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Abstract: Benefiting from the rapid development of nanotechnology, photodynamic therapy
(PDT) is arising as a novel non-invasive clinical treatment for specific cancers, which exerts
direct efficacy in destroying primary tumors by generating excessive cytotoxic reactive
oxygen species (ROS). Notably, PDT-induced cell death is related to T cell-mediated anti-
tumor immune responses through induction of immunogenic cell death (ICD). However, ICD
elicited via PDT is not strong enough and is limited by immunosuppressive tumor micro-
environment (ITM). Therefore, it is necessary to improve PDT efficacy through enhancing
ICD with the combination of synergistic tumor therapies. Herein, the recent progress of
nanomaterials-based PDT combined with chemotherapy, photothermal therapy, radiotherapy,
and immunotherapy, employing ICD-boosted treatments is reviewed. An outlook about the
future application in clinics of nanomaterials-based PDT strategies is also mentioned.
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Introduction

Cancer remains becoming the top dominating reason for mortality in recent years
with all the efforts in finding new treatment strategies and developing basic
researches. For decades, the search for an effective cure for cancer is becoming
relentless and urgent. Currently, surgery, radiotherapy, and chemotherapy are the
most effective methods in the clinical treatment of cancers.' Surgery is suitable for
a few cancer patients in the early stage. Cancer patients, who cannot have surgery,
always accept systemic radiotherapy and chemotherapy. However, radiotherapy
efficacy is limited by the dose of the radiation, accompanying serious side effects.
Chemotherapy is widely used for cancer patients. After having an initial response to
chemotherapy, these patients usually have drug resistance, resulting in insignificant
efficacy, increased mortality, and toxic effects.

Several novel proposed therapies that own their unique traits for treating
cancers have been partly reported or adopted in preclinical researches such as
immunotherapy, gene therapy, magnetic hyperthermia therapy, and phototherapy.
Among all the novel therapies, photodynamic therapy (PDT) has absorbed much
researches’ attention, for it can directly kill cells without invasive injury. Based
on a photosensitizer (PS) which can be activated by light at a relevant wavelength
and causes singlet oxygen generation and irreversible cell death, PDT has been
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applied as a targeted therapy for cancers clinically for
more than 40 years.” PDT produces the singlet oxygen is
effective in oxidizing biological substances such as
nucleic acids, proteins, lipids in cells, and then damages
the physiological structures of cells, disrupts cell meta-
bolism and leads to cell apoptosis and necrosis.’
However, there are still many challenges for broad appli-
cation of conventional PDT in a clinic, such as most of
the PS lacks the tumor-targeting ability,* limited light
penetration towards tumor tissues,” hypoxia tumor
microenvironment,® limited PS accumulation’ and T cell
infiltration in tumors.® Benefiting from the development
of nanotechnology, advanced nanomaterials enable PDT
to overcome these difficulties step by step and expand the
range of application, achieving a satisfactory antitumor
treatment effect.

Notably, the process of PDT inducing cell apoptosis
and necrosis can effectively trigger immunogenic cell
death (ICD), which is an important phenomenon that
results in the improving immunogenicity of the tumor
microenvironment (TME). Finally, ICD elicited by PDT
can trigger systemic antitumor immunity via T cell
responses. Fong et al succeeded to eliminate about 70%
of tumors by PDT treatment with a durable antitumor
immunity for more than 1 year in a CT26 murine

model.'®

Nevertheless, recent researches further point out
that PDT-caused antigen-specific antitumor immunity is
inhibit
This phenomenon attributes to the ICD

insufficient to eradicate tumor residues and
metastasis.'!

Excited singlet state

elicited by PDT is not strong enough and ICD is always
limited by the immunosuppressive tumor environment
(ITM). Thus, researchers focus on the development of
nanomaterials-based PDT with boosted ICD efficacy in
recent years. This review introduces the recent advances
of nanomaterials-based PDT and its mechanism of trigger-
ing ICD in detail. Then the main approaches of amplifying
PDT efficacy in the induction of ICD are discussed.
Finally, we reviewed the rational methods to improve the
induction of ICD in PDT-based anticancer therapies, such
as the combination of chemotherapy, photothermal ther-
apy, radiotherapy, and immunotherapy.

Nanomaterials-Based
Photodynamic Therapy

More than 100 years ago, the researcher discovered that
a combined approach of certain chemicals and light could
lead to cell death. With steady development and continu-
ous research, this technique is widely used in clinical
treatment, which is called PDT.!? PDT, as an invasive
treatment, exerts its effects by applying PS to generate
excessive reactive oxygen species (ROS) under suitable
light irradiation.

In simple terms, the PS molecule is in a singlet ground
state (So) normally. As shown in Figure 1, with the irradiation
of proper light, the PS is activated to reach an excited singlet
state (S;). The S; state is stabilized either by emitting fluor-
escence or by a non-radiative process via intersystem cross-
ing from a singlet to a triplet state (T;). The PS in the T state
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Figure | Molecular mechanism of PDT. With the light irradiation, PS is activated from the ground singlet state Sy to the exited singlet state S,. By intersystem crossing, they
are converted to the excited triplet state T,. Afterwards, electron transfer from T, to biological substrates (type | reaction), or energy transfer to molecular oxygen (type 1T

reaction) that leads to a burst of ROS production.
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can produce cytotoxic ROS through Type I and Type II
reactions. The Type I reaction involves the transfer of either
a hydrogen atom or an electron between the excited PS and
the substrates, leading to the generation of free radicals.
These radicals then react with oxygen, resulting in the pro-
duction of ROS such as superoxide (O,*), hydroxyl radicals
(HO¢) and hydrogen peroxide (H,O,). The Type II reaction
involves the energy transfer between the excited PS and the
molecular oxygen in the ground state (*0,), resulting in the
formation of a highly reactive state of oxygen known as
singlet oxygen ('0,)."*"*

The excessive ROS generated by PS is efficient in
killing cancer cells, which could directly destroy cellular
organelles (eg mitochondria, cell nucleus, lipids). When
treating proper laser irradiation, PDT has been applied in
various cancers, such as skin, prostate bladder, head, neck,
and lung cancers. In a clinic, when patients receive PDT
treatment, they would be injected with PS firstly, and then
the treatment sites are irradiated with specific light, result-
ing in the consumption of oxygen and generation of cyto-
toxic ROS, which leads to tissue destruction and cell
death.'> Three vital elements: PS, light, oxygen offer
equal efficacy to the PDT, while every single element
has no effects. Compared to traditional tumor therapies
including surgery, radiotherapy, chemotherapy, PDT owns
its unique characteristics, such as lower toxicity of normal
sufficient efficacy, and accurate
PDT s
a prospective method for intractable cancer treatment in

tissues, targeting

treatment.'®  Therefore, emerging  as
the clinic.

However, PDT has not yet become a first-line inter-
vention method of clinical cancer treatment, and this is
mainly caused by several reasons: (1) the commonly used
PS is hydrophobic molecules, which lack stability and
selectivity for tumor cells in the biomedical system.'” (2)
The treatment tissue depth of PDT clinically is relatively
low because the relevant light PS absorbed exists as short
wavelength, which fails to penetrate the deep tissues.” (3)
In the process of photodynamic reaction, the PS needs to
transfer energy to oxygen to generate highly efficient ROS.
And excessive ROS makes PDT have serious oxygen
dependence. Tumor hypoxia is confirmed as a unique
trait of most solid tumors, largely limiting the efficacy of
PDT."

To overcome the above shortcomings, improve and
broaden the clinical application of PDT, more and more
tumor-targeting drug delivery system has been widely

developed. Benefiting from nanotechnology, recent

reported nanomaterials-based PDT overcomes above
shortages and the application of PDT is expanded. Qian
et al reported tumor-targeting theranostics nanoparticles
loaded with PS (Ce6), called HSA-Ce6@HSA-RGD for
image-guided PDT.'” The self-assembled RGD modified
nanoparticles (NPs) could effectively deliver Ce6 to tumor
sites, which overcame the tumor-targeting limitation of PS.
After laser irradiation, the treated mice’s overall survival
lengthened to 40 days without any mice death. To solve
PDT’s limited penetrating ability, researchers applied
lanthanide-doped upconversion nanoparticles (UCNPs) to
form UCNPs-based PDT, which is triggered by near-
infrared light (NIR). Benefiting from the long wavelength,
NIR light can penetrate deep tissues (> 3 cm) with lower
light scattering and absorption of human tissues. Besides,
NIR light can be absorbed by UCNPs to elicit visible or UV
light. A UCNP-based micelle, which can transfer NIR light
to 540, 650 nm luminescence, was created for tumor ima-
ging and PDT by Gong et al.*® Rose Bengal (RB) mole-
cules as PSs could absorb 540 nm luminescence and
generate ROS for effective PDT. In addition, 650 nm lumi-
nescence was captured for specific tumor imaging.
Furthermore, the design of oxygen-carrying nanocarriers
could safely and efficiently transport oxygen to the tumor
site, improve the hypoxia state of the tumor sites, and solve
the serious problem of oxygen dependence in PDT. Besides,
Guoliang et al reported an oxygen self-sufficient NIR-
responsive nanosystem for enhanced PDT against hypoxic
tumors, which had high oxygen capacity and showed
remarkable efficacy of PDT.?! In general, the mainstream
applied nanomaterials to deliver PS for better PDT efficacy
in vivo, mainly including liposomes, synthetic micelles,
polymer nanoparticles and inorganic nanostructures.
Organic nanomaterials including liposomes, micelles and
polymers can be modified with tumor-targeting molecules,
which not only improve the stability and biocompatibility
of PS but also deliver PS to the target cells to improve the
curative effect and reduce side effects. However, the limited
tissue penetrating ability of PDT remains unsolved. And the
recent reported functional nanomaterials, especially the
inorganic materials, such as UCNPs, quantum dots, carbon
nanomaterials and gold nanomaterials, which can be used
as NIR light acceptors to activate PS and result in tumor cell
damage in deep tumor treatment directly.*> Although the
inorganic nanoparticles face the challenge of* biocompat-
ibility in vivo, their unique multifunctional ability enables
them to be promising candidates in the field of deep tumor
PDT. Therefore, taking full advantage of nanotechnology,
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nanomaterials-based PDT exhibits specific tumor targeting
and accumulating ability, that provides deeper treatment
depth with reduction of side effects, and achieves much
ideal efficacy in clinical therapeutic applications than con-
ventional PDT.

PDT Induces Immunogenic Cell
Death

ICD is an umbrella term covering several cell death modal-
ities, such as apoptosis, necroptosis and ferroptosis.
Although these cell death modalities differ from each other
morphologically and biochemically, they are all character-
ized by the emission of immune-stimulatory molecules.*
Immunogenic apoptosis is characterized by ROS-based
endoplasmic reticulum (ER) stress and induction of autop-
hagy, and its immunogenicity is caspase-dependent. Notably,
PDT induces a specific form of immunogenic apoptosis.>*
Necroptosis is the cell death mode that can be blocked by
inhibitors of RIPK1, RIPK3 and MLKL, which is usually
immunogenic.>> Ferroptosis is an iron- and ROS-dependent
form of regulated cell death.’® Recently, ferroptosis was
reported to induce an anti-tumor immune response for
tumor therapy.>’

Recent researches demonstrated that PDT can dramati-
cally activate adaptive and innate antitumor immunity. In
the direct pathway, PDT gives rise to acute inflammatory
responses by oxidative stress and local damages, which
leads to activation of innate immunity. In the indirect path-
way, tumor cells destroyed by the PDT procedure would

elicit the adaptive immune responses through triggering

Cytotoxic CD8+ T cells

Synergistically
I promote

Combination therapies
Relieve ITM
Increase immunogenicity

damage-associated molecular patterns (DAMPs) and the
% The
activation of DAMPs is essential to ICD, including the

release of tumor cell debris during the ICD process.

expression of calreticulin (CRT) on the cell membrane sur-
face, and extracellular secretion of high-mobility group box
1 (HMGBI1) and adenosine triphosphate (ATP).?’ In detail,
CRT is known as an
HMGBI1 and ATP secretion, which can activate antigen

“eat me” signal accompanying
presentation cells (APCs) such as dendritic cells (DCs) to
exert antitumor immunity.>* Besides, exogenous HMGBI1
can interact with Toll-like receptors on DCs, which pro-
motes proinflammatory factor generation, thereby inducing
the maturation of DCs. Mature DCs voluntarily migrate to
lymph nodes and present specific antigens to primary
T cells.?*2" And then, activated cytotoxic T lymphocytes
(CTLs) efficiently infiltrate into tumor sites, leading to
eliminate the primary tumor and track metastatic tumor
sites.> The illustration of PDT induces T cell-mediated
antitumor immunity via ICD was shown in Figure 2. It is
worth noting that DAMPs are the main characteristics of
cancer cells undergoing ICD, which are associated with
induction of an anti-tumor immune response.>® However,
ex vivo measurements of ICD parameters are potentially
artifact-prone. Thus, the “gold standard” protocol for the
in vivo assessment of ICD in mice should be applied, which
includes the experiment of tumor prophylactic vaccination,
followed by rechallenge with living entities of the same
type, in syngeneic immunocompetent animals.>* The initial
research was reported in 1994, Canti and his colleagues

Antigen

uptake u

compared the efficacy of normal mice and
o {
- ( - ®
Mature DC

Immature DC

Figure 2 The process of PDT-triggered antitumor T cell responses via immunogenic cell death and the rational strategies to improve antitumor immune responses. PDT
killed cells can release cytokines, which stimulate DCs’ maturation. Mature DCs spontaneously migrate to lymph nodes and present antigens to T cells. After antigen-
presenting, effector T cells efficiently migrate to tumor sites and kill cells. The rational strategies of promoting PDT-triggered antitumor immunity include combined PDT
with ICD-boosted therapies, decrease immunoregulatory suppression with ITM relief, and increase tumor immunogenicity.
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immunodeficiency mice bearing MS-2 fibrosarcoma treated
with long-term PDT. The results demonstrated that the
survival rate of all mice was significantly improved, and
mice with normal immunity had no tumor recurrence, while
tumor recurrence was observed in immunodeficiency
ICD-mediated
responses, PDT offers a spontaneous antitumor immunity
with local release of DAMPs and mature DCs, finally lead-
ing to activation of cytotoxic T cells for tumor metastasis

mice.*® Therefore, through immune

and proliferation.

However, recent studies have pointed out that even if
PDT causes antigen-specific T cell immune responses,
these antitumor immune responses are not strong enough
to eradicate tumor residues. T cell responses induced by
ICD are widely limited in vivo. On one hand, ICD
initiated by PDT is relatively weak and short-lived,
which cannot support systematic T cell responses. On
the other hand, an autologous immune response is limited
by immunosuppressive tumor microenvironment (ITM),
which is the reason why most conventional PDT did not
exhibit expected long-lived antitumor efficacy.*® Thus, to
improve the antitumor efficacy of nanomaterials-based
PDT, it is vital to offer proper approaches to boost ICD
and rationally reverse ITM. To overcome the limitation of
ICD induced by PDT, there are 3 rational strategies
shown in Figure 2: (1) combination of PDT with other
ICD-based therapies, including radiotherapy, chemother-
apy, which increase the release of ICD inducers, and
amplify ICD efficacy; (2) decrease immunoregulatory
suppression with ITM reversion, such as applying
immune checkpoint inhibitors to combine with PDT; (3)
enhance the immunogenicity of tumor cells, leading to
the maturation of DCs, such as utilizing immunoadju-
vants during the PDT treatment. Herein, recent represen-
tative nanomaterials-based researches which improve
PDT efficacy via the combination of ICD-amplified thera-
pies with boosted antitumor immunity have been
reviewed in detail.

Combination of PDT with
ICD-Based Therapy

Recently, several potential therapies such as phototherapy,
chemotherapy, and radiotherapy, are effective in eliciting
ICD. The combination of PDT with these ICD-based can-
cer therapies can synergistically induce DCs maturation
and elicit cytotoxic T cells, which has a great potential for
treating metastatic cancers without effective treatments.*’

Advanced nanotechnology enables scientists to create
a tumor-targeting drug delivery system for safe, effective,
and compatible combined therapy.

Combination of PDT with Chemotherapy
Chemotherapy is the first-line treatment in clinical cancer
therapy with wide application. Recently, it has been
proved that some chemotherapeutic agents including oxa-
liplatin (OXA),*® doxorubicin (DOX),* and mitoxantrone,
had antitumor immunity through provoking ICD in the
TME. Nanomaterials-based drug delivery system, which
co-delivers PS and chemotherapeutic drugs, can realize
synergistic efficacy of PDT and chemotherapy, with
increased tumor accumulation and precise release at
tumor sites. On one hand, combining PDT with che-
motherapy can overcome the multidrug resistance (MDR)
produced during tumor treatment and reduce the therapeu-
tic dose of chemotherapeutic drugs.** On the other hand,
PDT combined with chemotherapy increases the release of
DAMPs, enhances ICD efficacy, and thereafter triggers
CTLs infiltration in tumor sites for tumor regression.

He and colleagues successfully synthesized core-shell
nanoparticles called NCP, which co-delivered PS pyroli-
pid and OXA for combination therapy of PDT and che-
motherapy. Pyrolipid-triggered PDT with OXA releasing
induced immune responses, resulting in the inhibition of
distant tumors in bilateral syngeneic mouse tumor mod-
els of CT26 and MC38. The results of in vitro experi-
demonstrated NCP@pyrolipid with  light
irradiation could induce ICD with secretion levels of
CRT, IFN-y, IL-6, TNF-o significantly increased.*® Ni
et al reported the application of a mental-organic frame-

ments

work (MOF) nanoparticle-loaded Cu-porphyrin with anti-
of PDT
chemotherapy. The

tumor efficacy and hormone-induced

nanoplatform was specifically
designed for hormone dysfunction tumor subtypes. The
demonstrated that Cu-TBP with light had

a significantly stronger ICD compared to other treatments

results

for synergy of hormone-induced chemotherapy and PDT
process.*' A melanoma mouse model of single B16F10-
tumor bearing C57BL/6 mice was used to assess the
in vivo treatment efficacy, which showed the tumor
growth inhibition indice was about 96.6% of the Cu-
TBP plus light irradiation.

DOX is emerging as a practical agent for ICD
induction.*” A high-density lipoprotein—mimicking nano-
discs loaded with DOX was applied with immunotherapy
for preclinical researches. Combined chemoimmunotherapy
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with nanodiscs plus anti-programmed death 1 therapy
resulted in 80 to 88% of survivors in both MC38 and CT26
colon murine models.* The combination of DOX and PDT
not only provokes cytotoxic ROS but also reverses ITM via
inducing ICD and modulating immune cytokines, which
significantly  improve = chemo-photodynamic therapy
efficacy.* Jin et al designed a multifunctional UCNP co-
loaded with PS RB and DOX, for chemo-photodynamic
therapy upon NIR irradiation. In vitro and in vivo research
confirmed DOX and ROS released by PDT both induce ICD
with overexpressed CRT and enhanced secretion of ATP,
HMGBI. Results also indicated that chemo-PDT treatment
was effective in inhibiting tumor metastasis in lungs with an
increased proportion of CD4", CD8" T lymphocytes in a 4T1

. 4
murine model.*’

Combination of PDT with Photothermal

Therapy

Photothermal therapy (PTT) is a kind of hyperthermia cure
for tumors via the usage of chemical agents that can
absorb light and elicit hyperthermia efficacy.'' During
PTT treatments, the local high temperature in tumor sites
causes large amounts of cell death and induces different
biological reactions, especially the release of DAMPs.
PTT results in the overexpression or enhanced secretion

of heat shock proteins (HSPs), HMGBI, and ATP.***
However, hyperthermia has obvious damage in surround-
ing normal tissues, resulting in the inactivation of immune
effective proteins, thereby causing suppression of host
antitumor immunity.*® PTT and PDT are known to be the
two main noninvasive medical techniques in treating var-
ious diseases including tumors. The combination of PTT
and PDT not only triggered the photothermally enhanced
PDT efficiency, but also induced a synergistic effect - the
photothermal effects can accelerate intratumoral blood
flow, thus leading to more oxygen transported into the
tumor to amplify the PDT efficacy.**° In addition, PTT
and PDT all belong to phototherapy, and they all exhibit
a T cell helper 1 (Thl)-based immune response. Thus, the
combination of PDT and PTT triggered by a single light
source is widely investigated. As shown in Figure 3, che-
mical molecules absorbed relevant wavelength light to
exert antitumor effects, via biochemical reaction of PTT,
PDT, and photoimmunotherapy (PIT). Checkpoint inhibi-
tors applied in phototherapy are supposed to block
immune checkpoint receptors for enhancing cytotoxic effi-
cacy of antigen-specific T lymphocytes.”!

For instance, Wang et al reported a UCNP nanoplat-
form constructed by self-assembled indocyanine green
(ICG) and DSPE-PEG, which loaded PS. ICG significantly
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[
Q
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Figure 3 An overview of cancer treatment using the combination of phototherapy and Schematic depiction of the combined therapy of immunotherapy and phototherapy.
Note: Reproduced from Wang M, Rao J, Wang M, et al. Cancer photo-immunotherapy: from bench to bedside. Theranostics. 2021;11(5):2218-2231. doi:10.7150/

thno.53056.°"
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enhanced PDT efficiency and synchronously enabled
selective PTT upon NIR irradiation. The results demon-
strated that UCNPs co-loaded PS, ICG phototherapy strat-
egy exhibited an enduring immune memory response in an
orthotopic breast cancer model of 4T1 in BALB/c mice,
which protected tumor-bearing mice from tumor relapse.’>
Accompanied with a checkpoint inhibitor, there were
approximately 84% of mice survived over 2 months, and
over 34% of mice developed antitumor immunity. These
findings imply that PDT combined PTT with a checkpoint
inhibitor could effectively elicit systemic T cell activation.

Recent researches demonstrated ROS evoked ICD via
triggering ER stress. As ER stress is important in activating
ICD, researchers built an ER-targeting drug delivery system
for improving PDT efficacy.”®> The gold nano-spheres con-
sisted of ER-targeting peptides and ICG (FAL-ICG-HAuUNS)
was designed by Li et al The nanoparticles can generate an ER-
targeting ability in realizing PDT and PTT.>* Meanwhile, they
applied hemoglobin (Hb) liposomes to deliver oxygen in vivo,
which were efficient in reversing tumor hypoxia and evoking
PDT efficacy. The experiments taken in vivo depleted activated
T lymphocytes via injecting anti-CD4 and CDS antibodies in
CT-26 and B16 tumor models, which was supposed to figure
out the dominant role in PDT/PTT-mediated immunotherapy.
The results proved that ICD-mediated cytotoxic T cell
responses owned a dominant role in PDT/PTT-triggered anti-
tumor immunity. Taken together, ER-targeting PDT combined
with PTT exhibited an outstanding efficacy of combating
primary and distant tumors accompanied with a strong long-
term antitumor immunity.

Combination of PDT with Radiotherapy

Benefiting from the deep tissue penetration, X-rays have been
broadly applied in clinics for cancer imaging and curing.
Besides, radiotherapy (RT) is existing as a powerful wide-
spread cancer treatment with over 70% of cancer patients’
adoption for more than 100 years.”> The mechanism of RT
inducing cell death is believed to be the DNA damage of
X-rays, which can also evoke ICD in situ and stimulate T cell-
mediated anticancer effects.”® However, RT is still facing the
challenges created by its severe adverse effects on normal
organs and radio-resistance of tumor cells.”’ Relevant studies
have shown that PDT combined with RT can increase the
sensitivity of tumors to radiation and improve the effectiveness
of treatment.”® At the same time, PDT can also shorten the
exposure time or reduce the radiation dose of RT. In clinical
research, it was confirmed that PDT combined RT for patients
with advanced tumors could significantly improve the quality

of life, alleviate the symptoms, relieve pain and prolong
survival.>

Recently, the scintillator is widely investigated, which is
a kind of material that can transfer X-rays to UV-visible
luminescence for X-ray-induced PDT after loading various
PS, for a combination of PDT with RT. Many types of
researches have focused on PS-loaded nanoplatforms to trans-
fer X-rays into proper luminescence, achieving combined anti-
tumor effects of PDT and RT with a lower dosage of X-ray
irradiation.®>®! For example, Sun and colleagues created a PS-
loaded heterogenous Au nanoplatform named AIE-Au, which
enabled a lower dosage of X-ray-induced PDT with fewer
adverse effects.®” The outcomes in research confirmed that
AIE-Au could not only produce excessive ROS with
a dramatic decrease of X-ray dosage but exert effective RT
efficacy in U87MG tumor-bearing mice in vivo. Besides, Doix
et al used cancer cells killed by PDT to stimulate DCs and then
assessed the combined antitumor efficacy of stimulated DCs
and RT in vivo.*® The researchers applied PS OR141 as an
efficient ICD inducer with a relatively low dosage to achieve
maximal antitumor immune responses. Matured DC activated
by PDT, was first injected in tumor-bearing mice for a period,
and then those mice received RT treatment, resulting in
asignificant delay of tumor proliferation. The results illustrated
that it was crucial for combining T-cell mediated immune
responses with RT treatments. Further, these researches
explored RT combined PDT with an immune checkpoint inhi-
bitor for mesothelioma cancer treatment.®* The in vivo results
showed an increased proportion of CD4" and CD8" T cell
infiltrating in tumor sites and the significant enhancement of
cytokine release such as IFN-y and TNF-a.

Combination of PDT with Other Therapies
In recent years, more and more new therapies were syner-
gistically applied with PDT for better systemic antitumor
efficacy. Adoptive cell therapy (ACT) is a kind of immu-
notherapy in which T cells are genetically modified to
express a chimeric antigen receptor (CAR) or T cell recep-
tor (TCR).® During the ACT treatment process, large
numbers of tumor-specific T cells are obtained from
patients and expanded in vitro and infused back to
patients. To some extent, ACT strengthens or alters the
intrinsic immune capacity and exploits its efficiency in the
treatment of cancer disease. However, ACT has had lim-
ited success in the treatment of solid tumors due to the
protective microenvironment.®® In preclinical researches,
many researchers have explored the combination strategies
to overcome the limited efficacy of ACT. The combination
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of CAR-T and PTT has been applied and showed superior
CAR-T accumulation and tumor-control efficacy in solid
tumor models.®” However, the research about CAR-T
combined with PDT has not been reported so far.
Besides, Mladen Korbelik reported the application of
a human natural killer (NK) cell line which was geneti-
cally altered to produce interleukin-2 (IL-2) as the adju-
vant after PDT treatment. The modified NK cells were
used for adoptive immunotherapy in combination with
PDT and the results demonstrated their effectiveness in
improving the outcome of therapy of both subcutaneous
xenografted human tumors in immunodeficient mice and
mouse tumors growing in syngeneic immunocompetent
mice.®® Recently, Fang et al designed PDT-motivated
autologous tumor cell-based vaccines (P-ATVs), which
could be easily produced within a few days and efficiently
boost neoepitope-specific CD8" T cells to activate adop-
tive immunotherapy, unlike ACT or neoantigen-based vac-
cine that takes several months to prepare.”” P-ATV was
engineered by coating oxidized autologous tumor cells
with polyethylenimine-conjugated chlorin e6 (PEI-Ce6)
in hydrogels. The results demonstrated that modified
tumor cells coupled with PDT could effectively mature
DCs, suppress regulatory T cells, boost neoepitope-
specific CD8" T cells, and inhibit tumor relapse in mela-
noma and colorectal mouse models without obvious side
effects.

Sonodynamic therapy (SDT) as a new non-invasive
approach developed from PDT, it can kill tumor cells selec-
tively and specifically. Similar to PDT, the scientific basis of
SDT-induced toxicity involves the generation of ROS by the
combination of low-intensity ultrasound, O,, and
sonosensitizers.”® Both ultrasound and sonosensitizers are non-
toxic. Moreover, deep tissue penetration of ultrasound waves
allows the destruction of deep-seated or large tumors.”'
Preclinical animal models have confirmed that the dying
tumor cell fragments induced by the SDT procedure can be
used as the source of tumor antigens to trigger the host anti-
tumor immune efficacy.”” Therefore, SDT combined with PDT
can not only overcome the poor tissue penetration of PDT, but
can also induce systemic antitumor immunity. Zheng et al
synthesized a UCNP-based platform co-loaded with protopor-
phyrin (PpIX) and DOX for achieving a good tumor therapeu-
tic efficacy. The PS as well as sonosensitizer PpIX exhibits
a response to both ultrasound and NIR stimulation. B16-FO
tumor model was established for in vivo SDT and PDT
studies.” The most severe tumor cell damage was presented
in the synergistic treatment group, while cancer cells in other

groups were not notably affected or only showed partial
damage and apoptosis. Similarly, Liu et al developed a self-
assembled RB-loaded peptido-nanomicelles (RBNs), and they
were used as both engineered molecular probes and a novel
nano-formulation for synergy-enhanced tumor treatment of
SDT, PDT and chemotherapy.™

Strategies of Relieving

Immunoregulatory Suppression
Although PDT triggers antitumor immunity via the ICD
process, its efficacy is not strong enough to eradicate
tumor residuals under an ITM. The unique TME is
reported as one of the most important parts of tumor
therapies, which is tightly related to tumor metastasis and
recurrence. Thus, ITM efficiently limits PDT-induced ICD
efficacy. Besides, PDT triggered ROS prompts oxidative
reaction of danger signals, which induces immune sup-
pression or tolerance with immunosuppressive cytokine
release.'! Therefore, to counteract the immunosuppressive
effects of PDT and decrease immunoregulatory suppres-
sion with ITM reversion, more and more researchers
focused on PDT combined with immune checkpoint block-
ade (ICB). ICB directly blocks immunosuppressive recep-
tors and breaks tumor immune suppression, leading to the
strengthened cytotoxic T cells and unleashes the therapeu-
tic potential of endogenous antitumor immune responses.”
Thus, when ICB is combined with PDT, it can inhibit the
immune checkpoint activity in the TME, promoting PDT-
induced antitumor immune responses. Meanwhile, PDT
can lead to the release of DAMPs and tumor antigens
that are essential to triggering an innate immune response,
thereby serving as a good adjuvant to immunotherapy.
These factors could serve to promote synergy between
PDT and immune checkpoint blockade.”®

Currently, the main ICB therapy using indoleamine
2,3-dioxygenase (IDO), anti-programmed death-ligand 1
(aPD-L1), anti-programmed death 1 (aPD-1), and anti-
cytotoxic T lymphocyte-associated antigen 4 (aCTLA-4)
antibodies have exhibited great capability in clinics.
Treated antibodies can block IDO,77 CTLA—4,78 or PD-
1,” and dramatically lengthen the overall survival of var-
ious cancer patients. Thus, the strategy of combined ICB
therapy with nanomaterials-based PDT is a promising
approach and attracts lots of researchers’ attention in
recent years. The recent researches of nanomaterials-
based PDT combined with ICB were tabulated in Table 1.
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Table | Preclinical Studies of Nanomaterials-Based PDT Combined with ICB
PS Mediated ICB Combined Light | Cancer Effectiveness Ref.
Nanomaterials Receptor | ICB Drug | Source | Model
H4TBC MOF IDO INCB24360 | 650 nm | CT26 and | This treatment promoted an efficient [84]
MC38 inhibition in local and abscopal tumors in
tumor a bilateral tumor murine model.
models
Porphyrin Redox-activatable IDO NLG-8189 660 nm | 4TI The percentage of CD8" T cells in the [85]
liposome tumor treated tumors significantly enhanced to
murine approximately 10.51%, compared to that
model in PBS group was about 5.11%.
Ceb iPSs (self-assembly of IDO NLG919 660 nm | CT26 The percentages of CD4" and CD8* [86]
Ce6 and NLG919) tumor T cells in PDT combined immunotherapy
murine achieved 2.3, 5.1-fold higher than that in
model ICB treatment, which was 1.4, |1.8-fold
higher than the PDT treatment.
Ceb UCNPs CTLA-4 Anti-CTLA4 | 980 nm | CT26 PDT applied with aCTLA-4 provided an [88]
antibody tumor outstanding effect in eradicating residual
murine tumors with enduring immune responses,
model especially curing distant tumors without
direct light irradiation.
ZnPc UCNP@SiO2@AuNPs CTLA-4 Anti-CTLA4 | 980 nm | 4TI The treatment was effective in inhibiting | [89]
antibody tumor the subcutaneous xenograft tumors with
murine minor side effects.
model
Ceb M-MONs CTLA-4 Anti-CTLA4 | 660 nm | MCF-7 The treatment system-induced ICD [90]
antibody and 4TI including DAMPs release, TNF-o, IL-6,
tumor and IFN-y secretion, which promoted
murine DCs maturation, CTLs infiltration, and
model reduced Tregs activation.
Pyrolipid Zn-pyrophosphate PD-LI Anti-PD-L1 670 nm | 4TI The combined application of PDT and [93]
antibody tumor aPD-LI resulted in a 92% reduction in
murine tumor volumes compared to the PBS
model group, indicating a satisfactory efficacy for
metastatic tumors.
Ceb Ce6/BMS-202 PD-1/PD- BMS-202 660 nm | 4TI This therapy offered a long-term immune | [94]
nanoparticles LI tumor memory response, which efficiently
murine protected mice from tumor recurrence
model and metastasis.
Pyropheoph- Cyclodextrin-grafted PD-LI JQl 671 nm | Panc02- This study consistently verified that it [96]
orbide hyaluronic acid (HA- pancreatic | could elicit a potent antitumor immune
CD) tumor response in pancreatic cancer while
model relieving immunosuppression.
IR775 Liposome PD-LI Metformin 785 nm | MB49 and | The weights of collected tumors in the [97]
CT26 PBS group were 8-fold heavier than that
tumor in the NPs + Laser group, indicating this
murine therapy possessed excellent antitumor
models efficacy for various types of cancers.
International Journal of Nanomedicine 2021:16 https: 4701
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IDO Inhibitor Combined with PDT

IDO is known as an intracellular enzyme that is often
overexpressed by many types of tumors. Based on tumor
biological reaction, IDO catalyzes tryptophan to be cata-
bolized, thereby facilitating T lymphocytes’ futility in the
process of tumor proliferation. In addition, IDO also pro-
motes the activation of T regulatory cells (Tregs), which
suppresses immune reactions in various ways to modulate
the TME.® Therefore, it is important to control the IDO
expression during the process of reversing ITM. Recent
preclinical researches developed multiple IDO inhibitors,
which offered a promising method to provoke ICD with
ITM reversion. The synergistic action of PDT and IDO
inhibitors induces systemic antitumor immune responses
and suppresses the proliferation of primary and distant
tumors.

The developed small molecule antagonists against IDO
receptors such as 1-methyl-tryptophan,®' INCB24360,%
and NLG919% can efficiently prevent tryptophan from
catabolizing. However, these molecules showed unsatis-
fied antitumor efficacy due to the ineffectiveness of anti-
gen-presenting and weak T cell-mediated immune
responses. Recently, MOF nanoparticles loading PS Ce6
and IDO inhibitors (IDOi@TBC-HY) could be used for the
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combination of immunotherapy and PDT, which was
reported by Lu et al.** Tumor-bearing mice were admini-
strated with IDOi@TBC-Hf and light, inducing excessive
ROS generation accompanied by the release of DAMPs.
At the same time, NPs released an IDO inhibitor that can
regulate catabolism of tryptophan, resulted in ITM revi-
sion. The combined effects of ICD triggered by PDT and
IDO blockade were supposed to promote cytotoxic
T lymphocytes migrating and infiltrating in distant
untreated tumors. As the researchers assessed the abscopal
efficacy of IDOi@TBC-Hf in a bilateral tumor model of
CT26 and MC38 colorectal cancers, the volumes of distant
tumors came to significantly shrink on day 5. These results
suggested this combined therapy provoked efficient anti-
tumor immunity in vivo and emerged as a prospective
treatment for colorectal cancers in the clinic.

Further, Liu et al developed a redox-responsive liposome
by self-assembling phospholipid and PS porphyrin conju-
gates with IDO blockade loaded to induce ICD and reverse
immunosuppressive TME.® The liposome was prepared as
shown in Figure 4A, and its structure enables NPs to have
long blood circulation and improved accumulation in tumors
after intravenous injection. Redox-induced PDT was sup-
posed to prompt CD8" T cells infiltrating in tumors via ICD
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Figure 4 The anti-metastatic efficacy of porphyrin-phospholipid combined with the IDO inhibitor. (A) Schematic illustration of the preparation of functional liposomes and the
mechanism of ICD pathway. (B) Antitumor mechanism of combining PDTwith the IDO inhibitor in vivo. (C) Tumor growth was detected by the IVIS imaging system. (D and E)
The progress of lung metastasis was observed by the IVIS imaging system. (F) The analysis of lung metastatic nodules’ numbers. **P < 0.01, compared with PBS and IND@RAL
without irradiation groups; ***P < 0.001, compared with PBS and IND@RAL without irradiation groups. (G) H&E stained images of lungs. Scale bar = 100 um.

Note: Reprinted with permission from Liu D, Chen B, Mo Y, et al. Redox-Activated Porphyrin-Based Liposome Remote-Loaded with Indoleamine 2,3-Dioxygenase (IDO)
Inhibitor for Synergistic Photoimmunotherapy through Induction of Immunogenic Cell Death and Blockage of IDO Pathway. Nano Lett. 2019;19(10):6964-6976. doi:10.1021/

acs.nanolett.9b02306. Copyright 2019 American Chemical Society.®®
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induction. As shown in Figure 4B, liposomes could accumu-
late in the tumor, inducing PDT efficacy, and the application
of IDO inhibitor could further augment antitumor immunity.
The results of antitumor metastasis experiments in a 4T1-
bearing mice model confirmed PDT with IDO inhibitor could
significantly inhibit lung metastasis and shrink distant tumors
compared to the other groups (Figure 4C—F). As shown in
Figure 4G, lung metastasis was observed by H&E staining,
which demonstrated the strategy could significantly inhibit
tumor metastasis.

Recently, novel self-delivery photo-immune stimula-
tors were fabricated via the hydrophobic/electrostatic
NLG919 and Ce6 by Zhao
colleagues.®® They chose Ce6 as PS to generate ROS

interaction of and
upon 660 nm laser, inducing DAMPs responses. NLG919
was known as a small molecule antagonist of IDO, which
was applied for immunotherapy. When Ce6 and NLG919
formed NPs, it could reduce the adverse effects of drugs.
Zhao groups established CT26 metastatic and 4T1 ortho-
topic tumor models for evaluating NPs’ efficacy in treating
tumor development and metastasis. The results showed the
synergistic PDT and IDO inhibitor molecule had dramati-
cal inhibition of local and distant tumor growth. Moreover,
about 12.3% of Tregs were found to infiltrate in tumor
sites, which was 4.7-folder lower than the PBS group,
indicating a tremendous reversion of ITM.

CTLA-4 Blockade Combined with PDT

CTLA-4 is known as a transmembrane receptor that is
largely expressed on T cell surface. Due to the specific
bond with APCs via CD86 or CD80 receptors, CTLA-4
effectively suppresses the activation of cytotoxic
T lymphocytes, causing the decrease of effector T cells
and enhance of Tregs in cancer treatments. As anti-CTLA
-4 antibodies block CTLA on Tregs, the immunosuppres-
sion induced by T Ilymphocytes would be largely
reduced.’” As previously introduced, UCNP is a kind of
advanced nanomaterials, which can transfer NIR light to
visible luminescence, enhancing tissue penetration depth
of PDT. Recently,

a nanoplatform consisting of UCNP-cloaked with PEG,

Liu and colleagues developed
Ce6, and a small molecule R837 for curing tumors in
deeper tissues.®® The light spot of the research is the
combined application of PDT and anti-CTLA-4 antibo-
dies’ injection. This treatment approach produced an
enhanced proportion of CD8" T cells to Tregs in distant
tumors, and the large amounts of secretion of proinflam-
matory cytokines such as IFN-y, TNF-a. Meanwhile,

a greater proportion of T effector memory cells was
found in the combined treated group compared to the
other groups in a rechallenged mice model with
the second inoculation of CT26 cells, indicating this
approach had an enduring immune memory response,
which protected mice from tumor recurrence.

Similarly, Lin et al applied UCNP as a NIR sensor to
produce deep tissue PDT and coated UCNP with gold nano-
particles to increase the luminescence intensity, achieving
real-time dynamic imaging of mitochondria.* Besides, the
application of aCTLA-4 as an ICB could effectively reverse
ITM and enhanced the antitumor efficacy of PDT. The antic-
ancer efficacy experiment in vivo was taken on an orthotopic
4T1 mice model. The results indicated that the tumor sizes in
the PBS, PDT alone, and PDT + aCTLA-4 groups were about
1173, 977, 52 mm3, indicating the combined PDT with an
ICB had a promising prospect to be applied in the clinic.

In recent years, the cell membrane coated drug delivery
system is arising as a novel biocompatible tumor-targeting
nanomedicine. For instance, Wang et al developed novel
nanobullets loaded with Ce6 utilizing mesoporous organosi-
lica structures, which were called M-MONs@Ce6 for achiev-
ing pH/redox-responsive Ce6 release.”” In addition, they used
cancer membranes to decorate NPs’ surface for strengthening
tumor accumulation and avoiding macrophage internalization.
The results exhibited ICD provoked by PDT and magnetic
hyperthermia had a synergistic effect with aCTLA-4 injection,
which efficiently exhibited more DAMP release, lung metas-
tasis inhibition with lower side effects on an orthotropic 4T1
BALB/c mouse tumor model. This study meaningfully
expanded the combined application of PDT, hyperthermia,
and immunotherapy via the ICB pathway in the cancer metas-
tasis research field.

PD-LI1/PD-I Blockade Combined with
PDT

Compare to CTLA-4, PD-1 is a widely outer membrane
expressed by immune cells, such as natural killer cells,
T lymphocytes, B cells, DCs, and macrophages, eliciting
immune suppression effects. Cytotoxic T lymphocytes are
blocked by PD-1 in its late stage through the specific
binding to PD-L1, PD-L2 on immune or tumor cells.”!
Notably. PD-L1 is overexpressed on tumor cells, which
has a significant upregulation when mature DCs and acti-
vated T lymphocytes secreting proinflammatory cytokines.
Thus, cancers have a strong immune escaping ability via

the overexpression of PD-L1.%?
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Immunogenic PDT stimulates tumors to be sensitive to
immune checkpoints, and the application of anti-PD-1/PD-
L1 antibodies can destroy primary tumors with metastasis
inhibition. For instance, Duan et al reported core-shell NPs
loaded with Zn in the core and PS pyrolipid in the shell for
highly efficient PDT.”* The in vivo experiments suggested
that the PDT combined with PD-L1 blockade treatment
significantly inhibited lung metastasis in the triple-
negative breast cancer (TNBC) murine model. Although
anti-PD-L1/PD-1 antibodies are widely applied to block
immune inhibitory pathways in the clinic, these antibodies
remain many shortages, such as long half-life, limited
tissue penetration, lack of immunogenicity, expensive pro-
duction. Therefore, some researches focused on develop-
ing non-antibody-based agents to block the PD-L1/PD-1
pathway within this field. For instance, Zhang et al found
a small molecule, named BMS-202, which blocked the
PD-L1/PD-1 pathway that was produced by BMS. They
applied the reprecipitation method to form Ce6/BMS-202
nanoparticles for combined therapy of PDT and ICB.** It
was noted that Ce6/BMS-202 nanoparticles with laser
irradiation led to a 91.1% tumor inhibition rate at the
endpoint. In comparison, this value was 92.6% for Ce6

nanoparticles with laser irradiation plus a-PD-L1, demon-
strating a difference of only 1.5%. The results demon-
strated that BMS-202 nanoparticles possessed similar
efficacy of anti-PD-L1 antibodies for eradicating local
and abscopal tumors, offering long-term immune memory
responses to prevent cancer recurrence in a TNBC murine
model.

Oxygen is the essential element in producing PDT
however,

efficacy, tumor hypoxia microenvironment

strictly limited ROS generation.”® In addition, tumor
hypoxia further prompts the glycolysis process, causing
severe [TM.

Therefore, to solve this problem, Sun and colleagues

excessive production of lactate and

developed supramolecular NPs co-delivering a PS and
a prodrug named JQ1 for PDT combining immunotherapy
of pancreatic cancer.’® In addition, JQI acted as
a bromodomain-containing protein 4 inhibitor (BRD4i),
which inhibited glycolysis and prevented the transcription
of c-Myc under tumor hypoxia microenvironment. More
importantly, JQ1 could reverse PDT-triggered immune
tolerance by significantly down-regulated tumor cells’
expression of PD-L1. As shown in Figure 5A, the nano-
particles were synthesized by JQ1, PS pyropheophorbide
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a (PPa), and cyclodextrin-grafted hyaluronic acid (HA-
CD)’s complexation. Among all ingredients, HA enabled
NPs own active tumor-targeting capability via its specific
binding with CD44 that overexpressed on tumor cells. As
shown in Figure 5B, PPa-induced PDT improved tumor
immunogenicity with an enhanced proportion of active
T cells infiltrating intratumorally. Besides, JQ1 combated
immune suppression triggered by PD-L1, preventing gly-
colysis and c-Myc expression in pancreatic cancer.
Although pancreatic cancer possesses major difficulties
in immunotherapy, including limited T cell infiltration,
lower immunogenicity, poor responses to ICB, this com-
bination therapy successfully enhanced ICD-induced
photoimmunotherapy via evoking cytotoxic T cell migra-
tion and combating immune tolerance in PD-L1/PD-1
pathway. The results showed the nanocomplex with laser
treatment had a 10.2-fold higher CD8" T cells to Tregs
ratio than that of the PBS group and the frequency of IFN-
y" effector T cells increased to 2.0-fold in a pancreatic
cancer murine model.

Similarly, to reverse tumor hypoxia and ITM, Xiong and
his group reported the fabrication of clinically applied lipo-
somes loaded with PS IR775 and metformin (Met) named as
IR775@Met@Lip.”” Schematic illustration of the nanoparti-
cle preparation and work mechanism in vivo was exhibited in
Figure 5C. The nanoplatform delivered oxygen to reverse
tumor hypoxia, promoting the generation of ROS. In addi-
tion, the loaded Met is an oral drug for regulating blood
glucose in type II diabetes, which is recently found to own
the capability of down-regulating PD-L1 expression on can-
cer membranes through pAMPK-regulated ER-related pro-
tein degradation.”® Thus, they used Met to reduce the
expression of PD-L1 for achieving PDT combined immu-
notherapy. The outstanding advantages of this treatment
revision, alleviation of

including tumor hypoxia

T lymphocyte exhaustion, leading to brilliant anti-

metastatic effects in both colon and bladder cancer models.

PDT Combined with Other Immune

Checkpoint Inhibitors or Agonists

With the great success of anti-CTLA-4 and anti-PD-1/PD-
L1 therapeutics in cancer immunotherapy across many can-
cer types, tumor necrosis factor receptor superfamily mem-
bers have been recognized as ideal targets to provide co-
stimulatory signals in combination with immune check-
0X40
(CD134), a co-stimulatory molecule expressed by activated

point blocking antibodies. Among these is

immune cells, which is considered as the next generation of
the immune therapeutic target. Engagement of the OX40
receptor on T-cells, applying OX40 agonists, directly pro-
motes an increase in survival of different effector T-cell
subsets and counteract Tregs functions.”® "' Recently, sev-
eral anti-OX40 agonistic monoclonal antibodies, pogalizu-
mab as the most advanced, have entered early phase clinical
trials.'”? However, the efficacy of anti-OX40 agonists
against bulk solid tumors or metastases is less impressive.
Hence, different modalities of treatment combinations have
been attempted to overcome resistance to anti-OX40 mole-
cules. In order to strengthen anti-OX40 therapy, the combi-
nation of anti-OX40 with regular anti-cancer treatment,

104

such as surgery,lo3 radiotherapy, chemotherapy”)5 has

been investigated in preclinical research. Recently,
Ricardo Alvim and colleagues reported the combined
0X40 agonist and PD-1 inhibitor immunotherapy improves
the efficacy of vascular targeted PDT in a urothelial tumor
model.'® In mice allografted with MB-49 UTUC cells,
they found that the combination of PDT with both PD-1
inhibitor and OX40 agonist inhibited tumor growth and
metastasis and prolonged survival to a much greater degree
than PDT with either immunotherapeutic individually. The
results suggested that PDT synergizes with PD-1 blockade
and OX40 agonist to promote strong antitumor immune
responses, yielding therapeutic efficacy in an animal
model of urothelial cancer.

Co-inhibitory receptors, such as CTLA-4 and PD-1, have
an important role in cancer immunotherapy. Unfortunately,
many patients still fail to respond to therapies that target
CTLA-4 and PD-1. The next wave of co-inhibitory receptor
targets that are being explored in clinical trials includes
lymphocyte activation gene-3 (Lag-3), T cell immunoglobu-
lin-3 (TIM-3), and T cell immunoglobulin and ITIM domain
protein (TIGIT).'"” These receptors, although they belong to
the same class of receptors as PD-1 and CTLA-4, exhibit
unique functions, especially at tissue sites where they regu-
late distinct aspects of immunity. It was reported that TIM-3
expression by intratumoral CD103" DCs regulates chemo-
kine expression during paclitaxel treatment. And the applica-
tion of anti-TIM-3 antibody during chemotherapy led to
enhanced granzyme B expression by CD8" T cells and an
immune-mediated response.'® Jennifer and colleagues first
reported the preclinical investigation on the effects of dual
PD-1 and TIM-3 blockade with radiation in human glioblas-
toma multiforme.'® Triple therapy resulted in 100% overall
survival (P < 0.05), which was a significant improvement
compared with other arms. Although the combination of
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TIM-3 with PDT has not been investigated, the above results
indicated this combination therapy holds great potential in
clinical application with durable clinical benefits.

Strategies of Increasing Tumor

Immunogenicity

Despite PDT-triggered antitumor immunity via the ICD
process, different cancers have different levels of antitumor
immune responses with PDT treatment, which may account
for a heterogeneous characteristic of cancers. Different
cancers own various immunogenicity which decides less
or more T cell infiltration. And we also call this phenom-
enon “hot tumors” compared to “cold tumors”."'® Thus,
recent researches raised a novel strategy via the combina-
tion of PDT with certain agents which could increase tumor
immunogenicity and promote immune responses. Besides,
as PDT produces cytotoxic ROS and damages local tumors
directly, these agents can act as adjuvants to evoke strong
and enduring immune responses combating metastatic can-
cers. These certain agents include immunoadjuvants and
DC-based vaccines, which increased tumor immunogeni-
city with PDT-induced ICD.

PDT Combined with Immunoadjuvants

To amplify the PDT-induced ICD, immunoadjuvants exist as
the main agents that contribute to prompting antitumor
immune responses. Some immunoadjuvants have been widely
used for tumor inhibition in preclinical researches, such as
(OVA),

stimulating factor (GM-CSF), and oligonucleotides containing
11

ovalbumin granulocyte-macrophage  colony-

cytosine-guanine motifs (CpG).”~ As previously mentioned,
CRT is a Ca®" interacting protein, which is released from
apoptotic cells as an “cat me” signal.''? The immunoadjuvants
such as CpG and OVA have similar effects in stimulating
immune systems, which suggests the reasonability of combin-
ing ICD-boosted therapies with immunoadjuvants. For exam-
ple, Xia and colleagues applied PDT combined with CpG in
a breast cancer murine model.'"? First, CpG activated DCs’
maturation through toll-like receptor 9, contributing to syner-
gistic effects with PDT induced ICD in vitro. Meanwhile, after
treating with PDT, administration of CpG inhibited tumor
growth and metastasis, improved mice survival compared
with other single treatments in a 4T1 murine mice model.
Chen et al reported the application of a series of immunoadju-
vants to enhance PDT efficacy via activation of immune
responses.' ' They concluded that N-dihydrogalactochitosan
(GC) owned the best immune activation ability compared with

other tested immunoadjuvants. Korbelik et al reported the
combined application of GC with PDT in a squamous cell
cancer murine model.''> PDT with assistant GC treatment
significantly decreased the numbers of myeloid-derived sup-
pressor cells (MDSCs), promoting therapeutic benefits. To
investigate the function mechanism of CG plus PDT, they
used a caspase-1 blockade to confirm this enzyme’s main
role in repairing membrane lipids. Thus, GC is supposed as
the suitable immunoadjuvant for combing PDT treatment,
which also fits other tumor therapies.

As known to all, Toll-like receptors (TLR) are effective
in identifying antigens and subsequently evoking DCs
maturation. The surface of DCs is expressed with various
TLR receptors, including TLR-9, TLR-4, TLR-3, TLR-2,
and TLR-13. PDT can increase the secretion of HMGBI,
which can interact with TLR on DCs, resulting in activation
and infiltration of cytotoxic T lymphocytes. Thus, the syn-
chronous application of TLR agonists and PDT can effi-
ciently stimulate immune responses. For instance, Hwang
et al reported the application of PDT and flagellin-
adjuvanted tumor-specific peptide vaccination (FlaB-Vax)
supposed as a TLR-5 agonist in a B16-F10 bearing mice
model."'® The results indicated PDT with Flab-Vax could
improve mature DCs’ accumulation in lymph nodes for
antigen-presenting and the proportion of CD8" cells in
T lymphocytes. Recently, Ni and colleagues found the appli-
cation of nanoscale MOFs co-delivered TLR-7 agonists
imiquimod (IMD) and aCD47 to mediate the function of
macrophages and arrange immunotherapy, as shown in
Figure 6A.""7 IMD modulated macrophages from immuno-
suppressive M2 to immune-stimulatory M1, while anti-
CD47 antibodies blocked CD47 expressed on the tumor
cell surface, strengthening antitumor immunity. This nano-
materials-based co-delivery of IMD and aCD47 served as
a general strategy to tune the TME for synergistic combina-
tion with immunotherapies. Significant increases of antigen-
specific IFN-y producing T cells were observed in IMD plus
aCD47 with PDT group (61.6 + 28.6/10° cells) compared to
8.0 + 9.3/10° cells for PBS group, suggesting induction of
strong tumor-specific adaptive immunity. The results in
Figure 6B-D sufficiently confirmed that this strategy pro-
vided a nanoplatform co-loading immunoadjuvants and ICB
with X-ray induced RT and PDT, for macrophages repolar-
ization and a long-term immunotherapy. Other TLR agonists
such as mycobacterium cell wall extract (MCWE) can also
be used to combine with PDT using various PS, resulting in

eradicating both local and distant tumors.''®

4706

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Jin etal

B PBS(-) PBS(+) IMD/a.CD47(+) IMD@Hf-DBP/a.CD47(-)
1 1 1
1CD by RT-RDT E | e ] @ Lz
w450 A (7oe | s 203
N @ 1
TLR-7 Mt i M1 M1 M1
activation ot 7.50 . 348 619 : 154
.“S J
y s Hf-DBP(+) IMD@Hf-DBP(+) Hf-DBP/aCD47(+) IMD@Hf-DBP/aCD47(+)
M2 macrophage ; _ p - c - B
8 ' 1 1
a 1 m 1 m 1 m M2
IMD@Hf-DBP/aCD47 Macrophage Q 'y 26 » ] 2s 1 2 140
repolarization > i i ! 1 1
Cvlotoxlc Q 2 " : [l .l 4
T cells w f 3 1
..... 22 & M i M M1 { M1
i 3 '5'. o1 200 1 232 249 i: 307
Y A, 2 ] |
M1 macrophage L — —
@ blocking ¥, 209 o > APCcoss D
2 | /;Pw ~ [CJPBS(-) [_1PBS(+) []IMD/aCD47(+) 3 f=—PBS(,)
:\ Antigen S - BP [JHf-DBP(+) & +—PBS(¥)
,_presentation = D £ 1+—IMD/aCDA47(+)
. o |:|IND@Hf DBPIuCDd7(4>) S
Naive T 4000+ ;2' Hf-DBP(+)
= 1 s Hf-
Tcells o = * E +—IMD DB
‘s =
2 3
£ 2000 % > 1 |~ IMD@H-DBP/aCDAT7(+
A cpa7 « Cytokines B o
¥ - ! 5
ac47 « TAAs Y TR ﬁm » |;j 2
Hf-DBP = MHCI ) aPDL1 0 <
0 0 4 8 “12 16 20 24
e IMD & crr = PD-L1 Day post tumor inoculation

Figure 6 lllustration of IMD@Hf-DBP/aCD47 plus radiotherapy and PDT. (A) The design of RT-PDT induced ICD combined with the immunoadjuvant and ICB to
systemically eradicate tumors. (B) Flow cytometry analysis of mature DCs. (C) Fluorescence intensity of MHC-II. *P < 0.05, and ***P < 0.005 from control. (D) Tumor
growth curves with various treatments in CT26-bearing murine model. Black and red arrows refer to intratumoral injection and X-ray irradiation, respectively.

Note: Reprinted with permission from Ni K, Luo T, Culbert A, Kaufmann M, Jiang X, Lin W. Nanoscale Metal-Organic Framework Co-delivers TLR-7 Agonists and Anti-

CD47 Antibodies to Modulate Macrophages and Orchestrate Cancer Immunotherapy.
American Chemical Society.I 17

PDT-DC Vaccines

With the advancement in specific molecular recognition of
peptide sequences, more and more researches focused on
establishing antitumor vaccines with a rational design.
Numerous kinds of vaccines have been investigated as well
as PDT-induced DC vaccines. There are more than 200 accom-
plished clinical experiments for exploring DC-based vaccines
targeted for cancer therapies.''® Previous reports have con-
firmed that PDT induced immature DCs to be matured and
spontaneous migration with increased proinflammatory cyto-
kine release. It has been convinced that cancer cells with PDT
treatment could be used as an adjuvant for DC-based vaccines
(PDT-DC vaccines),'*
responses in comparison with untreated cancer cells.'*!

which trigger T cell-mediated immune

For instance, using B16 melanoma and CT26 colorectal
carcinoma murine models, Saji et al demonstrated that this
treatment improved completed cancer-cured proportions
in vivo trials and lengthened survival of remained mice.'**
Notably, the abscopal metastasis was significantly inhibited
for a long time under the treatment, indicating the amplified
systemic antitumor immunity. Molecularly defined thera-
peutic peptide vaccination has been successfully combined

with Ce6-based PDT in murine models and convincingly

J Am Chem Soc. 2020;142(29):12579-12584. doi:10.1021/jacs.0c05039. Copyright 2020

showed synergistic clearance of primary tumors. Recently,
a Ce6-triggered PDT combined with therapeutic peptide
vaccination was successfully established and applied to
inhibit tumor growth and eradicate tumor metastasis in
TC-1
increased CD8" T cell infiltrating was found in the second-
ary established
a prophylactic vaccine via PDT-treated tumor lysate.
Specifically, they used DTPP-regulated PDT in vitro and
found a boosted ratio of CD47/CD8" cells, elevated IL-1
and IFN-y secretions in serum, and increased natural killer

tumor-bearing mice. Moreover, significantly

tumors.'”  Yang and colleagues

(NK) cell proportions.'?* These PDT-DC vaccines are more
effective in eradicating tumors and have stronger abilities to
trigger antitumor immunity, which can also enhance the
T lymphocyte response. Thus, the PDT-DC vaccine was
supposed as a relatively ideal combination therapy strategy.

PDT Combined with Other Approaches

Some special enzymes or peptides which can increase tumor
immunogenicity during PDT-induced ICD, are widely applied
to form PDT-combined therapy. For instance, recent researches
showed that acid ceramidase, known as an important enzyme,
which can regulate the levels of sphingosine and ceramide, is
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very vital in the cell apoptotic process. The overexpressed acid
ceramidase was widely discovered on cancer cells, inducing
apoptotic resistance on them.'* Therefore. LCL521 known as
an acid ceramidase inhibitor is worthy of detailed investigation.

For instance, Korbelik et al applied LCL521 in combina-
tion with PDT for tumor therapy. The results demonstrated that
this therapy could remarkedly suppress Tregs and MDSCs
proliferation in lymph nodes compared to a single PDT treat-
ment which was detected by flow cytometry.'*® However, the
suppression efficacy was not found in spleens, which sug-
gested that the use of LCL521 enabled PDT to achieve its
complete immune-activating ability to recruit cytotoxic CD8"
T cells and macrophages. In addition, bremachlorin-induced
PDT combined with synthetic long peptides (SLP) that owned
epitopes from tumor antigens was established for treating
RMA and TC-1 cancer murine models, which was reported
by JW et al.'* This treatment aroused an obvious inhibition of
tumor growth with about one-third of mice completely cured.
Moreover, the cured mice survived without cancer recurrence
for a long time. Besides, the activated immune responses
successfully eradicated the abscopal secondary tumors.
Although PDT applied alone owned antitumor immunity via
eliciting ICD, the immune responses would be dramatically
boosted through the combined application of SLP. Thus, SLP
with PDT is emerging as a promising approach for treating
intractable cancers.

Summary and Future Perspectives

PDT has the obvious advantages of a small injury, low side
effects, precise treatment, and simple operation among all the
antitumor therapies. However, PDT is limited by the lack of
tumor targeting, depth of treatment penetration, and hypoxia
TME. Recently, with the development of nanotechnology,
nanomaterials-based PDT overcomes the above shortages
and expands the application of PDT in preclinical research.
Nanomaterials-based PDT shows specific tumor targeting and
accumulating ability, that provides deeper treatment depth with
reduction of side effects, and achieves much ideal efficacy in
tumor therapeutic applications than conventional PDT. More
importantly, PDT induced ICD, which activates T cell-
mediated immune responses through danger signaling
mechanisms induced by DAMPs. However, these antitumor
immune responses are not strong enough to eradicate tumor
residues for T cell responses induced by ICD are widely limited
in vivo. To enhance the efficacy of ICD-based PDT, the nano-
materials-based drug delivery system was designed with sev-
eral drugs or agents loaded, which amplified antitumor
immune responses. The combined application of PDT and

ICD-based tumor immunotherapy has a great potential to
improve systematic antitumor immunity with an enduring
immune memory impact by simultaneously increasing tumor
immunogenicity and relieving immunoregulatory suppression.

Despite great advances that have been made in these
nanomaterials-based PDT with amplified ICD treatments,
there are still several challenges in their clinical application.
Firstly, many new traits caused by nanomaterials-based PDT
combined with immunotherapy strategy need to be carefully
investigated. For example, the fabricated nanomedicine
needs to receive investigations about its properties of
absorption, distribution, metabolism, excretion, and toxicity
in vivo. Secondly, the developed method of controlling NPs’
structure and quality with a simple design of nanomedicine
is critical to the clinical translation. However, the nanopar-
ticles designed by the most current studies are too complex
to apply in the clinic. Thirdly, more specific researches about
the mechanism of PDT-immunotherapy eliciting ICD should
be exhibited for basic research and clinical translation.
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