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Abstract

Phototherapy is an emerging approach for cancer treatment that is effective at controlling the
growth of primary tumors. In the presence of light irradiation, photothermal and photodynamic
agents that are delivered to tumor sites can induce local hyperthermia and the production

of reactive oxygen species, respectively, that directly eradicate cancer cells. Nanoparticles,
characterized by their small size and tunable physiochemical properties, have been widely
utilized as carriers for phototherapeutic agents to improve their biocompatibility and tumor-
targeted delivery. Nanocarriers can also be used to implement various co-delivery strategies
for further enhancing phototherapeutic efficiency. More recently, there has been considerable
interest in augmenting the immunological effects of nanoparticle-based phototherapies, which
can yield durable and systemic antitumor responses. This review provides an overview of recent
developments in using nanoparticle technology to achieve photo-immunotherapy.

Graphical Abstract

The use of nanoparticle-based phototherapies has emerged as a promising strategy for cancer
treatment. More recently, researchers have been interested in augmenting the immunological
effects of these platforms in order to further enhance therapeutic efficacy. In this review, we
discuss recent developments on the topic of nanoparticle-based photo-immunotherapy.
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Introduction

As cancer continues to be one of the leading causes of death worldwide, significant effort
has been dedicated towards developing more effective treatment modalities. Among them,
phototherapies that rely on the direct application of light energy onto tumor tissues have
demonstrated great promise.[1: 21 Photothermal therapy (PTT) relies on heat generation to
physically ablate cancer cells, whereas photodynamic therapy (PDT) utilizes the production
of reactive oxygen species (ROS) to exert cytotoxicity.[3 4] In either case, the effects

are generally mediated by a phototherapeutic agent, and an extensive body of work

has been dedicated towards reducing their toxicity and improving their photoconversion
efficiency.[> 61 Along these lines, the rise of nanoparticle-based carriers has provided unique
opportunities to further advance phototherapies by offering better tumor targeting, enhanced
penetration, and co-delivery with other therapeutic compounds.[”] During the process of
tumor destruction, phototherapies are capable of inducing immunogenic cell death (ICD),
which can be characterized by the presentation or release of damage-associated molecular
patterns (DAMPs) and tumor antigens.[8: 1 While this phenomenon may not be particularly
potent on its own,[10- 11] there has recently been considerable interest in augmenting

the immunological responses to phototherapies in order to promote systemic and durable
antitumor responses.[12]

Over the past two decades, immunotherapies have proven to be viable for controlling the
growth of various types of malignancies.[!3: 14] Many immunotherapeutic strategies have
been explored in the clinic, including vaccination, adoptive cell transfer, and checkpoint
blockade.[15-17] Cancer vaccines are generally composed of select tumor antigens combined
with potent immunostimulatory agents to train the immune system to better recognize and
eliminate cancer cells.[18 191 Among the cell-based therapies, the use of chimeric antigen
receptor (CAR) T cells that directly recognize and Kill target cells has been highly successful
against some hematological malignancies.[20] Immune checkpoint blockade therapies target
markers such as cytotoxic T lymphocyte-associated protein 4 (CTLA4), programmed cell
death protein 1 (PD1), and programmed cell death ligand 1 (PDL1) in order to disrupt

the immunosuppressive mechanisms in the tumor microenvironment, thus unleashing the
intrinsic antitumor potential of the immune system.[21-23] Beyond these approaches to
immunotherapy, others such as the administration of cytokines or immunological adjuvants
have also demonstrated potential.

It is increasingly being understood that combinatorial approaches to tumor therapy can yield
vastly superior outcomes compared with monotherapies.[24] For example, immunotherapies
have demonstrated synergism with surgery, chemotherapy, and radiation therapy, among
others.[25] Thus, while both phototherapies and immunotherapies have considerable utility
when used in isolation, photo-immunotherapy (PIT) platforms that combine the advantages
of both are becoming increasingly popular (Figure 1). In this review, we discuss the
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development of PTT and PDT, followed by the different approaches for augmenting
their immune effects. Then, we provide a comprehensive overview of recent nanoscale
phototherapeutic platforms, including those based on emerging cellular nanoparticle
technologies, that have been developed to achieve improved antitumor immunity.

2. Augmenting the immune response to phototherapies

2.1 Phototherapeutic modalities

While the concepts of modern phototherapy originated in the 19th century, its roots can

be traced back to ancient civilization.[26] Early examples included the consumption of
Psoralea corylifolia seeds or Ammi majus extracts coupled with sunlight exposure to treat
leukoderma. Modern science has identified specific agents that can produce heat for PTT or

ROS for PDT under light illumination in order to cause cell death in tumor tissues (Figure
2)_[27]

To achieve PTT, photothermal agents absorb the energy of photons to generate heat via
localized surface plasmon resonance effects for inorganic materials or via non-radiative
relaxation for organic materials.[28] The heat can then trigger cell death through either
necrosis, characterized by the breakage of the plasma membrane and the presentation of
DAMPs, or apoptosis, where membrane integrity is largely maintained while expressing “eat
me” signals such as phosphatidylserine.[2%] Overall, local hyperthermia in tumor tissues can
disrupt cellular membrane, inactivate enzymes and other proteins, and affect the expression
of apoptosis-related genes.[39] Compared with healthy tissues, tumor tissues are more
sensitive to elevated temperatures since their heat dissipation capacity is impaired by poor
capillary systems.[31] The type of laser and photothermal agent are two vital components
that can be optimized to improve PTT efficacy and lower toxicity. To increase penetration
depth and reduce non-desired light absorption by healthy tissues, lasers with wavelengths

in biological windows (700 nm ~ 1400 nm) where normal tissues are partially transparent
with low absorption and scattering have been utilized.[32] Inorganic nanoparticles such

as gold nanorods, platinum nanoparticles, and carbon nanotubes have drawn attention as
photothermal agents due to their high conversion efficiency and photostability.[33] However,
the poor biodegradability and potential long-term toxicity of these platforms makes their
clinical translation more difficult. Small molecules with photothermal conversion properties,
including cyanines [e.g. indocyanine green (ICG) and IR780], porphyrins, croconaines, and

diketopyrrolopyrroles, have been encapsulated into biodegradable nanoparticle formulations.
[34]

PDT is regarded as a potent method for eliminating superficial tumors that relies on the
production of ROS. Typically, a photosensitizer in a ground state is transformed to an
excited singlet state under light illumination, after which it can then undergo intersystem
crossing to a more stable excited triplet state.[3%] The excited photosensitizer can then
produce ROS through two different methods. In a type 1 reaction, the excited photosensitizer
can directly react with substrates like cell membrane and mediate electron transfer to
generate H,0,, hydroxy! radicals, and superoxide radicals.[3¢] In a type 2 reaction, the
excited photosensitizer directly transfers energy to oxygen to produce singlet oxygen, which
is highly reactive with various biological substrates.[37] These oxidative agents formed from
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type 1 and type 2 reactions can target different biomolecules like DNA, proteins, and lipids,
mediating cellular apoptosis at lower levels and necrosis at high levels.[38] Besides directly

killing tumor cells, the ROS produced by photosensitizers can also disrupt the surrounding

vasculature to inhibit the transport of nutrients and oxygen.[39]

Desirable properties for PDT photosensitizers include low toxicity, optimal
pharmacokinetics, good tissue penetration, high singlet oxygen yield, and tumor selectivity.
[40] Earlier photosensitizers such as hematoporphyrin and its derivatives were explored

for cancer therapies, although there were concerns regarding their lack of purity, poor
solubility, and suboptimal absorbance spectra leading to low efficacy and unpredictable
patient responses.[41-43] More recently developed photosensitizers, including chlorin e6
(Ce6), protoporphyrin IX, and phthalocyanine, are chemically pure compounds, enabling
more facile quality control during large-scale production.[44] They also exhibit improved
absorbance at higher wavelengths and increased singlet oxygen quantum yields. To improve
their tumor accumulation and reduce their toxicity to normal cells, these photosensitizers
have been conjugated with targeting moieties such as antibodies or peptides.[40] Different
photosensitizer payloads have also been encapsulated into nanoparticulate carriers, which
can improve their stability and solubility, avoid self-quenching effects, and increase singlet
oxygen yield while also enhancing their tumor accumulation through passive and active
targeting.[4°]

2.2 Development of PIT

It has been reported that both PTT and PDT can elicit antitumor immunity mainly through
ICD.[8. 46-49] As mentioned previously, the hyperthermia or ROS generated by these
phototherapeutic modalities can result in apoptotic and necrotic cell death, during which
tumor-associated antigens and DAMPs, including calreticulin (CRT), high mobility group
box 1 (HMGBL1), heat shock protein 70 (HSP70) and HSP90, and adenosine 5’-triphosphate
(ATP), are released or presented on cell surface.’1 HMGB1 and ATP can recruit antigen-
presenting cells (APCs) as “find me” signals, and these cells can be manipulated for
phagocytosis by CRT as an “eat me” signal and activated by HSPs complexed with tumor-
associated antigens.[®1 52 The activated APCs can then migrate to lymphoid tissues where
they present tumor antigens to resident T cells that are capable of mediating tumor cell
killing.[®3] In addition to ICD, the disruption of the extracellular matrix and tumor vessels,
[54] the release of proinflammatory cytokines such as interleukin 6 (IL6) and 1L1p,[5%] and
the recruitment of neutrophils mediated by E-selectin and chemokines like macrophage
inflammatory protein-2 have been observed to further promote antitumor immune responses
during the application of phototherapies.[5¢]

Despite the potential for generating antitumor immunity, few clinical trials have reported
potent immune responses induced by traditional phototherapies in patients.[>7] Other
preclinical studies have shown that many phototherapies only provide modest protection
against distant tumors, tumor metastases, and tumor relapse, indicating a failed induction
of systemic antitumor responses.[12] Possible reasons include the localization of immune
response only to the treatment site and the presence of various immunosuppressive
mechanisms, including within the tumor microenvironment.[27: 58. 591 Wiith this in mind,
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many researchers are now designing phototherapeutic platforms with a specific emphasis

on eliciting potent antitumor immunity. The first major strategy is to simply work on
enhancing the potency of PTT or PDT, which can be done by selecting or designhing more
efficient phototherapeutic agents, relieving tumor hypoxia, increasing tumor accumulation,
and targeting specific subcellular components such as the endoplasmic reticulum (ER)

and mitochondria.[80-63] With the generation of more heat or ROS, stronger ICD effects

can be elicited, resulting in elevated immune responses that are capable of providing
systemic anticancer effects. The second approach involves supplementing phototherapy with
an immunotherapeutic modality. Immunotherapies exploit the body’s immune system to
eradicate cancer cells, and they can include cancer vaccines, checkpoint inhibitors, adoptive
cell transfer, cytokines, and costimulatory receptor agonists.[64] Despite their promise, many
of these approaches are not universally applicable and can demonstrate insufficient potency
depending on the type of tumor being treated.[65: 66] Considering the beneficial properties
of phototherapy and immunotherapy, combining both of them into a single PIT can result in
considerable synergies.

3. Development of nanoparticle platforms for PIT

With their wide range of features and flexible design, nanoparticles have emerged as
attractive platforms for phototherapeutic applications. In addition to being able to deliver
photothermal agents or photosensitizers, many nanoparticles inherently exhibit potent
photothermal or photodynamic activity.[67] With their small size, nanoparticulate platforms
are able to passively accumulate at tumor sites through the enhanced permeability and
retention effect.[88] Active targeting can be achieved through surface modification with
various ligands, including antibodies, peptides, and aptamers, among others.[6%] The use

of stimuli-responsive nanomaterials can enable the controlled release of payloads within a
tumor by either local or external triggers.l”% Nanocarriers are also capable of delivering
compounds to alleviate the hypoxia that is characteristic of tumor microenvironments,

thus further improving phototherapeutic efficacy.[’] Overall, with recent interest in the
immune aspect of PTT and PDT, researchers have investigated two main methods of
augmenting the immune response to nanoparticle-based phototherapies: (1) enhancement
of the phototherapeutic effect, either by increasing photoconversion efficiency or improving
payload delivery, and (2) direct combination with immunomodulatory agents (Table 1).

3.1 Enhancement of phototherapeutic effect

3.1.1 Enhanced absorption and ROS generation efficiency—Due to their

high light conversion efficiency, various inorganic materials have been explored as

novel phototherapeutic agents, including carbon dots,[72] black phosphorus nanosheets,[73]
and rare earth element upconversion nanoparticles.[74] In a recent study, a CoOWOy,.
nanoplatform was constructed with a wide absorption spectrum, and it was capable of
generating of both heat and ROS upon irradiation for dual PTT and PDT.[”3] When using
inorganic materials, their possible accumulation in tissues and associated toxicity risks must
be considered;[®] those with good biodegradability and biocompatibility are desirable.
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For photosensitizing agents, many candidates with potent light absorption and singlet
oxygen generation efficiency have been explored.[’7] Photobleaching and aggregation-
caused quenching are two phenomena that often need to be overcome for phototherapy
applications, and both can potentially be addressed by precisely regulating the spacing
between photosensitizer molecules.[”8] In one example, the polymer p(MEO2MA-co-
OEGMA)-b-pSS was utilized as a spacer and used to formulate a nanocarrier to coloaded
with ICG and cisplatin (Figure 3A).[60] By adjusting the ratio of the polymer to

ICG, optimal aggregation of the photosensitizer could be achieved to minimize both
photobleaching and quenching. The use of photosensitizers with aggregation-induced
emission is another approach for overcoming quenching.[”® 8 For instance, one such agent
was constructed using indole salt and pyrrolo[3,2-b]pyrrole, and it was shown to produce
abundant ROS within the tumor microenvironment to enhance ICD for systemic antitumor
efficacy (Figure 3B).[81]

3.1.2 Relieving tumor hypoxia—Hypoxia in the tumor microenvironment results
from an imbalance between the increased metabolic activity of cancer cells and reduced
oxygen permeation due to compromised vasculature.[82] Multiple studies have identified a
correlation between tumor hypoxia and features of advanced tumor progression, including
angiogenesis, [83] metastasis, [34] metabolic reprogramming,[8%! epigenetic reprogramming,
[86] and immune suppression.[871 Tumor hypoxia has also been implicated as a cause

of resistance to chemotherapy,[88] radiotherapy[®%], and phototherapy, especially type 2
PDT which requires oxygen.[®] To relieve hypoxia for enhanced phototherapy, various
nanoplatforms have been developed to either generate oxygen in situ or deliver exogenous
oxygen.

To utilize their natural oxygen production ability, living organisms such as algael®?. 92]

and cyanobacterial62: 93] have been engineered and delivered into tumors to relieve
hypoxia. For instance, ICG-loaded human serum albumin nanoparticles were attached

onto Synechococcus through chemical crosslinking, and the modified cyanobacteria were
then injected intravenously into tumor-bearing mice (Figure 4A).[61] Compared with free
nanoparticles, the final formulation showed improved tumor accumulation in both normoxic
and hypoxic regions, as well as higher oxygen and singlet oxygen levels after laser
irradiation. The enhanced PDT mediated by this platform significantly increased tumor
CRT expression and activated dendritic cells (DCs) in the tumor microenvironment and
draining lymph nodes, leading to the complete inhibition of primary 4T1 tumors and
reduced metastasis. In addition to living organisms, chloroplast components have also been
explored as oxygen generators. As an example, thylakoid membranes have been derived
from vegetables and then coated onto various inorganic nanoparticles for phototherapeutic
applications.[94 95]

Inspired by photosynthesis, novel materials have been constructed to achieve light-driven
water splitting for in vivo oxygen production. For example, carbon nitride modified with
carbon dots was able to produce oxygen efficiently in phosphate-buffered saline under
irradiation at 630 nm.[%6] After being linked with an amphipathic polymer consisting

of protoporphyrin 1X as a photosensitizer, the resulting nanoformulation was injected
intratumorally and alleviated tumor hypoxia for enhanced antitumor efficacy. Apart from
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carbon nitride and its derivates, other materials including cobalt phytate,[7] graphdiyne
oxidel®8l and iron disulfide[9 have also been developed for in vivo water splitting.

H,0, is often overproduced by cancer cells and can be broken down by catalase to
produce oxygen, thus providing a way to mitigate tumor hypoxia.[10%] Along these lines,
catalase and catalase-like nanozymes have been successfully delivered into tumors. In

one study, a plasmid encoding catalase was co-loaded with Ce6 into a pH-responsive
nanoplatform that was able to increase ROS levels in vivo, resulting in enhanced antitumor
activity.[102] To mimic catalase, various metal-based materials, including nanostructures
based on palladium,[102] cobalt,[293] jridium,[204] cerium,[193] platinum, 298] gold,[107]
iron[108] and manganesel10%], have been reported for hypoxia alleviation. In one example,
Au,Pt nanozymes possessing both catalase and peroxidase activities were synthesized and
conjugated with Ce6, and the resulting platform was able to achieve both PTT and PDT
when irradiated using various wavelengths of light.[110]

The direct delivery of oxygen into tumor sites is another strategy to enhance
phototherapeutic efficacy, and different nanocarriers have been designed using materials
capable of oxygen transportation such as hemoglobin, perfluorocarbons, and metal-organic
frameworks (MOFs). As the most abundant oxygen-binding protein, hemoglobin plays a
vital role in oxygen delivery among living organisms and has been used in the development
of blood substitutes.[111] However, autooxidation of cell-free hemoglobin in vivo can
decrease its ability to transport oxygen transportation and may cause tissue toxicity.[112]

To protect it from oxidation, hemoglobin was incorporated along with the photosensitizer
methylene blue into nanoparticles consisting of polydopamine, which has antioxidant
properties.[113] The particles were further camouflaged with red blood cell (RBC) membrane
to endow them with long circulation and low immunogenicity. After intravenous injection,
the nanoparticles were able to upregulate the expression of hypoxia-inducible factor-1a.
within murine 4T1 tumors and inhibited their growth under irradiation.

Emulsions based on perfluorocarbons are much more effective at solubilizing certain gases
compared with aqueous media, making them another potential oxygen carrier.[114] The
prolonged lifetime of singlet oxygen within perfluorocarbons further underscores their
utility for PDT applications.[!15] To deliver perfluorocarbons, various lipid-stabilized,[116]
macromolecule-stabilized,[117] and micellar[118] platforms have been explored. For example,
an oxygen self-enriching approach was created by preparing IR780-loaded perfluorohexane
nanoemulsions stabilized with a lipid monolayer composed of lecithin, cholesterol, and

a lipid conjugated with polyethylene glycol (PEG) (Figure 4B).[119] Both in vitro and

in vivo studies confirmed that the formulation could enhance the production of singlet
oxygen. Compared with free IR780, improved antitumor efficacy was achieved using the
nanoformulation after intratumoral or intravenous administration followed by irradiation.

MOFs, consisting of metal nodes joined with organic linkers via coordination bonds, have
been widely explored in the phototherapy field since many have intrinsic photoactive
properties or can be used as carriers to deliver phototherapeutic agents. By rationally
selecting their surface chemistry and pore size, MOFs have been used for the selective
capture and in vivo transport of oxygen.[120] |n one instance, a zeolitic imidazolate
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framework-8 MOF doped with Cu?* was first filled with oxygen, followed by the addition of
a thin layer of the same MOF material loaded with Ce6 and then coating with Pluronic F127.
[121] The nanoplatform showed high oxygen storage capacity and underwent pH-responsive
release of oxygen at tumor sites to alleviate hypoxia and promote PDT. Compared with

a formulation without loaded oxygen, the oxygen-loaded version exhibited significantly
improved inhibition of murine 4T1 tumors under irradiation at 650 nm.

3.1.3 Improving tumor accumulation—The targeted delivery of phototherapeutic
agents to tumors is desired to increase therapeutic efficacy while improving the safety of
phototherapies. To achieve this, various nanoformulations have been constructed based on
different strategies, including passive targeting by optimizing size and surface properties,
guided targeting using various stimuli, and active targeting mediated by high-affinity
ligands.[22] In terms of selecting suitable targeting ligands, there is an abundance of
options, including peptides such as angiopep-2, proteins such as antibodies against human
epidermal growth factor receptor 2, aptamers such as AS1411, and other molecules such as
folic acid and hyaluronic acid. In one preclinical study, the PLZ4 peptide, which can bind to
a. B3 integrin, was decorated onto nanoporphyrin to enhance accumulation at the tumor site
by 30 ~ 40 times.[%2] This resulted in significantly improved survival in both subcutaneous
and spontaneous bladder cancer models. Other examples of targeting mechanisms employed
by phototherapeutic platforms include the use of albumin to promote the cellular uptake of
gold nanorods,[123] IF7 peptide for annexin 1-mediated uptake,[124] arginine-glycine-aspartic
acid for tumor vascular targeting via a3 and a5 integrins,[12%] and transferrin for
targeting the transferrin receptor.[126]

Even with targeting functionality, nanocarriers ideally need to penetrate deeply into

tumors in order to maximize the activity of their therapeutic payloads. However, the high
interstitial fluid pressure and dense extracellular matrix in the tumor microenvironment
oftentimes prohibits this type of access.[127] It has been reported that positively charged
nanoparticles smaller than 50 nm exhibit deeper tumor penetration, while negatively charged
particles between 20 nm to 1 um have longer blood circulation.[*28] In a notable example,
researchers designed a single phototherapy platform capable of taking advantage of both
size-based effects by leveraging a stimuli-triggered release mechanism.[12%] |CG-conjugated
poly(amidoamine) dendrimers were attached to the amphiphilic PEG-b-poly(e-caprolactone)
block copolymer through an ROS-responsive thioketal linker, and the resulting construct
was mixed with Ce6 and self-assembled into nanoparticles around 120 nm in size. After
intravenous injection, the nanoparticles accumulated at tumor sites thanks to passive
targeting, and the production of ROS under irradiation at 660 nm facilitated the release

of 10-nm positively charged dendrimers capable of enhanced tumor penetration.

Modulation of the tumor microenvironment by disrupting the extracellular matrix is another
potential strategy for enhancing tumor penetration. Although the hyperthermia elicited

by PTT can moderately damage the extracellular matrix, additional methods have been
explored to improve the efficiency of this process, including physical methods such as

the use of ultrasound, enzymatic methods using hyaluronidase or other enzymes, and
chemical methods like the use of cyclopamine.[13%] In one instance, the protease bromelain,
which can degrade collagen, was conjugated onto semiconducting polymer nanoparticles
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with photothermal activity (Figure 5A).[331] Under irradiation at 808 nm, enhanced
tumor penetration and higher tumor temperatures were observed in mice treated with the
bromelain-loaded formulation.

Cell membrane coating nanotechnology has been developed as a straightforward

approach to functionalizing nanoparticles.[132-134] The resulting nanoformulations display
cell-mimicking abilities that can be useful for many types of applications, including

drug delivery,[135] detoxification,[236] vaccination,[233] and phototherapy.[*37] To enhance
nanoparticle-based phototherapy, various cell membrane coatings have been explored, such
as those derived from RBCs, platelets, white blood cells, and cancer cells. RBC membrane
coatings, which have been demonstrated to prolong blood circulation and improve immune
evasion,[138] have been utilized to enhance tumor accumulation for both PDT and PTT
nanoplatforms by passive targeting.[*39] In one study, RBC membrane was used to
camouflage magnetic mesoporous silica nanoparticles preloaded with the photosensitizer
hypocrellin B.[240] With the help of a magnetic field, the intravenously injected formulation
showed improved tumor accumulation, and significant elimination of 4T1 tumors was
observed upon laser irradiation. To further improve the delivery of photosensitizers into
tumors, RBC membrane can be modified with targeting ligands through lipid insertion.
[141] For example, high expression of low-density lipoprotein receptor has been identified
in triple-negative breast cancers, and antibodies targeting the protein have been inserted
into RBC membrane using a lipid anchor with a PEG linker.[242] The engineered RBC
membrane was then coated onto poly(lactic-co-glycolic acid) (PLGA) nanoparticles loaded
with ICG and the anti-hypoxic molecule salidroside. Compared with unmodified RBC
membrane-coated nanoparticles, the modified formulation exhibited better tumor-specific
delivery and tumor growth inhibition in both 4T1 and MDA-MB-231 tumor models. Despite
the advantages of an RBC membrane coating, it is possible for it to hinder cellular uptake
and drug release.[143] To solve this problem, RBC membrane was incorporated with a

lipid photosensitizer 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide and then
coated onto heparan sulfate cores conjugated with the cancer drug docetaxel and the anti-
metastasis molecule calcitriol (Figure 5B).[244] After irradiation at 808 nm, the modified
RBC membrane was ruptured due to the local hyperthermia induced by the photothermal
agent, and the encapsulated drugs were released for better tumor penetration.

For tumor targeting, platelet membrane coatings have been utilized based on the natural
interactions of their source cells with disrupted vasculature and cancer cells.[243] Similar

to RBC membrane, platelet membrane also bestows nanoparticles with improved immune
evasion and prolonged circulation times.[246] In one study, platelet membrane was derived
and coated onto magnetic Fe30, nanoparticles to treat MCF-7 tumors.[X47] Compared with
uncoated nanoparticles, those with the membrane coating exhibited significantly prolonged
blood circulation and increased accumulation at the tumors. Similarly, the homing ability of
stem cells to cancers has been utilized to construct stem cell membrane-coated nanoparticles
for phototherapeutic applications.[148] For example, the membrane from bone marrow-
derived mesenchymal stem cells was coated onto mesoporous silica-coated upconversion
nanoparticles loaded with two photosensitizers, MC540 and ZnPC.[149] The stem cell
membrane coating enhanced cellular uptake by HeLa cells and facilitated tumor-specific
delivery, thus leading to improved PDT efficacy. In another instance, human umbilical
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cord-derived mesenchymal stem cells were collected for membrane coating onto Fe3Oy4
nanoparticles modified with polydopamine and adsorbed with siRNA against PIk1 to
elicit apoptosis.[150] Likewise, improved tumor accumulation and antitumor efficacy were
observed when treating with this membrane-coated nanoformulation.

The membrane material derived from white blood cells, including macrophages, neutrophils,
and T cells, have widely been utilized for improved tumor targeting due to their natural
tropisms. Macrophage membrane-coated gold nanoshells showed improved binding to

4T1 cancer cells in vitro, and in vivo they demonstrated prolonged blood circulation as

well as increased tumor accumulation.[251] Compared with uncoated gold nanoshells, the
membrane-coated formulation showed better PTT efficacy upon irradiation at 808 nm.
Owing to the affinity of neutrophils to inflammatory tissues and circulating tumor cells,
neutrophil membrane-coated nanoparticles have been shown to enhance the targeting of
metastatic sites.[152] Inspired by the natural infiltration of T cells into tumors, T cell
membrane camouflaging has also been explored to improve tumor targeting.[153] Modified T
cell membranes have been constructed to further enhance tumor accumulation. For example,
a CAR T cell recognizing glypican-3 expressed in most hepatocellular carcinomas, but

not in healthy cells, was generated by viral transduction, and the cell membrane was
extracted for coating onto IR780-loaded mesoporous silica nanoparticles.[134] In comparison
with uncoated nanoparticles, the coated formulation showed increased tumor targeting and
improved PTT efficacy. In another example, primary human T cells were first metabolically
engineered to express azide groups, and their membrane was coated onto ICG-loaded

PLGA nanocores.!*55] For in vivo application, bicyclo[6.1.0]nonyne was first injected
intratumorally to label Raji tumors, and mice were then intravenously administered with

the modified T cell membrane-coated nanoparticles. Due to the specific interaction between
the nanoparticle’s azide groups and the bicyclo[6.1.0]nonyne on the cancer cells, strong
accumulation and irradiation-induced temperature increases were achieved, resulting in
complete tumor clearance.

Cancer cell membrane has been extensively used to functionalize nanoparticles for antitumor
applications based on several different properties, including their homotypic binding, tumor-
associated antigen presentation, and immune evasion.[*32] For improved PTT, MCF-7 cancer
cell membrane was first modified with PEG to shield from serum proteins and then coated
onto ICG-loaded PLGA nanoparticles.[*56] The resulting membrane-coated nanoformulation
showed improved tumor accumulation, which helped to increase hyperthermia upon
irradiation to achieve complete inhibition of tumor growth. In another example, MDA-
MB-231 membrane was coated onto an ICG-loaded gold-rhodium core-shell nanostructure
for enhanced PDT.[157] Similarly, the cancer membrane coating significantly improved the
accumulation of ICG at the tumor site, resulting in strong antitumor efficacy. Given the

fact that cancer-associated fibroblasts are the major stromal cells in the tumor environment,
nanoparticles coated with their membrane have also been prepared for selective delivery

to tumors by homotypic binding.[*58 In one example, fibroblasts were first activated after
incubation with transforming growth factor beta 1 (TGF-1), and their membrane was then
derived and cloaked onto semiconducting polymer nanoparticles with high near-infrared
(NIR) absorbance.[1591 Compared with uncoated and normal fibroblast membrane-coated
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nanoparticles, the formulation derived from activated fibroblasts exhibited significantly
increased tumor accumulation and improved inhibition of 4T1 tumors.

3.1.4 Controlling subcellular localization—The process of ICD after phototherapy is
governed by stress on the ER, which promotes the release of DAMPs such as CRT, HMGBL1,
and HSPs.[160] To achieve ER targeting, multiple strategies have been explored, including
the use of small molecules[®3. 1611 and peptides.[162. 163] For example, sulfonamide derivates
that can bind to the sulfonylurea receptors overexpressed on the membrane of the ER have
been utilized.[83] In this case, N-tosylethylenediamine was conjugated with 4,4’,4>*,4**’-
(porphyrin-5,10,15,20-tetrayl)tetrakis(N-(2-((4-methylphenyl)sulfonamido)ethyl)benzamide
to form an ER-targeting photosensitizer, which was then loaded into redox-sensitive
nanoparticles. When the nanoformulation was applied against a 4T1 tumor model, the
treatment successfully inhibited the growth of both primary and distant tumors, indicating
the induction of systemic immune responses. In another example, an ER-targeting pardaxin
peptide was linked onto ICG-conjugated hollow gold nanospheres and hemoglobin-loaded
liposomes (Figure 6A).1162] Compared with those without the peptide, the modified
formulations were able to significantly improve survival in both CT26 and B16 models
when irradiation at 808 nm was applied.

As the energy factory of the cell and an important regulator of redox and calcium signaling,
the mitochondria have been widely explored as a target for cancer therapy.[164] Due to

their high sensitivity to hyperthermia and ROS, mitochondria-targeting has the potential

to increase the efficacy of phototherapies.[165. 1661 \When compared with targeting to other
intracellular organelles such as the ER and lysosomes, the mitochondria-specific localization
of a photosensitizer was shown to elicit the highest degree of apoptosis and ROS levels

in tumor cells.l671 To target mitochondria, cationic and lipophilic constructs, including
delocalized lipophilic cations, peptides, and liposomes, have been utilized.[264] For example,
triphenylphosphonium and the photosensitizer Ce6 were conjugated onto polyethylenimine
for mitochondria-targeted delivery (Figure 6B).[268] Compared with free Ce6, the targeted
formulation enhanced the generation of singlet oxygen and induced apoptosis of B16F10
cells. Positively charged and lipophilic nanoscale MOFs can sometimes have an intrinsic
affinity to mitochondria. In one study, a hafnium-iridium MOF was constructed as a
mitochondria-targeting carrier and incorporated with a zinc-phthalocyanine photosensitizer.
[166] |n comparison to free photosensitizer, the nanoformulation induced higher levels of
singlet oxygen, leading to higher expression of CRT and better inhibition of MC38 and
CT26 tumor growth.

The nucleus has long been regarded as an important target for anticancer drugs that

regulate proliferation, metabolism, and the cell cycle.[169] The ROS and heat generated

by phototherapeutic modalities can efficiently damage nuclear components, providing a
promising means of achieving anticancer efficacy.l17%1 However, multiple barriers hinder
localization to the nucleus, including endolysosomal degradation and selective entry through
nuclear pore complexes.[171: 1721 To enhance nuclear accumulation, nanoformulations can
be passively targeted by enhancing their hydrophilicity and reducing their size, or they

can be actively delivered with the help of certain targeting ligands such as TAT peptides

and the AS1411 aptamer.[173] In addition to the direct destruction of nuclear components,
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nucleus-targeting nanocarriers can also be used to modulate gene function to augment
phototherapies. In one study, gold nanorods with NIR-I1 photothermal activity were

coated with a nuclear localization signal peptide attached to an amphiphilic copolymer

that was then adsorbed with siRNA targeting Y THDF1.[174] Delivery of the siRNA
significantly reduced HSP70 expression, which increased the sensitivity of the tumor cells to
hyperthermia.

3.2 Combination of phototherapy with immune-enhancing treatments

3.2.1 Modulation of immune cell populations—The infiltration of
immunosuppressive cells, including Tregs, M2-polarized tumor-associated macrophages
(TAMs), and myeloid-derived suppressor cells (MDSCs), can contribute to the
immunosuppressive environment of tumors and decrease the effectiveness of cancer
treatments.[17%] Tregs inhibit antitumor immune responses by secreting inhibitory cytokines
such as IL10 and TGF-B to impede the functions of DCs and CD8* T cells, and they

can also directly regulate effector T cells and natural killer (NK) cells using granzymes

and perforin.[176] As one of the most abundant immune cells in tumors, TAMs are derived
from recruited peripheral monocytes and tissue-resident macrophages.[177] They are divided
into two groups: M1 type TAMSs can mediate the elimination of cancer cells and M2 type
TAMs can aid in tumor immunosuppression. By secreting anti-inflammatory cytokines like
IL10, expressing co-inhibitory markers like PDL1, and releasing proteins such as matrix
metalloproteinases (MMPs) and vascular endothelial growth factor, M2 TAMs have been
reported to play important roles in tumor progression and metastasis.[178] MDSCs are
generated from myeloid progenitor cells in the bone marrow that subsequently accumulate
in tumors.[179] They can potently mediate immune suppression by interacting with other
immunosuppressive cells and inhibiting effector T cells through ROS, nitric oxide, and
adenosine production.[180]

Although phototherapy can eliminate local tumors and elicit ICD, its ability to promote
strong antitumor immunity can be restricted by the presence of immunosuppressive cells.
[181] As a result, synergistic therapies combining phototherapy and the depletion of
immunosuppressive cells have been explored. Since Tregs are essential in maintaining
immune tolerance to self-antigens, their depletion should only occur within tumors to avoid
systemic toxicity and autoimmunity.[182] Along these lines, CD25 is a potential target for
the selective depletion of effector Tregs. Glucocorticoid-induced cancer necrosis factor
receptor is a co-stimulatory marker expressed on the surface of Tregs that can be used

to block their immunosuppressive functions.[183] Based on this, a high affinity agonistic
antibody was loaded onto photothermally active polydopamine nanoparticles containing
ICG as a photosensitizer and catalase to alleviate hypoxia (Figure 7A).[184] After treatment
using the nanoformulation, the tumor Treg population was significantly decreased and more
infiltration of cytotoxic T cells was observed, which resulted in potent antitumor efficacy
in a 4T1 bilateral model. In another study, an antibody against the same marker was
covalently conjugated onto PLGA nanoparticles loaded with IR780 and imatinib, which
can help to downregulate the Treg phenotype.[185] After intravenous administration, the
nanoformulation exhibited prolonged circulation and enhanced accumulation at the tumor
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site. Upon laser irradiation, signs of antitumor immunity were observed, with increases in
mature DC and cytotoxic T cell infiltration, along with a reduction in Tregs.

The repolarization of TAMs from an M2 to M1 phenotype is another viable strategy

for promoting antitumor immunity. It has been reported that damage of mitochondrial

DNA caused by ROS during PDT can mediate this repolarization process.[186] Inspired

by this finding, a nanoplatform for enhanced PDT was constructed by loading ultrasmall
CuS-MnO, nanoparticles onto CaO, nanoparticles, followed by coating with hyaluronic acid
for tumor cell targeting (Figure 7B).[187] After cellular uptake, the CuS component mediated
NIR-triggered PTT and PDT, which was aided by the increased oxygen generated from
Ca0, and reduced glutathione facilitated by MnO,. In vitro results with 4T1 cells confirmed
mitochondrial injury and increased expression of CRT, HMGB1, ATP, and HSP70, which
promoted the M2 to M1 transformation of macrophages. After intravenous administration,
the nanoplatform elicited DC maturation, cytotoxic T cell and NK cell infiltration, and

Treg downregulation, enabling it to inhibit the growth of both primary and distant 4T1
tumors. The delivery of specific agents capable of macrophage repolarization has also been
tested in combination with phototherapy. BLZ-945, which can block the pathway between
macrophage-colony stimulating factor and its receptor, can downregulate M2 markers on
TAMs and increase the infiltration of CD8" T cells.[188] |n one study, BLZ-945 and

ICG were loaded into ruthenium nanoparticles modified with MMP-responsive triglyceride
monostearates, and the resulting formulation was able to mediate M2 to M1 repolarization
while showing potent antitumor efficacy in a CT26 mouse model.[289] Inspired by reports
that NK cells can promote the M1 polarization of TAMs, NK cell membrane was isolated
and coated onto a polymeric core loaded with a photosensitizer.[190] Compared with
uncoated nanoparticles, those with the NK membrane coating exhibited increased tumor
accumulation and enhanced M1 polarization capabilities. With irradiation under a 660 nm
laser, the formulation was able to eliminate primary tumors and had potent effects against
distant tumors in a bilateral 4T1 model.

Multiple strategies targeting MDSCs have been developed to alleviate tumor
immunosuppression, including specific depletion, inhibition of immunosuppressive
functions, blockade of migration and recruitment into tumors, promotion of differentiation,
and hindering metabolism.[175] Hypoxia has been reported as an important factor to prevent
the differentiation of MDSCs and maintain their accumulation within tumor sites.[191]
Along these lines, an oxygen-producing nanoformulation was constructed by loading IR780
and metformin into mesoporous silica nanoparticles and sealing the pores with CeO,
nanoparticles.[192] After uptake into cancer cells, the CeO, nanoparticles were able to

react with endogenous HoO5 to produce oxygen, and the released metformin inhibited
mitochondrial respiration for reduced oxygen consumption. This helped to decrease the
MDSC population after treatment, contributing to the infiltration of CD8* T cells and

the inhibition of tumor growth in both subcutaneous and metastasis models of B16F10
melanoma. Inhibition of phosphodiesterase 5 can lead to the reduced recruitment of MDSCs
and TAMs in tumors through downregulation of nitric oxide synthase 2 and arginase

113931 In one study, the inhibitor tadalafil and the photosensitizer ICG were mixed to
prepare nanoparticles based on coordination bonds with ferric ions.[1%4] Ultimately, the
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nanoformulation inhibited the infiltration of MDSCs and M2 TAMSs while increasing mature
DC and cytotoxic T cell populations.

3.2.2 Immune checkpoint blockade—As a vital part of immune homeostasis,
immune checkpoints can help to moderate T cell activation and prevent the occurrence of
autoimmunity.[19%] However, cancer cells are able to take advantage of these mechanisms to
acquire resistance against immune detection and elimination.[19] To address this challenge,
various antibody and small molecule therapeutics capable of blocking immune checkpoints
have been developed.[197] An antibody targeting CTLA4 was the first immune checkpoint
blockade therapy approved by the United States Food and Drug Administration (FDA)
against advanced melanoma. CTLA4 is a transmembrane glycoprotein expressed on T

cells that competes with the co-stimulatory receptor CD28 to recognize the ligands CD80
and CD86.1198] Blockade of CTLA4 enhances immune responses broadly through the
improvement of helper T cell activity and the inhibition of Tregs.[1%%] PD1 is expressed on
T cells, as well as activated B cells and NK cells,[290] while its ligand PDL1 can be highly
expressed on tumor cells for immune evasion.[201] Interaction between the two markers
inhibits T cell activation and can promote the apoptosis of infiltrated T cells.[202] To block
this immunosuppressive pathway, various antibodies targeting PD1 and PDL1 have been
developed as treatments against different types of tumors. Overexpressed in tumor cells and
DCs, indoleamine 2,3-dioxygenase 1 (IDO1) is a cytosolic enzyme that helps to construct
an immunosuppressive tumor microenvironment by increasing the kynurenine to tryptophan
ratio, which suppresses the antitumor functions of NK cells and promotes the infiltration

of Tregs.[203. 2041 As high IDO1 activity is correlated with poor prognoses in various types
of cancers,[205. 206] various drugs are being explored to target this pathway.[207] Another
mechanism that is actively being investigated involves CD47, which is expressed by cancer
cells to inhibit the functions of myeloid cells through binding to signal-regulatory protein
a.[208] The blockade of CDA47 can lead to increased elimination of tumor cells,[2091 and
various therapies targeting this pathway are being tested in clinical trials.[21°]

As the ICD induced by phototherapy often fails to elicit potent systemic antitumor
immunity, the combination of phototherapy with immune checkpoint blockades has been
explored as a solution. It should be noted that the increased expression of checkpoint
markers such as IDO1 and PDL1 during phototherapy can further attenuate antitumor
efficacy.[211] A simple method to achieve this type of PIT is to administer immune
checkpoint treatments as a supplement to phototherapies. For example, a plasma membrane-
targeting peptide was conjugated with the photosensitizer protoporphyrin 1X via a
hydrophilic PEG chain and a hydrophobic alkyl chain, and the resulting construct was then
self-assembled into nanoparticles.[212] After cellular uptake, the nanoparticles migrated to
the plasma membrane with the help of farnesyltransferase and promoted enhanced release
of intracellular DAMPs such as ATP and HMGBL upon irradiation at 660 nm. In vivo,
treatment with the nanoparticles in combination with anti-PD1 increased the infiltration of
effector T cells and lead to the eradication of primary tumors as well as the inhibition

of distant tumors. To enhance the antitumor activity of anti-PDL1, a nanoscale MOF was
constructed by combining Fe30 clusters and 5,10,15,20-tetra(p-benzoato)porphyrin as a
photosensitizer for oxygen-replenishing PDT.[213] The platform enabled the degradation of
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endogenous H,0, to produce oxygen through an Fe3O-mediated Fenton reaction, which

led to increased singlet oxygen production under light irradiation. When treating with a
combination of the MOFs administered intratumorally and intraperitoneal anti-PDL1, potent
antitumor responses against both primary and distant tumors were observed in a CT26
model.

Compared with the systemic administration of immune checkpoint blockades, local delivery
via intratumoral administration or intradermal injection proximal to the tumor site have been
reported to elicit stronger antitumor immunity.[224] Along these lines, PEG-modified black
phosphorus nanoparticles have been injected intratumorally along with anti-CD47 to elicit
synergistic antitumor effects.[215] In comparison with either nanoparticle-mediated PTT or
anti-CD47 alone, the combination therapy promoted the repolarization of TAMSs to an M1
phenotype, increased the infiltration of CD4* and CD8* T cells, and elevated the serum level
of proinflammatory cytokines, thus leading to potent efficacy in a bilateral A20 murine
tumor model. The co-delivery of immune checkpoint blockades and phototherapeutic
agents is another potential strategy to improve the accumulation of both payloads at

tumor sites for PIT. In one study, anti-CTLA4 and the photosensitizer zinc phthalocyanine
were co-encapsulated into dextran nanoparticles using a double emulsion method, and the
resulting formulation was further loaded into polydimethylsiloxane microneedles (Figure
8A).[216] After application onto tumors, the combination therapy significantly increased the
infiltration of cytotoxic T cells and helper T cells, along with promoting the release of the
proinflammatory tumor necrosis factor a. (TNFa.).

In addition to antibodies, checkpoint blockade can also be achieved using peptides, SIRNA,
and small molecules, all of which can be co-delivered with phototherapeutic agents for
PIT. For example, the PDL1 antagonist peptide PPPA-1 was conjugated with a tumor-
homing peptide LyP-1 via an MMP2-degradable peptide linker.[217] After adsorption onto
Au@Pt nanoparticles with photothermal properties, the resulting nanoformulation was
administered intravenously and accumulated at the tumor site where the elevated levels

of MMP2 degraded the linker. The released PPPA-1 blocked PDL1 on the tumor cell surface
while the exposed LyP-1 peptide then targeted the nanoparticles for cellular uptake for
enhanced PTT. Compared with a formulation without PPPA-1, the final nanoformulation
elicited more potent infiltration of cytotoxic T cells in both primary and distant tumors,
better downregulation of Tregs, and increased levels of proinflammatory cytokines in the
serum. In another study, MnO5 nanoparticles loaded with ICG and coated with CaCO3
were constructed, followed by the adsorption of anti-PDL1 siRNA through electrostatic
interactions.[218] The nanoplatform had a size of around 125 nm with a zeta potential about
-10 mV, and it was able to silence the expression of PDL1 in Lewis lung carcinoma cells
in a dose-dependent manner. In vivo, the nanoparticles enhanced mature DC and T cell
infiltration, leading to potent antitumor efficacy in a subcutaneous tumor model of Lewis
lung carcinoma.

Multiple small molecules have been developed as IDOL1 inhibitors, which can be loaded into
nanoparticulate delivery systems for combination treatment with phototherapy. For instance,
the inhibitor NLG919 was conjugated onto semiconducting polymer nanoparticles through
a singlet oxygen-responsive linker.[21%] Cellular experiments with 4T1 cells confirmed the
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production of singlet oxygen and inhibition of IDO1-mediated kynurenine metabolism.
After intravenous injection, the nanoparticles accumulated at the tumor site, enabling

local hyperthermia and ROS generation after NIR irradiation. In comparison to control
nanoparticles without the inhibitor, the NLG919-conjugated nanoparticles decreased the
kynurenine to tryptophan ratio in primary tumors and increased the infiltration of cytotoxic
T cells into distant tumors, leading to overall control of tumor growth and a reduction in
lung metastasis. Besides chemical conjugation, the encapsulation of IDO1 inhibitors into
nanoparticles has also been explored. In one study, a porous nanoscale MOF composed of a
chlorin derivative was constructed, and an analogue of epacadostat was loaded into the MOF
as an 1DO1 inhibitor.[220] Synergistic antitumor efficacy was achieved after nanoparticle
administration followed by laser irradiation, with potent abscopal effects against distant
tumors observed in both CT26 and MC38 models.

The rational combination of different immune checkpoint blockades has the potential to
greatly improve antitumor immunity without increasing toxicity. For example, a three-in-one
platform was constructed by the assembly of the IDO1 inhibitor dextro-1-methyl tryptophan
conjugated to polylysine, Ce6-loaded hyaluronic acid, and anti-PDL1 through electrostatic
interactions (Figure 8B).[221] Upon in vivo application, the hyaluronic acid was degraded by
hyaluronidase expressed in the tumor microenvironment to release anti-PDL1 and enhance
tumor elimination by effector cytotoxic T cells. After cellular uptake, the IDO1 inhibitor was
released to further alleviate tumor immunosuppression, and the photosensitizer Ce6 enabled
PDT that induced ICD. By promoting multiple phases of the antitumor immune response,
including antigen presentation and lymphocyte activation, the platform was able to eradicate
both primary and distant tumors as well as inhibit pulmonary metastasis.

3.2.3 Enhancement of immune cell function—Immunological adjuvants are
bioactive molecules capable of eliciting potent innate and adaptive immune responses.[222]
When combined with tumor antigens as a vaccine, adjuvants can help to induce potent
tumor-specific immunity.[223] Adjuvants come in a multitude of forms and work by a

variety of different mechanisms.[224] As a type of pattern recognition receptors, Toll-like
receptors (TLRs) are expressed abundantly by some immune cells to recognize pathogen-
associated molecular patterns (PAMPS), which subsequently leads to the induction of
proinflammatory responses.[225] There are nine TLRs that have been extensively studied,
with some located on the plasma membrane and others expressed in the endosomal
compartment.[226] Examples of common TLR agonists include polyinosinic-polycytidylic
acid for TLR3, monophosphoryl lipid A derived from lipopolysaccharide for TLR4, flagellin
for TLR5, imidazoquinolines for TLR7 and/or TLR8, and CpG oligonucleotides for TLRO.
[224] |n contrast to TLR agonists, alum is a classical inorganic adjuvant first reported in

1926 and has different forms, including aluminum phosphate and aluminum hydroxide.[133]
Alum activates caspase-1 and induces IL1p release through the inflammasome pathway for
T helper 2-biased immune responses.[227] Chitosan is a biopolymer derived from chitin of
insects and crustaceans, and it has been utilized as both a carrier and adjuvant to elicit potent
humoral and cellular immune responses,[228] although its mechanism of action is still not
entirely clear.[229] Cell-derived components, including intracellular proteins such as HSPs,
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various cell-derived exosomes, and bacterial cell membranes have also been explored as
adjuvants to elicit antitumor immunity.[230-232]

CpG oligonucleotides can be divided into four types based on their motifs and structures,
[233] and they have been widely explored for augmenting immune responses to cancer.
[234] In one study, black phosphorus quantum dots were functionalized with PEG and
hydrophobic ROS-sensitive poly(propylene sulfide) for self-assembly with CpG into a
larger nanovesicle structure (Figure 9A).[235] Under NIR irradiation, the hydrophobic
polymer was degraded, leading to the disassembly of the nanostructure into its constituent
black phosphorus quantum dot building blocks for CpG release. Compared with single
treatments using either CpG only or black phosphorus nanovesicles alone, the combination
therapy elicited the highest level of proinflammatory cytokines, including IL6, 1L12

and TNFa, in the serum, along with the strongest efficacy against primary tumors,

distant tumors, and metastases in a 4T1 mouse model. In addition to loading CpG

into nanoparticles, DNA hydrogels consisting of CpG have been proposed as another
platform for facilitating nanoparticle-based PIT. For example, a hexapod-like DNA
structure containing CpG sequences was mixed with oligodeoxynucleotide-modified gold
nanorods and self-assembled into a nanocomposite hydrogel.[236] The resulting hydrogel
formulation demonstrated both photothermal properties and immunostimulatory activity.
After intratumoral injection, antigen-specific antibodies and T cell responses were generated
to inhibit tumor growth in a murine model.

Small molecule adjuvants like imidazoquinolines can be either directly loaded into
nanoformulations or conjugated onto polymers for incorporation by self-assembly. For
example, magnetic Fe304 nanoparticles were first loaded with 1CG through electrostatic
interactions and then coated with PEG conjugated with polyphenols that were preloaded
with R837.[237] With the direction of a magnetic field, the dual-payload nanoparticles
accumulated more at tumor sites and were degraded to release the adjuvant upon laser
irradiation. As a result, the combination therapy significantly enhanced the maturation

of DCs and the proliferation of T cells in lymph nodes, inhibiting the growth of 4T1
tumors in both subcutaneous and metastasis models. In another study, an imidazoquinoline
was conjugated onto a polymeric backbone to create a new TLR7/8 agonistic polymer,
which was then grafted onto gold nanorods.[238] An R9 peptide protected by PEG via

an MMP2-sensitive peptide was also conjugated onto the nanoparticles. In the tumor
microenvironment, the R9 peptide was exposed, enabling it to nonspecifically capture tumor
antigens. Using this formulation for tumor treatment, increased apoptosis and enhanced
infiltration of cytotoxic T cells and NK T cells were observed.

Cell membrane coating technology has been explored as an emerging strategy to elicit
potent immune responses through the presentation of tumor antigens, activation of APCs
with PAMPs, and direct activation of T cells with co-stimulatory factors.[239-242] Taking
advantage of the ability of DCs to present antigens and prime T cells, the membrane from
mature bone marrow DCs was coated onto nanoparticles loaded with the photothermal
agent IR-797.1243] The nanoplatform retained the expression of major histocompatibility
complex I and 1, as well as the co-stimulatory factors CD80 and CD86, enabling it to
specifically activate T cells ex vivo. Additionally, treatment with the nanoparticles decreased
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the expression of HSPs in 4T1 cells, making them more sensitive to mild hyperthermia.
Upon irradiation at 808 nm, potent antitumor immunity and significant inhibition of both
primary and secondary tumors were achieved in a 4T1 model. Besides using DC membrane,
it is possible to construct artificial APCs directly from cancer cells by engineering them to
express co-stimulatory markers.[242] Along these lines, a formulation for PIT was developed
by expressing the co-stimulatory marker CD86 and the immune checkpoint blockade
anti-lymphocyte activating 3 on 4T1 membrane, which was then used to camouflage a
photosensitizer-containing nanoparticle.[244] Compared with uncoated nanoparticles, the
final nanoformulation elicited a potent abscopal effect and promoted long-term immune
memory when irradiated at 660 nm.

Bacterial membranes, particularly outer membrane vesicles (OMVs) derived from Gram-
negative bacteria, can contain multiple PAMPs and thus have been explored as natural
adjuvants.[?43] In one study, OMVs from Escherichia coli engineered with human tumor
necrosis factor related apoptosis-inducing ligand were collected and conjugated with

ICG and an RGD peptide targeting avp3 integrin.[246] After topical administration, the
OMVs could penetrate through the stratum corneum thanks to their nanoscale size and

lipid composition, thus accumulating at the tumor site. After irradiation at 808 nm, the
hyperthermia induced by the formulation synergized with the apoptosis elicited by the
engineered ligand for enhanced antitumor efficacy. Another study reported the utilization
of OMV-coated nanoparticles capable of hitchhiking on neutrophils due to their PAMP
recognition ability.[247] Upon adoptive transfer, the loaded neutrophils were able to navigate
to tumors that had been subjected to PTT, subsequently releasing the ingested nanoparticles
for synergistic antitumor therapy.

Hybrid membranes have been constructed by fusing two or more membranes from different
cell types together.[248. 2491 |n an example for PIT, OMVs derived from attenuated
Salmonella were selected for their adjuvant properties and fused with B16F10 membrane as
a tumor antigen source (Figure 9B).[250] The hybrid membrane was coated onto ICG-loaded
PLGA nanoparticles, and the maintenance of protein markers from both source membranes
was confirmed. In vitro, the hybrid membrane-coated nanoparticles were able to enhance
DC maturation and increase T cell proliferation. As a nanovaccine, the nanoparticles
offered significant protection specifically against B16F10 tumor growth. When applied
therapeutically against B16F10 tumors, the hybrid membrane-coated nanoparticles showed
the best efficacy in combination with laser irradiation.

4. Conclusions

Phototherapy has emerged as a promising approach for cancer treatment that relies on the
local generation of heat or ROS to induce tumor cell death. To enhance the antitumor
effects of phototherapies, researchers have recently begun to focus on generating stronger
systemic immune responses. By optimizing the potency of phototherapeutic platforms,

it is possible to enhance immune-related effects such as ICD, and this can be further
combined with specific immunotherapeutic modalities to create novel PIT approaches.
With the rise of nanotechnology, various nanoparticle-based platforms have been designed
to boost photothermal and photodynamic efficiency through approaches such as payload
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co-delivery, tumor or organelle targeting, and oxygen supplementation. While phototherapy
and immunotherapy can be applied separately in order to achieve synergistic antitumor
effects, all-in-one PIT platforms are becomingly increasingly popular, particularly as our
ability to fabricate multifunctional nanoparticle platforms improves. To enhance the broad
applicability of PIT, an emphasis should be placed on improving penetration depth,

which would provide access to non-superficial tumors. Additionally, combination with
other therapeutic modalities such as radiotherapy or chemotherapy may further boost the
therapeutic effects, and the use of more biodegradable and biocompatible components will
help to mitigate any safety issues. Overall, continued research on novel strategies for PIT
will yield platforms with higher efficacy and better safety that may eventually help to
improve the outlook of cancer patients in the clinic.
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Figure 1.

Photo-immunotherapy for anticancer therapy. When combined, phototherapies and
immunotherapies can synergize to achieve enhanced control of tumor growth, both at the
primary tumor site and distant sites of metastasis.
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Figure2.
Mechanism of action for phototherapies. Photothermal agents and photosensitizers

respectively produce heat and ROS under light irradiation, which results in cell death by
necrosis or apoptosis.
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Figure 3.
Enhancing photothermal efficiency. (A) By optimizing the spacing of a phototherapeutic

agent within a nanoparticle matrix, it is possible to minimize both photobleaching and
aggregation-induced quenching. Adapted with permission.[89] Copyright 2022, Wiley-VCH.
(B) The hypoxia-tolerant TP-IS1 photosensitizer is loaded into M1 macrophages to enrich
its tumor accumulation and elicit potent antitumor efficacy. Adapted with permission.[8]
Copyright 2022, Wiley-VCH.
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Figure4.
Relieving tumor hypoxia. (A) An /n situ photocatalyzed oxygen generation system is

developed by conjugating ICG-encapsulated human serum albumin nanoparticles onto
Synechococcus (SITHAS/ICG). The platform preferentially accumulates in tumors, and laser-
triggered oxygen generation promotes ROS production to enhance photodynamic efficacy
and antitumor immunity. Adapted with permission.[81] Copyright 2020, Wiley-VCH. (B)

A perfluorocarbon nanodroplet is loaded with oxygen and the photosensitizer IR780 for
oxygen self-enriching photodynamic therapy. Adapted with permission.[119] Copyright
2015, Nature Publishing Group.
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Improving tumor accumulation. (A) Semiconducting polymer nanoparticles are conjugated
with the protease bromelain, which can be activated under laser irradiation to degrade
collagen and enhance tumor penetration. Adapted with permission.[!3] Copyright 2018,
Wiley-VCH. (B) Laser-triggered drug release is realized by incorporating the lipophilic
photosensitizer 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) into
RBC membrane, which is coated around self-assembled nanoparticles comprised of heparan
sulfate (HS) conjugated to either docetaxel (DTX, HD) or calcitriol (CTL, HC). Adapted
with permission.[44] Copyright 2022, Wiley-VCH.
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Controlling subcellular localization. (A) ER-targeted delivery of phototherapy agents or

oxygen-delivering hemoglobin is achieved using the pardax

in peptide (FAL). Adapted

with permission.[162] Copyright 2019, Nature Publishing Group. (B) Mitochondria-targeted
delivery of the photosensitizer Ce6 and a CRISPR-Cas9 plasmid against Ptpn2 is achieved
using the targeting ligand triphenylphosphonium (TPP). Adapted with permission.[168]

Copyright 2020, Elsevier Ltd.
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Figure7.
Modulation of immune cell populations for PIT. (A) Polydopamine (PDA) nanoparticles

functionalized with ICG are further modified with catalase (CAT) to relieve tumor
hypoxia and the agonistic antibody DTA-1 against glucocorticoid-induced tumor necrosis
factor receptor family—related protein to target Tregs. Adapted with permission.[184]
Copyright 2021, Elsevier Ltd. (B) Hyaluronic acid-camouflaged CaO, nanoparticles
functionalized with ultrasmall CuS-MnO» nanoparticles can facilitate the repolarization of
M2 macrophages to M1 macrophages by promoting the release of oxidatively damaged
mitochondrial DNA (ox-mtDNA). Adapted with permission.[187] Copyright 2022, Wiley-
VCH.
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Figure8.
Immune checkpoint blockade for PIT. (A) Microneedle delivery of photosensitizers and anti-

CTLA4 loaded within double emulsion nanoparticles enables synergistic antitumor therapy.
Adapted with permission.[216] Copyright 2020, Elsevier Ltd. (B) A 3-in-1 platform for
delivering the photosensitizer Ce6 and two immune checkpoint inhibitors [dextro-1-methyl
tryptophan (1-mt) and anti-PDL1] is constructed via electrostatic interactions. Adapted with
permission.[221] Copyright 2019, American Chemical Society.
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Figure.
Enhancement of immune cell functions for PIT. (A) An NIR/ROS-responsive platform

is constructed by functionalizing black phosphorus quantum dots (BPQDs) with PEG

and poly(propylene sulfide) (PPS), and CpG is encapsulated inside to promote immune
simulation. Adapted with permission.[233] Copyright 2019, Wiley-VCH. (B) A tumor
vaccine is developed using an OMV and cancer cell hybrid membrane coated around ICG-
loaded PLGA nanoparticles. The OMV membrane serves as the immune adjuvant, while the
cancer cell membrane provides the tumor antigen material. Adapted with permission.[250]
Copyright 2020, Wiley-VCH.
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Table 1.

Strategies for improving the immune response to nanoparticle-based phototherapies.

Page 38

Strategy Examples Ref.
Enhancement of phototherapeutic effect
Enhanced absorption and ROS CoWO,_, nanoplatform with wide absorption spectrum. [75]
generation efficiency
p(MEO2MA-co-OEGMA)-b-pSS used to control the spacing between photosensitizers. [60]
Photosensitizer with aggregation-induced emission constructed using indole salt and [81]
pyrrolo[3,2-b]pyrrole.
Relieving tumor hypoxia Synechococcus functionalized with ICG-loaded human serum albumin nanoparticles. [61]
pH-responsive nanoplatform co-loaded with Ce6 and a plasmid encoding catalase. [101]
Cu?*-doped zeolitic imidazolate framework-8 filled with oxygen and functionalized with the (121
same MOF material loaded with Ce6 before coating with Pluronic F127.
Improving tumor accumulation Nanoparticles self-assembled from Ce6 and the amphiphilic PEG-b-poly(e-caprolactone) block [129]
copolymer attached with ICG-conjugated poly(amidoamine) dendrimers.
Semiconducting polymer nanoparticles conjugated with the protease bromelain. [131]
Magnetic Fe;0, nanoparticles coated with platelet membrane. [147]
Controlling subcellular localization | 1CG-conjugated hollow gold nanospheres and hemoglobin-loaded liposomes functionalized with | [162]
an ER-targeting pardaxin peptide.
Hafnium-iridium MOF incorporated with a zinc-phthalocyanine photosensitizer. [166]
Gold nanorods coated with a nuclear localization signal peptide attached to an amphiphilic [174]
copolymer that was then adsorbed with siRNA targeting Y THDF1.
Combination of phototherapy with immune-enhancing treatments
Modulation of immune cell High affinity agonistic antibody targeting the glucocorticoid-induced cancer necrosis factor [184]
populations receptor loaded onto polydopamine nanoparticles containing ICG and catalase.
CaO, nanoparticles loaded with ultrasmall CuS-MnO, nanoparticles and coated with hyaluronic [187]
acid.
Mesoporous silica nanoparticles loaded with IR780 and metformin and sealed with CeO, [192]
nanoparticles.
Immune checkpoint blockade Polydimethylsiloxane microneedles loaded with dextran nanoparticles co-encapsulated with [216]
anti-CTLA4 and the photosensitizer zinc phthalocyanine.
Au@Pt adsorbed with PDL1 antagonist peptides PPPA-1 conjugated with a tumor-homing [217]
peptide LyP-1 via an MMP2-degradable peptide linker.
Semiconducting polymer nanoparticles functionalized with the small molecule IDO1 inhibitor [219]
NLG919 using a singlet oxygen-responsive linker.
Enhancement of immune cell Nanovesicles self-assembled from CpG with black phosphorus quantum dots functionalized [235]
function with PEG and hydrophobic ROS-sensitive poly(propylene sulfide).
Gold nanorods grafted with an imidazoquinoline-based TLR7/8 agonistic polymer. [238]
OMVs from Escherichia coli engineered with human tumor necrosis factor related apoptosis- [246]
inducing ligand and conjugated with ICG and an RGD peptide.
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