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With the development of phototherapy, which is a type of light-induced cancer treatment, various bioma-
terials have been well designed as photoabsorbing/sensitizing agents or effective carriers to enhance the
therapeutic efficacy and evade the side effects of phototherapy. In recent years, the immunological
responses induced by phototherapy have been widely explored, which are mainly triggered by the tumor
associated antigens (TAAs) released from the dying cancer cells after phototherapy, together with the
secretion of damage associated molecular patterns (DAMPs) and various pro-inflammatory cytokines/
factors. To amplify these immunological responses induced by phototherapy, various adjuvant nano/
micromaterials are introduced to boost the immune system to recognize and kill cancer cells. Moreover,
such immune responses are further demonstrated to work in synergy with other immunotherapies such
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as immune checkpoint blockade (ICB), chimeric antigen receptor (CAR)-T cell and cytokine therapy,
achieving significantly increased immune response rates and successful therapeutic outcomes. Here, this
minireview will focus on the recent progress in engineering biomaterials for enhanced photoimmu-
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notherapy and discuss the challenges, opportunities and future prospects in this field.

1. Introduction

Phototherapy, a class of non-invasive therapeutic techniques,
usually utilizes phototherapeutic agents to selectively kill
cancer cells under appropriate light irradiation. Generally, it
falls into two categories, namely, photothermal therapy (PTT)
and photodynamic therapy (PDT)." PTT usually employs light-
absorbing agents, such as gold nanostructures with various
morphologies, carbon nanomaterials, transition metal oxides
and sulfides, as well as various other inorganic and organic
nanoparticles with strong absorbance in the near infrared
(NIR) region, effectively converting the photoenergy into heat
to kill cancer cells.>™ In comparison with PTT, PDT is a more
mature strategy of phototherapy which has been used in the
clinic.’ During PDT, photosensitizers could generate singlet
oxygen ('0,) (a kind of reactive oxygen species (ROS)) to
destroy cancer cells under suitable light irradiation.® Various
photosensitizers including Photofrin®, Chlorin e6 (Ce6), and
methylene blue have been widely used in both fundamental
research and the clinic.””® However, most of these photosensi-
tizers exhibit poor therapeutic results and serious phototoxi-
city due to their limited tumor homing ability.’® Various
micro- or nanoparticles including micelles, liposomes, pro-
teins, dendrimers, and so on have been extensively used to
deliver photosensitizers to improve the efficacy of PDT as well
as reduce their phototoxicity."* ™4

In addition, to directly destroy tumors with high selectivity
and low systemic toxicity, phototherapy is able to trigger

This journal is © The Royal Society of Chemistry 2020


www.rsc.li/biomaterials-science
http://orcid.org/0000-0002-1487-5479
http://crossmark.crossref.org/dialog/?doi=10.1039/d0bm01154a&domain=pdf&date_stamp=2020-10-21
https://doi.org/10.1039/d0bm01154a
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM008021

Published on 05 d’ octubre 2020. Downloaded on 27/1/2026 7:44:38.

Biomaterials Science

strong immunological responses.'” It has been demonstrated
that dying tumor cells after phototherapy are able to release
tumor-associated antigens (TAAs) and self-antigens, which
could be captured by antigen-presenting cells (APCs) particu-
larly dendritic cells (DCs) and then presented to adaptive
immune cells.'® Meanwhile, various immunogenic factors,
such as the secretion of damage associated molecular patterns
(DAMPs) including heat-shock proteins (HSPs), high-mobility
group box 1 (HMGB1), and adenosine triphosphate (ATP), the
exposure of calreticulin (CRT) on the surface of cancer cells,
and the release of pro-inflammatory cytokines/factors (TNF-a,
IL-1f, IL-6, IL-8 and IL-10), have been identified during the
dying of cancer cells after phototherapy.'”'® However, the
immune responses induced by phototherapy itself are usually
limited in killing cancer cells. Various adjuvants including
cytosine guanine (CpG) oligodeoxynucleotides, lipopolysac-
charides (LPS), monophosphoryl lipid A (MPLA), imiquimod
(R837), resiquimod (R848) and polyinosinic : polycytidylic acid
(poly 1:C) are introduced to amplify the immune responses
induced by phototherapy.?*>* As demonstrated by our group,
the TAAs released after phototherapy, working together with
the adjuvant, could act as “tumor vaccines” to stimulate the
immune system.>® Furthermore, such immune responses
induced by phototherapy are able to work in synergy with
other immunotherapies including immune checkpoint block-
ade (ICB), chimeric antigen receptor (CAR)-T cell and cytokine
therapy, achieving significantly increased immune response
rates and successful therapeutic outcomes.>* ¢

For photoimmunotherapy, multifunctional biomaterials
not only could act as phototherapeutic agents or carriers to
promote the efficacy of phototherapy itself, but also can
deliver immunostimulatory cargoes such as adjuvants to
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amplify the anti-tumor immune responses induced by photo-
therapy.>” More importantly, the engineered biomaterials also
have the ability to deliver and release various immunothera-
peutic agents, including antibodies, cytokines and even
immune cells, remodeling the microenvironment where
immune cells meet cancer cells, antigens, inhibitors or stimu-
latory signals, and other immune cells.?® In this review article,
we will first discuss the design and development of biomater-
ials that are used to maximize the efficiency of phototherapy
and then provide an overview of the immune responses
induced by phototherapy together with combining photother-
apy with other immunotherapeutic strategies to achieve syner-
gistic therapeutic efficacy (Fig. 1). Finally, future perspectives
and clinical challenges in this field of biomaterial-assisted
photoimmunotherapy are also discussed.

2. Biomaterial-assisted phototherapy

Phototherapy, including PTT and PDT, is a type of light-trigger-
ing local treatment, exhibiting many unique advantages
including improved selectivity and controllability, as well as
low systemic toxicity.”® PTT depends on light absorbing agents
to effectively convert the energy of light into heat, increasing
the local temperature of tumors to kill cancer cells.*® On the
other hand, PDT relies on the photosensitizers, which are able
to transfer the energy of light to the surrounding oxygen mole-
cules, generating cytotoxic 'O, to damage cancer cells.*!
Recently, various biomaterials have been investigated to
enhance the therapeutic efficacy of the two types of light-trig-
gered therapies.
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(a) Conventional phototherapy that results in anti-cancer immune responses
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Fig. 1 Scheme of biomaterial-assisted photoimmunotherapy for cancer. In this review article, the following three points are mainly discussed: (a)
conventional phototherapy that results in anti-cancer immune responses; (b) co-delivery of phototherapy reagents and immune adjuvants; and (c)

combination therapy of phototherapy and immunotherapies.
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To realize safe and effective PTT, ideal photothermal agents
should exhibit strong absorbance in the NIR region and
convert the absorbed optical energy into heat effectively. In the
past few years, various biomaterials with high NIR absorbance
have been investigated as PTT agents. Commonly exploited
photothermal agents are inorganic nanoparticles including
different noble metal nanostructures (nanoparticles, nano-
rods, nanoshells, nanocages, nanostars, nanoprisms, nano-
composites and alloys), transition metal sulfides and oxides,
carbon nanomaterials (carbon nanotubes and graphene) and
so on."?>*3 After appropriate surface coating, these inorganic
photothermal agents exhibit high efficiency in ablating tumors
in animal experiments. However, the non-biodegradable
ability of most inorganic PTT agents limited their future clini-
cal application owing to the concerns about their long-term
toxicity.>* In addition to inorganic photothermal agents, some
organic conjugated polymers such as polypyrrole and polyani-
line also have been explored as efficient PTT agents.*>>°
Despite the satisfactory therapeutic results achieved by these
organic conjugated polymers, their biodegradation behaviors
still remain unclear. Recently, various biomaterials, including
liposomes, micelles, porphysomes and protein, encapsulating
NIR dyes (e.g. indocyanine green (ICG)), have been investigated
as safe and effective PTT agents.*”*° Thanks to the biodegrad-
ability and biocompatibility of the components in these bio-
materials, they may have less safety concerns and encounter
less challenges for clinical translation in the future.

PDT, another type of light-triggering therapeutic strategy,
relies on three important components: photosensitizers, light
and oxygen (0,).*' During PDT, photosensitizers are able to
transfer the absorbed optical energy to the surrounding O, to
generate cytotoxic 'O, to kill tumor cells. Various photosensiti-
zers including Ce6, Photofrin®, methylene blue and 5-amino-
laevulinic have been used in both fundamental research and
the clinic.””® However, most of these photosensitizers do not
show ideal therapeutic results owing to their limited tumor
accumulation ability. In the past several decades, various bio-
materials, such as micelles, liposomes, proteins, polymer
microcapsules, dendrimers and cerasomes, have been exten-
sively used to deliver photosensitizers to improve the thera-
peutic efficacy of PDT and reduce their phototoxicity.*™*
Furthermore, some inorganic nanomaterials with optical pro-
perties, such as metallic nanoparticles, carbon nanomaterials
and quantum dots, also have been explored to deliver photo-
sensitizers, or even used as PDT agents themselves.*?
Considering that most of these photosensitizers are excited by
visible light, which usually shows limited tissue penetration
depth, upconversion nanoparticles (UCNPs), a kind of unique
optical nanomaterial, which could emit visible light under NIR
light irradiation, have been developed as a novel kind of
carrier for PDT with significantly improved tissue penetration
depth.**** On the other hand, considering the oxygen-depen-
dent nature of PDT, the hypoxic tumor microenvironment
(TME) usually results in ineffective therapeutic efficacy. To
overcome this limitation, various biomaterials have been devel-
oped to replenish O, and/or diminish the dependence on O,
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during PDT.*> Some biomaterials with excellent catalytic per-
formance, such as catalases, manganese dioxide nano-
particles, and Pt nanozymes, have been explored to generate
0, by decomposing hydrogen peroxide (H,0,) in the TME.***®
More directly, some unique biomaterials with O, transport
capacity, including perfluorocarbons, hemoglobin and artifi-
cial red cells, can be engineered as effective O, carriers to
transport O, into the tumor.*>' Moreover, some unique
photosensitizers based on boron dipyrromethene and ruthe-
nium complexes have been developed to exhibit high ROS pro-
duction ability even in the hypoxic TME, achieving excellent
therapeutic efficacy of PDT.>*>?

3. Biomaterial-assisted photothermal
immunotherapy

(a) Conventional phototherapy that results in anticancer
immune responses

In the past few decades, a large number of biomaterials with
high NIR absorbance have been explored for PTT, which is
effective for local tumor treatment owing to the sensitivity of
cancer cells to high temperatures. However, the recurrence and
metastasis of tumors is the biggest challenge for PTT.>* The
ideal PTT should not only eliminate the primary treated
tumors but also should be able to control tumor metastasis
and recurrence. The principle of in situ photoimmunotherapy
(ISPI), which combines PTT and immunological stimulation
with an immune adjuvant, was first proposed in 1997.%° It was
found that dying cancer cells after PTT could release TAAs,
thermally induced HSPs, together with self-antigens. APCs,
particularly DCs, would capture these antigens and present
them to T cells, to activate the adaptive immune system.

Although PTT itself could activate the immune system and
recruit different immune cells, it might be insufficient to
trigger effective anti-tumor immune responses. Therefore, a
strategy that combines immune adjuvants and PTT-induced
immunological responses has been widely investigated.®"® As
a successful example in a preliminary clinical study, R837, a
Food and Drug Administration (FDA) approved toll-like recep-
tor 7 (TLR7) agonist, was introduced to further stimulate the
immune responses induced by PTT on patients with late-age
melanoma.””  Excitingly, eleven patients with multiple
cutaneous metastases received ISPI in one or multiple 6-week
treatment cycles by a local injection of ICG and R837 and local
irradiation with NIR laser, and exhibited strong anti-tumor
immune responses to inhibit tumor growth and metastasis.
Five patients after ISPI treatment were still alive at the time of
their last follow-up, indicating the unique advantages of ISPI
with imiquimod for patients with advanced and late-stage
melanoma.

(b) Co-delivery of phototherapy reagents and immune
adjuvants

With the development of biotechnology, emerging interest is
focused on leveraging biomaterials, which not only could act
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as effective PTT agents, but also are able to deliver immunosti-
mulatory cargoes to promote the anti-tumor immune
responses induced by PTT.>” In 2014, Lu and co-workers devel-
oped chitosan-coated hollow CuS nanoparticles (HCuSNPs-
CpG) encapsulating CpG oligodeoxynucleotides as PTT agents
and immune adjuvants (Fig. 2). Under NIR laser irradiation,
the temperature of tumors could obviously increase to “burn”
cancer cells and release the TAAs into the surrounding milieu.
Meanwhile, as the temperature increased, the structure of CuS
could break down, reassemble, and transform into polymer
complexes to release CpG and promote the uptake of antigens
and CpG by plasmacytoid DCs within the tumor. Their results
indicated that such combined photothermal and immunother-
apy was effective to activate the immune system and success-
fully inhibit the growth of both primary and distant tumors
(Fig. 2b and c¢). Iron oxide nanoparticles, a clinically approved
transition metal oxide, were developed as a kind of magnetic-
targeting immunostimulatory nanoagent to load with CpG for
photothermally triggered immunotherapy by Ran and co-
workers. Under external magnetic fields, these nanoparticles
could accumulate in the tumor region more effectively and
therefore stir a more powerful photoimmune response.’® Zhou
et al. synthesized bovine serum albumin-bioinspired gold
nanorods (GNRs) loaded with R837 for the combined PTT-
induced immunotherapy for the treatment of melanoma.®
Moreover, considering the excellent photothermal properties
of graphene, Qu and co-workers used graphene oxide as the
carrier for the controllable delivery of CpG and PTT.®" Under
NIR light irradiation, locally generated heating by graphene
could accelerate the intracellular trafficking of nanoparticles,
significantly improving the immunostimulation responses and
production of proinflammatory cytokines induced by CpG. In
animal experiments, excellent photothermal and immunologi-
cal therapeutic efficacy was achieved. In another work, Liu and
co-workers developed a type of versatile nanoparticle
(PC@GCpD(GA)) based on polydopamine stabilized graphene
quantum dots (GQD), CpG oligodeoxynucleotides and gadoli-
nium ion (Gd*") for fluorescence/magnetic resonance imaging-
guided photoimmunotherapy (Fig. 2d).°> After intravenous
injection, these versatile nanoparticles could effectively
accumulate into the tumor to kill cancer cells by increasing
the local temperature under laser irradiation. More impor-
tantly, the contemporaneously delivered CpG was able to
further stimulate the secretion of pro-inflammatory cytokines
and promote the maturation of DCs, effectively activating
tumor specific T lymphocytes (Fig. 2e). As shown in the thera-
peutic results, such photothermal immunotherapy induced
strong anti-tumor immune responses in inhibiting the meta-
stasis of EMT6 murine mammary tumors (Fig. 2f). In addition
to inorganic photothermal agents, in 2018, Gong and co-
workers encapsulated small molecule dyes with high NIR
absorbance, IR-7, and the immunoadjuvant hyaluronic acid
linked CpG (HA-CpG) into liposomes for effective photother-
mal and immunotherapy.®® It was found that the photother-
mal effect induced by IR-7 could induce the necrosis of cancer
cells and promote the release of TAAs. Interestingly, the pres-
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ence of the immunoadjuvant CpG was able to promote the
maturation of DCs, realizing effective antigen presentation and
activation of T cells to recognize and Kkill cancer cells. In
addition to nanomaterials, some unique biomaterials also
have been investigated to co-encapsulate NIR absorbing agents
and immunostimulators for enhanced photoimmunotherapy.
In a recent work, Gu and co-workers developed a melanin-
mediated photoimmunotherapy based on the transdermal
microneedle (MN) patch delivery system (Fig. 3a).®* In this
work, B16F10 tumor lysate containing melanin was loaded
into the MN, which allowed sustained release of the tumor-
associated lysate after insertion into the skin. Meanwhile, with
NIR light irradiation, the photothermal effect of melanin in
the patch caused the local acute inflammatory and released
some signal molecules to activate the immune system, leading
to enhanced antitumor vaccination. It was found that photo-
thermal immunotherapy induced by the polymeric MN loaded
B16F10 tumor lysate could increase the infiltration of T cells
and the secretion of cytokines, obviously prolonging the survi-
val of mice after tumor challenge and eliciting established
primary and metastatic tumors. Hydrogels, a kind of com-
monly used biomaterial in the clinic, are also developed as the
platform to enhance photoimmunotherapy.’® In one of their
works, Wei’s group encapsulated the self-assembled nano-
particles (composed of R848, ICG and CpG) into the thermo-
sensitive PDLLA-PEG-PDLLA (PLEL) hydrogel, achieving NIR-
stimulated release of immune components (Fig. 3b).®
Working together with the TAAs released after PTT, it could
effectively activate the immune system to prevent cancer meta-
stasis and recurrence (Fig. 3¢ and d). In 2017, Nishikawa and
co-workers synthesized an immunostimulatory DNA hydrogel
by assembling designed hexapod-DNA containing CpG
sequences with gold nanoparticles.®® As expected, with NIR
laser irradiation, the hydrogel could disassemble and release
the hexapod-DNA containing CpG sequences, achieving excel-
lent anti-tumor efficacy.

(c) Combination therapy of phototherapy and
immunotherapy

Although combing PTT with immune adjuvants could activate
the immune system, it might not be enough to induce efficient
anti-tumor immune responses due to the presence of immu-
nosuppressive cells or factors.®” For example, the existence of
immune checkpoints, such as cytotoxic T-lymphocyte-associ-
ated antigen 4 (CTLA-4) and programmed cell death protein 1
and its ligand (PD-1/PD-L1), could negatively regulate the
tumor specific T cells and lead to the failure of immunother-
apy.®® Thus, many efforts have been devoted to investigate the
synergistic anti-tumor effects induced by PTT and ICB. In
2014, our group investigated the immune responses induced
by single-walled carbon nanotube (SWNT) based PTT and
CTLA-4 blockade.®® Interestingly, we found that in combi-
nation with anti-CTLA-4 treatment, more CD8" T cells were
activated and the regulatory T cells (Tregs) were inhibited after
SWNT-based PTT of the primary tumor, showing greatly
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Fig. 2 (a) Mechanisms of the anti-tumor immune responses induced by the chitosan-coated hollow CuS nanoparticles containing CpG oligodeoxy-

nucleotides for PTT. (b and c) Tumor-growth curves of primary and distant tumors in mice after different treatments. (d) Synthesis of versatile nano-
particles based on polydopamine stabilized graphene quantum dots, CpG oligodeoxynucleotides and gadolinium ion. (e) Mechanisms of the anti-
tumor immune responses induced by PC@QGCpD(Gd) for PTT. (f) Tumor-growth curves of EMT6 murine mammary tumors in mice after different

treatments. Reproduced from ref. 58 with permission from the [ACS], copyright [2014], ref. 62 with permission from [Elsevier], copyright [2019].

enhanced therapeutic efficacy on both subcutaneous tumor
and lung metastatic tumor models (Fig. 4a). In a later study,
our group further investigated the immune responses induced
by combining photothermal ablation of the primary tumor
with adjuvant nanoparticles and ICB. In this work, the photo-
thermal and immune adjuvant nanoparticles were synthesized

5850 | Biomater. Sci, 2020, 8, 5846-5858

using three FDA-approved agents, including poly(lactic-co-gly-
colic) acid (PLGA), ICG and R837 (Fig. 4b).>* It was found that
photothermal ablation of the primary tumor could release
TAAs, which working together with immune adjuvant nano-
particles containing R837 exhibit vaccine-like functions.
Excitingly, in combination with CTLA-4 blockade, the gener-
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ated anti-tumor immune responses are enhanced to attack the 4T1 carcinoma and B16F10 melanoma tumor models showed
remaining cancer cells, which are useful in inhibiting cancer amplified ICB immune therapy, significantly inhibiting cancer
metastasis and recurrence (Fig. 4c-e). In 2019, Sun’s group metastasis.

presented a combined all-in-one and all-in-control strategy In addition to in combination with ICB, photothermal abla-
based on thermally reversible lipid gels that were loaded with tion of solid tumors has also been investigated to enhance the
the photothermal agent IR820 and anti-PD-L1 antibody, which efficacy of other immunotherapies such as CAR-T cell therapy,
could sensitize the tumor to ICB for synergistic therapy.”” Both  which exhibits modest therapeutic efficiency in treating solid
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PLGA-R837-ICG nanoparticles for PTT. (c, d and e) Tumor-growth curves of mice bearing subcutaneous 4T1 tumors and survival curves of mice
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mission from [Springer Nature], copyright [2017].

tumors due to the inefficient infiltration of CAR-T cells into
the tumor and the presence of immunosuppressive TME.”" In
a recent work, Chen et al. explored the synergistic therapeutic
effect induced by PTT and CAR-T cell therapy.”” It was found
that mild hyperthermia of the solid tumor could reduce the

5852 | Biomater. Sci,, 2020, 8, 5846-5858

compact structure and interstitial fluid pressure, increase the
blood perfusion, and recruit different endogenous immune
cells in the solid tumor, which working together could
obviously promote the accumulation and activation of CAR-T
cells into the solid tumor (Fig. 5a and b). Thus, photothermal
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ablation of the tumor may be a promising strategy to increase
the therapeutic index of CAR-T cells against solid tumors
(Fig. 5¢). In addition to CAR-T cell therapy, combining PTT
with cytokine therapy also attracted wide attention. In 2018,
Zhang and co-workers designed a thermally sensitive program-
mable bacteria (TBP), E. coli MG1655, that transformed with
plasmids expressing cytotoxic tumor necrosis factor a (TNF-a)
and decorated with gold nanoparticles (Fig. 5d and e).”® After
the oral administration of TBP, these bacteria could be trans-
ported to internal microcirculation and accumulated into the
tumor region due to their anaerobic feature. The generation of
heat in the tumor under NIR laser irradiation could control

This journal is © The Royal Society of Chemistry 2020

the expression of TNF-a to induce apoptotic cancer cell death,
exhibiting excellent antitumor efficacy (Fig. 5f).

4. Biomaterial-assisted
photodynamic immunotherapy

In addition to PTT, PDT, another type of phototherapy, is able
to generate a large amount of cytotoxic 'O, to induce the
necrosis and/or apoptosis of cancer cells. Interestingly, the
apoptosis and necrosis of cancer cells after PDT, also called
immunogenic cell death (ICD), could stimulate the immune
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system by inducing the exposure of CRT, increasing the
expression of HSPs and releasing TAAs.”*”> Furthermore, the
generated 'O, during PDT could also induce acute local
inflammation, which is able to recruit various immune cells
into the tumor and secrete various pro-inflammatory cytokines
including interleukin (IL)-1B, IL-6, IL-8 and TNF-o.”® These cyto-
kines could further stimulate the innate and adaptive immune
system to attack the remaining cancer cells. In one of their works,
Korbelik and co-workers studied the immune responses induced
by PDT of the tumor with traditional photosensitizers including
Photofrin® porfimer sodium (Photofrin) or tetra(m-tetrahydroxy-
phenyl)chlorin (mTHPC).”” Their results demonstrated that a large
amount of neutrophils were mobilized and attracted into the des-
tructed tumor site after PDT. Besides, research by Berns’s group
indicated that the cytotoxic activity of macrophages could be stimu-
lated by generating superoxide anions during PDT.”® Another work
by Evans et al further demonstrated that the PDT-stimulated
macrophages could produce TNF-o to mediate the necrosis of
cancer cells.”
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Although PDT-induced inflammation could stimulate the
immune system, it may not be enough to trigger the effective
anti-tumor immune responses.”® The dying cancer cells after
PDT usually could release TAAs, which could initiate the
immune system, but immunosuppressive signals also exist to
suppress the anti-tumor immune responses. Thus, many
efforts have been devoted to combining PDT with various
immunological stimulators including adjuvants, small mole-
cular inhibitors and checkpoint blockade antibodies to
potentiate the immune responses.®® Lin and co-workers devel-
oped a novel nanoscale metal-organic framework (MOF)
(TBC-Hf) based on chlorin derivatives (TBC) and loaded the
small molecular indoleamine-2,3-dioxygenase (IDO) inhibitor
for combined PDT and immunotherapy (Fig. 6a).%
Interestingly, more T cells, B cells and NK cells were detected
in the tumor after the activation of the immune system by
combing ICD induced by PDT and IDO inhibition with the
small-molecule agents. Moreover, the synergistic immune
responses induced by PDT and IDO inhibitors could effectively
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Fig. 6 (a) Mechanisms of anti-tumor immune responses induced by IDOI@TBC-Hf. (b) Mechanisms of anti-tumor immune responses induced by
the Cu—porphyrin-based MOF for PDT and chemodynamic therapy. (c) Mechanisms of anti-tumor immune responses induced by PDT and PD-L1
specific siRNA. Reproduced from ref. 81 with permission from the [ACS], copyright [2016] ref. 84 with permission from [Cell Press], copyright [2019],

ref. 85 with permission from the [ACS], copyright [2016].
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inhibit the growth of both primary and distant tumors. In a
following work, Ni et al. designed a nanoscale cationic MOF
based on the dinuclear W' secondary building units and the
photosensitizer 5,10,15,20-tetra( p-benzoato)porphyrin (TBP) to
facilitate the antigen presentation after PDT and promote the
maturation of DCs with the help of anionic CpG.** In another
work, Xu et al. synthesized multitasking UCNP nanoparticles
by simultaneously loading Ce6 and R837 (UCNP-Ce6-R837) for
effective PDT immunotherapy.®> Under NIR laser irradiation,
UCNP-Ce6-R837 nanoparticles could enable the effective
photodynamic destruction of the tumor and release a large
amount of TAAs, which working together with the immune
adjuvant R837 could trigger strong anti-tumor immune
responses. More interestingly, such anti-tumor immune
responses could be further amplified by CTLA-4 blockade to
obviously inhibit tumor metastasis and recurrence. In another
work, Ni et al. developed a Cu-porphyrin (TBP)-based MOF to
achieve combined PDT and immunotherapy. With the degra-
dation of the Cu-TBP MOF, on the one hand, the released Cu**

2] ~\
Tumor cells " 06%, 029
o
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could catalyze estradiol-dependent ROS generation, and, on
the other hand, TBP effectively mediates PDT, which could
activate the immune system and elicit the systemic antitumor
immunity with the help of anti-PD-L1 (Fig. 6b).** In addition
to combining PDT with monoclonal antibodies for checkpoint
blockade, Li and co-workers investigated PDT-mediated cancer
immunotherapy in combination with PD-L1 knockdown with
small interfering RNAs (siRNAs).®> Specifically, they designed
an acid-responsive micelleplex by integrating photosensitizers
and PD-L1 specific siRNA (Fig. 6¢). Their results indicated that
the combination of PDT and PD-L1 knockdown could effec-
tively inhibit tumor growth and metastasis.

Hypoxia in the TME not only limits the therapeutic efficacy
of PDT, but also affects the recruitment, functions, and pro-
liferation of various immune cells within tumors, leading to
the failure of immunotherapy.®® To overcome this barrier, our
group designed biodegradable hollow manganese dioxide
(H-MnO,) nanoparticles loaded with Ce6 and the chemothera-
peutic drug doxorubicin (DOX) (Fig. 7a).”” Taking advantage of
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the catalysis of H-MnO,, endogenous H,0, was decomposed
to generate O,, relieving hypoxia in the TME to further
promote the cell killing efficiency of PDT. More significantly,
the relieved hypoxic TME could effectively re-build the immu-
nosuppressive microenvironment to promote anti-tumor
immune responses such as the polarization of macrophage to
M1-phenotype. Moreover, the enhanced PDT and chemo-
therapy of the primary tumor was able to release TAAs, which
could be engulfed by APCs to activate the immune system.
Taken together, the above-mentioned effects significantly
promote the therapeutic efficacy of combined PDT, chemo-
therapy and ICB, obviously inhibiting the growth of both
primary and distant tumors (Fig. 7b and c). Peng and co-
workers developed a liposome-based nanoplatform that encap-
sulated catalases, NIR photosensitizers and DOX for enhanced
chemo-PDT by improving the level of O, in tumors via catalyz-
ing intratumoral H,0,. The generated 0, could further modu-
late immune cytokines to activate the immune system, enhan-
cing tumor inhibition in vivo.*® In another work, Wang et al.
utilized a biocompatible polymer, dextran (DEX), to modify
hyaluronidase via the pH-responsive linkers, formulating DEX-
HAase nanoparticles (Fig. 7d).*° In the acidic TME, the
released hyaluronidase could break hyaluronic acid in the con-
densed tumor extracellular matrix (ECM) and loosen the ECM
structure, resulting in the enhanced perfusion of oxygen in the
tumor. Excitingly, the improved oxygen level in the tumor not
only improves the therapeutic efficacy of PDT, but also reverses
the immunosuppressive TME to amplify the anti-tumor
immune responses after PDT, achieving significantly enhanced
synergistic effects between PDT and PD-L1 checkpoint block-
ade (Fig. 7e and f).

5. Conclusion and future
perspectives

Photoimmunotherapy has exhibited promising pre-clinical
responses on different tumor models due to its unique super-
iorities including specific antitumor immunity and long-term
immunological memory responses.’® As shown in this review,
phototherapy could induce apoptotic and necrotic cancer cell
death, which is different from most traditional cytotoxic
agents that usually induce apoptotic tumor cell death. In the
case of necrosis, also called immunogenic cell death, cyto-
plasmic components spill over into the extracellular space via
the damaged plasma membrane and induce strong inflamma-
tory responses, and the debris of tumor cells after photother-
apy could act as tumor-associated antigens. Acute inflam-
mation caused by phototherapy could further potentiate
immune responses by attracting various immune cells and
promoting the tumor-associated antigen presentation to acti-
vate the cellular immune system.

Although phototherapy is able to activate the immune
system, it may not be enough to trigger effective anti-tumor
immune responses due to the presence of immunosuppressive
factors or cells. Various multifunctional biomaterials including

5856 | Biomater. Sci,, 2020, 8, 5846-5858
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nano/macroparticles, hydrogels or microneedles have been
explored not only as phototherapeutic agents or carriers to
promote the efficacy of phototherapy itself, but also as
immune adjuvants by loading with various immunostimulants
such as agonists for toll-like receptor to amplify the anti-tumor
immune responses induced by phototherapy. More interest-
ingly, such engineered biomaterials also have the ability to
deliver and release various immunotherapeutic agents, includ-
ing antibodies, siRNAs, cytokines and even immune cells, to
remodel the immune microenvironment where immune cells
meet cancer cells, antigens, inhibitory or stimulatory signals.

Despite the progress achieved, more work is still needed to
investigate the dynamic immune response and understand
how phototherapy impacts the specific cellular aspects of anti-
tumor immunity, with the aim of providing basic principles or
guidance for the combination of phototherapy and immu-
notherapy for an individual patient. Specifically, one point to
be considered is to optimize phototherapy for inducing local
tumor cures and producing inflammation to stimulate the
immune system. Furthermore, it is also important to design
suitable biomaterial-mediated phototherapy that is suitable to
in combination with immunotherapeutics such as immune
adjuvants or ICB agents. The timing and dosing frequency of
immunotherapy are also very important to the therapeutic
efficacy and should be explored in more detail. Besides, other
therapeutic strategies, such as chemotherapy,®” have been
reported that could trigger the similar immune response to
that of phototherapy and show effective combinative anti-
tumor immune responses when in combination with immune
stimulates. Last but not least, the potential risk, overstimula-
tion of the immune system with self-antigens after photother-
apy, should be noted, which may lead to autoimmune toxici-
ties. Thus, more attention should be paid to the balance
between efficacy and safety rather than pursuing more power-
ful anti-tumor immune responses during the design of bioma-
terials for photoimmunotherapy. Meanwhile, biomaterials
used here should be absolutely safe to avoid the possible side
effects, and their formulation should allow large-scale pro-
duction with low cost, which directly affects the potential of
clinical translation.
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