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Abstract

Cancer immunotherapies that train or stimulate the inherent immunological systems to recognize, 

attack, and eradicate tumor cells with minimal damage to healthy cells have demonstrated 

promising clinical responses in recent years. However, most of these immunotherapeutic strategies 

only benefit a small subset of patients and cause systemic autoimmune side effects in some 

patients. Immunogenic cell death (ICD)-inducing modalities not only directly kill cancer cells but 

also induce antitumor immune responses against a broad spectrum of solid tumors. Such strategies 

for generating vaccine-like functions could be used to stimulate a “cold” tumor microenvironment 

to become an immunogenic, “hot” tumor microenvironment, working in synergy with 

immunotherapies to increase patient response rates and lead to successful treatment outcomes. 

This Minireview will focus on nanoparticle-based treatment modalities that can induce and 

enhance ICD to potentiate cancer immunotherapy.
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1. Introduction

Cancer immunotherapies have enjoyed rapid clinical progress over the past few years, 

particularly in the areas of chimeric antigen receptor (CAR)-modified T cells and immune 

modulation by blocking suppressive immune checkpoints.[1] The generation of an anti-

cancer immune response consists of several key steps (Figure 1):[2] Antigens released from 

cancer cells are captured by antigen-presenting cells (APCs). Then, danger associated 

molecular patterns (DAMPs), such as pro-inflammatory cytokines and factors, released by 

the dying tumor cells signal APC maturation. Activated APCs travel to the lymph nodes to 

present the tumor antigens on major histocompatibility complex (MHC) I and MHC II 

molecules to T cells, resulting in the priming and activation of effector T cell responses 

against cancer-specific antigens. Finally, activated effector T cells traffic to and infiltrate the 

tumor bed where they specifically recognize cancer cells through interactions between T cell 

receptor (TCR) and MHC I-bound cognate antigen and kill cancer cells. Killing the cancer 

cell releases additional tumor-associated antigens (TAAs) to increase the breadth and depth 

of the immune response in subsequent revolutions of the cycle.
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However, cancer cells are able to evade the host immune system by blocking one or more of 

these steps.[3] This can occur by down-regulating surface antigen and MHC I expression to 

inhibit recognition and attack by the immune system, inducing expression of 

immunosuppressive molecules, and infiltrating inhibitory immune cells into the tumor 

microenvironment (TME) to inhibit effector T cell homing and activity.[4] Current cancer 

immunotherapies usually focus on one of two strategies: 1) To stimulate key players of the 

immune system, such as cancer vaccines,[5] cytokine therapy,[6] and adoptive T-cell 

transfer[7] and 2) to eliminate or inhibit immunosuppressive factors, such as immune 

checkpoint-blockade (ICB) therapy.[8] Although cancer immunotherapies have demonstrated 

some exciting clinical responses, they are limited by high costs, efficacy restricted to certain 

subsets of patients, resistance to treatment, and dose-limiting autoimmune effects like 

cytokine release syndrome.[9]

It is now established that ablative cancer treatments, such as radiotherapy (RT), 

photodynamic therapy (PDT), hyperthermia (HT) and photothermal therapy (PTT), and 

certain chemotherapeutics can cause tumor cell death in an immunogenic way.[10] This 

immunogenic cell death (ICD) is characterized by release of TAAs, DAMPs, and pro-

inflammatory cytokines, which facilitates the presentation of TAAs to adaptive immune 

cells, eliciting an antigen-specific immune response against a broad spectrum of solid 

tumors.[11] Ultimately, ICD can enhance immune stimulatory or subvert immune suppressive 

effects for the activation, proliferation, and tumor infiltration of T cells to synergize with 

current immunotherapies. Such in situ “tumor vaccines” provide a new way to broaden and 

enhance immunotherapy by combining it with ICD-inducing modalities, such as radio-, 

photo-, and chemotherapy. In this Minireview, we will first discuss the characteristics and 

design parameters of nanoparticles (NPs) that allow for maximal immunotherapeutic 

efficacy, then provide an overview of nanoparticle platforms used to combine ICD-inducing 

modalities and immunotherapy in the emerging and rapidly growing field of NP-mediated 

cancer immunotherapy.

2. Immunogenic Cell Death (In Situ Cancer Vaccination)

During ICD, DAMPs and TAAs are released, captured by dendritic cells (DCs) and 

macrophages, then processed and presented to adaptive immune cells, leading to an antigen-

specific immune response. Many immunogenic factors throughout apoptotic cell death have 

been identified as DAMPs, such as pre-apoptotic calreticulin (CRT) exposure on the cell 

surface,[12] ATP release during the blebbing phase of apoptosis,[13] and post-apoptotic 

exodus of high mobility group box 1 (HMGB-1)[14] and heat shock proteins (HSPs).[15] ATP 

serves as a chemoattractant to recruit APCs; CRTacts as an “eat-me” signal to facilitate the 

engulfment of dying tumor cells and their debris by APCs.[16] Finally, HMGB-1 and HSPs 

stimulate optimal antigen presentation to T cells (Figure 2).[14a,17] ICD may also induce a 

strong inflammatory response by releasing pro-inflammatory cytokines such as TNF-α, 

IL-6, and IL-1β.[11a,18] Such strategies to generate vaccine-like effects in situ do not require 

sophisticated procedures, have no ethical concerns, and are able to efficiently elicit selective 

and strong protections by local in situ cell death and systemic cell-mediated immune 

responses. Leveraging the ICD effects of traditional treatment modalities can increase 

infiltration of immune effector cells to convert an immunosuppressive TME to an 
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immunogenic TME, and ultimately increase patient response rates to immune adjuvants and 

checkpoint blockade immunotherapy.

3. Design of Nanoparticles for ICD

For in situ cancer vaccines, the ICD inducer needs to specifically target tumors. Compared to 

conventional approaches, nanotechnology offers an opportunity for the efficient delivery of 

an optimal dose of ICD inducers to specific tissues or cell types, enhancing their potency 

while reducing their side effects.[20] NPs can co-load multi-components for simultaneous 

delivery, protect the payloads from degradation and premature release, and passively or 

actively target tumors by the enhanced permeability and retention (EPR) effect or surface 

modification with ligands, respectively.[21] Typically, polymeric NPs are designed with 

selective shapes and sizes, for intracellular release of loaded small molecules, and surface 

functionalization for delivery beyond biological barriers.[22] Furthermore, inorganic NPs can 

be used as a localized source of ICD-inducing treatment or accentuate treatment by external 

energy fields to minimize damage to healthy tissues. Metals in inorganic NPs are chosen for 

biocompatibility and intrinsic behavior such as magnetic susceptibility and colloidal 

stability.[23]

NPs with imaging functions can monitor the localization and treatment effect in real-time, 

while NPs with an immunomodulatory effect can act as adjuvants or immune potentiators. 

Furthermore, NPs can be tailor-made in terms of size, shape, structure, payload, and surface 

properties for transporting themselves and their cargoes through biological barriers and 

enhancing accumulation in the solid tumor.[24]

4. Application of Nanoparticles in Enhancing Cancer Immunotherapy

4.1. Hyperthermia

Hyperthermia (HT), the heating of tissue to 39–45°C, was shown to activate an antitumor 

immune response by inducing a cell stress known as the unfolded protein response, which 

leads to up-regulation of HSPs on the cell membrane and TAAs within the tumor cells. The 

released TAAs and TAA–HSP complexes facilitate the uptake by APCs and aid in the 

presentation of antigens through MHC class I, activating antigen-specific killer T cells that 

undergo clonal expansion and traffic to all tumors (primary and metastatic) to kill tumor 

cells directly.[25] In addition, the fever-like temperature created by HT has been shown to 

enhance antigen presentation, improve tumor blood flow, and accelerate leukocyte 

trafficking to the tumor.[26] Both treatment efficacy and elicited immune response were 

found to be dependent on the thermal dose, which requires careful optimization to balance 

treatment of the primary tumors and the induction of immunological effects against distant 

tumors. For example, coagulative ablation strategies, in which high temperatures “melt” the 

tumor tissue and cut off intratumoral (i.t.) blood flow, showed the most destructive effects on 

the primary tumor but likely also formed a barrier for immune cell infiltration and immune 

induction.[27] Another important consideration is that normal tissues may also be severely 

damaged under conventional hyperthermia treatment, thus, specifically heating the tumor 

region to the desired temperature without damaging surrounding normal tissues is a major 
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technical barrier. Fortunately, NP-assisted hyperthermia offers a means for controlling the 

thermal dose and localizing the treatment.[28]

4.1.1. Magnetic Fluid Hyperthermia—Magnetic fluid hyperthermia (MFH) involves 

the combination of magnetic NPs with an alternating magnetic field (AMF), which induces 

local hyperthermia in tumors in a controlled and uniform manner without the limitation of 

penetration depth. Toraya-Brown et al. stimulated 100 nm Fe3O4 BNF-Starch magnetic NPs 

with an external magnetic field to heat tumors to 43°C for 30 min,[29] while the Kobayashi 

group used cationic liposomes containing magnetic NPs (MNHT) to heat the local tumor 

tissue to above 43°C without damaging surrounding normal tissues in the presence of AMF.
[30] In both instances, MFH triggered an antitumor immune response mediated by both 

CD8+ and CD4+ T cells, leading to elimination of both heat-treated primary tumors and 

unheated distant tumors and subsequent rechallenge rejection.[29,31] Interestingly, the 

differences in temperature did not show obvious differences in immune response. To 

enhance MNHT, magnetic NPs were conjugated with a melanogenesis substrate, N-

propionyl cysteaminylphenol (NPrCAP), to be specifically taken up by melanoma cells and 

react with tyrosinase to produce highly cytotoxic free radicals, resulting in chemotherapeutic 

and immunotherapeutic cell death.[32] In parallel, they extended their localized hyperthermia 

approach in combination with immunostimulatory factors; i.t. injection of IL-2 or GM-CSF 

24 h after intracellular HT resulted in complete tumor regression in 75% and 40% of mice, 

respectively.[33] Recombinant mouse HSP70 gene[34] and protein[35] were also able to 

enhance the therapeutic efficacy of MNHT.

4.1.2. Photothermal Therapy—Light-induced hyperthermia, or photothermal therapy 

(PTT), involves irradiation of light-absorbing agents accumulated in the tumor with NIR 

light to convert optical energy into heat for thermal ablation of cancer cells. Theoretically, 

photothermal agents are non-toxic in the dark and the light is locally applied on the tumor 

area, leading to high treatment efficacy with few side effects.[36] Recently, PTT has shown 

the ability to generate antitumor immunological effects by producing TSAs from ablated 

tumor cell residues.

A number of inorganic nano-agents (e.g. AuNPs and nanoshells,[37] CuS NPs,[38] GO,[39] 

MoS2 nanosheets,[40] or carbon nanotubes[41]) with intrinsic capacity for NIR light 

absorption have been developed to deliver thermal energy and immunoadjuvants. Yata et al. 

modified AuNPs with CpG oligodeoxynuleotides and then mixed them with a hexapod-like 

structured DNA containing CpG sequences, obtaining an immunostimulatory Au–DNA 

hydrogel. Intratumoral injection of the Au–DNA hydrogel followed by laser irradiation 

increased the local temperature and HSP70 mRNA levels in the tumor, improved TAA-

specific IgG levels in the serum, and induced TAA-specific IFN-γ production in 

splenocytes, significantly retarding tumor growth and extending the survival time of tumor-

bearing mice.[37] Guo et al. designed chitosan-coated hollow CuS NPs containing CpG, 

which could break down after laser excitation, reassemble, and transform into polymer 

complexes, improving CpG tumor retention, effectively eliminating the primary tumor and 

simultaneously inhibiting the growth of distant untreated tumors.[38]
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Small molecule photothermal agents can also be co-loaded with immunostimulators into 

liposomes or polymeric NPs for effective combination of PTT and immunotherapy. Li et al. 

coated a hyaluronic acid (HA)-CpG conjugate onto fluorophore (IR-7)-loaded liposomes to 

activate and increase tumor infiltration of DCs and CD8+ T cells, thereby eradicating tumors 

in mice and inhibiting tumor metastasis.[42] Owing to its immunostimulatory effect, glycated 

chitosan (GC) can be used as both an immunoadjuvant and a carrier to enhance the uptake 

and presentation of tumor antigens, increase tumor immunogenicity, and synergize with 

PTT. Kumar and Srivastava developed biocompatible and biodegradable monodisperse 

polycaprolactone/GC/Poloxamer blend NPs encapsulating photothermal agent IR 820 for 

imaging and photo-immunotherapy. Though the NPs enhanced toxicity on MCF-7 cells 

upon laser treatment, the immune response and efficacy in vivo were not investigated.[43]

As a potent stimulator of the immune system, PTT has also shown synergy with ICB to 

reverse immunosuppression. Wang et al. demonstrated the first combination of anti-CTLA-4 

therapy with PTT using single-wall carbon nanotubes. This stimulated DC maturation in 

tumor-draining lymph nodes (TDLNs), induced infiltration of effector T cells, and greatly 

abrogated Treg cells in non-heated distant tumors, thereby reducing tumor burden in both 

subcutaneous and lung metastasis models and leading to prolonged survival.[44] Similar 

long-term survival was later observed using Prussian blue NP-based PTT complemented 

with anti-CTLA-4 in a preclinical neuroblastoma model.[45] In addition, all of the mice that 

survived past 100 days also rejected a tumor rechallenge, illustrating immune memory. Chen 

et al. also demonstrated the long-term survival by combining anti-CTLA-4 with a PLGA NP 

co-loaded with a photothermal agent indocyanine green (ICG) and a TLR-7 agonist 

imiquimod (R837, Figure 3a). PLGA-ICG-R837 plus anti-CTLA-4 therapy additionally 

demonstrated long-term survival (70% at 70 days) in a 4T1 lung metastasis rechallenge 

model compared to no survival for the anti-CTLA-4 only treated mice (Figure 3b).[46] More 

recently, Liu et al. demonstrated that plasmonic gold nanostar-mediated PTT in combination 

with anti-PD-L1 immunotherapy dramatically enhanced the efficacy of immunotherapy, 

achieving complete eradication of primary treated tumors and distant untreated tumors in 

some mice implanted with MB49 bladder cancer cells. Furthermore, the treatment induced 

effective long-lasting immunity, rejecting the formation of challenged tumor in a period of 

60 days.[47]

4.2. Photodynamic Therapy

Photodynamic therapy (PDT) is a clinically used, minimally invasive therapeutic procedure 

with a two-step modus operandi involving the administration of a photosensitizer (PS) 

followed by irradiation with a specific wavelength light. Upon irradiation, PS in the presence 

of oxygen generates highly cytotoxic ROS to cause oxidative stress-based cell death and 

disrupts tumor vasculature. In addition to local tumor ablation, PDT can increase tumor 

immunogenicity by inducing CRT exposure and release of tumor cell debris, which 

improves tumor antigen presentation and activation of T lymphocytes, resulting in the 

destruction of residual tumor cells and reduction in the risk of distant metastasis.[48]

Typically PSs are hydrophobic and aggregate in aqueous media, which deleteriously affects 

their photophysical (decreased 1O2 formation), chemical (decreased solubility), and 
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biological (insufficient tumor localization) properties.[49] NPs can overcome these 

limitations and selectively deliver PSs to tumors, minimize damage to normal tissues, and 

reduce systemic toxicity when accompanied by spatially controlled light irradiation.[50] Yu 

et al. functionalized graphene oxide (GO) with an integrin αvβ6-specific HK peptide and 

loaded the PS 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbidea (HPPH) onto the surface of 

GO through hydrophobic interactions and π–π stacking. The nanophotosensitizer (nPS) 

exhibited high tumor uptake after intravenous (i.v.) injection and increased infiltration of 

cytotoxic CD8+ T lymphocytes within tumors, suppressing tumor growth upon irradiation in 

both subcutaneous and lung metastatic mouse models.[51]

Though PDT alone can activate the immune system, combination with immune adjuvants 

can further potentiate the immune response. Marrach et al. encapsulated a long-wavelength-

absorbing PS, zinc phthalocyanine (ZnPc), within a polymeric NP core composed of PLGA-

b-PEG, and then coated the polymeric core with CpG-modified gold NPs. Such NP-treated 

4T1 cell lysate primed murine bone marrow-derived dendritic cells (BMDCs) to recognize 

and phagocytose PDT-killed tumor cells. This phagocytosis led to pro-inflammatory 

cytokines (IL-2, IL-6, IL-12, and TNF-α) release, evidence of DC maturation and activation.
[52]

Combination with ICB further enhanced the effects of PDT. Duan et al. synthesized a 

nontoxic core–shell NP (ZnP@pyro) with a coordination polymer of Zn2+ and 

pyrophosphate in the core and the PS pyrolipid in the shell. In vivo, the NPs improved tumor 

immunogenicity upon light irradiation, particularly upon combination with PD-L1. 

ZnP@pyro with anti-PD-L1 eradicated the irradiated tumors, suppressed non-irradiated 

tumors, and prevented lung meta-stases in a 4T1 metastatic triple-negative breast cancer 

murine model (Figure 4). In addition, the combination therapy produced an efficient 

abscopal effect on two bilateral syngeneic mouse models, leading to complete inhibition of 

pre-existing non-irradiated tumors by generating a systemic tumor-specific cytotoxic T cell 

response.[53]

Nanoparticles are ideal to overcome tumor conditions that limit PDT, such as the 

requirement for oxygen to generate ROS. To overcome hypoxia in tumor, Lan et al. reported 

a novel nanoscale metal–organic framework (nMOF), Fe-TBP (TBP = 5,10,15,20-tetra(p-

benzoato)porphyrin), consisting of Fe3O clusters and TBP ligands. When irradiated under 

hypoxic conditions, Fe3O clusters decomposed intracellular H2O2 to produce O2 through a 

Fenton-like reaction, and the generated O2 was then converted to cytotoxic 1O2 by photo-

excited porphyrins. Fe-TBP mediated PDT induced significant tumor infiltration of 

cytotoxic T cells, sensitizing anti-PD-L1 treatment and eliciting the abscopal effect in a 

mouse model of colorectal cancer with greater than 90% regression of tumors (Figure 5).[54]

Wang et al. combined PDT and ICB onto a single particle with a versatile micelleplex, 

integrating an acid-activatable cationic micelle, a PS pheophorbide A (PPa) and a siRNA 

that targeted PD-L1 (Figure 6a). The micelleplex was inert at physiological pH conditions 

and activated only upon internalization in the acidic endocytic vesicles of tumor cells for 

fluorescence imaging and PDT (Figure 6b). Compared to PDT alone, the combination of 

PDT and PD-L1 knockdown showed significantly enhanced efficacy for inhibiting tumor 

Duan et al. Page 7

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



growth and distant metastasis in a B16F10 melanoma xenograft tumor model (Figure 6c–e).
[55]

Indoleamine 2,3-dioxygenase (IDO) inhibition has also shown significant synergy with PDT. 

Recently, Lu et al. showed that an IDO inhibitor (IDOi) could be loaded into the channels of 

a chlorin-based nMOF, TBC-Hf (TBC is 5,10,15,20-tetra(p-benzoato)chlorin), for anticancer 

efficacy and immune activation. In addition to increased T cell infiltration and consistent 

abscopal responses in mouse models of colorectal cancers, the i.t. infiltration of neutrophils 

and B cells was also observed, which may play compensatory roles in presenting TAAs to T 

cells.[56]

Song et al. recently synthesized a chimeric peptide, PpIX-1MT, by integrating the PS PpIX 

with a small-molecule IDOi 1MT (1-methyltryptophan). Light irradiation of PpIX-1MT NPs 

induced apoptosis and facilitated the expression of caspase-3 and the production of TAAs, 

triggering an intense immune response. Upon caspase-3 cleavage, the subsequently released 

1MT inhibited the IDO pathway to help activate CD8+ T cells and synergistically inhibiting 

both primary and lung metastasis (Figure 7).[57]

Subsequently, Xu et al. used upconversion NPs (UCNPs) to simultaneously deliver a PS 

chlorin e6 (Ce6) and R837. Upon irradiation of i.t. injected UCNP-Ce6-R837, the effective 

photodynamic destruction of tumors generated a pool of TAAs, which were able to trigger 

DC maturation, promote cytokines secretion, and resulted in strong antitumor immune 

responses. PDT with UCNP-Ce6-R837 in combination with anti-CTLA-4 not only showed 

excellent efficacy in eliminating tumors exposed to the NIR laser but also resulted in strong 

in situ vaccination, inhibiting the growth of distant tumors and protecting treated mice from 

tumor rechallenge.[58] Though the combination of PDT immunostimulatory and/or ICB 

agents consistently led to impressive anticancer efficacy and immune cell infiltration, PDT is 

reliant on external light stimulation. While the technology is promising, there is limited 

clinical potential owing to the shallow penetration depth of light.

4.3. Radiotherapy

Radiotherapy (RT) is a powerful therapeutic modality for cancer, commonly used for its 

ability to kill cancer cells by causing DNA double strand breaks, which is not limited by 

tissue penetration. Surface exposure of CRT[16] and release of HSP70[59] and HMGB-1[60] 

suggest that RT induces ICD in situ,[61] stimulates DC maturation, and induces IFN γ-

producing T cells in vitro and in vivo.[62] Therefore, RT combined with i.t. injection of CpG 

adjuvant has shown preclinical success and has been tested in humans in whom it induced 

rejection of the irradiated tumor as well as tumors outside the radiation field (abscopal 

effect).[63] RT has also been reported to synergistically promote antitumor immunity with 

ICB.[64] However, not all RT-induced modifications of the tumor and its microenvironment 

favor immune activation. There has been new evidence of pro-tumorigenic M2 macrophages 

accumulating in hypoxic areas of irradiated tumors[65] and increased immunosuppressive 

Treg cells post-RT.[66] Intriguingly, the dose and fractionation of RT may play a role in 

modulating the expansion of effector versus Treg cells.[67]
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Min et al. engineered antigen-capturing NPs (AC-NPs) with different surface chemistry to 

capture TAAs released after radiation and transport them to APCs to promote anticancer 

immunity (Figure 8). Mechanistic studies revealed that AC-NPs induced an expansion of 

CD8+ cytotoxic T cells and increased both CD4+ T/Treg and CD8+ T/Treg ratios, thus 

significantly improving the efficacy of anti-PD-1 treatment on the B16F10 melanoma model 

with up to a 20% cure rate compared to 0% without AC-NPs.[68]

Nanotechnology also allows for nanovectorized ionizing radiation that could boost the 

quality and magnitude of an immune response in a predictable and designable fashion.[69] 

Hindré’s group used lipid nanocapsules loaded with a lipophilic complex of Rhenium-188 

(LNC188Re-SSS) for fractionated internal radiation in glioblastoma and hepatocellular 

carcinoma models.[35] Intratumoral infusion of LNCs by convection-enhanced delivery led 

to their complete distribution throughout the tumor and peritumoral space without leaking 

into the contralateral hemisphere except when large volumes were used. 70% of the 188Re-

SSS activity was present in the tumor region 24 h after injection, and no toxicity was 

observed in the healthy brain. Double fractionated internal radiotherapy with LNC188Re-

SSS resulted in a cure rate of 50% in a human glioblastoma model on T-cell deficient nude 

mice,[70a,b] whereas a higher cure rate of 83% was observed in the immunocompetent 9L rat 

glioma model.[70c] Increased cytokine (IL-2 and IFN-γ) production in peripheral blood after 

internal radiation, recruitment of immune and inflammatory cells (DCs, CD4, CD8, NK, 

macrophages, micro-glia) into the tumor site, and increased expression of MHC class I and 

class II were all observed, indicating the immune system plays a role in the treatment 

efficacy.[71]

4.4. Chemotherapeutic Drugs

Though apoptosis has historically been regarded as a non-inflammatory, immunologically 

silent or even tolerogenic, recent evidence has shown that a subset of chemotherapeutics can 

be pro-inflammatory and induce ICD.[72] As a systemic agent, chemotherapy has the 

potential to initiate an immune response in multiple sites. Furthermore, NP-mediated 

chemotherapy has been reported to enhance ICD and consequently improve antitumor 

effects of the free ICD inducer. For example, Zhao et al. found that immunogenic oxaliplatin 

encapsulated in PLGA-mPEG NPs released more DAMPs and induced more dendritic cell 

and T lymphocyte activation and infiltration than free oxaliplatin, improving anticancer 

efficacy in immunocompetent mice.[73]

Doxorubicin (DOX) is a bonafide ICD inducer that has already been widely used in NP 

formulations. Zheng et al. developed a pH- and GSH-dual-sensitive delivery system for 

systemic treatment of highly metastatic triple-negative breast cancer by loading DOX into 

highly integrated mesoporous silica NPs, which induced DC maturation and antitumor 

cytokine release.[74] The antitumor efficacy and immunity induced by DOX can be enhanced 

by combination with immunotherapy. Su et al. found that pre-treatment with TNF-α pDNA 

polyplexes 48 h prior to liposomal DOX (Doxil) promoted its accumulation in tumors, likely 

owing to TNF-α-mediated opening of the tumor endothelial tight junctions. Three treatment 

cycles with TNF-α gene vectors and Doxil significantly delayed tumor growth in 

subcutaneous murine Neuro2A neuroblastoma, and prevented liver metastasis in systemic 
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Neuro2A metastasis or human LS174T colon carcinoma metastasis models.[75] Strong 

intercalation between DOX and DNA has been exploited for the development of DOX/CpG 

DNA hydrogels, which elevated the levels of cytokines (IL-12, IL-6, and IFN-γ) in serum as 

well as in tumor tissue, thus inhibiting tumor growth in various tumor models.[76] More 

recently, Liu et al. designed a dual pH-responsive multifunctional NP system by coating 

TLR-7/8 agonist (R848)-loaded poly(L-histidine) (PHIS) nanocore with acid-cleavable HA-

DOX conjugates to treat breast cancer. The components separated in the TME, leading to 

internalization of HA-DOX through CD44-mediated endocytosis by tumor cells. 

Intracellular HA–DOX released DOX by hydrolysis of the hydrazone bond at pH≈5.5 to 

induce ICD. Extracellular PHIS/R848 released R848 by ionization of PHIS at pH≈6.5 to 

potentiate the immune response. The combined chemoimmunotherapy led to remarkable 

tumor growth inhibition.[77] Kuai et al. reported that high-density lipoprotein-mimicking 

nanodiscs loaded with DOX induced antitumor T cell responses and enhanced therapeutic 

efficacy of anti-PD-1, leading to eradication of CT26 and MC38 tumors in 80 to 88% of 

mice and long-term immunity against rechallenge.[78]

Another chemotherapeutic with a clinically approved nanoformulation, paclitaxel (PTX), is 

also known to induce ICD. Roy et al. combined chemo- and immunotherapy using PLGA 

NPs loaded with PTX and a TLR-4 agonist (SP-LPS). The NPs have both direct cytotoxicity 

and immunostimulatory activity in vitro, but the in vivo antitumor activity was not 

significantly different from PTX alone because of suboptimal encapsulation of SP-LPS.[79] 

Instead, they conjugated PTX with SP-LPS, which subsequently self-assembled into a NP. 

These NPs showed higher in vivo antitumor activity and a higher percentage of activated 

immune cells in the TME than the Taxol-treated group.[80] They also increased the loading 

of TLR-4 agonist from 20% to 65% by replacing SP-LPS with the similar P-LPS. The 

higher P-LPS loading showed improved synergy with PTX when co-encapsulated into 

PLGA NPs, leading to significant reduction in tumor growth compared with either stand-

alone modality. Flow cytometric analysis of tumor-infiltrating immune cells indicated high 

infiltration and activation of APCs and T cells (CD4+ and CD8+), correlating to the 

enhanced survival of mice.[81] Similarly, Seth et al. demonstrated the synergy between PTX 

and a TLR-7 agonist for treatment of B16F10 melanoma by using poly(γ-glutamic acid) to 

co-deliver PTX and imiquimod. The co-delivery system enhanced the proliferation (250%) 

of DCs and secretion of pro-inflammatory and Th1 cytokines, exemplifying drastic 

inhibition of tumor growth after i.t. injection and leading to 70% survival as compared to 

individual components with 0% survival at day 41. The antitumor response generated was 

also found to have systemic memory response since the vaccinated mice significantly 

delayed secondary tumor development at a distant site six weeks after treatment.[82] Heo et 

al. also demonstrated that primary injection with the HA/PTX complex generated TSAs and 

enhanced their uptake by tumor-recruited BMDCs. With a secondary injection of separate 

CpG- or IL-10 siRNA-loaded PLGA NPs, the BMDCs became activated and migrated to 

TDLNs. As a result, the combination not only efficiently inhibited tumor growth but also 

increased the animal survival rate.[83]
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4.5. Multipronged Approaches

Immunogenic chemotherapy has also been combined with other ablative therapies, such as 

PTT and PDT. Tao et al. designed a multifunctional platform for combining chemo-, 

photothermal-, and immunotherapy, constituted of DOX intercalated into CpG sequences, 

which in turn were conjugated to gold nanorods. The nanosystem localized gold rods into 

the tumor site for PTT, whereas the CpG induced immune response thereby enhancing the 

cytotoxic effects of DOX. The combination resulted in significant antitumor efficacy and 

also led to a long-term tumor-specific immunity.[84]

He et al. first demonstrated the synergistic effect of chemotherapy with PDT to elicit 

antitumor immunity, which could be used to augment the antitumor efficacy of ICB. NCPs 

carrying oxaliplatin (OxPt) in the core and the PS pyrolipid in the shell were prepared for 

effective chemotherapy and PDT, which provoked a systemic tumor-specific T-cell response. 

When combined with anti-PD-L1, the NCP led to not only the regression of the irradiated 

primary tumors but also regression of the non-irradiated tumors by inducing CD8+ and 

CD4+ T cell infiltration in bilateral mouse models of syngeneic colorectal cancer (Figure 9).
[85] Subsequently, Yang et al. co-loaded a PDT agent Ce6 and DOX into hollow H-MnO2 

nanoshells modified with PEG. The obtained H-MnO2-PEG/C&D dissociated under reduced 

pH within the TME to release the payloads, while simultaneously decomposing tumor H2O2 

to relieve tumor hypoxia. As a result, a remarkable in vivo synergistic therapeutic effect was 

achieved through the combined chemo-photodynamic therapy and the subsequent antitumor 

immune response. Further combination with ICB led to inhibition of tumors at distant sites, 

showing promise for the treatment of tumor metastases.[86]

5. Future perspectives

Cancer immunotherapy has shown exciting clinical responses owing to its unique 

advantages, such as the induction of specific antitumor immunity and long term 

immunological memory response, but the low response rate and the potential side effects are 

still significant hurdles for the broad application of cancer immunotherapy in the clinic. As 

shown in this review, a number of known and novel inorganic and polymeric nanoparticles 

such as AuNPs, MOFs, and micelles have been evaluated as ICD-inducing modalities, which 

can synergize with immunotherapies to improve the treatment outcomes while limiting 

systemic toxicities. However, the potency of different nanoparticle platforms or applications 

cannot be easily compared as each experiment was independently performed. Furthermore, 

more work is needed to monitor the dynamic immune response and understand the specific 

impact of each combinatorial approach on the TME, with the goal of providing rationales or 

guidance for selecting the best combinatorial approach for an individual patient. Specifically, 

it is important to elucidate whether a NP-mediated treatment is more suited towards 

combination with an immune adjuvant or ICB. In addition, the timing of the ICD-inducing 

modalities and immunotherapies might also have an impact on the therapeutic efficacy and 

should be investigated in more detail. So far, only a few stimuli have been shown to induce 

bonafide ICD; the identification of more compounds or modalities that render cell death 

immunogenic is clinically urgent. In order to preferentially deliver ICD-inducing agents to 

tumors, especially metastatic tumors, nanoparticles need to be injected systemically. 
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However, most of the studies to date have utilized i.t. delivery, possibly owing to low 

stability, inefficient tumor accumulation or high toxicity; thus, the development of new 

nanoparticle platforms that can enhance tissue localization and response after systemic 

administration is critically needed.
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Figure 1. 
The cancer-immunity cycle and therapies that might affect the cycle.
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Figure 2. 
In immunogenic death, dying tumor cells expose CRT, secrete ATP, and release HMGB-1, 

HSPs, TSAs, and HSP-TSA complexes, all of which favor the engulfment of cell corpses 

and debris by antigen-presenting cells (mainly DCs) and promote DC maturation. Activated 

DCs can then prime CD4+ and CD8+ T cells and thereby trigger immunogenic T helper 1 

(Th1) cell and cytotoxic T lymphocyte (CTL) responses, respectively. Adapted from Ref. 

[19] with permission. Copyright 2009, Nature Publishing Group.

Duan et al. Page 18

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Formulation of PLGA-ICG-R837 and their immune-stimulation abilities. a) Structure of 

PLGA-ICG-R837 and the mechanism of antitumor immune responses induced by PTT in 

combination with anti-CTLA-4. b) Treatment schedule to induce a tumour vaccine and reject 

secondary and rechallenge tumors. Adapted from Ref. [46] with permission. Copyright 

2016, Nature Publishing Group.
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Figure 4. 
ZnP@pyro PDT enhances PD-L1 blockade immunotherapy. a) The core–shell structure of 

ZnP@pyro. b,c) The treatment with PDT plus anti-PD-L1 eradicated primary 4T1 cancer 

and reduced the metastases in the lung. Adapted from Ref. [53] with permission. Copyright 

2016, American Chemical Society.
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Figure 5. 
Fe-TBP decomposes H2O2 to O2 through a Fenton-like reaction, then converts O2 to 

cytotoxic 1O2 upon light irradiation (top). Fe-TBP overcomes tumor hypoxia for PDT-

primed cancer immunotherapy. The Fe-TBP catalyzed Fenton-like reaction leads to 

significant antitumor response and sensitizing anti-PD-L1 treatment to induce abscopal 

effect (bottom). Reprinted from Ref. [54] with permission. Copyright 2018, American 

Chemical Society.
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Figure 6. 
Acid-activatable micelleplexes for the combination of PDT with PD-L1 knockdown. a) 

Chemical structure of the acid-activatable POP micelleplexes co-loaded with PPa and 

siRNA. The micelleplexes dissociate in an acidic microenvironment owing to the 

protonation of the tertiary amino groups of PDPA. b) POP-PD-L1 micelleplex induction of 

ROS and release of RNAi upon cell uptake. c,d,e) Metastatic inhibition in metastatic tumor-

bearing mice. Reprinted from Ref. [55] with permission. Copyright 2016, American 

Chemical Society.
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Figure 7. 
a) Structure of the chimeric peptide PpIX-1MT. The PpIX-1MT NPs accumulated in the 

tumor area through the EPR effect, activated the CD8+ T cells by a series of cascade 

activations, and inhibited both the primary tumor and lung metastasis effectively. b) In situ 

PDT in the primary tumor caused apoptosis of tumor cells, production of caspase-3, and 

release of 1MT from PpIX-1MT NPs. Reprinted from Ref. [57] with permission. Copyright 

2018, American Chemical Society.
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Figure 8. 
a) Schematic of utilizing AC-NPs to improve cancer immunotherapy. Radiation of the 

primary tumor induces the release of antigens, which were captured by AC-NPs and 

presented to DCs. The improved immune activation combined with anti-PD-1 treatment 

eradicates the unirradiated secondary tumor. b,c) Binding of unique TAAs to AC-NPs with 

different surface chemistry. Reprinted from Ref. [68] with permission. Copyright (2017), 

Nature Publishing Group.
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Figure 9. 
Chemotherapy and PDT of NCP@pyrolipid potentiate PD-L1 blockade to induce systemic 

antitumor immunity. a) Chemotherapy and PDT of NCP@pyrolipid induce ICD and an 

inflammatory environment, leading to the release of TAAs, which are processed and 

presented by infiltrated APCs, to elicit the proliferation of tumor-specific effector T cells in 

lymphoid organs. b) Combined with PD-L1 blockade, the NCP@pyrolipid 

chemotherapy/PDT significantly resulted in tumor eradication in the primary sites and also a 

systemic anti-tumor immune response to reject distant tumors. Adapted from Ref. [84] with 

permission. Copyright 2016, Nature Publishing Group.
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