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Abstract

Colorectal cancer is one of the most frequently diagnosed cancers. Immunotherapy has been proven 
to be a potential treatment option for colorectal cancer. Colorectal cancer maintains immune escape 
by expressing low immunogenicity and following the tolerogenic cell death pathway. There is also 
emerging evidence that oxaliplatin and photodynamic therapy (PDT) can promote anti-tumor immunity. 
However, the effect of PDT combined with oxaliplatin on colorectal cancer remains elusive. Here, we 
analyzed the viability of HCT116 and DLD-1 cell lines after treatment with the combination of PDT 
and oxaliplatin. We found that the viability decreased significantly after the combination treatment. 
Meanwhile, we also detected that sinoporphyrin sodium (DVDMS)-derived PDT could amplify oxalipla-
tin-induced immunogenic cell death (ICD) in different colorectal cancer cell lines. More importantly, 
the combination of DVDMS-derived PDT and oxaliplatin presented strong immunogenic potential in 
immunocompetent BALB/c mice in the vaccination assay. Taken together, our data demonstrated that 
the combination of DVDMS-derived PDT and oxaliplatin is a potential novel therapy for colorectal 
cancer.
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Introduction

Colorectal cancer is one of the most frequently diag-
nosed neoplasms globally. Although various new thera-
peutic strategies have been proposed, it remains the second 
most common cause of cancer-related death in the world [1]. 
The overall 5-year survival for colorectal cancer stays 
quite low as many patients are often diagnosed with an ad-
vanced stage, therefore limiting the therapeutic options [2]. 
Surgery is considered to be the only radical strategy [3]. 
In addition to surgery, therapeutic strategies include che-
motherapy, immunotherapy, and photodynamic therapy 
(PDT) [4]. However, the median survival rate of advanced 
colorectal cancer still remains low [4]. 

In the last decade, immunotherapy has been proven to 
be a potential option to treat colorectal cancer treatment. 
However, colorectal cancer maintains immune escape by 
expressing low immunogenicity and following the tolero-
genic cell death pathway [5]. Immunogenic cell death 
(ICD) refers to a specific type of cancer cell death that 
is induced by various treatments, including certain che-

motherapeutic drugs, oncolytic viruses, physicochemical 
therapies, PDT, and radiotherapy [6]. During the process 
of ICD, damage-associated molecular patterns (DAMPs) 
are released, thereby activating the organism’s immune re-
sponses. Specifically, ICD inducers can activate unfolded 
protein responses during the pre-apoptotic stage, leading 
to endoplasmic reticulum (ER) stress through activation 
of the protein kinase R-like endoplasmic reticulum kinase 
(PERK) and phosphorylation of the translation initiation 
factor eIF2α. Consequently, global protein translation is 
hindered. Capitalizing on this phenomenon, ER-resident 
chaperone proteins, including calreticulin (CRT), are trans-
located to the outer cell membrane via exocytosis. Once at 
the cell membranes, CRT interacts with the transmembrane 
receptor CD91 on immature dendritic cells (DCs) and mac-
rophages, triggering a therapeutic immune response known 
as the “eat me” signal. Furthermore, phosphatidylserines 
are released, supplementing the interaction with immature 
DCs and macrophages. Adenosine triphosphate (ATP) is 
secreted during cell death, attracting DCs by binding to 
the P2RX7 receptor, also known as the “find me” signal. 
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Additionally, nuclear high-mobility group box 1 (HMGB1) 
protein is secreted due to cell membrane damage, enhanc-
ing cellular permeabilization. In the extracellular space, 
HMGB1 binds to toll-like receptor 4 (TLR4), activating 
the myeloid differentiation primary response gene 88 
(MyD88) [7]. Collectively, these events facilitate the re-
cruitment of DCs and macrophages, antigen processing, 
maturation, and antigen presentation to T cells. Ultimately, 
the immune system is thereafter activated.

Oxaliplatin plays an irreplaceable role in colorectal 
cancer treatment. The traditional view holds that oxalipla-
tin suppresses cancer via a cytotoxic effect, which also 
limits the application of oxaliplatin due to its toxic side 
effects. Recent evidence has also proved that oxalipla-
tin is able to induce ICD [8]. Photodynamic therapy has 
emerged as a promising approach for the treatment of var-
ious cancers [9]. It is a non-invasive therapeutic modality 
that utilizes the combination of a photosensitizing agent, 
light of a specific wavelength, and molecular oxygen to 
selectively destroy cancer cells while minimizing damage 
to healthy tissues. The application of PDT in cancer treat-
ment has garnered significant attention due to its targeted 
nature, minimal side effects, and potential for synergistic 
combination with other treatment modalities [10-12]. Fur-
thermore, PDT has shown potential in combination with 
other treatment modalities, such as chemotherapy, radio-
therapy, and immunotherapy, to create synergistic effects 
and improve overall treatment outcomes. PDT has been 
proven to be able to promote anti-tumor immunity via 
ICD [13]. Immune cells, including mast cells, neutrophils, 
and monocytes/macrophages, act as key contributors in 
PDT-derived destruction of cancerous cells. Combination 
therapy is an efficient strategy to reduce drug side effects. 
However, the effect of PDT combined with oxaliplatin on 
colorectal cancer remains elusive.

We herein sought to investigate the potential influence 
of the combination therapy on the proliferation and apop-
tosis of colorectal cancer cells. More importantly, we eval-
uated whether DVDMS-derived PDT could synergize with 
oxaliplatin to strengthen the anti-tumor immune response. 
Our findings elucidated a novel and potential strategy for 
colorectal cancer treatment.

Material and methods

Cell culture and in vitro treatment

The human colorectal cancer cell lines DLD-1 and 
HCT116 were purchased from the Cell Bank of Shang-
hai Institute of Biochemistry and Cell Biology, Chinese 
Academy of Sciences and CT26 was originally obtained 
from American Type Culture Collection and was preserved 
and cultured by our laboratory. All cells were cultured in 
Dulbecco’s modified Eagle medium (DMEM) with 10% 
fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml 

streptomycin at 37°C in an atmosphere of 5% CO
2
. Myco-

plasma was detected by the Mycoplasma Real-Time PCR 
Detection Kit (4460623, Thermo Fisher).

For oxaliplatin (O9512, Sigma-Aldrich) treatment, 
cells were treated with 5 μM oxaliplatin for 4 hours. For 
PDT treatment, cells were incubated with the complete 
medium with 1 μM sinoporphyrin sodium for 4 hours, fol-
lowed by exposure to the 10 J/cm2 laser. For the combina-
tion treatment, cells were incubated with 1 μM sinoporphy-
rin sodium and 1 μM oxaliplatin for 4 hours, followed by 
exposure to the 10 J/cm2 laser.

Cell Counting Kit-8 assay

Colorectal cancer cells were seeded at a density of 1 × 103 

cells per well in a 96-well-plate. After adhesion, cells were 
treated with 5 μM oxaliplatin, or the 10 J/cm2 laser, or  
1 μM sinoporphyrin sodium, or PDT treatment, or PDT  
+ oxaliplatin. The Cell Counting Kit-8 (CCK-8) assay was 
performed at 0 hours, 24 hours and 48 hours. For CCK-8 
assay, CCK-8 (C0038, Beyotime) was added to each well, 
followed by incubation at 37°C in an atmosphere of 5% CO

2 

for an additional 4 hours. Absorbance was measured at 
a wavelength of 450 nm.

Colony formation assay

Colorectal cancer cells were seeded at a density of 1 × 102 

cells per well in a 6-well-plate. After adhesion, cells were 
treated with 5 μM oxaliplatin, or the 10 J/cm2 laser, or  
1 μM sinoporphyrin sodium, or PDT treatment, or PDT  
+ oxaliplatin. Then cells were further incubated at 37°C in 
an atmosphere of 5% CO

2
 for another 10 days. Cell colo-

nies formed in each well were stained with crystal violet.

Western blot

After treatment, cells were washed with cold phos-
phate-buffered saline (PBS) and lysed with radioimmuno-
precipitation assay (RIPA) buffer supplemented with Mini 
EDTA-free Protease inhibitor and phosphatase inhibitors. 
After denaturation, proteins were fractionated by 10% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and then transferred to PVDF membranes. 
After blocking the membranes with 5% bovine serum 
albumin and sequentially incubating with primary and 
secondary antibodies, the signal detection was performed 
with ECM Plus Western Blotting substrate. The density 
of the bands was measured with ImageJ software.

Annexin V/PI assay

Cells were cultured in a 6-well plate. After treatment, 
all the cells including the culture medium were collect-
ed according to the instructions of the Annexin V/PI cell 
apoptosis detection kit (Bio-Rad Laboratories). Cells were 
stained with Annexin V for 5 min in the dark, followed 
by staining with PI for 2 min. Finally, cell apoptosis was 
analyzed using flow cytometry.
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Enzyme-linked immunosorbent assay 

Colorectal cancer cells were seeded in a 6-well-plate. 
After adhesion, cells were treated with 5 μM oxaliplatin, 
or 10 J/cm2 laser, or 1 μM sinoporphyrin sodium, or PDT 
treatment, or PDT + oxaliplatin. Then cells were incubat-
ed at 37°C in an atmosphere of 5% CO

2
 for an additional  

4 hours. Conditioned medium was collected and stored 
at –80°C. The ATP and HMGB1 contents in supernatants 
were measured with respective enzyme-linked immunosor-
bent assay (ELISA) kits.

Tumor vaccination assay

BALB/c mice were housed in individually ventilated 
cages (IVC) under SPF conditions with ambient tem-
perature (25 ±5°C) and 45 ±5% relative humidity with  
a 12-hour light/dark cycle. The animal experiments were 
approved by the Animal Ethical and Welfare Committee, 
The Second Xiangya Hospital, Central South University, 
P. R. China. Mice were randomly separated into 4 groups. 
Mice in groups a and c were injected with PBS and mice in 
groups b and d were injected with CT26 cells (1 × 106 cells 
in 100 μl PBS) pre-treated with oxaliplatin into the right 
flank of immunocompetent eight-week-old BALB/c mice 
(day –7). Subsequently, all mice were re-inoculated with 
untreated tumor cells into the contralateral flank (day 
0). Mice in groups c and d were administered 1 mg/kg 
DVDMS through the tail vein, followed by irradiation with 
60 J after photosensitizer administration (day 5). All mice 
were monitored until sacrificed.

Statistical analysis

All results in graphs are shown as the mean value  
± SEM. For the statistical analyses. Statistical analysis 
was performed with GraphPad Prism. The results were 
analyzed using an unpaired t-test for two-group compar-
isons. One-way analysis of variance (ANOVA) followed 
by Tukey’s test was used for multiple-group comparison. 
P-values less than 0.05 were considered significant.

Results

DVDMS-derived photodynamic therapy
enhances oxaliplatin-induced apoptosis
in colorectal cancer cells

Photodynamic therapy has been reported to be used 
as an alternative therapy for various malignancies, in-
cluding ovarian cancer [14], breast cancer [15], and liver 
cancer [16]. By combining light with non-toxic photosen-
sitizers, PDT induces cytotoxic reactive oxygen species 
in cancer cells, leading to cell death [17]. Sinoporphyrin 
sodium (DVDMS), a next-generation photosensitizer de-
rived from Photofrin, exhibits potent anticancer efficacy at 
low doses [15]. In this study, we investigated the impact 

of DVDMS-derived PDT and oxaliplatin on the viability 
of colorectal cancer cells. We conducted a CCK-8 assay 
to assess cell viability after treatment with DVDMS-de-
rived PDT or oxaliplatin. As expected, treatment with 
laser or DVDMS alone did not affect cell viability, and 
both DVDMS-derived PDT and oxaliplatin significantly 
reduced cell viability (Fig. 1A). Additionally, the com-
bination of PDT with oxaliplatin exhibited the highest 
anti-tumor efficiency among all groups, as demonstrat-
ed by the CCK-8 assay and colony formation assay  
(Fig. 1A-E). These findings suggest that the combined 
strategy of DVDMS-derived PDT and oxaliplatin syner-
gistically inhibits the viability of colorectal cancer cells.

Photodynamic therapy generates molecular oxygen, 
resulting in the oxidation of biomolecules such as DNA 
and proteins, ultimately leading to apoptosis [18, 19]. 
Oxaliplatin has also been reported to induce apoptosis in 
various tumors [20]. To verify whether DVDMS-derived 
PDT and oxaliplatin induce apoptosis in colorectal cancer 
cells, we examined the expression of apoptosis-related pro-
teins. Bax, a key pro-apoptotic protein, plays an essential 
role in apoptosis [21] and is regulated during programmed 
cell death [22]. We observed increased expression of Bax 
after individual treatment with PDT or oxaliplatin. Inter-
estingly, the combination treatment of PDT and oxaliplatin 
dramatically increased Bax expression (Fig. 2A). In con-
trast, the expression of Bcl-2, a key anti-apoptotic protein, 
decreased significantly (Fig. 2A), indicating that the com-
bined treatment enhanced apoptosis. Moreover, flow-cy-
tometric analysis also revealed that the apoptotic rate was 
significantly increased in the combination treatment group 
(Fig. 2B). Collectively, our observations suggest that 
DVDMS-derived PDT combined with oxaliplatin reduces 
the viability of colorectal cancer cells through apoptosis.

Photodynamic therapy and oxaliplatin
combination promotes autophagy in different
colorectal cancer cell lines

Autophagy plays a regulatory role in cell homeostasis 
and metabolism [23] and is crucial for the release of ATP 
associated with immunogenic cell death [24]. Multiple 
autophagy-related genes are involved in autophagosome 
formation, including autophagy-related 5 (Atg5). Atg5 
is essential for autophagic flow and facilitates the con-
jugation of microtubule-associated protein light chain 3 
(LC3) to phosphatidylethanolamine, resulting in the for-
mation of LC3-II. LC3-II interacts with various adaptor 
proteins in the autophagosomal membrane, thereby influ-
encing the autophagic process. To evaluate autophagy in 
colorectal cancer cell lines, we analyzed the expression 
of Atg5 protein using western blot in DLD-1 and HCT116 
cell lines. Interestingly, treatment with DVDMS-derived 
PDT or oxaliplatin slightly upregulated the expression 
of Atg5. Furthermore, the combination treatment resulted 
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Fig. 1. The combination of DVDMS-derived photodyna- 
mic therapy (PDT) and oxaliplatin depressed the viability 
of colorectal cancer cells. DLD-1 and HCT116 cells 
were treated with oxaliplatin, or laser or DVDMS alone, 
or PDT, or the combination of PDT and oxaliplatin.  
A) CCK-8 assay was performed at 0 h, 24 h and 48 h to 
detect the cell viability. B-E) Colony-forming potential 
was assessed in colorectal cancer cells. (Data are shown as 
mean ±SD for three independent experiments. *p < 0.05, 
**p < 0.01 and ***p < 0.001, ****p < 0.0001)
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Fig. 2. The combination of DVDMS-derived photodynamic therapy (PDT) and oxaliplatin induced apoptosis in col-
orectal cancer cells. DLD-1 and HCT116 cells were treated either with oxaliplatin or PDT or the combination of PDT 
and oxaliplatin. A) Expression of Bax and Bcl-2 was measured by western blot. (Data are shown as mean ±SD for three 
independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001, ****p < 0.0001)

DLD-1
Con Oxa PDT PDT + Oxa

HCT116
Con Oxa PDT PDT + Oxa

B
ax

B
ax

B
cl

-2

B
cl

-2

β-
ac

tin

β-
ac

tin

A

B
ax

/β
-a

ct
in

 r
el

at
iv

e 
ex

pr
es

si
on

B
ax

/β
-a

ct
in

 r
el

at
iv

e 
ex

pr
es

si
on

1.5

1.0

0.5

0

2.5

2.0

1.5

1.0

0.5

0

HCT116

HCT116

Con  Oxa  PDT  PDT + Oxa

Con  Oxa  PDT  PDT + Oxa

B
ax

/β
-a

ct
in

 r
el

at
iv

e 
ex

pr
es

si
on

2.5

2.0

1.5

1.0

0.5

0

DLD-1

Con  Oxa  PDT  PDT + Oxa

Treatment

B
cl

-2
/β

-a
ct

in
 r

el
at

iv
e 

ex
pr

es
si

on

1.5

1.0

0.5

0

DLD-1

Con  Oxa  PDT  PDT + Oxa

Treatment Treatment

Treatment



Central European Journal of Immunology 2023; 48(3)

Xiaobo Wang et al.

194

C
om

p-
P

er
C

P
-C

y5
-5

-A
C

om
p-

P
er

C
P

-C
y5

-5
-A

C
om

p-
P

er
C

P
-C

y5
-5

-A
C

om
p-

P
er

C
P

-C
y5

-5
-A

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

–103  0  103  104  105

–103  0  103  104  105

Comp-APC-A

Comp-APC-A

Comp-APC-A

Comp-APC-A

–103  0  103  104  105

–103  0  103  104  105

Q1
0.014

Q1
0.018

Q1
0.021

Q1
0.14

Q4
96.7

Q4
93.1

Q4
94.6

Q4
67.5

Q2
1.12

Q2
2.08

Q2
1.49

Q2
10.2

Q3
2.13

Q3
4.78

Q3
3.87

Q3
22.1

A
po

pt
os

is
 r

at
e 

(%
)

40

30

20

10

0

DLD-1

Control  Oxa  PDT  PDT + Oxa

B

Fig. 2. Cont. B) The Annexin V/PI assay was performed to 
detect the apoptosis rate in DLD-1 cells. (Data are shown 
as mean ±SD for three independent experiments. *p < 0.05,  
**p < 0.01 and ***p < 0.001, ****p < 0.0001)

PI

Annexin V-APC



Central European Journal of Immunology 2023; 48(3)

Photodynamic therapy augments oxaliplatin-induced immunogenic cell death in colorectal cancer

195

C
om

p-
P

er
C

P
-C

y5
-5

-A
C

om
p-

P
er

C
P

-C
y5

-5
-A

C
om

p-
P

er
C

P
-C

y5
-5

-A
C

om
p-

P
er

C
P

-C
y5

-5
-A

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

–103  0  103  104  105

–103  0  103  104  105

Comp-APC-A

Comp-APC-A

Comp-APC-A

Comp-APC-A

–103  0  103  104  105

–103  0  103  104  105

Q1
5.55E-3

Q1
0.12

Q1
0.081

Q1
0.091

Q4
96.9

Q4
64.4

Q4
74.2

Q4
58.8

Q2
0.87

Q2
10.9

Q2
7.16

Q2
13.1

Q3
2.17

Q3
24.6

Q3
18.6

Q3
28.0

A
po

pt
os

is
 r

at
e 

(%
)

50

40

30

20

10

0

HCT116

Control  Oxa  PDT  PDT + Oxa

C

Fig. 2. Cont. C) The Annexin V/PI assay was performed to 
detect the apoptosis rate in HCT116 cells. (Data are shown 
as mean ±SD for three independent experiments. *p < 0.05,  
**p < 0.01 and ***p < 0.001, ****p < 0.0001)

PI

Annexin V-APC



Central European Journal of Immunology 2023; 48(3)

Xiaobo Wang et al.

196

in significantly higher levels of Atg5 protein compared to 
individual administration of PDT or oxaliplatin (Fig. 3). 
These findings demonstrate that the combination of PDT 
and oxaliplatin promotes autophagy in different colorectal 
cancer cell lines.

DVDMS-derived photodynamic therapy  
and oxaliplatin induce the release of ICD 
markers in human colorectal cancer cells

Immunogenic cell death is characterized by the trans-
location of calreticulin (CALR), which stimulates an-
tigen transfer to dendritic cells [25]. CALR exposure is 
closely associated with the phosphorylation of eIF2α. In 
this study, we found that the expression of p-eIF2α was 
slightly upregulated after individual treatment with PDT 
or oxaliplatin (Fig. 4A). However, the combination treat-
ment significantly increased p-eIF2α expression 2.2-fold 
in DLD-1 cells and 3.2-fold in HCT116 cells (Fig. 4A).

Tumor cells undergoing immunogenic cell death ex-
press danger-associated molecular patterns (DAMPs), 
including surface expression of calreticulin (CRT), secre-
tion of ATP, and release of HMGB1. CRT acts as an “eat 

me” signal to dendritic cells, triggering phagocytosis [26]. 
ATP released by tumor cells attracts cytotoxic T lympho-
cyte (CTL) infiltration [27]. HMGB1 promotes dendrit-
ic cell maturation and accelerates antigen presentation to  
CTLs [28]. We found that the secretion of ATP in the su-
pernatants of different colorectal cancer cell lines was 
significantly increased after the combination treatment  
(Fig. 4B). Similarly, the release of HMGB1 was also sig-
nificantly enhanced after treatment with DVDMS-me-
diated PDT and oxaliplatin (Fig. 4C). The upregulation 
of secreted ATP and HMGB1 indicates that PDT can 
augment the release of oxaliplatin-induced ICD markers. 
Consistent with previous reports, our results demonstrate 
that the combination of DVDMS-mediated PDT and oxal-
iplatin induces immunogenic cell death in vitro.

Encouraged by the effects of DVDMS-derived PDT 
in human colorectal cancer cells, we investigated the role 
of DVDMS-derived PDT and oxaliplatin in the murine 
adenocarcinoma cell line CT26. We analyzed the varia-
tion in cell viability and observed a significant decrease in 
absorbance at 450 nm in the combination group, indicating 
that PDT and oxaliplatin attenuated the viability of CT26 
cells. The number and size of foci were also significantly 

Fig. 3. DVDMS-derived photodynamic therapy (PDT) amplified the oxaliplatin-induced autophagy. Expression of auto-
phagy-related protein was measured by western blot after treatment in human colorectal cancer cell lines. (Data are shown 
as mean ±SD for three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001, ****p < 0.0001)
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Fig. 4. ICD markers were released in human colorectal cancer cells after treatment with DVDMS-derived photodynamic 
therapy (PDT) and oxaliplatin. A) Expression of p-eIF2α (Ser51) was measured by western blot after different treatment 
in human colorectal cancer cell lines. B) Histograms present the alteration of released ATP and HMGB1 in the superna-
tant of colorectal cancer cell lines in different groups by ELISA assay. (Data are shown as mean ±SD for three indepen-
dent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001, ****p < 0.0001)
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Fig. 4. Cont. C) Histograms present the alteration of released HMGB1 in different groups. (Data are shown as mean ±SD 
for three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001, ****p < 0.0001)
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decreased after treatment (Fig. 5A, B). These results indi-
cate that the combination of DVDMS-derived PDT and 
oxaliplatin decelerates the viability of CT26 cells.

Next, we analyzed the expression of ICD-related 
markers in CT26 cells. Western blot analysis showed that 
the combination therapy increased eIF2α phosphorylation, 
which was 1.44-fold and 1.25-fold more efficient than ox-
aliplatin and PDT treatment alone, respectively. ELISA 
analysis of supernatants revealed a 2-fold higher ATP lev-
el in the combination group compared to the oxaliplatin 
or PDT group (Fig. 5D). Similarly, the level of HMGB1 
was significantly upregulated in the combination group  
(Fig. 5E). These findings indicate that DVDMS-derived 
PDT can enhance oxaliplatin-induced ICD in the murine 
adenocarcinoma cell line CT26 in vitro.

DVDMS-derived photodynamic therapy  
and oxaliplatin combination exhibits antitumor 
vaccination effect in vivo

Indisputable evidence has already shown that ICD 
markers were released after treatment of DVDMS-de-
rived PDT and oxaliplatin, yet ex vivo experiments can-
not replace the vaccination test in vivo. Thus, we intro-
duced BALB/c mice to study the immunogenic potential 
in the vaccination test. Mice were injected with PBS or 
CT26 cells (1 × 106 cells in 100 μl of PBS) pre-treated 
with oxaliplatin into the right flank of immunocompetent 
eight-week-old BALB/c mice (day –7). Subsequently, all 
mice were re-inoculated with untreated tumor cells into 
the contralateral flank (day 0). Mice in groups c and d were 
administered with PDT (day 5).

We observed that vaccination with the CT26 tumor 
cells pretreated with oxaliplatin showed moderate tumor 
growth inhibition efficacy, as did the PDT treatment group. 
Excitingly, the combination group exhibited the highest 
antitumor efficiency in all groups, and almost completely 
eradicated the growth of the primary tumors, indicating 
that combination-treated CT26 cells stimulated a strong 
protective immune response in vivo against the subsequent 
tumor cell challenge. By contrast, mice in the control group 
showed a negligible tumor rejection effect. Meanwhile, 
the tumor-free survival was also increased in comparison 
to the control group (Fig. 6B). At the endpoint, all mice 
developed tumors in the control group, whereas only one 
mouse presented a small tumor in the combination group. 
More interestingly, four mice developed a medium size 
tumor in both the oxaliplatin group and the PDT group 
(Fig. 6B, C). These results suggest that the combination 
of DVDMS-derived PDT and oxaliplatin can induce im-
munogenic cell death in CT26 cells and subsequently elicit 
a systemic anti-tumor immune response in immunocompe-
tent BALB/c mice.

Discussion
The present study aimed to elucidate the role of oxal-

iplatin and DVDMS-derived PDT in inducing immunogen-
ic cell death in colorectal cancer. Our findings demonstrat-
ed that the combined treatment of DVDMS-derived PDT 
and oxaliplatin resulted in an elevation of phosphorylated 
eIF2α expression in both DLD-1 and HCT116 cells, lead-
ing to a reduction in protein synthesis [29]. In addition, 
our analysis revealed an increase in the release of damage- 
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Fig. 5. Cont. D, E) Levels of released ATP and HMGB1 in the supernatant of CT26 cells were detected via ELISA. Data 
are shown as mean ±SD for three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001, ****p < 0.0001)
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associated molecular patterns (DAMPs), including HMGB1, 
which stimulates dendritic cell maturation, and ATP, which 
attracts T lymphocytes, in the supernatants of treated cells. 
Notably, in an anti-tumor vaccination model, vaccination 
with tumor cells pretreated with the combined treatment 
exhibited robust inhibition of subsequent tumor cell in-

oculation in vivo. In summary, our findings suggest that 
DVDMS-derived PDT can enhance the protective immune 
response induced by oxaliplatin through the promotion 
of immunogenic cell death. This highlights the potential 
of combining DVDMS-derived PDT and oxaliplatin as 
a novel therapeutic approach for colorectal cancer.
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DVDMS, an effective component of Photofrin, has 
been granted independent intellectual property status in 
China [30]. Its photochemical activity is 10 times higher 
than that of Photofrin [31], the first photosensitizer ap-
proved by the US Food and Drug Administration (FDA). 
This makes DVDMS an efficient and safe photosensitizer 
for cancer PDT [32]. Previous studies have demonstrated 
that DVDMS-derived PDT can effectively suppress tumor 
cell proliferation and migration in various malignancies, 
both in vivo and in vitro [33, 34]. Oxaliplatin, a third-gen-
eration platinum drug widely used in colon cancer, primar-
ily kills cancer cells through platinum-DNA adducts [35]. 
Traditionally, it was believed that chemotherapeutic drugs 
inducing tumor cell apoptosis were non-immunogenic and 
did not elicit an inflammatory response. However, recent 
studies have revealed that certain chemotherapies, includ-
ing oxaliplatin, can induce immunogenic cell death [36]. 
A previous study has already demonstrated that PDT can 
augment the therapeutic efficiency of PtIV nanoparticles 
in triple-negative breast cancer [37]. In line with previous 
studies, in our research we also observed that oxaliplatin 
inhibited the proliferation of human colorectal cancer cells. 
Interestingly, when combined with DVDMS-derived PDT, 
the viability of colorectal cancer cells was further reduced, 
indicating that DVDMS-derived PDT enhanced the inhibi-
tory effect of oxaliplatin on cancer cell viability.

Bax and Bcl-2 are members of the Bcl-2 family, which 
plays a central role in regulating programmed cell death 
[38]. Bax is a core regulator of the intrinsic pathway 
of apoptosis [39]. Activation of Bax leads to permeabi-
lization of the mitochondrial outer membrane, a crucial 
step in apoptosis [40]. Bcl-2, an anti-apoptotic protein, is 
also a key regulator of apoptosis [41]. In our study, we 
observed an increase in Bax-1 expression and a significant 
decrease in Bcl-2 expression after the combined treatment 
of PDT and oxaliplatin, indicating enhanced apoptosis re-
sulting from the combination treatment.

To experimentally demonstrate that the combination 
of DVDMS-derived PDT and oxaliplatin could induce 
immunogenic cell death in vivo, we performed a vacci-
nation assay using the mouse colon adenocarcinoma cell 
line CT26. Consistent with the results from human col-
orectal cancer cell lines, we observed upregulation of pre-
dominantly ICD-related biomarkers upon the combination 
of DVDMS-derived PDT and oxaliplatin. Mice vaccinated 
with CT26 tumor cells pretreated with this combined strat-
egy exhibited significant suppression of subsequent tumor 
cell challenges, indicating the successful establishment 
of an anti-tumor immune response under these conditions.

In summary, our results illustrate the role of DVDMS- 
derived PDT and oxaliplatin in inducing immunogen-
ic cell death in colorectal cancer. The combination 
of DVDMS-derived PDT and oxaliplatin contributes to 
the inhibition of cancer cell viability in vitro. Importantly, 
DVDMS-derived PDT augments oxaliplatin-induced im-

munogenic cell death and subsequently elicits a systemic 
anti-tumor immune response in vivo. Understanding the role 
of DVDMS-derived PDT and oxaliplatin in colorectal can-
cer is crucial for facilitating the development of innovative 
cancer therapies. Overall, these findings provide a potential 
therapeutic strategy against colorectal cancer.

Conclusions

Our data indicated that DVDMS-derived PDT aug-
mented oxaliplatin-induced ICD and subsequently elicited 
a systemic anti-tumor immune response, providing a po-
tential strategy for therapeutics against colorectal cancer.

Funding

This work was supported by the Hunan Provincial 
Natural Science Foundation of China (2022JJ40713) and 
the Scientific Research Launch Project of the Second 
Xiangya Hospital of Central South University.

The authors declare no conflict of interest.

References

1. Benson AB, Venook AP, Al-Hawary MM, et al. (2018): 
NCCN Guidelines Insights: Colon Cancer, Version 2.2018. 
J Natl Compr Canc Netw 16: 359-369.

2. Freeman HJ (2013): Early stage colon cancer. World J Gas-
troenterol 19: 8468-8473.

3. Mohamed F (2017): Colon cancer surgery: is it what you do, 
or the way you do it that matters? Lancet Gastroenterol Hepa-
tol 2: 237-238.

4. Kim JK, Byun MR, Maeng CH, et al. (2020): Selective target-
ing of cancer stem cells (CSCs) based on photodynamic ther-
apy (PDT) penetration depth inhibits colon polyp formation 
in mice. Cancers (Basel) 12: 203.

5. Begley J, Ribas A (2008): Targeted therapies to improve tu-
mor immunotherapy. Clin Cancer Res 14: 4385-4391.

6. Zhang L, Montesdeoca N, Karges J, Xiao H (2023): Immuno-
genic cell death inducing metal complexes for cancer therapy. 
Angew Chem Int Ed Engl 62: e202300662.

7. Sen S, Won M, Levine MS, et al. (2022): Metal-based anti-
cancer agents as immunogenic cell death inducers: the past, 
present, and future. Chem Soc Rev 51: 1212-1233.

8. Aoto K, Mimura K, Okayama H, et al. (2018): Immunogenic 
tumor cell death induced by chemotherapy in patients with 
breast cancer and esophageal squamous cell carcinoma. Oncol 
Rep 39: 151-159.

9. Monro S, Colon KL, Yin H, et al. (2019): Transition metal 
complexes and photodynamic therapy from a tumor-centered 
approach: Challenges, opportunities, and highlights from 
the development of TLD1433. Chem Rev 119: 797-828.

10. Karges J, Chao H, Gasser G (2020): Critical discussion 
of the applications of metal complexes for 2-photon photody-
namic therapy. J Biol Inorg Chem 25: 1035-1050.

11. Zhao X, Liu J, Fan J, et al. (2021): Recent progress in pho-
tosensitizers for overcoming the challenges of photodynamic 



Central European Journal of Immunology 2023; 48(3)

Xiaobo Wang et al.

202

therapy: from molecular design to application. Chem Soc Rev 
50: 4185-4219.

12. Karges J (2022): Clinical development of metal complexes as 
photosensitizers for photodynamic therapy of cancer. Angew 
Chem Int Ed Engl 61: e202112236.

13. He C, Duan X, Guo N, et al. (2016): Core-shell nanoscale 
coordination polymers combine chemotherapy and photody-
namic therapy to potentiate checkpoint blockade cancer im-
munotherapy. Nat Commun 7: 12499.

14. Rizvi I, Celli JP, Evans CL, et al. (2010): Synergistic en-
hancement of carboplatin efficacy with photodynamic thera-
py in a three-dimensional model for micrometastatic ovarian 
cancer. Cancer Res 70: 9319-9328.

15. Ahn TG, Lee BR, Choi EY, et al. (2012): Photodynamic ther-
apy for breast cancer in a BALB/c mouse model. J Gynecol 
Oncol 23: 115-119.

16. Shi R, Li C, Jiang Z, et al. (2017): Preclinical study of anti-
neoplastic sinoporphyrin sodium-PDT via in vitro and in vivo 
models. Molecules 22: 112.

17. Mroz P, Hashmi JT, Huang YY, et al. (2011): Stimulation 
of anti-tumor immunity by photodynamic therapy. Expert Rev 
Clin Immunol 7: 75-91.

18. Klotz LO, Kroncke KD, Sies H (2003): Singlet oxygen-in-
duced signaling effects in mammalian cells. Photochem Pho-
tobiol Sci 2: 88-94.

19. Agostinis P, Buytaert E, Breyssens H, Hendrickx N (2004): 
Regulatory pathways in photodynamic therapy induced apop-
tosis. Photochem Photobiol Sci 3: 721-729.

20. Hsu HH, Chen MC, Baskaran R, et al. (2018): Oxaliplatin 
resistance in colorectal cancer cells is mediated via activation 
of ABCG2 to alleviate ER stress induced apoptosis. J Cell 
Physiol 233: 5458-5467.

21. Huang L, Han J, Ben-Hail D, et al. (2015): A new fungal di-
terpene induces VDAC1-dependent apoptosis in Bax/Bak-de-
ficient cells. J Biol Chem 290: 23563-23578.

22. Huber KL, Serrano BP, Hardy JA (2018): Caspase-9 CARD: 
core domain interactions require a properly formed active site. 
Biochem J 475: 1177-1196.

23. New M, Van Acker T, Long JS, et al. (2017): Molecular path-
ways controlling autophagy in pancreatic cancer. Front Oncol 
7: 28.

24. Martins I, Wang Y, Michaud M, et al. (2014): Molecular 
mechanisms of ATP secretion during immunogenic cell death. 
Cell Death Differ 21: 79-91.

25. Bezu L, Sauvat A, Humeau J, et al. (2018): eIF2alpha phos-
phorylation is pathognomonic for immunogenic cell death. 
Cell Death Differ 25: 1375-1393.

26. Obeid M, Tesniere A, Ghiringhelli F, et al. (2007): Calreticu-
lin exposure dictates the immunogenicity of cancer cell death. 
Nat Med 13: 54-61.

27. Ghiringhelli F, Apetoh L, Tesniere A, et al. (2009): Activa-
tion of the NLRP3 inflammasome in dendritic cells induces 
IL-1beta-dependent adaptive immunity against tumors. Nat 
Med 15: 1170-1178.

28. Apetoh L, Ghiringhelli F, Tesniere A, et al. (2007): Toll-like 
receptor 4-dependent contribution of the immune system 
to anticancer chemotherapy and radiotherapy. Nat Med 13: 
1050-1059.

29. Pakos-Zebrucka K, Koryga I, Mnich K, et al. (2016): The in-
tegrated stress response. EMBO Rep 17: 1374-1395.

30. Hu J, Wang X, Zhang K, et al. (2014): Sinoporphyrin sodium: 
a novel sensitizer in sonodynamic therapy. Anticancer Drugs 
25: 174-182.

31. Mai B, Wang X, Liu Q, et al. (2020): The application 
of DVDMS as a sensitizing agent for sono-/photo-therapy. 
Front Pharmacol 11: 19.

32. Xiong W, Wang P, Hu J, et al. (2015): A new sensitizer 
DVDMS combined with multiple focused ultrasound treat-
ments: an effective antitumor strategy. Sci Rep 5: 17485.

33. Liu Y, Wang P, Liu Q, Wang X (2016): Sinoporphyrin sodi-
um triggered sono-photodynamic effects on breast cancer both 
in vitro and in vivo. Ultrason Sonochem 31: 437-448.

34. Shi Y, Zhang B, Feng X, et al. (2018): Apoptosis and autoph-
agy induced by DVDMs-PDT on human esophageal cancer 
Eca-109 cells. Photodiagnosis Photodyn Ther 24: 198-205.

35. El Fajoui Z, Toscano F, Jacquemin G, et al. (2011): Oxal-
iplatin sensitizes human colon cancer cells to TRAIL through 
JNK-dependent phosphorylation of Bcl-xL. Gastroenterology 
141: 663-673.

36. Bains SJ, Abrahamsson H, Flatmark K, et al. (2020): Immu-
nogenic cell death by neoadjuvant oxaliplatin and radiation 
protects against metastatic failure in high-risk rectal cancer. 
Cancer Immunol Immunother 69: 355-364.

37. Wei D, Huang Y, Wang B, et al. (2022): Photo-reduction 
with NIR light of nucleus-targeting Pt(IV) nanoparticles for 
combined tumor-targeted chemotherapy and photodynamic 
immunotherapy. Angew Chem Int Ed Engl 61: e202201486.

38. Ashkenazi A, Fairbrother WJ, Leverson JD, Souers AJ (2017): 
From basic apoptosis discoveries to advanced selective BCL-2 
family inhibitors. Nat Rev Drug Discov 16: 273-284.

39. Pena-Blanco A, Garcia-Saez AJ (2018): Bax, Bak and beyond – 
mitochondrial performance in apoptosis. FEBS J 285: 416-431.

40. Hsu YT, Wolter KG, Youle RJ (1997): Cytosol-to-membrane 
redistribution of Bax and Bcl-X(L) during apoptosis. Proc 
Natl Acad Sci U S A 94: 3668-3672.

41. Adams JM, Cory S (1998): The Bcl-2 protein family: arbiters 
of cell survival. Science 281: 1322-1326.


