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As a promising treatment option for cancer, immunotherapy can eliminate local and distant
metastatic tumors and even prevent recurrence through boosting the body’s immune
system. However, immunotherapy often encounters the issues of limited therapeutic
efficacy and severe immune-related adverse events in clinical practices, which should be
mainly due to the non-specific accumulations of immunotherapeutic agents. Activatable
immunomodulatory agents that are responsive to endogenous stimuli in tumor
microenvironment can afford controlled immunotherapeutic actions, while they still face
certain extent of off-target activation. Since light has the advantages of noninvasiveness,
simple controllability and high spatio-temporal selectivity, therapeutic agents that can be
activated by light, particularly near-infrared (NIR) light with minimal phototoxicity and strong
tissue penetrating ability have been programmed for cancer treatment. In this mini review,
we summarize the recent progress of NIR photoactivatable immunomodulatory
nanoparticles for combinational cancer immunotherapy. The rational designs,
constructions and working mechanisms of NIR photoactivatable agents are first briefly
introduced. The uses of immunomodulatory nanoparticles with controlled
immunotherapeutic actions upon NIR photoactivation for photothermal and
photodynamic combinational immunotherapy of cancer are then summarized. A
conclusion and discussion of the existing challenges and further perspectives for the
development and clinical translation of NIR photoactivatable immunomodulatory
nanoparticles are finally given.
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INTRODUCTION

Immunotherapy is a type of cancer treatment that uses the body’s immune system to fight cancer
(Del Paggio, 2018). Different from traditional treatment methods such as surgery, chemotherapy and
radiotherapy that can only be effective for local tumors, immunotherapy is able to remove both local
and distant metastatic tumors, and even prevent tumor recurrence (Nam et al., 2019; Li et al., 2021).
Immune checkpoint blockade therapy, cancer vaccines, and adoptive T cell therapy are three key
approaches for cancer immunotherapy (Pardoll, 2012; Kuai et al., 2017; Fraietta et al., 2018). With
the approval of different immunotherapeutic agents by the U.S. Food and Drug Administration
(FDA), a great success has been achieved for cancer immunotherapy in the clinic (Zhang and Pu,
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2020). However, these agents after traditional systemic
administration often have non-specific accumulations in
normal tissues, resulting in limited therapeutic efficacy and
severe immune-related adverse events (irAEs), such as diabetes
mellitus, thyroid dysfunction, hypophysitis, myocarditis, and
hypokalemia (Boutros et al., 2016; Song et al., 2018b; Chiang
et al., 2018; Eun et al., 2019). Nanomedicines can modulate
pharmacological profiles of immunotherapeutic agents and
integrate additional therapeutic modalities to enhance the
antitumor immunity, while these critical concerns of cancer
immunotherapy have not been addressed because of
uncontrolled release of agents from nanoparticles (Caster
et al., 2019; Lim et al., 2019).

Development of smart immunotherapeutic nanoagents with
controlled activation is a promising strategy to improve the
efficacy and safety of cancer immunotherapy (Li and Pu, 2020;
Wang et al., 2021). Activatable immunotherapeutic nanoagents
may be specifically responsive to endogenous stimuli in tumor
microenvironment, such as lower pH, higher glutathione
concentrations, higher reactive oxygen species (ROS) levels,
increased expression levels of certain enzymes, and hypoxic
conditions to achieve controlled antitumor immunity (Cheng
et al., 2018; Im et al., 2018; Chen et al., 2019; Peng et al., 2019;
Wang et al., 2019). However, these endogenous stimuli also exist
in normal tissues, which often results in off-target immune
activation for such immunotherapeutic nanoagents (Tang
et al., 2018).

As an external stimulation, light has the advantages of
noninvasiveness, good controllability, and high spatio-
temporal selectivity, and thus has been widely utilized for
photoactivation of therapeutic agents (Karimi et al., 2017).
The photoactivatable agents can be formed via incorporating
therapeutic molecules with light-sensitive moieties, while most of
them only respond to ultraviolet and visible light (100–650 nm)
that shows shallow tissue-penetration depth and high
phototoxicity (Gnanasammandhan et al., 2016). By contrast,
near-infrared (NIR) light (650–1,700 nm) has minimal
photodamage and strong penetrating capability in biological
tissues, and thus has been employed to regulate the
pharmacological activities of immunotherapeutic agents with
the development of NIR photoactivatable immunomodulatory
nanoparticles (Lin et al., 2017). Moreover, NIR light can be used
for photothermal therapy (PTT) and photodynamic therapy
(PDT) of tumors in the presence of photothermal agents or
photosensitizers, which will contribute to enhanced antitumor
immunity (Tao et al., 2014; Yang et al., 2020). Thus, NIR
photoactivatable immunomodulatory nanoparticles with
controlled activity and multiple therapeutic actions have been
developed for combinational immunotherapy of cancer.

We herein summarize recent progress of NIR photoactivatable
immunomodulatory nanoparticles for combinational
immunotherapy of cancer. Design principles and construction
approaches of NIR photoactivatable immunomodulatory
nanoparticles and their working mechanisms to achieve
regional selectivity of immune activation are briefly
summarized. The feasibility of such NIR photoactivatable
immunomodulatory nanoparticles for PTT/PDT combinational

immunotherapy to obtain an enhanced therapeutic efficacy and
biosafety is highlighted with some discussions of their potential
concerns. A general conclusion and discussion of existing
challenges and further perspectives in this field are then given.

DESIGN OF NEAR-INFRARED
PHOTOACTIVATABLE
IMMUNOMODULATORY NANOPARTICLES
NIR light can be converted into local heat and singlet oxygen
(1O2) by photothermal agents and photosensitizers, respectively,
which will allow for on-demand release and/or activation of
therapeutic agents (Li et al., 2019a; Li et al., 2019b; Uthaman
et al., 2020). In view of the two different mechanisms,
immunomodulatory nanoparticles with photothermal and
photodynamic activatable pharmacological actions have been
designed and constructed for PTT and PDT combinational
immunotherapy.

Photothermal activatable immunomodulatory nanoparticles
are generally formed via integrating thermal-responsive
components into nanoparticles containing immunodrugs and
photothermal agents. Upon NIR laser irradiation,
photothermal agents generate local heat to destroy the
thermal-responsive components for controlled release of
immunotherapeutic agents from nanoparticles. As such, these
photothermal activatable immunomodulatory nanoparticles can
afford a synergetic action of PTT and immunotherapy. The
fabrications of photodynamic activatable immunomodulatory
nanoparticles rely on the uses of 1O2-cleavable linkers to
conjugate small molecular agents with photosensitizer-based
nanoparticles. During PDT processes with NIR laser
irradiation, 1O2 is generated by photosensitizers to initiate the
cleavage of 1O2-cleavable linkers to liberate caged agents for in-
situ activation. Such controlled activation of immunotherapeutic
agents in combination with PDT will potentiate antitumor
immunity.

PHOTOTHERMAL ACTIVATABLE
IMMUNOMODULATORY NANOPARTICLES

Due to the generation of heat during PTT, thermal-responsive
phase change materials have been widely used to construct
photothermal drug delivery systems to achieve on-demand
release of therapeutic agents (Bordat et al., 2019). As an
example, Yang’s group reported a phase-transformation
nanoparticle to facilitate delivery of anti-PD1 antibody (aPD1)
for PTT synergized immunotherapy of melanoma (Zhang et al.,
2019). They encapsulated aPD1, iron oxide and perfluoropentane
(PFP) into poly(lactic-co-glycolic acid) (PLGA) shell modified
with PEG and Gly-Arg-Gly-Asp-Ser (GRGDS) peptides to form
phase-transformation nanoparticles (GOP@aPD1). PFP is a type
of phase change material that converts from liquid to gas after the
temperature increase. Due to the enhanced permeability and
retention (EPR) effect and active targeting of GRGDS
peptides, GOP@aPD1 showed an effective accumulation at the
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melanoma sites after systemic administration. Iron oxide
nanoparticles acted as a photothermal agent to generate heat
under 660 nm laser irradiation, which resulted in phase-
transformation of PFP to destroy nanoparticles for controlled
release of aPD1. Such synergistic action of PTT and aPD1-
mediated immunotherapy achieved enhanced antitumor
efficacy, greatly inhibiting the growth of B16F10 tumors. In
view of their high biosafety and biocompatibility, GOP@aPD1
was promising for clinical translation, while the long-term
biodegradation of iron oxide should be considered.

Thermo-responsive liposomes have shown a great promise for
on-demand delivery of drugs for cancer therapy (Zhen et al.,
2018; Dai et al., 2019). Jin and coworkers developed a thermo-
responsive liposome containing indocyanine green (ICG) as the
photothermal agents and polyinosinic:polycytidylic acid (poly I:
C) as the immune stimulatory molecule for photothermal-
immunotherapy (Xu et al., 2019). Due to the photothermal
effect of ICG, NIR laser irradiation at 808 nm increased the
temperature to destroy thermo-responsive liposome to release
poly I:C. The PTT effect induced cancer cell death and ablation of
tumors, and the released poly I:C promoted the maturation of
dendritic cells (DCs), which synergistically triggered an antigen-
specific immune response to prevent lung metastasis following
intravenous injection of cancer cells. Most of the agents in such
photothermal activatable immunomodulatory nanoparticles have
been approved by FDA, which greatly promotes their clinical
uses, while the photostability of ICG should be improved.

NIR photothermal activatable immunomodulatory
nanoparticles have shown great promising for cancer
immunotherapy, while the tissue penetration depth of first
NIR light (NIR-I) was still limited (< 1 cm) (Mura et al., 2013;
Jiang et al., 2020). In contrast, the second NIR (NIR-II) light had
an increased tissue penetration depth as high as 3–5 cm, which
allowed the construction of NIR-II photothermal activatable
immunomodulatory nanoparticles (Lyu et al., 2019). As an
example, Pu’s group recently constructed a semiconducting
polymer nanoadjuvant (SPNIIR) with NIR-II photothermally
induced on-demand release of immune adjuvants for
enhanced cancer immunotherapy (Li et al., 2020a).
Semiconducting polymer-based nanoparticles can be used for
molecular imaging, phototherapy, and photoregulation because
of their good biocompatibility and unique optical property (Jiang
and Pu, 2018). Such SPNIIR with a core-shell structure contained
three main components: a semiconducting polymer nanoparticle
core as the NIR-II photothermal converter, a toll-like receptor
(TLR) agonist (R848) as the immunotherapeutic adjuvant, and a
thermally responsive lipid shell on the nanoparticle surface. The
thermally responsive lipid shell was constructed using 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), a thermal
phospholipid with a phase-transition temperature of 41°C, and
an amphiphilic polymer, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-poly(ethylene glycol) (DSPE-PEG), and
could be melted after a photothermal effect. SPNIIR exhibited
an effective accumulation into tumors after systemic
administration, which may be due to their small size and
surface PEG corona. Upon NIR-II photoactivation at
1,064 nm, SPNIIR produced heat to induce tumor cell death

and immunogenic cell death (ICD). Meanwhile, the generated
heat could melt thermally responsive lipid shell for controlled
release of R848 to active TLR7/TLR8, thereby promoting the
maturation of DCs and priming of antitumor T cells. Via the
synergetic action of NIR-II PTT and immunotherapy, the growth
of both primary and distant tumors and lung metastasis in a
4T1 tumor-bearing BALB/c mouse model was effectively
suppressed after a single treatment. Although these promising
results, the stability of SPNIIR in biological systems should be a
concern since the phospholipid could be easily oxidized and
hydrolyzed. In addition, the doping of imaging probes was
required to monitor the accumulation of nanoparticles into
tumors so that to optimize the therapeutic window.

In addition to thermally responsive phospholipid, thermo-
responsive linker has been utilized to construct NIR-II
photothermal activatable drug delivery nanosystems for cancer
therapy (Lei et al., 2016). In a recent study of Pu’s group, the
authors reported a photothermally activatable polymeric
pronanoagonist (APNA) with NIR-II light regulated activity
for PTT combinational immunotherapy (Jiang et al., 2021).
Within APNA, a NIR-II light-absorbing semiconducting
polymer served as a photothermal transducer, which was
conjugated with R848 through a thermo-responsive linker
(Figure 1A). The APNA mediated photothermal effect under
1,064 nm laser irradiation, which not only led to direct
photothermal ablation of tumors and elicitation of ICD of
tumor cells, but also resulted in cleavage of the thermo-
responsive linker to liberate caged R848 that converted into an
intact form after a subsequent hydrolysis by esterase (Figure 1B).
The maximal activation ratio of R848 was only 8.5% if the
photothermal temperature was kept at 37°C under 1,064 nm
laser irradiation, which was dramatically increased to 74%
when the photothermal temperature was elevated to above
45°C. Such a photo-regulated immune activation could be
achieved in primary tumors of 4T1 tumor-bearing mice at a
depth of 8 mm, thereby enabling complete eradication of primary
tumors and efficient inhibition of both distant tumors and lung
and liver metastasis without causing obvious side effects.
Moreover, the relationship between intratumoral immune
activation and photothermal depth was unveiled. This work
indeed provided a novel approach for remote spatiotemporal
controlling of immune activation. A challenge was the
complicated synthesis and fabrication processes that would
limit the productivity of such immunomodulatory
nanoparticles for clinical uses.

PHOTODYNAMIC ACTIVATABLE
IMMUNOMODULATORY NANOPARTICLES

The generation of ROS in the PDT process allowed the
construction of photodynamic activatable nanoparticles for
cancer therapy (Yang et al., 2016; Pei et al., 2018; Uthaman
et al., 2020). For example, Yang and Song’s groups reported a
black phosphorus quantum dots (BPQDs)-based NIR/ROS-
responsive immunoadjuvant nanoparticles for cancer
photodynamic immunotherapy (Li et al., 2020b). PEG and
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ROS-responsive poly(propylene sulfide) (PPS) conjugated with
pyrene were grafted onto BPQDs, which was used to encapsulate
cytosine-phosphate-guanine oligodeoxynucleotides (CpG
ODNs) as a potent adjuvant to form nanoparticles via self-
assembly. As an agonist for TLR9, CpG ODNs greatly
promote DC maturation, proinflammatory cytokine and
chemokine secretion, leading to the activation of immunity
(Scheiermann and Klinman, 2014). Upon 660 nm laser
irradiation, BPQDs produced ROS to trigger the
transformation of hydrophobic PPS to hydrophilic ones, which
resulted in nanoparticle disassembly to release CPG ODNs in
tumor microenvironment to enhance immunity and small sized
BPQDs that could penetrate in deep tumors. As such, the
synergistic PDT immunotherapy effectively inhibited the
growth of 4T1 tumors and suppressed distant tumor growth
and metastasis. In addition to antitumor effect, the on-demand
dissociation of nanoparticles to release BPQDs increased tumor

penetration for enhanced photoacoustic (PA) imaging, providing
a stimuli-responsive nanoplatforms for cancer theranostics,
which was much different from most of photoactivatable
immunomodulatory nanoparticles.

Sun and coworkers recently reported a sorafenib and chlorin
e6 (Ce6) co-loaded ROS-responsive nanoparticle to improve
antitumor responses for PDT combinational immunotherapy
(Sun et al., 2020). Sorafenib is a small molecular multi-kinase
inhibitor that inhibits the functions of immunosuppressive cells
in tumor microenvironment, resulting in augmented antitumor
immunity via enhancing the activities of tumor-specific cytotoxic
T cells (Chen et al., 2014). A ROS-responsive PEGylated
hyperbranched polyphosphate containing 1O2-cleavable
thioketal linkers was utilized to simultaneously encapsulate
Ce6 as a hydrophobic NIR photosensitizer and sorafenib,
forming photodynamic activatable immunomodulatory
nanoparticles. Under 660 nm laser irradiation, Ce6 generated

FIGURE 1 | (A) Chemical structure of NIR-II absorbing semiconducting polymer conjugated with R848 through a thermo-responsive linker and self-assembly of
APNA. (B)Mechanism of antitumor immune response by APNA-mediated NIR-II photothermal immunotherapy. Reproduced, with permission, from Jiang et al. (2021).
Copyright 2021, Nature Publishing Group.
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1O2 to cleave the 1O2-responsive linkers to destruct the
nanoparticles, leading to on-demand release of sorafenib in
tumor sites. After treatment in 4T1 tumor-bearing mice, the
synergistical action of low-dose PDT and rapidly released
sorafenib modulated the immunosuppressive tumor
microenvironment to trigger a strong T cell-dependent
antitumor immunity, suppressing the growth of primary and
distant tumors. Although this was a promising way to achieve
controlled release of drugs for amplified antitumor effects, the
penetration depth of 660 nm laser was limited.

Li and coworkers developed an organic semiconducting pro-
nanostimulant (OSPS) with a NIR photoactivatable
immunotherapeutic action for cancer immunotherapy
(Figure 2A) (Li et al., 2019c). OSPS was formed through
conjugating a photodynamic semiconducting polymer with an
indoleamine 2,3-dioxygenase (IDO) inhibitor (NLG919) via a
1O2-responsive linker, followed by self-assembly. The
overexpressed IDO enzyme by most cancers degraded the

essential amino acid tryptophan (Trp) into kynurenine (Kyn),
resulting in immunosuppressive tumor microenvironment (Feng
et al., 2018). Owing to its small size and stealthy PEG surface
corona, OSPS showed an effective accumulation in subcutaneous
tumors after systemic administration, in which, OSPS produced
heat and 1O2 upon 808 nm laser irradiation for combinational
PTT and PDT, and generation of tumor-associated antigens
(TAAs). Meanwhile, the produced 1O2 specifically triggered
the cleavage of 1O2-responsive linkers to release caged
NLG919, which would undergo a rapid hydrolysis to generate
active NLG919 (Figure 2B). Such a remote photoactivation of
immunostimulants contributed to modulation of
immunosuppressive tumor microenvironment, which in
combination with OSPS-mediated phototherapy triggered a
strong antitumor immune response. In a 4T1 tumor-bearing
mouse model, a single treatment of OSPS could effectively
inhibited the growth of both primary and distant tumors and
prevented lung metastasis. If the drug loading capability can be

FIGURE 2 | (A) Photoactivation of OSPS for synergistic therapeutic action including phototherapy and checkpoint blockade immunotherapy. (B) Structure and NIR
photoactivation mechanism of OSPS. Reproduced, with permission, from Li et al. (2019a). Copyright 2019, John Wiley & Sons Ltd.
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further improved, this photoactivatable organic pro-
nanostimulants should have a promise for more effective and
safer immunotherapy.

Using the 1O2-responsive linker, Pu’s group reported an
organic polymer nanoenzyme (SPNK) with a NIR
photoactivatable enzymatic activity for photodynamic
immunometabolic therapy (Zeng et al., 2021). SPNK was
constructed based on a semiconducting polymer
nanoparticle as the photosensitizer, which was conjugated
with kynureninase (KYNase) via PEG chain containing 1O2-
responsive linker. KYNase is an enzyme that catalyzes the
degradation of immunosuppressive Kyn in IDO overexpressed
tumors to reverse Kyn-induced immune suppression (Triplett
et al., 2018). Such a photoactivation of nanoenzyme could
significantly promote the proliferation and infiltration of
effector T cells into B16F10 tumors in living mice, thus
triggering an enhanced antitumor T cell immunity. As such,
SPNK-mediated synergistic therapeutic action led to complete
inhibition of primary tumors and effective suppression of
distant tumors. This study provided a novel photodynamic
approach for remote control of enzymatic activity to modulate
immunometabolism for cancer immunotherapy. However, the
synthesis conditions need to be strictly controlled to keep the
activity of enzymes, and some strategies should be used to
prevent degradation of enzymes by hydrolases during blood
circulation.

The activation of abovementioned immunomodulatory
nanoparticles relies on the generated 1O2. As PDT can induces
cell death, apoptosis-related biomarkers responsive nanoparticles
have also been developed for cancer therapy. Zhang’s group
reported a peptide self-assembled nanoparticle for PDT
combinational immunotherapy (Song et al., 2018a). The
peptide consisted of palmitic acid and protoporphyrin IX
(PpIX) as the hydrophobic part and a hydrophilic PEG
conjugated with an IDO inhibitor 1-methyltryptophan (1MT)
through a caspase-responsive peptide sequence, Asp-Glu-Val-
Asp (DEVD). The peptide could self-assemble into nanoparticles
that effectively accumulated into tumor tissues. Upon 630 nm
laser irradiation, the peptide nanoparticles produced 1O2 via PDT
effect to induce apoptosis of cancer cells, leading to caspase-3
expression and formation of TAAs, which facilitated antitumor
immune response. The expressed caspase-3 could cleave DEVD
peptide sequence to release 1MT to further strengthen the
immunity and activate CD8+ T cells. Such synergistic effect of
PDT and immunotherapy mediated by peptide nanoparticles
effectively inhibited the growth of primary tumors and lung
metastasis in a CT26 tumor-bearing mouse model. This study
provided a unique strategy to regulate the delivery of
immunotherapeutic agents with a very high efficacy, while the
tissue penetration of light source needs to be further improved for
their applications of large and deep-seated tumors.

Controlled antitumor immunity have been achieved by
photodynamic activatable nanoparticles through regulating the
activation of immunotherapeutic agents, while they still have
some limitations. The endogenous ROS existed in the biological
systems potentially results in off-target activation of drugs and
thereby induces side effects. The biosafety of products for ROS-

responsive moieties after photoactivation is questionable and
needs to be systematically investigated. In addition, all existing
photodynamic activatable nanoparticles only respond to visible
or NIR-I light, and those that can be activated by NIR-II light
have not been explored.

DISCUSSION

We herein have summarized the recent development of
immunomodulatory nanoparticles with NIR photoactivatable
pharmacological features for combinational immunotherapy of
cancer. Due to the existences of photothermal agents or
photosensitizers, these immunomodulatory nanoparticles can
generate heat or ROS upon NIR photoirradiation to destroy
thermal- or ROS-responsive moieties to allow on-demand
release of immunotherapeutic agents, which greatly improve
the bioavailability and selectivity. By combining with PTT
and/or PDT, such NIR photoactivatable antitumor immunity
often leads to improved therapeutic efficacy in treating tumors
and preventing metastases.

Before the successful translation of NIR photoactivatable
immunomodulatory nanoparticles for clinical trials, some
key issues should be addressed. First, the long-term
biosafety of nanoparticles in living bodies is questionable
and should be systemically evaluated. Development of
biodegradable or clearable nanoparticles is a good way to
address this issue (Li and Pu, 2019). Second, the tissue
penetration depths of NIR-I and NIR-II light are still
limited and only suitable for superficial tumors. The use of
light delivery technologies can achieve deep delivery of NIR
light into biological tissues for treatment of deep-seated
tumors (Maruoka et al., 2018). Third, it is challenging for
real-time monitoring of dynamic immune activation to
evaluate therapeutic efficacy. Imaging reporters that are
specifically responsive to immune response can be
combined with immunomodulatory nanoparticles to
realize immune theranostics of cancer (He et al., 2020;
Ramesh et al., 2020). In the future, these NIR
photoactivatable immunomodulatory nanoparticles may
show a great promise for clinical treatment of cancer and
other diseases, such as infectious diseases and autoimmunity.
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