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Cancer is a major threat to human health because of its high mortality, easy recurrence,
strong invasion, and metastasis. Photodynamic therapy (PDT) is a promising minimally
invasive treatment for tumor. Compared with traditional treatment methods, PDT is less
invasive and does not easily damage normal tissues. Most of the effects of this treatment
are due to the direct effects of singlet oxygen together with reactive oxygen species. PDT
can provide the source of active oxygen for the Fenton reaction, which enhances
ferroptosis and also improves the efficacy of PDT in antitumor therapy. Additionally, in
contrast to chemotherapy and radiotherapy, PDT has the effect of stimulating the immune
response, which can effectively induce immunogenic cell death (ICD) and stimulate
immunity. PDT is an ideal minimally invasive treatment method for tumors. In this paper,
according to the characteristics of anti-tumor immunity of PDT, some tumor treatment
strategies of PDT combined with anti-tumor immunotherapy are reviewed.
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INTRODUCTION

Cancer is a major threat to human health because of its high mortality, easy recurrence, strong
invasion, and metastasis (1). Immunotherapy uses the body’s autoimmunity to remove and kill
tumor cells, which has the characteristics of high selectivity and low adversarial reactions (2). At
present, immunotherapy primarily includes three categories: cancer vaccine, adoptive T-cell
therapy, and immune checkpoint blocking immunotherapy (3). Photodynamic therapy (PDT), as
one of the most effective treatment modalities to tumor ablation, has attracted much attention due
to its unique immunogenicity.

Three essential contents are included in PDT procedures: non-toxic photosensitizers (PSs),
tissue oxygen, and harmless light (4). The absorption properties of PSs are matched to specific
wavelengths of light (5). PDT is a two-stage procedure, which initially uses a PS and then uses local
directional light, with the aim of confined tumor destruction. Usually, these PSs are composites with
macrocyclic configurations, which contain chlorins, porphyrins, and other tetrapyrroles. When PSs,
excited by the light of specific wavelengths of laser, react with molecular oxygen, activated PSs
transfer energy to the neighboring molecular oxygen, culminating in the generation of the efficient
singlet oxygen. Those unstable singlet oxygens are capable of directly causing cellular damage to
organelle membranes and cell membranes where they are produced and can damage targeted tumor
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cells and vasculatures via apoptosis, necrosis, and facilitated
antitumor immunity (6, 7). Compared with normal tissues,
this selectivity is achieved by the accumulation of PSs in
tumors and the fact that light is limited to a specific location.
The tumor microenvironment can be fundamentally separated
into (1) the main part of the solid tumor composed of tumor
cells; (2) vasculature around the tumor construction stamped by
endothelial cells; and (3) interstitial space composed of immune
cells as well as stromal cells (8). There are three mechanisms of
PDT-mediated tumor destruction in vivo: (1) direct killing of
tumor cells, (2) damage to the vasculature, and (3) inflammation
and immune responses (9).

Recent studies find an important role of immune response
in PDT, which attracted growing interest and inspired studies
of induction and promotion of the antitumor immune
response combined with PDT.There are three components
in the review: mechanism and effect about antitumor
immunity combine PDT, recent development of applying
antitumor immunity to get better therapeutic results,
and opportunities and challenges to facil itate PDT
antitumor immunotherapy.
MECHANISM OF PDT-INDUCED
TUMOR INJURY

At first, research finds that PDT-induced injury to tumors was
restricted to the treatment area. When PSs, the selective intake by
tumor cells, are exposed to light, the generated reactive oxygen
species destroy tumors using three mechanisms: causing
irreversible direct injury to the tumor cells, PDT-mediated
injury towards endothelial cells causing damage to the tumor
microvasculature and capillaries, and triggering an acute
inflammation and immune response (10) (Figure 1).
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(1) Direct Killing of Tumor Cells
Reactive oxygen species induced by PDT could oxidate the sub-
cellular organelles and injure the microvasculature, causing light-
induced cell death. Among them, PDT-induced killing of tumor
cells involves necrosis, apoptosis, ferroptosis, etc. Mild doses of
PDT in the mitochondria could trigger apoptosis, while necrosis
is induced when excessive doses of PDT are administered in the
plasma membrane area. Apoptosis was introduced via various
pathways following PDT-induced destruction of organelles,
which is a controlled mechanism of cell death, and its process
is highly regulated (11, 12). Photodamage-induced
mitochondrial membrane permeability leads to cytochrome c
leakage into the cytoplasm, which, in turn, activates caspase (an
extremely conserved family of cysteine-dependent aspartate-
specific proteases)-mediated apoptosis pathway (13). Apoptosis
is a controlled mechanism of cell death, and its process is highly
regulated. Opposite to the apoptotic pathway, necrosis is studied
through uncontrolled cell death modality, which occurs by
applying high doses of chemical substances and/or physical
stress. In PDT, the activation of most necrosis pathways is
interceded by high-concentration irradiation or high-dose PS.
Photodamage to the plasma membrane will lead to the leakage of
intracellular substances into the direct environment, leading to
inflammation (14).

The double-membrane structure of the autophagosome
engulfs the damaged granules, and the autophagosome fuses
with the lysosomes to break down its components (15). Even
though autophagy attempts to repair the damage to organelles
and cells caused by low-dose PDT, it may also lead to cell death
when its protective ability either is suppressed or malfunctions
due to, for instance, lysosomal damage. Ferroptosis is
characterized by the iron-dependent accumulation of lipid
peroxides by obscuring the system xc-cystine/glutamate
antiporter or inhibiting glutathione peroxidase 4 (GPX4).
FIGURE 1 | Schematic illustration of the mechanism of PDT. Three mechanisms of PDT-mediated tumor injury in vivo: (1) direct killing of tumor cells, (2) damage to
the vasculature, and (3) inflammation and immune responses.
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Oxidative modulation of cellular membrane phospholipids
increases membrane permeability, which will carry plasma
membrane rupture and finally cell death. In the type I process,
the excited PS transforms into a triplet state and combines with
oxygen to form hydroxyl radicals and superoxide. In the type II
process, the excited PS transforms into singlet oxygen. PDT can
serve as the source of H2O2 for the Fenton reaction and can serve
as a source of lipid ROS additionally (16).

PDT can activate a variety of cell death reactions and avoid
the dilemma of anti-apoptotic cells in tumors, which is the main
difficulty in the treatment of other cancers (12). Elucidation of
the in-depth role of PS and its related reaction on the molecular
level is essential to understanding PDT.

(2) Damage to the Vasculature
Neovascularization is the key process of tumorigenesis and
development. The damage to existing blood vessels or the
inhibition of neovascularization has adverse effects on tumor
proliferation (17). In the early stage of PDT, events such as
platelet aggregation, edema formation, thrombus formation,
thromboxane release, and the initiation of the complement
cascade will directly damage endothelial cells, followed by
vessel contraction, resulting in the exposure of the basement
membrane and vascular leakage (18). In PDT-treated tumors, the
initiation of complement cascade and the vascular endothelium’s
production of membrane attack complex (MAC) may be the
basis of blood supply failure (19). Meanwhile, PDT blocks
endothelial cells from releasing nitric oxide (NO) and
promotes vasoconstriction further, which will lead to ischemia-
related cell death.

First of all, tumor cells cannot synchronize with anti-
angiogenic and pro-angiogenic factors, which leads to an
unusual vascular structure, enlarged blood flow disorder, and
vascular space. At the same time, due to the mechanical
characteristics of the PS, it shows good affinity with vascular
endothelial cells and tumor endothelial cells. This oxidative stress
promotes complement activation and infiltration of neutrophils
and other inflammatory cells in previously ischemic regions.
Vascular endothelial injury leads to hypoxia. The increased
hypoxia-inducible factor-1a (HIF-1a) promotes immune escape
and immunosuppression by activating tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells
(MDSCs), lymphocytes, and dendritic cells (DCs).

(3) Inflammation and Immune Responses
PDT of tumors produces a variety of inflammatory mediators
and molecules, called damage-associated molecular patterns
(DAMPs), to signal the immune system, analogous to
pathogen-associated molecular patterns (PAMPs). PDT also
triggers a variety of cell-signaling cascades, cytokines, cell
fragments, and inflammatory mediators. PDT also accelerates
the interaction between the innate arm and the adaptive arm of
the immune system (14, 20). The process changes the tumor
microenvironment by stimulating the expression of acute-phase
response mediators and pro-inflammatory in irradiated space.
This cascade process activates general inflammation, innate
immunity, and, in turn, adaptive immunity.
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PDT, as a limited treatment, destroyed the tumor structure
directly and also initiated an acute inflammatory response
indirectly. The oxidative stress induced by PDT can increase the
delivery of heat shock proteins (HSPs) and the release of
inflammatory transcription factors and inflammatory cytokines
(14). Leukocytes infiltrate the tumor site and produce
proinflammatory factors and cytokines. The PDT mechanism,
which promotes a strong inflammatory response, induces
neutrophils to flow into the treatment site rapidly, thus
improving the tumor response rate and enhancing immunity.
Neutrophils directly act on photodamaged cells and then remove
photodamaged tumor cells, while affecting the survival/
proliferation of tumor-specific T cells and mediating the creation
of anti-tumor immunity after PDT (21). Sluiter et al. noticed that
PDT neutrophils adhere and aggregate to the microvascular wall in
vivo, which provides necessary information for the correlation of
neutrophils in anti-tumor response (22). The activation of the
complement system has become a mediator in anti-tumor
treatment, which also increases the secondary inflammatory
mediators, such as cytokines IL-1b, IL-6, IL-10, TNF-a, and G-
CSF, leukotrienes, thromboxane, prostaglandins, histamine, and
coagulation factors (23, 24). The complement activation forms
transmembrane channels, destroys the completeness of plasma
membrane, and leads to cell death and lysis.

PDT can stimulate the innate arm and adaptive arm of the
immune system because the exposure of tumor cells is essentially
related to immune cells (25). The innate immune response
system includes the complement cascade system, cellular
elements, phagocytes (macrophages, neutrophils, and DCs),
and natural killer cells. The PDT-related activation of the
innate immune system combines with recruitment, cytokine
release, activation of innate immune cells, and complement
activation (26).
PDT-INDUCED ANTITUMOR IMMUNITY
ON DIFFERENT IMMUNE CELLS

As phagocytic cells, macrophages can directly kill tumor cells,
which have the ability to differentiate into M1 and M2, two
macrophage phenotypes. Recruitment and activation of
macrophages enhanced by PDT potentiate immunity, and while
M1 macrophages are mainly concerned with immune initiation
and invasion, M2 macrophages are involved in promoting tumor
development and wound curing. M2 macrophages, known as
TAMs, are essentially an effective target for anti-tumor
treatment. It was found that photodynamically killed tumor cells
could indirectly stimulate the antitumor activity of macrophages
(27). Moreover, macrophages produce chemokines, cytokines,
and other essential mediators in the procedure of PDT-
mediated inflammation.

DCs, known as the most effective antigen-presenting cells
(APCs), are the key factor of the immune response, which link
the specific and non-specific immune reaction. The activation
and the phenotypic and functional maturation of DCs are crucial
for tumor-associated antigen (TAA) expression and cytotoxic T
May 2022 | Volume 12 | Article 863107
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lymphocyte (CTL) formation (28). In the anti-tumor immunity,
TAAs are captured by DCs through a variety of pathways,
including uptake of apoptotic tumor cells, necrotic tumor cell
fragments, or release of soluble tumor antigens, especially those
associated with HSPs (29). At the cell surface, mature DCs
deliver peptide-major histocompatibility complex (MHC)
proteins as well as appropriate costimulatory molecules, which
mainly enables CD4+ T helper cells and CD8+ to proliferate,
activate, and differentiate into effector cells, and initiates an
adaptive immune response (30). Jalili et al. found that co-
culture of DCs with PDT-treated cells can lead to active
phagocytosis, which can support the maturation of DCs, the
expression of costimulatory molecules, and the release of
proinflammatory cytokines (31). PDT could build a valuable
environment for antigen loading and DC activation at the
tumor site.

Activation of T lymphocytes plays a significant role in killing
tumor cells in the process of tumor immunotherapy, especially
cytotoxic CD8+ T effector cells presented by MHC class I
molecules. The adaptive arm of the immune system includes
APCs and antigen and is triggered by recognizing endogenous
and exogenous antigens. APCs can activate naive T cells to
convert cytotoxic tumor-specific T lymphocytes (CTLs) and
antigen recognized by B cells for antibody production. PDT-
induced immunogenic apoptosis of tumors cells through
triggering of DCs results in the activation of specific T-cell
reactions. DCs are the most effective APCs to link innate
immune responses and adaptive immune responses. DCs can
recognize antigens released by apoptotic tumor cells and travel to
Frontiers in Oncology | www.frontiersin.org 4
lymph nodes, where the TAAs were presented to immature T
cells, which turned into CTLs, cleared residual tumor cells, and
activated adaptive immunity. Mature DCs stimulate peptide-
MHC proteins, mainly activate CD4+ T helper cells and CD8+ to
CTLs, and introduce an adaptive immune response (32). They
trigger naive T cells to become tumor-specific cytotoxic T cells
that can destroy the tumor in return (Figure 2). In the early stage
of tumor ablation, although specific immune responses do not
seem to be principally effective, they may provide long-term
control of tumor cells. The optimal anti-tumor therapy involving
PDT will include immunotherapy methods that will accelerate
the progress of concomitant immunity.
PDT AND IMMUNE RESPONSE
AGAINST CANCER

PDT can induce the immunogenic death of tumor cells
[immunogenic cell death (ICD)], stimulate the release of
tumor-related antigens in tumor cell residues, and further
spread the activation and infiltration of antigen-specific T cells,
as well as their proliferation. It is one of the most widely studied
minimally invasive anti-tumor treatment methods, which is
usually combined with immunotherapy to improve the
efficiency of its anti-tumor treatment. Most studies suggest that
PDT-induced anti-tumor immunity is due to the release of
tumor antigen and DAMPs after PDT induced oxidative stress
in the tumor site. The reported samples of DAMPs released after
PDT are HSPs (such as HSP60, HSP70, HSP90), adenosine-
FIGURE 2 | The stimulation of photodynamic therapy on the immune system after treatment. The ROS can cause damage to tumor cells and lead to the release of
DAMPs, which, in turn, activate host immune cells such as neutrophils, dendritic cells, and macrophages. Immature dendritic cells infiltrating peripheral tissues
engulfed apoptotic tumor cells and oxidatively damaged cells. DAMP, damage-associated molecular pattern; DC, dendritic cell; ROS, reactive oxygen species.
May 2022 | Volume 12 | Article 863107
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triphosphate (ATP), high mobility group box 1 (HMGB1), and
calreticulin (CRT) (33), which are translocated and upregulated
to the membrane, and which, as a danger signal, can be
acknowledged and neutralized by innate immune cells, and
then trigger the innate immune response (34, 35). One of the
DAMP molecules, CRT, enhanced the tumor response of
immunocompetent mice rather than immunodeficient mice
after PDT administration (36). CRT was found to bind PDT-
damaged cells and stimulate migration and phagocytosis by DCs
and macrophages. DAMPs activate host immune cells such as
macrophages, neutrophils, and DCs. PDT-induced expression of
DAMPs may be a powerful way of killing tumor cells through
immune reaction.

(1) PDT and Immune Checkpoint
Blockade Therapy
Tumor growth and development are often accompanied by a
tumor immunosuppressive microenvironment. This
immunosuppressive network includes regulatory T cells
(Tregs), MDSCs, and type 2 (M2) macrophages, as well as
immunosuppressive cytokines (37). Immune checkpoint
molecules are considered major anticancer immunotherapy
targets because of their negative immunomodulatory effects.
Immune checkpoint blockade (ICB) therapy is one of the
effective methods to reverse the tumor immunosuppressive
microenvironment. It can block the invasion of cancer cells by
inhibiting Tregs and activating CTLs (38, 39).

Some studies suggest that PDT can induce immunogenicity
and enhance tumor T-cell infiltration, which is an effective
immunogenic therapy. It can make tumor sensitive to ICB
treatment and improve tumor treatment efficiency (40).
However, ICB treatment still needs to face challenging
conditions such as a low response ratio and immune-related
adverse events (irAEs). Improving immunogenicity and tumor
T-cell infiltration is one of the key objectives of ICB therapy (41).
Duan et al. also used monoclonal antibody programmed death-1
(PD-1) to block the inhibitory receptors of tumor cells, which
escape the host’s immune response through T lymphocyte
exhaustion (42). Therefore, the cooperative effect of immune
checkpoint inhibition and PDT could promote the suppression
of primary tumors and the elimination of metastatic lesions (43).
The regulation of gene expression through epigenetic reversion is
also helpful to enhance the anti-tumor effect of PDT. The basic
components of immune response, such as TAA or MHC I, are
usually downregulated in tumors. The expression of MHC I and
P1A can be restored by altering DNA methylation and
improving consequential immune cell recognition and tumor
antigen presentation. The results increased expression of P1A,
and enhanced adaptive immune response after PDT, anti-tumor
immune-mediated reactivation rejection, and long-term survival.

(2) PDT and Immunostimulators
Immunostimulators are a class of substances that can promote
the body’s immunity and play a role in enhancing the
photoimmunotherapy of tumors, which are often used as
adjuvants to enhance cancer vaccines (44). In order to elicit an
Frontiers in Oncology | www.frontiersin.org 5
immune response, one mode is to use PDT in combination
with immunostimulators.

Effective immunostimulants in combination with PDT
showed an excellent antitumor effect, such as cytokines in
inflammatory cascades, namely, hormones, growth factors,
complement activators, microbial vaccines, and other exogenous
immunoadjuvants such as BCG, glycated chitosan, TLR-2/4,
TLR-7, CpG oligodeoxynucleotide, and resiquimod. The tumor
antigen released after PDT and the co-existence of these
immunostimulants can significantly enhance the anti-tumor
immune response and improve the therapeutic effect. CpG
oligodeoxynucleotide is a toll-like receptor (TLR) agonist with a
strong immunostimulatory activity. It can bind to TLR9 and
promote the expression of costimulatory molecules and the
secretion of inflammatory cytokines, such as B cells, natural
killer cells, monocytes, and macrophages (45). Meanwhile,
peritumoral injection of CpG oligodeoxynucleotides can lead to
the migration of primary DCs towards the tumor, showing
improved maturation, phagocytosis, and antigen presentation to
T cells. In addition, CpG ODNs can directly inhibit the
immunosuppressive function of MDSCs and make them
differentiate into macrophages with anti-tumor activity (46).
Some researchers have constructed a CpG nanoscale metal
framework that can effectively adsorb anions to cure breast
cancer founded on the high immunogenicity of PDT. In order
to verify the therapeutic effect of CpGODNs combined with PDT,
CpG ODNs were co-loaded on the nanoscale metal framework to
transfer CpG and promote DC maturation. While CpG primes
immature DCs to activation and maturation, researchers
described that peritumoral injected CpG enhanced local tumor
control and displayed a survival benefit in mice with PDT (47).
These results show that the effective delivery of PDT and CpG can
activate the anti-tumor immunity (Figure 3). The combination of
PDT and CpG has a synergistic anti-tumor effect and can
effectively inhibit the growth of tumor, and the growth rate is
reduced, leading to a higher survival ratio.

The US Food and Drug Administration has permitted
resiquimod (R848) as an immunomodulator for skin cancers
and pathologies in clinical trials. Resiquimod (R848) is an
aquaphobic imidazoquinoline-like molecule that can bind to
TLR7 and TLR8. The motivation of TLR7/TLR8 by resiquimod
may activate APCs, upregulating the co-stimulatory factors
CD86 and CD80, which are the trademarks of DCs in
maturation, altering the phenotype from immunosuppressive
to immunogenic (Table 1) (48, 49). Mature DCs then secrete
numerous pro-inflammatory cytokines, including tumor
necrosis factor-a (TNF-a) and interleukin-6 (IL-6), controlling
anti-tumor immune responses. In conclusion, the PDT adjuvant
of immune adjuvant has the ability to inhibit tumor metastasis
and recurrence, and has broad research potential.

(3) PDT and DC Effective Vaccine
In anti-tumor immunotherapy, antigen cross-expression and
strong antigen-specific CD8+ T-cell immune response are the
key factors affecting therapeutic efficiency. In order to enhance
the anti-tumor immune response in the procedure of PDT, in
addition to the classic combined application strategy mentioned
May 2022 | Volume 12 | Article 863107
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above, there are many immune enhancement methods, such as
antigen capture, enhanced antigen expression, enhanced antigen
presentation, and immune vaccine. The relevant method to
utilize the immune stimulation effect of PDT is the PDT-
generated cancer vaccines (50).

This strategy of transforming immature DCs into operative
vaccine adjuvants throughout PDT reaction is enough to
introduce adaptive T-cell response in vivo (51). Cell lysates
produced by PDT are more effective in inducing immune
responses than lysates produced by ultraviolet or ionizing
radiation or freeze–thaw cycles (52). Among them, the cell
lysate produced by PDT can activate DCs and induce a strong
cytotoxic T-cell response, which is tumor specific and has a
greater potential to become a cancer vaccine. Unlike traditional
vaccines, which directly introduce microorganisms to produce
Frontiers in Oncology | www.frontiersin.org 6
protective antibodies that can be recognized by the human body,
cancer vaccines expose tumor cells to lethal doses of radiation
and then introduce these killed tumor cells into animals (53, 54).
Instead of the standard PDT for solid tumors, tumor tissues are
treated in vitro by PDT to produce vaccine materials, which are
injected into patients with tumors. It is expected that the host’s
immune system can recognize the killed tumor cells and
produce immunity.

An alternative to using PDT-treated tumor cells or tumor cell
lysates as vaccines is to use live DCs. By exposing DCs to PDT-
treated tumor cells or in vitro lysates, they can phagocytose cells
or free antigens and display them. Compared with the injection
of whole tumor cell lysates that have almost no immune effect,
the injection of PDT-induced cell lysates in vitro stimulated DCs
and can generate specific anti-tumor immunity against fully
established solid breast tumors in mice and prolong survival
time (55). At present, the apoptotic tumor cells produced by PDT
have been used as tumor antigen binding to DCs, and the tumor
cells treated by PDT have been used as a DC vaccine to form a
PDT-DC vaccine. This kind of PDT-DC vaccine can effectively
eradicate tumor, trigger a stronger anti-tumor preventive effect,
and enhance T lymphocyte response, which is an ideal
combination therapy strategy (56). Some scholars have found
that DCs initiated with specifically isolated MHC I binding
antigen after PDT of isolated tumor cells are more effective in
mediating immune responses (57). Filtering out non-specific and
possible immunosuppressive antigens and cytokines from cell
lysates left a more effective pool of anti-tumor antigens to present
to DCs, which created a more tumor-specific vaccine compared
to whole-cell lysate-primed DCs. More effective DC maturation,
increased cytokine production, and improved antigen-specific
CTL response in vivo were observed (57).

Zhang et al. used ovalbumin (OVA) as a model antigen and
verified that the feasibility of ROS produced by laser irradiation
TABLE 1 | Delivery routes (intratumoral injection and intravenous injection) for
PDT and immunostimulants.

Intratumoral injection Intravenous injec-
tion

Immunostimulants Glycated chitosan Photosensitizers
Mycobacterial cell wall extract GM-
CSF
Schizophyllan

GC-MAF

CpG-ODN
Zymosan
Gamma inulin
OK-432
Corynebacterium parvum
Bacillus Calmette-Guerin

Urokinase
Streptokinase
Cyclophosphamide

G-CSF
GM-CSF, granulocyte macrophage colony stimulating factor; CpG-ODN, CpG containing
oligodeoxynucleotide; OK-432, killed Streptococcus pyogenes; G-CSF, granulocyte
colony stimulating factor; GC-MAF, macrophage activating factor.
Imiquimod is applied topically.
FIGURE 3 | CpG oligodeoxynucleotides (ODNs) activate plasmacytoid dendritic cells and human B cells directly, and stimulate the creation of T helper 1 (TH1)-type
cytokines. IL, interleukin; IgM, immunoglobulin M; TH1, T helper 1 (TH1)-type cytokines; CD40, CD86, markers of activation and maturation of dendritic cells; MHC,
major histocompatibility complex; TNF, tumor-necrosis factor.
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can significantly enhance the cross-expression efficiency of OVA
antigen (58). During PDT, ROS can not only stimulate the
release of DAMPs as an immune adjuvant to promote the
maturation of APCs, but also improve the efficiency of antigen
cross-expression required by CD8+ T cells. In this study, bone
marrow-derived dendritic cells (BMDCs) were sequestered from
the tibia of mice and cultivated, which then were treated with
antigen nanoparticles. The supernatant of b16-OVA cells was
used to stimulate immature BMDCs. The results showed that
compared with the control group, the expression of CD80 and
MHC-II increased significantly in the antigen nanoparticle
groups, which confirmed the function of ROS in promoting
the maturing of BMDCs. Ni et al. have developed a type of
nanoparticle co-loaded with Dox and Ce6 that can effectively
induce ICD by using the cytotoxicity of Dox as well as the PDT
material of Ce6, so as to better expose and spread TAA. The ROS
produced in this procedure is expected to recruit DCs by
simulating the inflammatory mechanism and form an in situ
DC vaccine for the treatment of breast cancer (59). In addition to
the effective recruitment of DC, the level of serum cytokines in
mice increased, indicating that the in situ vaccine can effectively
induce inflammatory response and trigger anti-tumor
immunotherapy. Korbelika et al. used the SCCV II cells after
PDT to prepare the vaccine and established the mouse SCCV II
tumor model. The tumor growth of mice inoculated with the
PDT vaccine significantly slowed down (60). At the same time,
the level of MDSCs in spleen cells of mice was detected by flow
cytometry. The outcomes showed that the PDT vaccine had an
important effect on the amount of immunoregulatory cells in
spleen. Although the PDT vaccine is still in its early stage, recent
studies show that the PDT vaccine has the potential to become a
useful adjuvant or main treatment for diverse cancers (61).
SUMMARY

PDT, modality by electron or energy transfer, is a non-invasive
and effective method of tumor treatment that has broad
application prospects. PDT is a successful intervention for the
treatment of pre-malignant and early-stage diseases, and is
considered an effective palliative treatment for advanced-stage
diseases. Due to the limited light permeation and phototoxicity
of PSs, monotherapy regimen for PDT did not achieve an expected
Frontiers in Oncology | www.frontiersin.org 7
therapeutic effect. PDT-mediated oxidative stress and some PSs
may produce new and unique tumor antigens, which make cancer
cells treated by PDTmore immunogenic than those killed by other
methods. PDT combined with immunostimulant approaches can
significantly increase therapeutic efficacy. It should be pointed out
that the combination of immune checkpoints and PDT may be a
promising direction for future research. Recognizing the inherent
potential of PDT and the mechanism of triggering host immune
response, researchers studied the ways that various
immunotherapy strategies are consistent with the improvement
of PDT efficiency. However, it remains to be elucidated under
what situations PDT-prompted immunity can be enhanced to
overwhelm tumor immunosuppression and obtain enough anti-
tumor response, and to what amount PDT-prompted anti-tumor
immunity can result in thorough tumor rejection. In order to
answer these questions, we need to knowmore about the pathways
by which tumor cells escape host immune response. In the near
future, PDT and immunotherapy will be more effective in clinical
tumor treatment. Therefore, we should further understand the
human immune system, make full use of modern advanced
science and technology, and deeply explore the combined
treatment strategy of PDT and immunotherapy.

Improving safety assessment remains a challenge, and further
research is needed to increase the efficacy of PDT
immunotherapy for effective tumor treatment. Determining the
relationship between PDT and immune response in clinical
studies and combining it with immunotherapy will be the
focus of future research. We hope that PDT immunotherapy
will prove to be an excellent cancer treatment in clinical trials.
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