ab214486, Cambridge,
UK), HMGB1 (Abcam; ab79823, Cambridge, UK). Fi-
nally, the membranes were incubated with HRP-conjugated
secondary antibodies (Bio-Rad, 1706515, Hercules, CA,
USA) at room temperature for one hour. Western blotting
analysis was performed using a Bio-Rad chemilumines-
cence imager (Bio-Rad, Hercules, CA, USA). At last, we
performed a grayscale analysis of the individual western-
blot bands using the image-lab software (3.0.39529, Bio-
Rad, Hercules, CA, USA) and heat maps were drawn by
the software GraphPad Prism 9.0.0 (9.0.0121) (Dotmatics,
Boston, MA, USA).

2.7 In Vivo Vaccination Assay

We used the classical in vivo experimental model of
ICD detection experiment [13]. Concisely, Six-week-old
female C57BL/6J wild-type mice were used to generate ex-
perimental tumors by grafting a mouse cervical carcinoma
cell line (U14). Mice were injected in the groin, accord-
ing to the experiment, with 2 × 106 U14-control cells and
U14-drug handling cells, single IC50 concentration for 24
hours. After seven days, On the contralateral side, we in-
jected the same number of tumor cells without any treat-
ment. On days 1, 4, 7…28, the tumor volume was mea-
sured every three days using the following formula: Tu-
mor volume (mm3) = 0.5 × width2 × length. At the end of
the experiment, mouse ocular blood collected after anaes-
thesia with Delivector™ Avertin (20 µL/g.ip) (DW3101,
Dowobio, Shanghai, China) and tumors retained for subse-
quent experiments. Mice are euthanized by way of cervical
subluxation when reaching their ethical endpoint (volume
>1500 mm3 or deep ulceration).

2.8 Immunohistochemistry Assays

Tumor tissues prepared as 3 µm thick paraffin sec-
tions. For Immunohistochemistry (IHC) staining, the slides
were dewaxed with xylene (Sangon Biotech, A530011,
Shanghai, China) and rehydrated using graded ethanol
(Sangon Biotech, A507050, Shanghai, China). Autoclaved
antigen retrieval was performed in sodium citrate HCl
buffer (Yun Tai, YTH0057, Shanghai, China), an endoge-
nous H2O2 (Sangon Biotech, A001896, Shanghai, China)

enzyme blocker (MXB, SP KIT-A3, Fuzhou, China) was
used to block the tissues for 10 min, and 5% goat Serum
(Sangon Biotech, E510009, Shanghai, China) was used for
blocking at 37 ℃ for 1 h. The sections were incubated
at 4 ℃ overnight with primary antibodies: anti-CRT rab-
bit antibody (1:250, Abcam; ab92516, Cambridge, UK),
HMGB1 rabbit antibody (1:350, Abcam; ab79823, Cam-
bridge, UK). TheHRP-conjugated secondary antibody (Ab-
cam, ab6728, Cambridge, UK) was incubated with the
sections for 30 min at 37 ℃. The sections were rinsed
with PBS (Pricella; PB180327, Wuhan, China), developed
with diaminobenzidine substrate (Abcam, ab64238, Cam-
bridge, UK), and counter-stained with hematoxylin (Ab-
cam, ab220365, Cambridge, UK) for nuclear staining. A
light microscope used to observe and capture images of the
histopathological changes.

2.9 Enzyme-Linked Immunoassay for Serum DAMPS
Mouse sera obtained from the in vivo experiments de-

scribed above, and all experimental steps performed in strict
accordance with the kit operating instructions. The DAMPs
molecules detected include HSP70 (Animaluni; LV30721,
Shanghai, China), CRT (Animaluni; LV31001, Shanghai,
China), ANXA 1 (Animaluni; LV31010, Shanghai, China),
and HMGB1 (Animaluni; LV30652, Shanghai, China).

2.10 Patients and Samples
Eight patients with histologically diagnosed primary

squamous carcinoma who treated at the Oncology Center
of the Third Affiliated Hospital of Army Military Medi-
cal University selected for the study (Supplementary Ta-
ble 4). All patients were diagnosed for the first time
and did not receive any other treatment regimen, and this
time, they treated according to a combination regimen of
platinum in combination with a taxanes. To evaluate the
promotional effect of the chemotherapy regimen on the
DAMPs molecule, we collect peripheral blood from the
patients before and during the first cycle after treatment.
Serum obtained by high-speed cryo-centrifugation (4 ℃
1.5 × 104 rpm) for enzyme linked immunosorbent as-
say (ELISA). Detection of HSP70 (Animaluni; LV10661,
Shanghai, China), CRT (Animaluni; LV11352, Shanghai,
China), ANXA 1 (Animaluni; LV11124, Shanghai, China),
and HMGB1 (Animaluni; LV10792, Shanghai, China) in
Serum carried out according to the kit instructions. This
study and the use of all clinical materials were approved by
the individual Institutional Ethical Committees, and written
informed consent was obtained from all participant.

2.11 Statistical Analysis
Statistical data expressed as mean ± standard devi-

ation (SD). One-way analysis of variance used for three
groups and more than three groups. All of the statistical
analyses assessed by software GraphPad Prism (GraphPad
Software, Inc., SanDiego, CA, USA), comparisons among
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Table 1. IC50 of chemotherapeutic drugs in ECA109 cells.
Agent IC50 (95% CI) DOF R2

DDP 0.9782 (0.8763–1.090) µM 38 0.9656
CBP 35.56 (31.71–39.881) µM 25 0.9801
NDP 4.712 (4.342–5.100) µM 26 0.9773
LBP 8.233 (7.4–9.155) µM 26 0.9779
OXA 12.36 (9.14–16.30) µM 25 0.8931
TAX 5.673 (4.92–6.555) nM 19 0.9600
DOC 59.45 (10.12–85.9) nM 19 0.9163
DDP, cisplatin; CBP, carboplatin; NDP, nedaplatin; LBP,
lobaplatin; OXA, oxaliplatin; TAX, paclitaxel; DOC, do-
cetaxel; IC50, half-maximal inhibitory concentration; CI,
confidence interval; DOF, Degree of Freedom.

Table 2. IC50 of chemotherapeutic drugs in SIHA cells.
Agent IC50 (95% CI) DOF R2

DDP 8.766 (7.984–9.624) µM 34 0.9716
CBP 190.8 (172.8–210.7) µM 29 0.9631
NDP 32.01 (29.70–34.49) µM 29 0.9771
LBP 21.66 (19.90–23.55) µM 28 0.9727
OXA 19.58 (17.66–21.80) µM 22 0.9829
TAX 1582 (1267–1987) nM 16 0.9147
DOC 62.05 (37.12–105.5) nM 16 0.9064

groupswere done by the independent sample two-sided Stu-
dent t-test. The ANOVA performed to evaluate the statisti-
cal differences among groups. p-value of 0.05 or less con-
sidered as statistical significance.

3. Results
3.1 Evaluation of the Cytotoxic Effects of Various
Chemotherapeutic Agents on SCC Cell Lines

First, we evaluated the dose-response curves of com-
monly used TP regimen drugs, namely DDP, CBP, NDP,
LBP and OXA, and the taxanes DOC and TAX, in the hu-
man SCC cell lines ECA109 and SIHA, and in the mouse
cervical SCC cell line U14 (Supplementary Fig. 2A–C).
Due to the varying sensitivities of the three SCC cell lines to
the chemotherapy agents, different IC50 values were used
in subsequent experiments. The most effective drug in-
hibitory effect in the human SCC lines ECA109 and SIHA
occurred after 48 h. In contrast, each drug had a noticeable
inhibitory effect on the growth of mouse cervical SCC U14
cells after just 24 h, indicating greater sensitivity of these
cells to the drugs. The IC50 values for each chemothera-
peutic drug are shown in Tables 1,2,3 for the three SCC cell
lines.

3.2 Release of Damage-Associated Molecular Patterns
(DAMPs) from SCC Cell Lines Following Treatment with
Chemotherapeutic Agents

To determine the optimal drug concentration for in-
ducing the extracellular release of DAMPs, a gradient treat-

Table 3. IC50 of chemotherapeutic drugs in U14 cells.
Agent IC50 (95% CI) DOF R2

DDP 3.968 (3.766–4180) µM 22 0.9902
CBP 104.8 (96.19–114.1) µM 25 0.9861
NDP 24.54 (23.11–26.04) µM 22 0.9915
LBP 13.27 (12.81–13.75) µM 43 0.9947
OXA 7.693 (6.98–8.46) µM 38 0.9773
TAX 199.1 (129.2–297.2) nM 22 0.9348
DOC 13.71 (12.16–15.44) nM 22 0.9811

ment approach was employed in which the concentration of
each drug was varied. Subsequently, a quantitative assay
was used to measure the level of extracellular DAMPs in
the supernatants of the three SCC cell lines following treat-
ment with the chemotherapeutic agents. Based on our ear-
lier findings, the supernatant proteins were collected after
48 h of treatment in the ECA109 and SIHA cell lines, and
after 24 h of treatment in the U14 cell line.

3.3 The Release of DAMPs by SCC Cell Lines Following
Treatment with Platinum Drugs

Previous studies have shown that OXA induced ICD
in colorectal tumor cells [14,15]. However, the role of
OXA in esophageal SCC and cervical SCC has yet to
be systematically investigated. Here, we found that all
three generations of platinum drugs induced release of the
DAMP molecules HSP70, ANXA1, HMGB1 and CRT in a
dose-dependent manner in the ECA109 cell line (Fig. 1A).
The first-generation platinum drug DDP strongly induced
the extracellular release of HSP70, ANXA1 and HMGB1.
However, CRT induction primarily involved its displace-
ment from the endoplasmic reticulum to the periplasm. The
third-generation platinum drug OXA showed comparable
results to DDP, with strong induction of HSP70, ANXA1
and HMGB1 release, but limited impact on CRT. How-
ever, the second-generation platinum drugs CBP and NDP
induced a noticeable release of all four DAMP molecules.
CBP induced the highest release at the drug’s half-maximal
inhibitory concentration (IC50). Subsequently, the release
of DAMP molecules gradually decreased, with HSP70
showing the most reduction. On the other hand, low doses
of the third-generation platinum drug LBP induced limited
extracellular release of HSP70 and ANXA1. However, a
pronounced dose-dependent effect of LBP was observed
at twice the IC50 concentration. Similarly, low doses of
LBP induced noticeable extracellular release of CRT and
HMGB1, with their release peaking at twice the IC50 con-
centration.

All three generations of platinum drugs induced the
release of DAMP molecules from SIHA cells in a dose-
dependent manner (Fig. 1B). However, several of the
platinum drugs showed weaker induction of extracellular
DAMP release from SIHA cells compared to ECA109 cells.
In particular, the first-generation drug DDP and the second-
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Fig. 1. Release of HSP70, CRT, ANXA1 and HMGB1 from SCC cell lines after treatment with chemotherapy drugs. (A) Release
of HSP70, CRT, ANXA1 and HMGB1 into the supernatant after treatment of ECA109 cells with platinum-based chemotherapeutic
agents for 48 h. (B) Release of HSP70, CRT, ANXA1 and HMGB1 into the supernatant after treatment of SIHA cells with platinum-
based chemotherapeutic agents for 48 h. (C) Release of HSP70, CRT, ANXA1 and HMGB1 into the supernatant after treatment of U14
cells with platinum-based chemotherapeutic agents for 24 h. (D) Release of HSP70, CRT, ANXA1 and HMGB1 into the supernatant
of ECA109, SIHA and U14 cells after treatment with taxane-based chemotherapeutic agents for 48 h or 24 h. HSP70, Heat Shock
Protein 70; CRT, Calreticulin; ANXA1, membrane-connected protein A1; HMGB1, High Mobility Group Protein B1; SCC, squamous
cell carcinoma.
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Fig. 2. Overview of the normalized values of DAMPs released from the SCC cell lines. (A) ECA109 cells. (B) SIHA cells. (C) U14
cells. DAMPs, damage-associated molecular patterns.

generation drugs CBP and NDP induced less release of ex-
tracellular DAMP molecules from SIHA cells compared to
ECA 109 cells. In contrast, the third-generation drugs LBP
and OXA showed markedly stronger effects in SIHA cells.
A more precise representation is provided by the heat map
analysis shown in Fig. 2. Among the three generations of
platinum drugs, DDP strongly induced the extracellular re-
lease of CRT and ANXA1, whereas CBP and NDP showed
only limited induction of DAMP release. Both of the third-
generation drugs, LBP and OXA, induced strong release of
DAMPs, with the exception of CRT.

To further examine the effect of ICD in vivo, we eval-
uated the extracellular release of DAMPs in mouse cervical
SCC U14 cells following treatment with platinum drugs.
These induced a more pronounced extracellular release in
mouse U14 cells compared to SIHA cells (Fig. 1C). Of
note, DDP and CBP showed stronger effects on the release
of ANXA1 and HMGB1 compared to HSP70 and CRT in
U14 cells. NDP had a significant impact on DAMP re-
lease, particularly on ANXA1, although the threshold value
was reached at twice the IC50 concentration. Overall, LBP
had a greater effect on the release of DAMPs compared to
OXA. Treatment with LBP at the IC50 concentration led
to a pronounced release, particularly for HMGB1, whereas
OXA treatment resulted in a significant release of CRT
only. The relatively weak induction of CRT observed in
the three cell lines may be due to its dual functions. It is
generally believed that ecto-CRT can induce ICD in its role

as a DAMP. As noted previously, CRT was included as a
molecular signature for ICD.However, the presence of CRT
in extracellular spaces may also promotetum or recognition
by Antigen-presenting cells (APC), thereby contributing
to immunological surveillance [16]. Research has shown
that the serum CRT level is highly correlated with patient
prognosis [17]. Therefore, in order to be more relevant
to clinical practice, we chose to detect CRT in the super-
natant. Moreover, the expression of ecto-CRT is tempo-
rally related, reaching a peak at 48 h and then only grad-
ually increasing in the extracellular space following tumor
cell apoptosis [18].

3.4 DAMP Release by SCC Lines after Treatment with
Taxane Drugs

We next evaluated the effect of taxane drugs on the
extracellular release of DAMPs in the three SCC cell lines.
These drugs induced significant extracellular release of
DAMPs in all cell lines (Fig. 1D). However, in SIHA cells
the release of CRT was not observed until the dose reached
four times the IC50 concentration. DOC showed a diversity
of induction across the different cell lines. ECA109 cells
showed a peak in the extracellular release of DAMPs at half
the IC50 concentration, suggesting high sensitivity to DOC.
In contrast, the DOC-induced release of HMGB1 was rela-
tively low in SIHA cells, with release only observed at four
times the IC50 concentration. For other DAMP molecules,
the peak effect on release was observed at four times the
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Fig. 3. Detection of apoptosis following treatment with different chemotherapeutic drugs. (A) Detection of apoptosis in ECA109
cells following treatment with platinum-based drugs and taxane. (B) Proportion of ECA109 cells showing early apoptosis and late
apoptosis. (C) Detection of apoptosis in SIHA cells following treatment with platinum-based drugs and taxanes. (D) Proportion of SIHA
cells showing early apoptosis and late apoptosis. (E) Detection of apoptosis in U14 cells following treatment with platinum-based drugs
and taxanes. (F) Proportion of U14 cells showing early apoptosis and late apoptosis.
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IC50 concentration, followed by a decrease at higher con-
centrations. A specific threshold effect of DOC may ac-
count for this observation in SIHA cells. U14 cells showed
comparable results to ECA109 cells, with the peak release
of DAMPs occurring at a low drug concentration (0.5 ×
IC50). No significant release was observed at higher con-
centrations.

In summary, the specific induction pattern of each
DAMP molecule varied with each drug, while the opti-
mal concentration for induction also differed. However, al-
most all drugs induced the extracellular release of DAMP
molecules.

3.5 Overview of DAMPs Following Treatment of SCC Cell
Lines with Chemotherapy Drugs

To visually represent the release of extracellular
DAMPs following treatment with each drug, we conducted
a grey value analysis of the western blot images shown
in Fig. 1. The release of DAMPs from each group was
logarithmically transformed using a reference value of one
for the blank control. A comprehensive evaluation of
the release of DAMPs from the three SCC cell lines is
shown in Fig. 2. The selected human and murine SCC cell
lines demonstrated significantly elevated levels of HSP70,
CRT, ANXA1 and HMGB1 compared to the control group.
The release of DAMPs varied according to treatment with
either first-, second- or third-generation platinum-based
and taxane-based agents. Importantly, the platinum-based
agents elicited significantly greater release of DAMPs from
esophageal SCC compared to cervical SCC. Additionally,
higher doses of platinum-based drugs were required to in-
duce ICD in both the human and murine cervical SCC cell
lines.

3.6 The Impact of Platinum and Paclitaxel Agents on
Apoptosis

ICD as a type of regulated cell death that differs from
other forms of cell death such as apoptosis, ferroptosis, and
necroptosis [19]. We conducted apoptosis assays based on
the optimal drug concentrations for induction determined
previously. The results are shown in Fig. 3, and changes in
cell morphology are documented in Supplementary Fig. 3.
The interaction of optimal drug concentrations resulted in a
lower proportion of cells in the apoptotic phase, suggesting
that ICD is not a straightforward form of apoptosis.

3.7 ATP Secretion

We next performed an ATP assay to quantify the re-
lease of ATP in conditioned media following treatment of
the three SCC cell lines for 24 h with each chemotherapeu-
tic agent. A consistent inhibitory effect of LBP and TAX
on the release of ATP was observed in all three cell lines
(Fig. 4).

Both CBP and DOC induced a significant increase
in the secretion of ATP in ECA109 cells, with an approx-

imately 1.5-fold increase compared to the control group
(Fig. 4A). OXA caused a slight increase, while DDP and
NDP did not induce ATP release. DDP, OXA and DOC in-
duced more release of ATP from SIHA cells compared to
CBP and NDP, with the latter two showing minimal abil-
ity to induce ATP release (Fig. 4B). Finally, NDP, OXA,
and DOC induced significant release of ATP from the U14
cell line compared to the control group (Fig. 4C). In sum-
mary, OXA and DOC demonstrated superior induction of
ATP release from SCC cell lines.

3.8 Release of HMGB1

HMGB1 is known to stabilize DAMPs. We quanti-
fied its release from SCC cells using ELISA (Fig. 5). U14
cells were treated with the chemotherapy drugs for 24 h,
while ECA109 and SIHA cells were treated for 48 h before
collection of the supernatants for analysis. Consistent with
the previous findings, significant release of HMGB1 from
all three cell lines was observed following drug treatment
compared to the control group.

3.9 In Vivo Vaccination Assay of U14 Cells in a Mouse
Model

In vitro experiments can provide valuable insights into
the potential for therapeutic agents to elicit an effective anti-
tumor immune response. However, these assays do not take
into consideration the complete immune system. To study
this, we conducted a vaccination experiment as described
earlier. The weight of all mice remained stable throughout
the experiment. Fig. 6 illustrates the percentage of tumor-
free mice, the rate of tumor growth, and representative tu-
mors in vivo.

All five mice (100%) in the control group vaccinated
with untreated cells developed a tumor at the challenge site.
In contrast, none of the mice (0%) vaccinated with cells
treated with DDP, DOC, NDP or OXA developed a tumor
at the challenge site (Fig. 6B–D). Sixty percent of mice vac-
cinated with carboplatin-treated cells showed tumor devel-
opment, whereas all mice (100%) vaccinated with LBP- or
TAX-treated cells developed a tumor (Fig. 6B–D). Further-
more, at the end of the experiment the tumor volume in the
DDP, CBP, NDP, OXA and DOC vaccinated groups was
significantly larger than in the control group (Fig. 6E). This
result suggests that DDP, CBP, NDP, OXA and DOC are
able to induce ICD in mice with cervical SCC.

To further validate and identify the critical molecules
involved in ICD, the concentrations of DAMP molecules
were evaluated in the Serum of experimental mice
(Fig. 7A). DDP was found to induce comparable levels of
HSP70, ANXA1 and CRT release into the Serum as the pre-
vious in vitro experiments conducted at the cellular level.
The known inducer of ICD, OXA, also induced high levels
of HSP70, ANXA1, CRT and HMGB1 secretion into the
Serum of mice treated with this drug, thus further confirm-
ing its effect on ICD in SCC. Mice treated with CBP, NDP
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Fig. 4. Adenosine triphosphate (ATP) release from SCC cell lines after treatment with chemotherapy drugs. The release of ATP
from ECA109, SIHA and U14 cells was assessed after 24 h of treatment with the IC50 dose for DDP, CBP, NDP, LBP, OXA, TAX and
DOC. (A) ECA109 cells. (B) SIHA cells. (C) U14 cells. Error bars represent the standard deviation. Experiments were performed at
least in triplicate. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001.

Fig. 5. Release of highmobility group protein B1 (HMGB1) from SCC cell lines following chemotherapy drug treatment. HMGB1
(pg/mL) in the supernatant was assessed after 48 h of treatment of the ECA109 and SIHA cells, and after 24 h of treatment of the U14
cells. The IC50 dose was used for DDP, CBP, NDP, LBP, OXA, TAX and DOC. (A) ECA109 cells. (B) SIHA cells. (C) U14 cells. **p
< 0.01, ***p < 0.001, **** p < 0.0001. Error bars represent the standard deviation. Experiments were performed in triplicate.

or DOC showed significant release of DAMPs, consistent
with the results of earlier in vitro experiments. In contrast,
LBP and TAX are unable to induce ICD and did not show
any significant release of the four DAMP molecules in this
mouse model. Although LBP and TAX induced some ex-
tracellular release of DAMPs in vitro, they were unable to
induce ICD in the complexity of an in vivo environment.

Immunohistochemical evaluation of tumor cells at
the site of reinoculation confirmed the Serum test results
(Fig. 7B). In the control group, CRT was found to be ex-
clusively intracellular, while HMGB1 was confined to the
nucleus, indicating they were unable to induce ICD. In con-
trast, LBP- and TAX-treated mice showed low expression
of these molecules, possibly indicating depletion and in-
sufficient downstream ICD effects. However, CBP-treated
mice showed high expression of both CRT and HMGB1,
thus confirming the ability of this agent to induce ICD.

3.10 Serum Samples from SCC Patients Contain Elevated
Levels of CRT and HMGB1

DAMPs are typically released at high levels from var-
ious types of cancers, including SCC. To extend the cur-
rent observations on the increased release of DAMPs fol-
lowing chemotherapeutic drug treatment of SCC cell lines,

we used ELISA to determine the Serum levels of DAMPs in
8 SCC patients before and after chemotherapy. In four pa-
tients, the Serum concentrations of HSP70, CRT, ANXA1
and HMGB1 were significantly higher post-chemotherapy
compared to the Pre-chemotherapy SCC patients (Fig. 8A).
The other four patients showed increased Serum levels of
different DAMPs following chemotherapy. Further anal-
ysis revealed that increased DAMP levels were associated
with chemotherapeutic stimulation in SCC (Fig. 8B).

4. Discussion
The induction of immunogenic cell death (ICD) by

chemotherapy has been extensively studied both in vitro
and in vivo [15]. The earliest research on immune ther-
apy for tumors can be traced back to the 19th century [16].
The literature on ICD in tumor biology has expanded sig-
nificantly over the past few years, providing new possibil-
ities for cancer treatment. With the increased research on
ICD, more and more clinical drugs and treatment methods
are now recognized as having ICD-inducing effects. More-
over, immunotherapy is gradually being combined with
conventional treatments to combat drug resistance. How-
ever, due to the toxicity and absorption issues associated
with drugs, it is often difficult to effectively induce ICD.

9

https://www.imrpress.com


Fig. 6. In vivo vaccination in the C57BL/6J mouse model underscores the immunogenic ability of clinically relevant chemother-
apeutics. (A) Schematic diagram of the experimental protocol. (B) Tumor volumes in the xenograft model were measured every three
days and are shown at the challenge site. (C) Tumor volumes in the xenograft model were measured every three days and are shown at
the rechallenge site. (D) Percentage (%) of tumor-free mice and tumor volume (mm3) in C57BL/6J mice at 28 days. (E) Tumor volume
at the rechallenge site in each treatment group after normalization. Quantitative data from three independent experiments are shown as
the mean ± standard deviation (SD) (error bars). ns p > 0.05, **p < 0.01. (F) Tumors at the challenge and rechallenge sites on day 28
are shown in the control mice and in mice treated with DDP, CBP, NDP, LBP, OXA, TAX or DOC. (G) In vivo vaccination showing
the immunogenic potential of clinically relevant chemotherapeutic drugs in the mouse model with U14 cells. Resected tumors from the
challenge and rechallenge sites at day 28 are shown from the controls and from mice treated with CBP, LBP or TAX. ICD, immunogenic
cell death inducer; NICD, non- immunogenic cell death inducer.

Therefore, some researchers have proposed direct deliv-
ery of ICD-inducing agents or DAMP molecules to the
vicinity of tumor tissues in order to more efficiently in-
duce ICD [16]. Research on new ICD inducers has also
continued, and natural compounds that act as ICD inducers
could represent a new frontier in cancer therapy. Among
these, various plant-derived molecules, marine molecules,
and bacteria-based compoundsmay be suitable for inducing
ICD [20]. However, to date there has been no systematic re-
search on platinum- and taxane-based drugs, and research
on nedaplatin and lobaplatin has been neglected [7]. The
current research therefore provides a systematic and com-
prehensive analysis of the ICD induction effects of three
generations of platinum drugs and two generations of pacli-
taxel drugs. As mentioned earlier, DAMP molecules play

an important role in the induction of ICD. During the initial
stages, translocation of CRT and exposure at the cell surface
triggers a robust anti-tumor immune response. Expression
of CRT at the cell surface displays an “eat me” signal that
is recognized and phagocytosed by CD91. This promotes
dendritic cell (DC) maturation and activation, leading to
the generation of tumor antigens and tumor-specific acti-
vation [7]. During the mid-apoptosis stage, HSP70 facili-
tates the release of pro-inflammatory cytokines, increases
the expression of co-stimulatory molecules, and together
with other immune molecules regulates immune function.
During the ICD response in tumor cells, antigens bind to
HSP70 to form a complex, thereby stimulating the uptake
of tumor antigens and the maturation and activation of DCs
and NK cells. HSP70 binds to the costimulatory molecule
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Fig. 7. Release of DAMP molecules into mouse Serum and tumor tissues. (A) Serum levels of HSP70, ANXA1, CRT, and HMGB1
in C57BL/6J mice treated with chemotherapeutic agents. (B) Immunohistochemical study of CRT and HMGB1 expression and their
intracellular localization in representative xenograft tumors (400× magnification, scale bar = 50 µm). Quantitative data from three
independent experiments are shown as the mean ± SD (error bars). ns p >0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

CD40 to activate cytotoxic T lymphocytes [7]. HMGB1
is released from the cell and binds to pattern recognition
receptors (PRR), subsequently activating monocytes and
macrophages to release pro-inflammatory cytokines and en-
hancing antigen presentation by DCs during the late apop-
totic stage [7]. Similarly, ANXA1 appears to act as a hom-
ing factor that plays a non-redundant role in regulating the
pathway through which DCs or their precursors ultimately

infiltrate tumor cells during ICD [7]. ATP is released from
the cell via ATP-containing vesicles. The ATP content
varies and its activated receptors are also different. When
the amount of ATP released from the cell is low, ATP can
activate the P2Y2 receptor to send a “find me” signal to
DCs and macrophages, thereby promoting DC activation
and maturation, as well as the expansion of macrophages
[21]. On the other hand, ATP can also activate P2X7 and
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Fig. 8. Elevated Serum levels of CRT and HMGB1 after chemotherapeutic stimulation in SCC patients. (A) Post-chemotherapy
Serum levels of HSP70, CRT, ANXA1 and HMGB1 were significantly higher in four SCC patients compared to non-chemotherapy
controls, as measured by ELISA. (B) Serum levels of HSP70, CRT, ANXA1 and HMGB1 in non-chemotherapy controls and in 8 post-
chemotherapy SCC patients, as measured by ELISA. Quantitative data from three independent experiments are shown as the mean± SD
(error bars). ns p >0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ELISA, enzyme-linked immunosorbent assay.

the P2X7 receptor can subsequently activate cytotoxic T
lymphocytes [22]. HMGB1, CRT, HSP70 and ANXA1 are
all DAMP molecules that play crucial roles in cell signal-
ing and in the immune response. It has been suggested that
Trametes robiniophila Murr (Huaier) induces ICD in triple-
negative breast cancer cells by promoting the exposure of
CRT, increasing the release of ATP and HMGB1, and trig-
gering the release of DAMPs [23]. This interaction may
contribute to intracellular signaling and immune modula-
tion. The Hsp70-HMGB1 complex present in the extracel-

lular matrix could potentially serve as a marker for cancer
recurrence. This complex is found in conditioned medium
and interacts with other factors, leading to enhanced expres-
sion of proliferation markers, activation of autophagy, and
increased production of prostaglandin E, all of which con-
tribute to tumor growth. Inhibition of the Hsp70-HMGB1
complex shows promise for the treatment of cancers with
a high risk of relapse [24]. The appropriate application
of amplitude-modulated radiofrequency (amRF) has been
shown to enhance the anti-tumor activity of HSP. amRF
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also promotes the secretion of HSP70 into the extracellu-
lar matrix. Together, extracellular HSP70 accompanied by
free HMGB1 and membrane-expressed CRT are DAMPs
that encourage DCmaturation for antigen presentation [25].
Moreover, it was previously reported that HSP70 and c-
Jun N-terminal kinase (JNK) may be involved in heat stress
and inflammatory stress responses regulated by ANXA1.
This interaction could influence the immune response and
the regulation of inflammation [26]. In summary, interac-
tions between HMGB1, CRT, HSP70 and ANXA1 are in-
volved in the coordination of immune responses, tissue re-
pair, and the resolution of inflammation. These interactions
provide dynamic regulatory mechanisms in various patho-
logical conditions and have potential implications for ther-
apeutic intervention.

The current results indicate that chemotherapy regi-
mens for SCC can exert immunostimulatory effects on var-
ious SCC cell lines. In particular, treatment with DDP,
NDP, OXA, and DOC significantly increased the release
of DAMPs in vitro. These findings are consistent with
the results of our in vivo vaccination assay, which showed
that mice treated with chemotherapeutic agents had a 100%
tumor-free survival rate. Therefore, further investigation
into the potential for DAMPs to increase the efficacy of
chemotherapy is warranted.

The present study used Chinese tumor models to
investigate the immunogenic potential of the second-
generation platinum drugs CBP and NDP, the third-
generation platinum drug LBP, and the first-generation
drug DDP. CBP has not been extensively studied and its
immunostimulatory effect is unclear from the available
data. Although some studies have shown that CBP failed
to induce immunomodulatory molecules in an MC38 hor-
monal mouse model [27], it was shown to effectively in-
duce DAMPs and promote ICD development in breast can-
cer models [28]. However, in Chinese tumor models the ef-
fect of CBP on the release of DAMPs is very different to that
of other platinum-based drugs that induce ICD. NDP and
LBP are independently developed platinum drugs in China
that are commonly used in clinical treatment. Although the
induction of ICD by NDP and LBP has not been exten-
sively studied, our in vitro experiments using different mod-
els (cervical SCC and esophageal SCC cell lines) confirmed
their ability to induce ICD. Although our in vitro experi-
ments showed that both NDP and LBP have good DAMP
induction potential, our in vivo experiments found that LBP
was not as effective as NDP. Similar to previous studies,
OXAwas found here to induce ICD. The present study also
found that both DDP and CBP have ICD-inducing effects.
However, DDP did not appear to activate the downstream
PRR that subsequently induces immunematuration through
CRT or HMGB1. The key molecules involved in this pro-
cess remain to be identified and will be explored further in
subsequent experiments.

It is well-known that platinum-derived chemotherapy
drugs induce cytotoxicity by forming inter- or intra-strand
DNA adducts [29]. As an inducer of ICD, OXA has been
shown to induce endoplasmic reticulum stress and to pro-
mote early- to mid-stage cytosolic expression of CRT, as
well as late-stage extracellular release of HMGB1 [30,31].
In contrast to OXA, DDP does not activate protein kinase-
like ER kinase (PERK)-dependent phosphorylation of eu-
karyotic translation initiation factor 2α (eIF2α). Conse-
quently, there is no formation of stress granules or au-
tophagy, which occur only after eIF2α phosphorylation
[32]. Although DDP is not usually considered to be an ef-
fective inducer of ICD, our animal model of cervical SCC
showed that it could induce ICD. The effect of platinum
drugs on the release of DAMPsmay therefore vary between
cancer types. Moreover, the complexity of the tumor mi-
croenvironment should also be considered when studying
key molecules involved in the induction of ICD. There is
currently a paucity of research on the second-generation
platinum drug CBP, and it is still unclear whether it induces
ICD. Differences between CBP and other platinum-based
drugs in relation to their effects on the expression of im-
munomodulatory molecules have been observed in mouse
models. CBP has been shown to effectively induce DAMPs
in breast cancer models. Although NDP and LBP are com-
mon platinum drugs used in clinical treatment in China,
their ability to induce ICD has not been extensively stud-
ied. Our in vitro experiments found that both NDP and LBP
significantly induce DAMPs. However, our in vivo experi-
ments showed that LBP was less effective than NDP. DDP
and CBP also showed ICD-inducing effects in our study,
but further research is needed to better understand the un-
derlyingmechanisms. Overall, our findings suggest that ad-
ditional investigations are warranted into the ICD-inducing
effects of platinum drugs in different cancer types.

TAX stabilizes microtubules by acting on the micro-
tubule protein system, leading to mitotic cell death and
blocking of the G2-M cell cycle [29]. TAX is considered
to be an effective inducer of ICD based on research us-
ing mouse breast (4T1), colorectal (CT26 and MC38), lung
(LL/2), and ovarian (ID8 and ID8F3) cancer cell lines, as
well as human colorectal cancer cells (HCT116). TAX
causes surface exposure of CRT and ERp57 in these tumor
cells, accompanied by the extracellular release of ATP and
HMGB1 [33]. Interestingly, our experiments also showed
that TAX can induce the expression of HMGB1, ANXA1,
HSP70, and certain levels of CRT. However, in vivo ex-
periments showed that TAX does not function as an in-
ducer of ICD, at least in SCC. Various indicators suggest
that DAMPs are important adjuvant components in the ICD
process, but do not fully indicate the occurrence of ICD. In
conclusion, the role of DAMPs in ICD requires further ex-
ploration [7]. The physical form in which TAX is used also
plays a significant role in its induction of ICD, with most
studies reporting that TAX liposomes and nanoparticles
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have a stronger induction effect on DAMPs. Various re-
sults also indicate that pure TAX does not effectively induce
ICD [34]. Although research on DOC-induced DAMPs is
limited, a study in non-small cell lung cancer revealed that
DOC significantly increased the release of HMGB1, and
this was associated with improved patient prognosis [35].
Additionally, DOC was shown to induce the exposure of
CRT at the surface of breast, prostate and colorectal cancer
cells [36]. In the present study, TAX significantly induced
the release of DAMPs in vitro, but these effects were not
replicated in the animal model. Moreover, we found that
large quantities of DAMPs released at the cellular level did
not circulate in the bloodstream. IHC analysis also revealed
low expression levels of CRT and HMGB1 in the tumor-
forming tissue at the site of reinoculation.

Our experimental approach was to evaluate the
strength of induction of DAMP molecules by platinum
drugs and TAX at the cellular level. To obtain accurate re-
sults, a multiplicative concentration treatment method was
employed to determine the optimal action time and concen-
tration threshold for each DAMP molecule. These results
informed the subsequent animal experiments, which were
conducted in three phases to validate each model. The in
vivo experiments revealed that for an ICD effect to occur,
sufficient amounts of DAMPs must be produced at the cel-
lular level and must also reach a certain level in the tumor
microenvironment and even in the bloodstream. Although
drugs such as LBP and TAX induced significant amounts
of DAMPs at the cellular level, these failed to reach the re-
quired levels in the bloodstream to induce ICD effects. Sim-
ilarly, it is known that OXA and DOC not only kill tumor
cells but also activate the immunogenic microenvironment,
thereby accelerating tumor cell death. While CBP andDOC
were found to induce ICD in our study, confirmation in a
larger range of experimental models is needed. DDP is a
non-inducer of ICD that nevertheless produced some ICD
effects through a non-traditional mechanism. This also re-
quires further study. NDP and LBP were developed in
China and share similar structures and targets with other
platinum drugs. However, LBP did not effectively induce
DAMPs at the in vivo level, rendering it inactive as an ICD-
inducing agent. In contrast, NDP showed promising results
and is quite encouraging in view of its current scope of us-
age.

The present study involved a preliminary screening
and exploration of the ICD-inducing effects of drugs used
in clinical TP protocols. However, the mechanisms that
underlie these effects were not thoroughly investigated
here. Instead, our experimental focus was on a few unique
molecules with significant DAMP activity. This may have
led to some bias in the results and may not fully explain
the ICD-inducing effects of each drug. Despite this, our re-
sults suggest that reducing the dosage of drugs, or combin-
ing them with immunological drugs, may provide clinical
benefits for patients.

Recent clinical trial data supports the notion of com-
bining a chemotherapeutic regimen with immunotherapy in
order to generate an effective anti-tumor immune response
[37–39]. By gaining novel insights into the immunogenic
properties of tumors, this could lead to more rationally de-
signed combination strategies that improve the clinical out-
come of SCC patients.

5. Conclusion
In conclusion, our study presents novel data on the im-

munostimulatory effects of clinically relevant chemother-
apeutic regimens used in the treatment of SCC patients.
Platinum-derived drugs and TAX are the core components
of chemotherapy regimens based on the TP protocol. These
induce a certain degree of adjuvant effects, such as the ex-
tracellular release of DAMPs. However, only DDP, carbo-
platin, NDP, OXA and DOC can be classified as inducers
of ICD.
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