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Abstract

Cancer immunotherapy has emerged as a pillar of the cancer therapy armamentarium. Immune 

checkpoint therapy (ICT) is a mainstay of modern immunotherapy. Although ICT monotherapy 

has demonstrated remarkable clinical efficacy in some patients, the majority do not respond to 

treatment. In addition, many patients eventually develop resistance to ICT, disease recurrence, 

and toxicity from off-target effects. Combination therapy is a keystone strategy to overcome 

the limitations of monotherapy. With integration of ICT and any therapy that induces tumor 

cell lysis and release of tumor-associated antigens (TAAs), ICT is expected to strengthen the 

coordinated innate and adaptive immune responses to TAA release and promote systemic, cellular 

anti-tumor immunity. Nanomedicine is well-poised to facilitate combination ICT. Nanoparticles 

with delivery and/or immunomodulation capacities have been successfully combined with ICT 

in preclinical applications. Delivery nanoparticles protect and control the targeted release of 

their cargo. Inherently immunomodulatory nanoparticles can facilitate immunogenic cell death, 

modification of the tumor microenvironment, immune cell mimicry and modulation, and/or in 
situ vaccination. Nanoparticles are frequently multi-functional, combining multiple treatment 
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strategies into a single platform with ICT. Nanomedicine and ICT combinations have great 

potential to yield novel, powerful treatments for patients with cancer.

Graphical Abstract

Nanoparticles with targeted delivery and immunomodulation capabilities promote novel immune 

checkpoint therapy combination therapeutic strategies.

Introduction

As understanding of the complex interactions between cancers and the immune system 

has advanced, cancer immunotherapy has increasingly gained traction as a promising 

treatment strategy. The immune system plays a critical role in tumor surveillance and 

rejection. Many cancers are adept at suppressing anti-tumor functions of the immune 

system and evading immune responses (D. S. Chen & Mellman, 2013; Finn, 2008). 

Immunotherapy modulates the activity of the immune system to promote its anti-tumor 

functions and overcome immunosuppression (Alexander, 2016). Dr. William Coley’s studies 

of intratumoral injections of bacterial toxin, later known as “Coley’s toxin”, provided early 

evidence in support of this approach to cancer therapy.

Coley’s toxin produced promising therapeutic results, including complete tumor regression 

in multiple patients (Nauts et al., 2007). This material from pathogens acted as a “danger” 

signal at the site of the tumor to stimulate local engagement of the innate arm of the 

immune system. The local innate immune response can subsequently prime the adaptive 

arm of the immune system against the tumor. The primed adaptive immune response can 

effect selective, systemic, and durable anti-tumoral immunity (Marabelle et al., 2017; Singh 

& Overwijk, 2015). More recently, the presence of tumor-infiltrating lymphocytes (TILs) 

has been correlated with improved clinical prognosis (Galon et al., 2006; Imai et al., 2000; 

Kawata et al., 1992). Early evidence of the potential of the endogenous immune system to 

recognize and eradicate tumor cells drove the development of immunotherapy treatments to 
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potentiate and augment this effect. As a result, the field of immunotherapy has boomed with 

diverse immunotherapeutic strategies to modulate the dynamic and complex activities of the 

immune system that underlie cancer immunity.

Cancer immunity is a cyclic process of interactions between the cancer and the 

immune system. Ideally, it leads to an effective anti-tumor response without developing 

autoimmunity or immunosuppression. Tumor lysis can be induced by cytotoxic immune 

cells or by cancer therapies, including radiation, chemotherapy, or minimally invasive, 

imaging-guided interventions, such as ablation, chemoembolization or radioembolization. 

With tumor lysis, damaged tumor cells release tumor-associated antigens (TAAs) into 

the tumor microenvironment (TME), inducing local inflammation and an innate immune 

response. Infiltrating antigen presenting cells (APCs) process and transport TAAs to 

draining lymph nodes. Cross-presentation of antigens to T cells leads to priming the adaptive 

arm to launch systemic, cellular anti-tumor immunity, even at distant metastatic sites, known 

as the ‘abscopal effect’ (Marabelle et al., 2017; Singh & Overwijk, 2015).

Dysfunction of the “cancer-immunity cycle” impedes the effective eradication of tumors by 

the immune system. Many aggressive tumors possess this feature (D. S. Chen & Mellman, 

2013). Tumors may contribute to cancer-immunity dysfunction through suppression and 

evasion of immunosurveillance. Tumor cells commandeer signaling pathways that regulate 

activation and effector functions of many types of immune cells. They also appropriate 

pathways that promote recruitment and proliferation of immunosuppressive cells, such 

as tumor-associated macrophages and regulatory T cells (Tregs), within the TME (D. S. 

Chen & Mellman, 2013; Finn, 2008). Checkpoints within this cycle determine whether 

the immune system will generate immunity against or tolerance towards the tumor. The 

therapeutic strategy of targeting these immune checkpoints through immune checkpoint 

therapy (ICT) has resulted in dramatic, durable clinical responses, including complete 

remissions in some cases. Thus, ICT has become a mainstay of modern immunotherapy.

Immune checkpoint inhibitors (ICIs) have emerged as the principal class of ICT in the 

clinical setting. ICIs target checkpoint molecules to disinhibit effector T cell activity. As 

monotherapies, ICIs have produced remarkable clinical outcomes for melanoma, non-small 

cell lung cancer, and renal cell carcinoma. Ten to 35% of patients demonstrated therapeutic 

responses and some survived 10 years from treatment (Hellmann et al., 2016; Topalian et 

al., 2015). While these outcomes are remarkable, ICT carries risks of autoimmune disease-

like side effects and most patients with advanced or metastatic disease do not respond to 

existing ICI treatments. Even those who do respond initially tend to recur with resistant 

disease. Tumor heterogeneity, ranging from variations in cell populations within a tumor and 

among metastases in a single patient to differences in tumors among patients with the same 

diagnosis, plays a notable part in the limited responses, recurrence, and resistance (Emens 

et al., 2017). Differences among patients, such as metabolism and immune response, further 

contribute to the diversity of patient outcomes.

Effective combination strategies generally target distinct mechanisms in summative or 

synergistic ways to overcome the complexity and variability of cancer genotypes and 

phenotypes (Grzywa et al., 2017; L. Li et al., 2019; Palmer & Sorger, 2017). Cultivation of 
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novel ICT-based combination therapy strategies can substantially improve patient outcomes 

while limiting side effects. Combination therapy may aim to enhance the function of ICT, 

or to synergize with ICT through components that independently modulate immune system 

function and tumor-immune interactions. Nanoparticles are well-equipped to address these 

challenges through their capacity for targeted drug delivery and their immunomodulatory 

properties to sensitize tumors to ICT. Here, we succinctly review ICT and its limitations, 

explore relevant aspects of nanoparticle design for combinatorial immunotherapy, and 

discuss approaches to combining nanoparticles and ICT for cancer immunotherapy, 

including outcomes of preclinical studies.

Immune Checkpoint Therapy

First-generation ICT

ICT promotes potent anti-tumor immune responses by altering immune checkpoint signaling 

pathways. The main targets of clinically available ICIs are two immune checkpoint proteins 

on the surface of activated T cells, cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) 

or programmed cell death-1 (PD-1), and the ligand for PD-1, PD-L1, which is found on a 

variety of cell types. The detailed mechanisms of these signaling pathways and the treatment 

outcomes of their inhibition have been extensively reviewed elsewhere (Alexander, 2016; 

Pardoll, 2012; Ribas & Wolchok, 2018; Topalian et al., 2015; Wei et al., 2018). It is 

critical, however, to note the non-overlapping and complementary way anti-PD-1/PD-L1 and 

anti-CTLA-4 monoclonal antibodies (mAbs) block inhibition of effector T cell activity.

When bound to its ligands PD-L1 and PD-L2, the PD-1 receptor inhibits the activity of 

effector and memory T cells. After activation, T cells may express PD-1 receptors as a 

negative feedback mechanism to limit their activity. Exposure to inflammatory cytokines 

can induce expression of PD-L1 on somatic cells, including tumor cells, stromal cells, and 

immune cells within the TME. Thus, tumor cells and other TME cells expressing PD-L1 

can suppress TIL activity (Figure 1). Inhibition of PD-1 and/or PD-L1 signaling alleviates 

suppression of activated T cells. This allows effector T cells to carry out their anti-tumor 

functions within the TME and to coordinate enhanced anti-tumor activities among other 

immune cells (Pardoll, 2012; Ribas & Wolchok, 2018; Topalian et al., 2015). Several 

formulations of anti-PD-1 and anti-PD-L1 mAbs have been increasingly incorporated into 

first-line therapy in the clinical setting. Anti-PD-1/PD-L1 mAbs have been FDA-approved 

for a range of cancers, including metastatic melanoma, non-small cell lung cancer (NSCLC), 

Merkel cell carcinoma, hepatocellular carcinoma (HCC), renal cell carcinoma (RCC), and 

urothelial carcinoma (Antonia et al., 2018; Brahmer et al., 2015; Gallacher et al., 2019; 

Hargadon et al., 2018; Ribas et al., 2016; Ribas & Wolchok, 2018; Robert et al., 2015).

Anti-CTLA-4 mAbs target a different immune checkpoint pathway, but also have 

demonstrated effectiveness in clinical application. Both CD4+ (helper) and CD8+ (cytotoxic) 

T cells initiate surface expression of CTLA-4 soon after stimulation by antigen presentation 

on type I or II major histocompatibility complex molecules (MHC-I and MHC-II). 

CTLA-4 blocks the co-stimulatory signal required for subsequent T cell amplification 

and proliferation, thereby providing a negative feedback mechanism to limit the immune 

response. CTLA-4 interferes with an early, critical step in priming an adaptive immune 
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response (see Figure 1). CTLA-4 also promotes the immunosuppressive functions of Tregs 

within the TME. In contrast to PD-1/PD-L1, the actions of CTLA-4 occur on a more 

systemic scale within secondary lymphoid organs, as well as the TME. CTLA-4 inhibition 

alleviates the suppression of T cell proliferation in response to APC cross-presentation and 

priming and promotes Treg depletion within tumors. Since 2011, anti-CTLA-4 mAbs have 

been FDA-approved for use as adjuvant therapy against melanoma and are the subject of 

clinical trials for other cancers, including HCC (Alexander, 2016; Hargadon et al., 2018; 

Pardoll, 2012; Ribas & Wolchok, 2018; Topalian et al., 2015).

Early clinical investigations of ICI centered on monotherapeutic strategies, which yielded 

marked improvement in response rates and survival. CTLA-4-targeted ICI monotherapy in 

patients with advanced-stage disease, or who had undergone prior treatment, demonstrated 

the possibility of dramatic, durable responses against melanoma with ICI. Long-term 

survival was observed in 21% of these patients (Schadendorf et al., 2015). CTLA-4 ICI 

yielded milder efficacy in other tumor types, such as NSCLC and RCC (Hellmann et al., 

2016; Topalian et al., 2015). Responses to PD-1/PD-L1 ICI single-agent treatment were 

generally improved over CTLA-4 ICI; however, this varied with cancer type. Patients with 

stage III or IV melanoma had response rates of 35–40% (Larkin, Lao, et al., 2015; Ribas 

et al., 2016); although in patients with the rare desmoplastic-type melanoma and in patients 

with Hodgkin lymphoma, response rates could exceed 70%. In patients with advanced stage 

disease, including NSCLC, head and neck cancer, and urothelial cancer, low response rates 

of 20% or less were observed with anti-PD-1 mAb monotherapy (Bellmunt et al., 2017; 

Ferris et al., 2016; Garon et al., 2015; Ribas & Wolchok, 2018). Further, long-term follow-

up of initial ICI responders revealed that as many as 33% of patients developed tumor 

recurrence and ICI resistance (Ribas & Wolchok, 2018). While CTLA-4 and PD-1/PD-L1 

ICI monotherapy set a new standard in cancer therapy, the dramatic, durable responses 

occurred in the minority of patients. These therapies are also limited by their autoimmune 

disease-like side effects, including colitis, inflammatory hepatitis, and dermatitis. CTLA-4 

ICIs are associated with more pronounced side effects because of their system-wide actions. 

Limited responses and serious potential side effects render ICI monotherapy insufficient to 

achieve durable tumor suppression and eradication in most patients.

Outcomes have further improved in recent phase II and III clinical trials of combined 

CTLA-4 and PD-1/PD-L1 ICI therapeutic strategies. This combination takes advantage of 

the distinctive and complementary mechanisms of action of CTLA-4 and PD-1/PD-L1 ICI. 

In stage III and IV melanoma patients, response and 5-year survival rates improved to 58% 

and 52%, respectively, with combined anti-PD-1 mAb anti-CTLA-4 mAb treatment (Larkin 

et al., 2019). Combination ICI therapy also improved outcomes in non-melanoma cancers, 

including RCC and NSCLC. This improvement over standard treatment or ICI monotherapy 

with combined CTLA-4 and PD-1/PD-L1 ICI therapy; however, was more modest for 

some cancers than that observed in melanoma. Combined anti-PD-1 mAb anti-CTLA-4 

mAb ICI in patients with stage IV or recurrent NSCLC demonstrated a response rate of 

36% compared to 30% with standard chemotherapy. Clinical investigations of combined 

demonstrated that the combination of PD-1/PD-L1 and CTLA-4 inhibitors leads to greater 

response rates and longer survival than either monotherapy; nonetheless, toxicity remains a 

challenge (Khair et al., 2019; Larkin, Chiarion-Sileni, et al., 2015; Postow et al., 2015).
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Despite the potential for dramatic clinical responses to ICIs, there remains room for further 

improvement in patient outcomes with immunotherapeutic treatment. Even with combined 

ICI therapeutic strategies, in some cancers only a minority of patients demonstrate clinical 

responses to these therapies and, for those who do respond, the effects may not be durable. 

This response may depend on the nature of the interaction between the specific tumor and 

the immune system. Tumors that are relatively immunogenic and exhibit extensive TIL 

presence on histologic examination (i.e. “hot” tumors) tend to respond more robustly to ICIs. 

Conversely, “cold” tumors, which have very little or no TIL presence, generally respond 

poorly to ICI treatment. An important strategy to address this limitation is one that promotes 

conversion of a “cold” tumor into a “hot” tumor (Galon et al., 2006; Galon & Bruni, 2019). 

Generation of anti-tumor immune responses, where they have not yet occurred, depends 

on treatments that modify other immune system functions, in addition to TIL activation 

and Treg suppression. These functions include adaptive immune system priming, innate 

immune system activity, and tumor infiltration by TILs. Anti-PD-1 mAb and anti-CTLA-4 

mAb ICI established that powerful anti-tumor immune responses could be elicited through 

disinhibition of tumor-targeting T cells. Further progress is being fueled by the expansion of 

immunotherapy strategies to target other aspects of T cell function, as well as other immune 

system components and functions.

Next-generation ICT

The next generation of ICT promises to overcome the limitations of the mAbs that comprise 

first-generation ICIs. Next generation ICT employs other classes of molecules with different 

co-signaling targets that modulate T cell and other immune cell functions.

Novel T cell co-inhibitory signals under investigation include lymphocyte-activation gene 

3 (LAG-3), T cell immunoglobulin and mucin-domain containing molecule 3 (TIM-3), 

T cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT), and V-domain 

Ig-containing Suppressor of T-cell Activation (VISTA) (see Figure 1). LAG-3 is expressed 

on a variety of lymphocytes and dendritic cells (DCs). Ligands of LAG-3 include MHC-II 

and lectins secreted into the TME or expressed on tumor cells. LAG-3 ligand binding 

leads to inhibition of effector T cell anti-tumor functions and DC activation. In several 

types of cancer, LAG-3 is upregulated on activated CD4+ and CD8+ T cells, natural killer 

(NK) cells, and Tregs. TIM-3 regulates effector T cell exhaustion and Treg function in 

the TME. It is co-upregulated with PD-1 in Tregs and exhausted CD8+ TILs. TIGIT is 

highly expressed on lymphocytes, notably NK cells, Tregs, CD4+ and CD8+ T cells. TIGIT 

signaling leads to depressed NK cell and CD8+ cytotoxicity, DC co-stimulation capabilities, 

and modulation of Treg functions (Burugu et al., 2018; Tundo et al., 2019; Wei et al., 

2018). VISTA is expressed on T cells and APCs. When expressed on T cells, it may serve 

as a receptor to an unknown ligand. VISTA signaling decreases production of IFN-γ and 

TNFα cytokines, which results in reduced T-cell proliferation and increased Treg production 

(Burugu et al., 2018; Wei et al., 2018). In several tumor types, PD-1, TIM-3, and TIGIT 

are all co-expressed in severely exhausted CD8+ TILs. Hence, combination ICT strategies 

to inhibit these immune checkpoint pathways together could restore anti-tumor functions to 

exhausted TILs more effectively than blocking a single pathway (Tundo et al., 2019; Wei et 

al., 2018).
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ICT, targeting co-stimulatory molecules expressed by T cells and other immune cell types, 

can also promote anti-tumor immunity. 4–1BB and OX40 are co-stimulatory molecules that 

demonstrate potential therapeutic efficacy (see Figure 1). 4–1BB is transiently expressed 

on the surface of activated T cells, mature DCs, and NK cells. Its ligand is displayed 

on APCs. Binding of the ligand leads to enhanced activation, proliferation, and survival 

of cells expressing 4–1BB (Etxeberria et al., 2020). OX40 is expressed on the surface 

of activated T cells, NK cells, and Tregs, and its ligand is also expressed on activated 

APCs. Stimulation of OX40 on T cells promotes their survival. OX40 also dampens Treg 

cell function and prevents conversion of naïve T cells into Tregs (Aspeslagh et al., 2016; 

Wei et al., 2018). Clinical trials are currently investigating these novel ICT strategies as 

monotherapy or in combination with anti-CTLA-4 mAbs or anti-PD-1/PD-L1 mAbs, as well 

as in combination with established cancer treatments including radiation, chemotherapy, 

ablation, chemoembolization and radioembolization (Burris et al., 2017; Hargadon et al., 

2018; Hellmann et al., 2016; Khair et al., 2019; Longo et al., 2019; Meng et al., 2017; Qin et 

al., 2019; Tundo et al., 2019; Yap et al., 2019).

Current mAb-dependent ICT has been subject to the limitations inherent to antibodies. 

Although delivery or display of antibodies on nanoparticles is feasible (as shown by several 

examples described below), the conjugation of these high molecular weight biologics can 

be cumbersome and expensive. These limitations have fueled the rapid development of a 

variety of other classes of small molecule or peptide-based agents as ICIs (Table 1). As 

compared to mAbs, small molecule-based ICT has the potential for improved stability, 

enhanced membrane permeability, and wider options for routes of administration, including 

enteral routes. Several small molecule ICIs targeting PD-1/PD-L1, CTLA-4, LAG-3, and 

VISTA have been described (Sasikumar & Ramachandra, 2020). For example, oxadiazole/

thiadiazole derivatives CA-170 and CA-327 (structures not publicly disclosed) antagonize 

both PD-1/PD-L1 and VISTA or PD-1/PD-L1 and TIM-3 signaling pathways, respectively. 

CA-170 is currently in a phase II clinical trial as an oral treatment for solid tumors and 

Hodgkin lymphoma (NCT02812875) (Curis, Inc., 2020).

ICI peptides have been developed to target the PD-1/PD-L1 pathway. For example, 

AUNP-12 is a competitive inhibitor of PD-1 consisting of a branched peptide (main 

sequence, SNTSESFKFRVTQLAPKAQIKE and side branch, SNTSESF) designed to mimic 

the endogenous PD-1 receptor (Sasikumar et al., 2019; Sasikumar & Ramachandra, 2020). 

Nonmimetic peptides with binding affinity for PD-L1 are also being developed. The 12 

amino acid D-peptide, DPPA-1 (NYSKPTDRQYHF), impedes the interaction of PD-1 

and PD-L1. The D-peptide configuration renders the peptide more resistant to proteolysis 

(Chang et al., 2015). In preclinical studies, both AUNP-12 and DPPA-1 have demonstrated in 
vivo efficacy as PD-1/PD-L1 peptide inhibitors (Chang et al., 2015; Sasikumar et al., 2019). 

Another example is a macrocyclic peptide, BMS-986189 (structure not publicly disclosed), 

which is in a phase I clinical trial (NCT02739373) (Bristol-Myers Squibb, 2018).

Next generation ICT allows modification of a wider array of immune cells through novel 

pathways. Prior clinical trials and experience have shown that combinations of ICIs targeting 

different checkpoints are more effective than monotherapy (Khair et al., 2019; Larkin, 

Chiarion-Sileni, et al., 2015; Postow et al., 2015). The development of diverse, novel 
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immune checkpoint targets and small molecule ICIs provides more ICT combination 

possibilities with the potential to customize treatments for different cancer types and 

different patient populations. Combination treatment strategies also afford opportunities in 

dosing and administration of the component therapies to reduce toxicity and side effects in 

vulnerable patients (Mokhtari et al., 2017).

Combination immunotherapy is a critical element in the cancer immunotherapy progress. 

Combination therapy may be directed toward improvement of the intrinsic function of 

ICT. Taking a broader approach, however, combination therapy also may be developed 

to synergize with ICT by modifying tumor-immune interactions to make tumors more 

vulnerable to anti-tumor immune responses. The ultimate goal is induction of a robust 

immune response to TAA released by conventional cancer treatments such as radiation 

therapy (Asna et al., 2018), chemotherapy (Da Silva et al., 2016), ablation, or embolization 

(Longo et al., 2019). Integration of immunotherapy with any therapy that induces tumor 

cell lysis and release of TAAs is expected to be synergistic. ICT employed in this 

regimen can strengthen the coordinated innate and adaptive immune responses to TAA 

release to induce systemic, cellular anti-tumor immunity (see Figure 1 for an overview of 

the cancer immunity cycle). Nanoparticles are emerging as a highly promising adjunct 

to combination immunotherapy. With their great diversity, flexibility, and capacity for 

multi-functionality, nanoparticles can be designed to promote cooperative and coordinated 

therapeutic effects through co-delivery and targeting of multiple therapeutic agents, and even 

through immunomodulation. Nanoparticles are poised to take on these roles in combination 

therapy strategies and potentially improve therapeutic outcomes with ICT.

Nanoparticles for targeted delivery in combination with ICT

Nanomedicine is increasingly joining the cancer immunotherapy revolution. Nanoparticle 

technologies encompass a vast diversity of shapes, sizes, and materials, including 

metal nanoparticles, polymeric nanoparticles (of synthetic and biological origin), lipid 

nanoparticles, and viral vectors or non-infectious plant viral nanoparticles (Figure 2). With 

unique and tunable physiochemical properties, nanoparticles can surmount many of the 

limitations of ICT alone. Several nanotechnologies are FDA-approved for the delivery 

of drugs and contrast agents (Chariou et al., 2020; Kim et al., 2010; Shi & Lammers, 

2019; Tran et al., 2017); however, the combination of nanoparticles and ICT for cancer 

immunotherapies are being explored primarily in the preclinical setting.

Nanoparticle-mediated ICT drug delivery can provide protection, localization, and 

controlled release of the ICT cargo. Thus, it can enhance the efficacy of ICT by increasing 

the amount of ICT reaching the target site, while reducing toxicity by limiting activity at 

non-target sites (Riley et al., 2019; Zang et al., 2017). Nanoparticles also can co-deliver 

multiple cargos to facilitate combination therapy (Q. Chen et al., 2016; K. Cheng et al., 

2018; Duan et al., 2019; Feng et al., 2018; Kosmides et al., 2017; Lang et al., 2019; G. Li et 

al., 2019; Mi et al., 2018). Additionally, nanoparticles can serve as immune modulators by 

mimicking or enhancing immune cell functions (Cervera-Carrascon et al., 2018; Chao et al., 

2019; Chiang et al., 2018; Engeland et al., 2014; Gandhapudi et al., 2019; Liu et al., 2017). 
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This nanoparticle-mediated immune modulation can be employed in concert with ICT as 

part of multifaceted, combinatorial treatment strategies.

Nanoparticle design can be tuned to optimize features of ICT or other therapy that can 

influence their function, including in vivo stability, solubility, circulation half-life, and 

accumulation in tumors or other target sites, such as lymphoid tissues for anti-CTLA-4 

ICI. These features are influenced by the size, surface charge, shape, material composition, 

and surface chemistry of the nanoparticles (Sindhwani et al., 2020; Wilhelm et al., 2016). 

Efficient nanoparticle-mediated delivery of ICT after systemic administration may be 

accomplished through passive and active targeting strategies. In this discussion, passive 

targeting strategies refer to those exploiting the physiological or pathophysiological features 

of the target, which often reflect the surrounding milieu (Au et al., 2020; K. Cheng et al., 

2018; Kosmides et al., 2017; Lang et al., 2019; S.-Y. Li et al., 2016; Nikpoor et al., 2017). 

Active targeting approaches take advantage of specific molecular signatures associated with 

a target, often through ligand-binding interactions (Au et al., 2020; K. Cheng et al., 2018; 

Du et al., 2017; Kosmides et al., 2017; G. Li et al., 2019; S.-Y. Li et al., 2016; Mi et al., 

2018).

Passive targeting for nanoparticle-facilitated ICT delivery

The pattern of passive accumulation of nanoparticles depends on their size and surface 

charge. Nanoparticles smaller than 100 nm in diameter are more likely to extravasate 

through abnormal tumor vessels, while even smaller nanoparticles are better able to 

penetrate the dense extracellular matrix of the TME (Hubbell & Langer, 2013; Wilhelm 

et al., 2016). Nanoparticles larger than 200 nm in diameter demonstrate greater tendency 

to be cleared by the reticuloendothelial system (RES) (Blanco et al., 2015). Very small 

nanoparticles, such as those less than 5.5 nm, can be cleared by the renal system (Wilhelm 

et al., 2016). Slightly negative or neutral surface charges promote longer persistence of 

nanoparticles within circulation. More positively charged nanoparticles have a higher rate of 

nonspecific uptake by cells. This property may be an advantage or a hindrance depending 

on the cell type encountered by the nanoparticles. The RES tends to clear nanoparticles with 

strong positive or negative surface charges (Figure 3) (Hubbell & Langer, 2013; Wilhelm 

et al., 2016). Structure-function properties such as these guide the design of targeted drug 

delivery systems.

Several nanoparticles designed to deliver anti-PD-1/PD-L1 mAbs or antagonistic small 

molecules within the TME incorporate these parameters (Au et al., 2020; K. Cheng et 

al., 2018; Kosmides et al., 2017; Lang et al., 2019; S.-Y. Li et al., 2016; Nikpoor et 

al., 2017). Polyethylene-glycol-(PEG) coated and non-coated liposomes were examined as 

anti-CTLA-4 mAb carriers. Both carrier nanoparticles loaded with anti-CTLA-4 mAbs 

were approximately 140 nm in diameter, but the non-PEGylated liposome carried a 

stronger negative charge than the PEGylated liposome. Compared to free anti-CTLA-4 

mAbs and CTLA-4-non-PEGylated liposomes, the CTLA-4-PEGylated liposomes exhibited 

3-fold greater intratumoral accumulation. Splenic accumulation of CTLA-4-non-PEGylated 

liposomes was almost 40 times greater than that of free anti-CTLA-4 mAbs and 17.5 times 

greater than that of CTLA4-PEGylated liposomes. In the C26 colon carcinoma tumor model, 
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however, the CTLA-4-PEGylated liposomes demonstrated only modest improvements in 

slowing tumor growth and prolonging survival as compared to free CTLA-4. Interestingly, 

there were no significant differences in levels of CD4+, CD8+, or Tregs in the tumor or 

draining lymph nodes. Although tumor homing was achieved, the limited improvement 

in therapeutic benefit may be attributed due to the highly stable liposome formulations. 

Only 10% of the antibody payload was released within the TME, whether PEGylated or 

non-PEGylated liposomes were used (Nikpoor et al., 2017). These nanoparticles improved 

accumulation of the ICT in the target site and stability in circulation, but optimization 

of ICT function also requires release to facilitate access of the ICT to its target site 

of action. Improved liposome designs and integration of controlled-release mechanisms 

through internal triggers (pH, enzymes) or external triggers (including light, heat, and 

ultrasound) can overcome these challenges (Zylberberg & Matosevic, 2016).

In another example, a 140-nm polymer nanoparticle formulation, composed of a 

poly(ethylene glycol)-block-poly(D,L-lactide) copolymer and a cationic lipid, was 

administered systemically to deliver CTLA-4 small interfering RNA (siRNA) to impede 

CTLA-4 production in CD4+ and CD8+ T cells of the tumor, spleen, lymph nodes, and 

blood (S.-Y. Li et al., 2016). The nanoparticle enabled broad distribution to the target organs 

while still facilitating accumulation within the TME. It resulted in more dramatic increases 

in levels of CD4+ and CD8+ TILs and better therapeutic efficacy than observed with the 

CTLA4-PEGylated liposomes. While most nanoparticles delivering ICT were designed with 

neutral or weakly negative zeta potentials to enhance biocompatibility (Au et al., 2020; K. 

Cheng et al., 2018; Kosmides et al., 2017; Lang et al., 2019), the nanoparticles delivering 

siRNA exhibited a weakly positive surface charge (G. Li et al., 2019; S.-Y. Li et al., 2016). 

This positive surface charge may have facilitated interactions of the nanoparticles with target 

T cells, albeit at the risk of increased clearance, possibly by the RES.

That the copolymer-cationic lipid nanoparticle-delivered siRNA CTLA-4 therapy was more 

efficacious than the liposome nanoparticle-delivered anti-CTLA-4 mAb strategy may reflect 

differences in formulation chemistry and drug release, as well as the distinct mechanisms 

of action of siRNA versus mAbs. It is also possible that positive-charged nanoparticles 

may have been better able to interact with target cells than the negative-charged liposomes. 

The siRNA may have been more efficiently released from the copolymer-cationic lipid 

nanoparticles following uptake by target cells. In contrast, the anti-CTLA-4 mAbs may have 

been trapped inside the stable liposome nanoparticles in the TME. These examples illustrate 

how the activity of nanoparticle-based cancer immunotherapy depends on a multitude 

of design parameters, each of which must be carefully optimized to yield efficacious 

formulations.

Strategic design of the material composition of nanoparticles can also achieve selective, 

controlled release within a target site. Some nanoparticles capitalize on common 

characteristics of the TME or tumor cells, such as presence of matrix metalloproteinases 

(MMPs) and an acidic pH, as release triggers for ICT and other drug cargoes (K. Cheng 

et al., 2018; Feng et al., 2018; Lang et al., 2019; F. Zhou et al., 2019). Some nanoparticles 

execute co-delivery strategies, with a single nanoparticle carrying ICT and a cytotoxic 

chemotherapeutic (K. Cheng et al., 2018; Lang et al., 2019). Lang et al. designed a 
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spherical nanodevice with two concentric layers. The outer layer consisted of an MMP-

sensitive copolymer encapsulating a PD-1/PD-L1 inhibitory small molecule, HY19991, an 

anti-cancer stem cell agent, thioridazine, and pH-sensitive micelles containing the cytotoxic 

chemotherapeutic drug paclitaxel. The presence of MMPs led to degradation of the outer 

layer and release of the HY19991, thioridazine, and paclitaxel-containing micelles in 

the TME. When endocytosed by tumor cells, the micelles dissembled in the acidic endo/

lysosomes, thereby mediating intracellular release of the cytotoxic paclitaxel and triggering 

cancer cell death. Treatment with this nanodevice in MCF-7 breast tumor-bearing mice led 

to 83% survival longer than 60 days. This effect reflects a substantial improvement over 

treatment with unencapsulated HY19991 and paclitaxel-containing micelles, which had no 

survivors at 55 days (Lang et al., 2019). This chemo-immunotherapy combination strategy 

aims to concentrate chemotherapy within tumor cells to induce cell death and subsequent 

release of TAAs in parallel with delivery of an immunostimulatory agent or ICT within 

the TME. This strategy primes anti-tumor immunity in concert with chemotherapy-induced 

debulking and inhibition of cancer stem cells. Such multilayered and multi-staged, targeted 

nanoparticle strategies could optimize spatial and temporal control of delivery to achieve 

powerful synergy among these effects.

Cheng et al. employed a single-layered nanoparticle containing amphiphilic peptides to 

co-deliver two different immunotherapeutics within the TME: A PD-1/PD-L1 peptide 

ICI, DPPA-1, and an IDO inhibitor, NLG919 (K. Cheng et al., 2018). Indoleamine 2,3 

dioxygenase (IDO), which is primarily produced by tumor cells and myeloid-derived 

suppressor cells, represents another mechanism of immunosuppression in the TME. 

Increased IDO activity may deplete tryptophan and other byproducts of tryptophan 

catabolism in the TME, thereby promoting anergy and apoptosis of T cells and 

differentiation of Tregs. Inhibitors of IDO have demonstrated efficacy in the preclinical 

setting (Labadie et al., 2019; Muller et al., 2019), while its performance in clinical trials has 

yielded inconsistent results (Burris et al., 2017; Incyte Corporation, 2020; Long et al., 2019). 

In this combination immunotherapy design, the hydrophobic domain of the amphiphilic 

peptides contained a target site for MMPs. The peptides of the nanoparticle formed a 

tight shell, with the hydrophobic components oriented centrally, surrounding the cargo at 

a neutral pH. Within the weakly acidic TME, the nanoparticle swelled, which allowed 

MMPs to access the inner hydrophobic domains and disrupt the nanoparticle structure, co-

releasing the DPPA-1 and NLG919. Nanoparticle-facilitated delivery of DPPA-1 or NLG919 

significantly improved efficacy over administration of either therapeutic independently 

without nanoparticle-facilitated delivery. Nanoparticle-facilitated co-delivery of DPPA-1 

and NLG919 also significantly improved survival and tumor growth suppression in tumor-

bearing mice compared to nanoparticle-facilitated delivery of either therapeutic alone (K. 

Cheng et al., 2018).

Nanoparticles can passively accumulate in a target site by engineering their size, 

surface charge, or even multi-layered inducible features that exploit physiological or 

pathophysiological characteristics of the target tissue or organ. Nanoparticle materials 

can also be programmed to generate spatiotemporally controlled release, particularly for 

combinations of therapies with different targets. Chemo-immunotherapy strategies, for 

example, employ two different classes of cancer therapies with distinctive mechanisms and 
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sites of action. Through sequential release techniques, each co-administered therapy could 

be separately delivered to its target site (K. Cheng et al., 2018; Lang et al., 2019; F. Zhou 

et al., 2019). Many of these passive targeting strategies are foundational in nanoengineering 

and underscore active targeting strategies that further optimize delivery efficiency.

Active targeting for nanoparticle-facilitated ICT delivery

Nanoparticles can be engineered to display active targeting moieties, such as ligands, to 

actively promote target site deposition. For intratumoral accumulation, nanoparticle carriers 

may be decorated with ligands to direct them to immune cells, tumor cells, the tumor 

vasculature and other sites of TME entry, or the surrounding extracellular matrix of the TME 

(see Figure 3) (Ruoslahti et al., 2010; Sindhwani et al., 2020; Wilhelm et al., 2016). Several 

reports have employed such active targeting strategies to enhance nanoparticle-facilitated 

delivery of ICT (Au et al., 2020; K. Cheng et al., 2018; Du et al., 2017; Kosmides et al., 

2017; G. Li et al., 2019; S.-Y. Li et al., 2016; Mi et al., 2018).

For example, Li et al. displayed an active targeting peptide Lin TT1 on their self-assembling 

micelles (G. Li et al., 2019). Lin TT1 engaged in low-affinity binding of p32 cell surface 

receptors on tumor vessel endothelial cells, tumor cells, and tumor-associated macrophages 

and triggered macropintocytosis-mediated translocation of nanoparticles across these cells. 

In this manner, Lin TT1 actively facilitated uptake from systemic circulation and tumor 

tissue penetration of its conjugated nanoparticle (G. Li et al., 2019; Sharma et al., 

2017). Therefore, Lin TT1-mediated targeting enabled nanoparticle extravasation while 

enhancing intratumoral penetration and distribution of the nanoparticle and its payload; 

specifically, Lin TT-1-targeted nanoparticles were used co-deliver siRNA for PD-L1 and 

an IDO inhibitor. Intravenous administration of the targeted nanoparticles enhanced tumor 

delivery of the therapeutic payloads by approximately five-fold as compared to intravenous 

administration of free therapeutics. This nanoparticle-facilitated co-delivery led to prolonged 

tumor growth suppression and increased intratumoral levels of CD8+ TILs and interferon-γ 
in the 4T1 murine breast tumor model compared to nanoparticle-facilitated delivery of PD-1 

siRNA or IDO inhibitor alone (G. Li et al., 2019).

Nanoparticles have been used to deliver ICT, as described above. But ICT can also be 

used to target the nanoparticles to tumors, because the receptors can be overexpressed 

in the TME. A doxorubicin-loaded liposomal nanoparticle displaying anti-PD-1 mAbs 

enhanced accumulation of nanoparticles within 4T1 tumors and extended median survival by 

approximately 40 days more than those treated with control nanoparticles displaying IgG or 

with free doxorubin (Du et al., 2017).

Active drug delivery strategies have also been devised to target immune cells, including 

T cells. Treg suppression was achieved through combined therapy of free anti-CTLA-4 

mAbs with active nanoparticle delivery of imatinib, a tyrosine kinase inhibitor that promotes 

apoptosis of Tregs and impedes their immunosuppressive functions. Imatinib was loaded 

into a polymer poly(lactic-co-glycolic) acid (PLGA) core. This core was then coated in 

a mixture of PEG-distearoyl-phosphatidylethanolamine (PEG-DSPE) and 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine. A targeting peptide that binds the Neuropilin-1 receptor on 

Tregs, tLyp, was conjugated to the PEG-DSPE. The tLyp was displayed on the surface of 
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the nanoparticle and helped target delivery of the imatinib cargo to Tregs. In combination 

with intravenous administration of free anti-CTLA-4 mAbs, the nanoparticles significantly 

reduced Tregs and increased CD8+ CTLs within the B16 melanoma tumor model. This 

treatment regimen also delayed tumor progression compared to anti-CTLA-4 mAbs alone, as 

evidenced by nearly a 3.5-fold difference in tumor volume (Ou et al., 2018).

Active targeting of nanoparticles could be further enhanced by utilizing multiple targeting 

moieties in a single nanoparticle design. Chiang et al. produced nanoparticles loaded with 

anti-PD-1 mAb decorated with anti-CD3 antibodies on their surface. The nanoparticles 

bound to the CD3 T cell surface marker, which facilitated anti-PD-1 mAb delivery directly 

to T cells. The nanoparticles were also ferromagnetic, which facilitated further targeting 

when an external magnetic field was applied to the tumor. This approach enhanced tumor 

accumulation of the anti-PD-1 mAb payload and improved efficacy over nanoparticles 

with only anti-CD3 targeting (Chiang et al., 2018). In another nanoparticle design strategy, 

nanoparticles decorated with both anti-PD-1 (antagonistic) and anti-OX40 (agonistic) mAbs 

co-delivered these ICTs simultaneously to enhance delivery through synergistic pathways. 

This improved targeting and delivery of these therapies to T cells than co-administration of 

free anti-PD-1 and anti-OX40 mAbs (Mi et al., 2018).

A multivalent active targeting strategy not only drives the nanoparticles to a target site 

but also can attract key immune cells to the site. A chemo-immunotherapy strategy used 

nanoparticles loaded with the cytotoxic chemotherapeutic, epirubicin, to target tumor cells 

and NK cells, while also attracting NK cells to the TME (Au et al., 2020). The nanoparticles 

displayed a tumor-targeting component, an anti-epidermal growth factor receptor (EGFR) 

antibody, and two NK cell-activating components, anti-CD16 and anti-4–1BB antibodies. 

These nanoparticles combine chemotherapy with ICT directed at the co-stimulatory 4–1BB 

molecule. The NK cell-stimulating antibodies facilitated recruitment and activation of NK 

cells, but depended upon the EGFR-directed recruitment of NK cells to the tumor, which 

enhanced cell death of EGFR-expressing tumors. The release of the epirubicin within the 

tumor further promoted cell death. In an EGFR-overexpressing murine tumor model, A431, 

trivalent targeting of epirubicin-loaded nanoparticles demonstrated the greatest efficacy, with 

delayed tumor progression and 50% survival at 75 days when no other treatment groups 

had survivors. This multifunctional and multivalent targeting nanoparticle strategy facilitated 

simultaneous co-localization of NK cells, tumor cells, and the cytotoxic chemotherapy 

(Au et al., 2020). Nanoparticles with multiple targeting mechanisms can increase targeting 

specificity or bring two different targets into spatial proximity to improve therapeutic 

efficacy.

Active targeting strategies facilitate nanoparticle-mediated targeted delivery by directing the 

nanoparticle and its cargo to a specific site of action, be it a physical location (Du et al., 

2017; G. Li et al., 2019) or a cell type (Au et al., 2020; Chiang et al., 2018; Mi et al., 

2018; Ou et al., 2018), while decreasing off-target deposition. This approach can improve 

the specificity of a therapeutic effect, often more so than through passive accumulation 

of the nanoparticle without the active targeting moieties. As with passive targeting, these 

nanoparticles can also permit spatiotemporally controlled cargo release to further support 

targeting. Thus, combining targeting delivery nanoparticles with ICT improves efficacy and 
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helps to reduce possible toxicity, addressing some of the key challenges of ICT in the 

clinical setting.

Nanoparticles for immunomodulation in combination with ICT

While nanoparticles have been effectively employed in drug delivery and targeting to 

enhance immunotherapeutic efficacy, another combination strategy utilizes nanoparticles to 

modulate anti-tumor immune responses to augment the efficacy of ICIs. Most combination 

strategies employ one or more immunomodulation approaches, including induction of 

immunogenic cell death (ICD), modification of the TME, modification or mimicry of 

immune cell function, and/or in situ vaccination (see Figure 3). These approaches were 

typically combined with systemically-administered free ICI mAbs (Cano-Mejia et al., 2017; 

Cao et al., 2020; Cervera-Carrascon et al., 2018; Chao et al., 2019; Q. Chen et al., 

2016; Duan et al., 2016, 2019; Engeland et al., 2014; Feng et al., 2018; Gandhapudi et 

al., 2019; Ganesh et al., 2018; Lebel et al., 2016a; Liu et al., 2017; Min et al., 2017; 

Wang & Steinmetz, 2020; Woller et al., 2015), a few approaches employed nanoparticles 

with both ICT delivery and intrinsic immunomodulation functionalities (Chiang et al., 

2018; Engeland et al., 2014; Gandhapudi et al., 2019). Of note, most immunomodulatory 

nanoparticles depended upon local administration of nanoparticles within or near the target 

site, employing intratumoral injections of nanoparticles (Cano-Mejia et al., 2017; Cervera-

Carrascon et al., 2018; Chao et al., 2019; Q. Chen et al., 2016; Engeland et al., 2014; 

Gandhapudi et al., 2019; Lebel et al., 2016a; Liu et al., 2017; Saha et al., 2017; Wang & 

Steinmetz, 2020; Woller et al., 2015). These strategies may offer the benefit of enhancing 

anti-tumor immune responses in a manner that is complementary to the ICT-mediated 

disinhibition or activation of effector and memory T cells.

The immune system can be prompted to recognize tumor cells and mount an anti-tumor 

response when tumor cells undergo ICD. This form of cell death attracts and activates APCs 

to take up antigen from dying tumor cells. Signaling cascades within the dying tumor cells 

lead to surface expression of signals, including calreticulin, that enhance phagocytosis of 

the cells and lead to priming of an adaptive anti-tumor response (Galluzzi et al., 2017). 

ICD can be triggered through radiation, thermal ablation, embolization, and some types of 

chemotherapy (Fahmueller et al., 2013; Galluzzi et al., 2017; Yu et al., 2014). Nanoparticles 

can be utilized to deliver such agents (e.g. for chemotherapy or photodynamic therapy 

(PDT)) or serve as sensitizing agents to induce photothermal therapy (PTT) (e.g. Prussian 

blue nanoparticles) or magnetic hyperthermia (MHT) (e.g. iron oxide nanoparticles) (Cano-

Mejia et al., 2017; Cao et al., 2020; Chao et al., 2019; Q. Chen et al., 2016; Chiang et al., 

2018; Duan et al., 2016; Hoopes et al., 2017; Wang et al., 2014; Xu et al., 2017). Light of a 

specific wavelength absorbed by a sensitizer material can be converted into reactive oxygen 

species (ROS) for PDT or into thermal energy for PTT (Q. Chen et al., 2016; Duan et al., 

2016). MHT uses alternating magnetic fields to generate heat within a magnetic sensitizer 

material (Chao et al., 2019). ROS and high temperatures can both trigger ICD in tumor 

cells, subsequently inducing an anti-tumor immune response. Several studies demonstrated 

substantially improved long-term survival and delayed tumor progression with combination 

strategies including ICD induced through localized hyperthermia or ROS generation (Cano-
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Mejia et al., 2017; Chao et al., 2019; Q. Chen et al., 2016; Duan et al., 2019). As with 

immune response-priming tumor lysis therapies, ICD is expected to synergize with ICT.

Chen et al. created nanoparticles comprised of the photosensitizer indocyanine green and 

the toll-like receptor (TLR) 7 agonist R837, co-encapsulated within polymer poly(lactic-

co-glycolic) acid (PLGA). The combination therapy was used to treat one of bilateral 

tumors using CT26 colon and 4T1 breast tumor models or to treat a metastatic 4T1 tumor 

model. Nanoparticles were administered intratumorally and excited by external laser to 

induce PDT resulting in ICD. The encapsulated TLR7 agonist served as an additional 

immunostimulatory signal to enhance the local inflammatory response. When combined 

with anti-CTLA-4 mAbs, this approach also suppressed the growth of the untreated CT26 

and 4T1 tumors through an abscopal effect, with improvement in survival (70% of animals 

alive at day 70 as compared to approximately day 34 for animals treated with surgery + 

anti-CTLA-4 or PDT alone) (Q. Chen et al., 2016). In a similar strategy, MHT was used 

with iron-based nanoparticles (FeNPs) and PLGA conjugated to R837. Again, a bilateral 

CT26 tumor model was used. The systemically administered FeNPs could be directed to 

the tumor using an external magnetic field. When combined with anti-CTLA-4 mAb, this 

treatment resulted in 100% survival and sustained tumor regression of treated and untreated 

tumors at 60 days (Chao et al., 2019).

Another ICD-based approach employed a nanoparticle delivering a combination of 

oxaliplatin, which can induce ROS and ICD, and an anti-malarial drug dihydroartemisinin, 

which also produces ROS. Systemic administration of the free oxaliplatin and 

dihydroartemisinin with free anti-PD-L1 mAb was highly toxic. Introduction of a multi-

layered delivery nanoparticle, containing the oxaliplatin and dihydroartemisinin, improved 

selective tumor accumulation of these drugs and reduced toxicity. The nanoparticle-

delivered dual-pronged ROS approach with ICT achieved complete eradication of CT26 

tumors in all animals, which was not achieved with free anti-PD-L1 mAb monotherapy or 

combined free oxaliplatin and dihydroartemisinin (Duan et al., 2019).

Nanoparticles can also shift the TME toward an immunostimulatory state by directly altering 

the conditions of the environment or the activities of the cells within it. One of the 

critical features of the TME is hypoxia, which arises from the rapid growth of tumor cells 

amid insufficient blood supply. Hypoxia causes dysfunction of immune cells, especially 

T cells. Tumor-specific CTLs are unable to carry out their cytotoxic function in the 

hypoxic TME. One study aimed to alleviate this hypoxia in combination with anti-PD-L1 

mAbs ICI through nanoparticles loaded with catalase and the cytotoxic chemotherapeutic, 

doxorubicin (Zou et al., 2018). The catalase oxidized hydrogen peroxide to oxygen. These 

particles were multifunctional, as the doxorubicin has been reported to induce ICD, and 

the nanoparticles were coated in a membrane that mimicked that of the model tumor cells, 

B16F10 melanoma. When combination treatment with anti-PD-L1 mAbs and nanoparticles 

containing only doxorubicin was compared to combination treatment with nanoparticles 

containing both catalase and doxorubicin, the presence of catalase dramatically improved 

tumor growth suppression and increased intratumoral CD8+ TILs and interferon-γ levels 

(Zou et al., 2018). Nanoparticle-mediated TME modification to alleviate hypoxia can thus 

act synergistically to enhance the efficacy of ICI and chemotherapy.
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TMEs frequently contain low levels of the cytokines and chemokines that would facilitate 

CTL trafficking to and infiltration of tumors, such as CXCL10 and CXCL11. These 

chemotactic signaling deficits impede the targeting and infiltration of tumors by anti-tumor 

effector T cells. In response, Liu et al. used a multifunctional nanoparticle based on an 

oncolytic vaccinia virus modified to express CXCL11 (Liu et al., 2017). This modified 

vaccinia, in combination with anti-PD-L1 therapy, administered in situ produced substantial 

increases in survival: median survival at approximately 50 days vs. approximately 30 

days for anti-PD-L1 alone vs. 22 days for vaccinia virotherapy alone. This effect was 

associated with increases in activated CD8+ CTLs within tumors and reductions in Tregs and 

exhausted CD8+ T cells. PD-L1 expression was also increased on immune and tumor cells 

in contrast with reduced PD-L1 expression with anti-PD-L1 treatment alone. The vaccinia 

virotherapy provided multiple anti-tumor effects that may be synergistic with ICI therapy. 

The direct tumor cytotoxicity by the oncolytic virus and immunogenicity of the vaccinia 

viral particles within the tumor can trigger an innate immune response that could prime 

an adaptive immune response. Further, increased expression of CXCL11 within the tumor 

likely facilitates intratumoral trafficking and infiltration of CTLs generated in the anti-tumor 

immune response. Greater expression of PD-L1 on immune cells enhances the effect of 

anti-PD-L1 therapy on these cells. When coupled with ICI therapy, the modified vaccinia 

virotherapy addressed multiple immunosuppressive mechanisms to facilitate effector T cells 

in performing their cytotoxic functions within the TME (Liu et al., 2017).

Nanoparticles have also been developed to directly modify the action of immune cells 

or simulate their functions to overcome the immunosuppressive TME. Modified oncolytic 

viruses have been engineered to induce expression of immune cell-activating cytokines 

in the TME (Cervera-Carrascon et al., 2018; Saha et al., 2017). A notable example is 

Herpesvirus-based talimogene laherparepvec (T-VEC), which obtained FDA approval in 

2015 (Bommareddy et al., 2018; Russell et al., 2019). T-VEC was engineered to selectively 

infect tumor cells and encode granulocyte-stimulating factor for expression. In another 

example, Saha et al. engineered an oncolytic herpes simplex virus to express IL-12, a 

pro-inflammatory cytokine, for the treatment of model glioblastomas. In this study, the 

combined treatment with both anti-PD-L1 and anti-CTLA-4 mAbs increased anti-tumor 

M1 phenotype macrophages and reduced the numbers of Tregs (Saha et al., 2017, 2018). 

Oncolytic viruses have also been engineered to express siRNAs against CTLA-4 and PD-L1 

(Engeland et al., 2014).

Nanoparticles can also be designed to perform or simulate some of the functions of DCs 

and other immune cells that are impaired by the TME (Hickey et al., 2017; Saxena & 

Bhardwaj, 2018). Antigen-capturing nanoparticles (AC-NPs) bind to a diverse range of 

TAAs and are subsequently taken up by APCs. AC-NPs facilitate antigen presentation and 

adaptive immune response priming. Here, peptide antigens were loaded onto AC-NPs ex 
vivo or in vivo within irradiated tumors. In a bilateral B16F10 melanoma model, one tumor 

was irradiated and injected with the nanoparticles in combination with systemic anti-PD-1 

therapy. AC-NPs were observed within DCs and macrophages in tumor-draining lymph 

nodes. This combined therapy suppressed the growth of the untreated tumor and induced 

complete responses in 20% of animals at 80 days compared to no surviving animals after 35 

days in animals treated only with radiation and anti-PD-1 mAbs. Higher CD8+ and CD4+ T 
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cell and lower Treg levels were observed in the untreated tumors of the animals that received 

the combination of radiation, AC-NPs, and anti-PD-1 mAbs, as compared to those treated 

only with radiation and anti-PD-1 mAbs (Min et al., 2017).

Artificial APCs (aAPCs) have shown promise as a means of increasing activation of the 

adaptive immune response. aAPCs fulfill the endogenous APC roles of presenting antigens 

and co-stimulatory signals to effector T cells to activate them. aAPCs generally display 

an antigen-MHC-I complex and co-stimulatory molecules on their surface. They may also 

release cytokines to further promote the activation and proliferation of the effector T cells 

interacting with the aAPC. aAPCs are not subject to the limitations of endogenous APCs; 

they are unaffected by TME immunosuppression, and they constantly present antigen. One 

report used intravenously administered aAPCs composed from PLGA and containing IL-2 

and anti-CTLA-4 mAb to activate anti-tumor T cells in a mouse model of melanoma. 

The aAPCs were externally coated with a dimer of melanoma antigen (TRP2180–188) 

bound to a mouse MHC-I (H-2Kb:Ig fusion protein) and anti-CD28. This treatment elicited 

enhanced efficacy and specificity against the melanoma. Mice treated with these aAPCs also 

demonstrated increases in anti-TRP2180–188 CD8+ CTLs in the blood, spleen, and tumor 

(Zhang et al., 2017). These studies combined ICT with nanoparticles designed to promote 

a targeted, adaptive anti-tumor immune response through mimicry of antigen-capture or 

antigen presenting functions.

Nanoparticles with the ability to directly modify immune cell function and alter the TME 

through innate immune system activation can serve as adjuvants when coupled with TAAs 

for the purpose of cancer vaccines. Local administration can activate the innate immune 

system response in situ and elicit cell-mediated anti-tumor responses (Fiering, 2017; Sheen 

& Fiering, 2019). By this mechanism, the profile of cytokines and innate immune cells 

within the TME shift toward a more immunostimulatory state (Hashiguchi et al., 2010; Lee 

et al., 2017; Murray et al., 2018; Wang et al., 2019), and infiltrating APCs sample a diverse 

array of TAAs, customizing the vaccination to the specific tumor (Marabelle et al., 2017; 

Singh & Overwijk, 2015). In doing so, APCs and other mediators of innate immunity prime 

the adaptive immune system, leading to systemic anti-tumoral immunity, which includes 

the expansion of populations of circulating effector B and T cells targeted against local, 

regional, and distant disease.

This immunotherapeutic strategy may employ nanoparticles to deliver classical adjuvants 

(Chao et al., 2019; Q. Chen et al., 2016; Xu et al., 2017) or use nanoparticles comprised 

of intrinsically immunogenic materials or structures. Some cationic lipids can activate 

an innate immune response through TLR-dependent or -independent mechanisms. They 

may also facilitate cellular uptake of protein antigens to enhance cross-presentation of 

antigens for adaptive immune response priming. In one report, intratumoral administration 

of a cationic lipid enantiomer, R-1,2-dioleoyl-3-trimethyl-ammonium-propane (R-DOTAP), 

with peptide antigens was combined with systemic anti-PD-L1 mAb. R-DOTAP also 

activated TLR7 and TLR9 and enhanced dendritic cell activation and cross-presentation 

(Gandhapudi et al., 2019). Some carbon nanotubes also have inherent adjuvant properties 

(Dumortier, 2013; Fadel & Fahmy, 2014; Palomäki et al., 2011), and they can act as 

photosensitizers for PTT (Wang et al., 2014). As mentioned previously in the active 
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targeting section, Chiang et al. created magnetic- and antibody-targeted nanoparticles made 

of fucoidan-dextran-based iron oxide (Chiang et al., 2018). Fucoidan is an anionic, sulfated 

polysaccharide from Fucus vesiculosus, a type of brown seaweed. Fucoidans can interact 

with TLRs (Makarenkova et al., 2012) and enhance phagocyte and NK cell activities and 

activate antigen-specific effector T cells. Notably, this multifunctional design also permitted 

combination of immunomodulation and delivery strategies within a single nanoparticle 

platform (Jin et al., 2014).

As with synthetic nanoparticles, viruses and virus-like particles (VLPs) can be modified 

to carry or display cargoes of interest (chemotherapy, siRNA, genes encoding cytokines, 

etc.) and virus-based therapies have been combined with ICI (Cervera-Carrascon et al., 

2018; Engeland et al., 2014; Lebel et al., 2016a; Liu et al., 2017; Wang & Steinmetz, 

2020; Woller et al., 2015). Examples of oncolytic virus therapy were discussed above; here 

we want to draw attention to the plant viruses and bacteriophages that are noninfectious 

to humans and present an emerging class of nanomaterials. A number of plant virus and 

bacteriophage-based nanoparticles are in preclinical development (Shoeb & Hefferon, 2019; 

Wen & Steinmetz, 2016) and several approaches are in clinical testing (Mohsen et al., 

2020). In some approaches, VLPs have been utilized to package and protect TLR agonists, 

such as CpG oligodeoxynucleotides (ODNs), which are TLR9 agonists. In situ vaccination 

using Qβ bacteriophage VLPs loaded with CpG ODNs demonstrated in vivo efficacy in 

preclinical murine tumor models of lymphoma and head and neck cancer. Encapsulation by 

Qβ VLPs protects the CpG ODNs from premature degradation and enhances their uptake 

by APCs. Of note, efficacy of this strategy depended on priming the immune system to 

generate anti-Qβ Abs with repeated injections of Qβ alone prior to tumor challenge and 

in situ vaccination (Y. Cheng et al., 2020; Lemke-Miltner et al., 2020). A similar in situ 
vaccination approach employed a plant VLP based on the cowpea chlorotic mottle virus 

(CCMV) to encapsulate CpG ODNs. The CpG ODN-loaded CCMV-VLPs enhanced ex vivo 
tumor-associated macrophage uptake of CpG ODNs. In vivo, intratumoral treatment with the 

CCMV-VLPs containing CpG ODNs augmented tumor-associated macrophage phagocytic 

activity. CCMV alone exerts minimal modulatory effect on immune system function; thus, 

immunostimulation via CpG ODN is critical to generate an anti-tumor immune response 

(Cai et al., 2020). Some plant viruses and VLPs have potent, intrinsic immunostimulatory 

properties and can be applied in intratumoral in situ vaccination strategies as a single 

agent or in combination. For example, intratumoral administration of VLPs from papaya 

mosaic virus (PapMV) has been shown to activate innate immune responses and prime 

subsequent adaptive anti-tumor responses through TLR7 signaling, likely mediated by the 

RNA encapsulated into the VLPs (Lebel et al., 2016b). PapMV in situ vaccination combined 

with systemic anti-PD-1 therapy suppressed B16F10 melanoma growth and increased 

activated CD8+ CTLs (Carignan et al., 2018).

Another in situ vaccination approach uses the cowpea mosaic virus (CPMV) and its VLPs. 

CPMV has been demonstrated as a highly potent adjuvant to prime anti-tumor immunity 

with demonstrated potent efficacy leading to tumor regression and overall survival in a 

wide variety of animal tumor models, including melanoma, ovarian cancer, breast cancer, 

colon cancer, and glioma (Cai et al., 2019; Kerstetter-Fogle et al., 2019; Lizotte et al., 

2016; Murray et al., 2018; Patel et al., 2018; Shukla et al., 2019; Wang et al., 2019; Wang 
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& Steinmetz, 2019). This efficacy has also been replicated in canine patients (Hoopes 

et al., 2018). CPMV in situ vaccination primes innate immune cell activation, which 

leads to adaptive immune system-mediated, anti-tumor responses. These responses included 

increased tumor infiltration by CD4+ and CD8+ effector T cells and memory T cells (Wang 

et al., 2019). Following CPMV in situ vaccination, expression of PD-1 and OX40 was 

differentially increased in TILs in models of ovarian carcinoma, colon carcinoma, and 

melanoma. Upregulation of a checkpoint protein sensitizes the tumor to a specific ICT. For 

B16F10 melanomas and CT26 tumors, OX40 expression was increased on more T cell types 

and to a greater degree than PD-1. Combination therapy with CPMV in situ vaccination 

and intratumoral administration of anti-PD-1 mAb or agonistic anti-OX40 mAb ICT showed 

dramatic differences in efficacy against B16F10 and CT26 tumors. CPMV with anti-OX40 

mAbs delayed tumor progression, prolonged survival, and increased TILs. The CPMV and 

anti-PD-1 mAb combination was no more efficacious than CPMV monotherapy. On the 

other hand, both OX40 and PD-1 expression were increased on TILs in the ID8‐Defb29/

Vegf‐A‐luc ovarian cancer model. Correspondingly, both combination therapy regimens, 

CPMV and anti-OX40 mAbs or CPMV and anti-PD-1 mAbs, substantially increased 

therapeutic efficacy over CPMV alone (Wang & Steinmetz, 2020).

These numerous and diverse examples demonstrate that nanomedicine synergizes effectively 

with ICT (Figure 4). Nanoparticles play roles in stimulating and modulating immunity (e.g., 

their use as adjuvants for in situ vaccination) but they also allow the targeting of ICT 

agents and/or the co-delivery of synergistic active ingredients. Multiple immunomodulatory 

strategies produce or support an anti-tumor immune response by inducing ICD within the 

tumor, altering the TME to an immunostimulatory state, or vaccinating against in situ 
TAAs. Many of these approaches aim to produce an adaptive immune response mediated by 

effector T cells. In some cases, nanoparticles may alter the expression patterns or activities 

of the TILs in ways that can sensitize the tumor to treatment with a specific ICT. Further, 

multifunctional design allows for combination of immunomodulation and delivery strategies 

within a single nanoparticle.

Conclusions

ICT has ushered in a new paradigm of cancer treatment, centered on immunotherapy. 

Despite clinical successes of ICT, substantial opportunities remain for improving treatment 

response, reducing recurrence, and minimizing toxicity profiles. Combination strategies 

employing nanoparticles with ICT have revealed immense potential for overcoming the 

limitations of ICT. Nanoparticles may serve as targeted delivery systems for ICT alone or in 

combination with other therapies. They can also serve as de facto immunotherapeutic agents 

that synergize with ICT. Finally, nanoparticles offer the opportunity to combine multiple 

treatment and localization strategies into one platform. While these combination therapies 

have been explored exclusively in preclinical studies, the widespread, separate clinical use of 

ICT and nanoparticles indicate the future potential for clinical translation and integration of 

combinatorial nanoparticle and ICT strategies into established cancer treatment paradigms. 

Combinatorial nanoparticle and ICT strategies are well-positioned to synergize with tumor 

ablation, embolization, radiation, and chemotherapy and advance cancer therapy toward the 

goals of maximized therapeutic efficacy and minimized toxicity.
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Figure 1. 
Cancer-immunity cycle and checkpoint immunotherapy targets

Schematic view of the cyclic process through which the immune system generates a 

response to cancer. Checkpoints within this cycle provide regulatory negative (inhibitory 

checkpoints, red inhibition symbols) or positive (stimulatory checkpoints, green arrows) 

feedback mechanisms to attenuate or augment to anti-tumor immune response. Key 

steps include tumor lysis (1), which can be induced by cytotoxic immune cells or by 

cancer therapies (radiation, chemotherapy, heat or cryoablation are shown here). Damaged 

tumor cells release TAAs into the tumor microenvironment. With local inflammation, 

APCs process and transport TAAs to draining lymph nodes (2, 3). Cross-presentation 

of antigens to T cells leads to activation of tumor-reactive T cells (4). Circulating 

activated tumor-reactive T cells migrate to and infiltrate tumors (5, 6). Interactions with 

the TME may suppress or promote their anti-tumor effector functions, mediated through 

immune checkpoint signaling. Abbreviations are as follows: APC, antigen presenting cell; 

B7, B7 co-stimulatory protein; CTLA-4, cytotoxic T-lymphocyte-associated antigen 4; 

LAG-3, lymphocyte-activation gene 3; MHC, major histocompatibility complex molecule; 

OX40, OX40 co-stimulatory receptor; OX40L, OX40 ligand; PD-1, programmed cell 

death-1 receptor; PD-L1, programmed cell death-1 ligand; TAA, tumor-associated antigen; 

TIM-3, T cell immunoglobulin and mucin-domain containing molecule 3; TIGIT, T 

cell immunoreceptor with immunoglobulin and ITIM domains; TCR, T cell receptor; 

TIL, tumor-infiltrating lymphocyte; VISTA, V-domain Ig-containing Suppressor of T-cell 
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Activation; 4–1BB, 4–1BB co-stimulatory receptor; 4–1BBL, 4–1BB ligand. Created with 

BioRender.com
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Figure 2. 
An overview of several nanoparticles in development for combination ICT applications.

A wide array of nanoparticles and design features are being developed for combination 

ICT. Synthetic: polymeric lipid and proteinaceous nanoparticles, metallic nanoparticles, 

liposomes, micelles, and carbon nanotubes. Viral vectors: Adeno-associated virus. Plant 

virus-based nanoparticles: cowpea mosaic virus and tobacco mosaic virus. Multi-functional 

nanoparticles: multi-layered nanoparticle containing ICI and chemotherapy-loaded micelles 

and magnetic fucodian-dextran-iron oxide nanoparticle displaying ICI and T cell activator 

antibodies. Schematic images are not to scale. Abbreviations are as follows: ICI, immune 

checkpoint inhibitor; ICT, immune checkpoint therapy. Image of cowpea mosaic virus 

was reproduced from the VIPER database (www.viperdb.scripps.edu). Created with 

BioRender.com
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Figure 3. 
Schematic overview of nanoparticle strategies for ICT combination.

Nanoparticle strategies can be primarily categorized as delivery and immunomodulation 

approaches. Within delivery strategies, nanoparticles may be designed with active targeting 

and passive targeting capabilities. Nanoparticles with immunomodulatory function may 

mimic or modify immune cell function, possess inherent immunogenicity, modify 

the TME, or induce immunogenic cell death. Abbreviations are as follows: aAPCs; 

artificial antigen-presenting cells; NIR, near infrared; NP, nanoparticle; PTT, photothermal 

therapy; ROS, reactive oxygen species; TME, tumor microenvironment. Image of plant 

virus nanoparticle (cowpea mosaic virus) was reproduced from the VIPER database 

(www.viperdb.scripps.edu). Created with BioRender.com.
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Figure 4. 
Nanomedicine and ICT combination strategies aim to improve therapeutic efficacy and 

reduce systemic toxicity of ICT.

Different types of ICT (left circle) can be integrated with a variety of nanoparticle types 

(right circle) utilizing key design features (intersection of circles). These combinations 

approaches can use passive targeting, active targeting, and immunomodulation to improve 

efficacy and decrease toxicity. Abbreviations are as follows: siRNA, small interfering 

RNA; ICD, immunogenic cell death; TME, tumor microenvironment. Created with 

BioRender.com.
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Table 1:

Immune checkpoint therapeutics in clinical use or development

Immune 
checkpoint Antibody Small molecule Peptide

PD-1/PD-L1

Pembrolizumab (Merck), Nivolumab (Bristol-Myers 
Squibb/Ono), Cemiplimab (Sanofi/Regeneron), 

Atezolizumab (Roche), Avelumab (Merck/Pfizer), 
Durvalumab (AstraZeneca)

CA-170 (Curis/
Aurigene), CA-327 
(Curis/Aurigene)

AUNP-12 (Aurigene), DPPA-1 
(Chang et al., 2015), 

BMS-986189 (Bristol-Myers 
Squibb)

CTLA-4 Ipilimumab (Bristol-Myers Squibb) ERY2–4 (Ramanayake 
Mudiyanselage et al., 2020)

TIM-3
TSR-022 (Tesaro), LY3321367 (Eli Lilly and Company), 

Sym023 (Symphogen), BGBA425 (BeiGene), 
ICAGN02390 (Incyte)

TIGIT Tiragolumab (Genentech/Roche), EOS-448 (iTeos 
Therapeutics)

DTBP-3 (X. Zhou et al., 2020)

LAG-3 BMS-986016 (Bristol-Myers Squibb), GSK2831781 
(GlaxoSmithKline) C25 (Zhai et al., 2020)

VISTA CI-8993 (Curis), JNJ-510588 (Jassen Research & 
Development)

CA-170 (Curis/
Aurigene), CA-327 
(Curis/Aurigene)

AP1049 (Noelle et al., 2016)

OX40 PF-04518600 (Pfizer), INBRX 106 (INBRX), BMS 
986178 (Bristol-Myers Squibb)

DB36, DB71, DB15, 
CVN (Song et al., 

2014)

4–1BB BMS-663513 (Bristol-Myers Squibb), PF-05082566 
(Pfizer)
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