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1. Introduction

Cancer immunotherapy has generated a paradigm shift in the way that cancer is treated. 

However, not only have high response rates to immunotherapy been observed only in certain 

cancer types, but many patients fail to mount effective antitumor immune responses.[1] 

Multiple lines of evidence indicate that the presence of tumor-infiltrating lymphocytes 

(TILs) serves as a prognostic marker and predicts antitumor immune responses to different 

therapies, including immunotherapy and chemotherapy.[2] Tumors lacking TILs have been 

characterized as “non-inflamed”, and generally correlate with treatment failure and poor 

prognosis.[3] For example, the efficacy of one type of cancer immunotherapy, immune 

checkpoint blockade antibodies, in patients with breast cancer, which has relatively less TILs 

(mean percentage of 10%), [4] is far less effective compared to that in patients with 

melanoma or non-small cell lung carcinoma, characterized as “inflamed” tumor types, which 

are abundant with TILs.[5] Thus, how to promote the transport, activity, and persistence of 

TILs in the tumor microenvironment is crucial for developing effective immunotherapies, 

especially for the “non-inflamed” tumor types.
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Intratumoral accumulation of cytotoxic immune cells (e.g. TILs) and cancer therapies are 

crucial for enhanced anti-tumor responses. Yet, successful transport of cancer therapies 

depends on their sequential negotiation of biological barriers, [6, 7] including non-specific 

distribution into non-lymphatic or non-tumor tissue compartments, limitations in 

hemorheological/blood vessel flow and pressure gradients within tumors, the density and 

composition of the tumor stroma, [8] and the dynamics in intratumoral cell-cell and cell-

matrix interfaces affecting tensile forces.[6, 9] Although these physical spatio-temporal 

peculiarities and aberrations of tumors have been less studied, it is becoming clear that 

intratumoral processes may be more indicative of therapeutic efficacy.[10–13]. Furthermore, 

it is becoming clear that as the tumor progresses, intratumoral transport properties change.

[14] These intratumoral transport property changes may also be heterogeneous within the 

tumor as well as between patients, and a greater understanding of how these changes 

influence therapeutic efficacy will ultimately lead to fine-tuning of the tumor 

microenvironment. This fine-tuning would then tip the balance towards a phenotype that is 

amenable to immune cells and immunotherapy transport. Thus, the impact of transport 

phenomena on immunotherapeutic efficacy (and therapeutic resistance) should be 

considered when developing strategies for new immunotherapies.

Application of nanotechnologies can facilitate the transport of therapeutics into tumors. For 

the purposes of this review, the “operational definition for nanotechnology involves three 

ingredients: 1) nanoscale sizes in the device or its crucial components; 2) the man-made 

nature; and 3) having properties that only arise because of the nanoscopic dimensions”.[15] 

However, we recognize that there are other acceptable definitions in the scientific literature. 

Applying nanotechnology to package drugs, small molecules, oligonucleotides, 

immunomodulatory compounds, etc. into nanometer- or micrometer-size particles allows 

these therapeutics to pass sequential physical and biological barriers and enrich in tumor 

tissues.[16–21] The released therapeutics can affect not only cancer cells but also immune 

cells, consequently modifying the tumor microenvironment.[22] Nanotechnology-based 

cancer vaccines promote rapid expansion of tumor-specific T cells, and various forms of 

nanoparticles (NPs) have been utilized in the generation of therapeutic T cells for adoptive T 

cell therapies. Furthermore, multiple laboratories have applied nanotechnology-based 

approaches to unleash the activities of TILs by suppressing the activities of immune 

checkpoint inhibitor proteins, regulatory T (Treg) cells, and immunosuppressive myeloid 

cells (IMCs), by mimicking tumor-associated leukocytes, and by altering the tumor 

extracellular matrix (ECM). However, the development of new nanotechnologies for cancer 

treatment will ultimately depend on overcoming biological transport barriers to enhance 

cancer immunotherapy.[7] This review summarizes advances in two areas of 

nanotechnology-based cancer immunotherapy: 1) generation of tumor antigen-specific T 

cells, and 2) bypassing the transport barriers in facilitating antitumor immunity.
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2. Promoting generation and tissue infiltration of T lymphocytes using NP-

based immunotherapies

2.1. Nanotherapeutic cancer vaccines

Immunotherapy with cancer vaccines offers the potential for highly specific cancer cell 

cytotoxicity, superlative T cell memory response, and minimal systemic toxicity. Therefore, 

it is a very attractive approach for cancer treatment. Cancer vaccines typically include a 

tumor antigen and an adjuvant to enhance immune responses. Since dendritic cells (DCs) are 

the major antigen-presenting cells (APCs), DC vaccines have also been developed, through 

the use of both circulating and bone marrow-derived DCs, in order to maximize antitumor 

immunity. The first therapeutic DC vaccine, Sipuleucel-T (Provenge®), generated from 

autologous peripheral blood mononuclear cells pulsed with a prostatic acid phosphatase–

GM-CSF recombinant fusion protein, [23] was approved for treatment of metastatic 

castration-resistant prostate cancer by the U.S. Food and Drug Administration (FDA) in 

2010. A once promising non-DC vaccine, nelipepimut-S (E75) vaccine (NeuVax™), for 

human epidermal growth factor receptor 2 (HER2)+ breast cancer that contains the E75 

antigen peptide mixed with the adjuvant, granulocyte-macrophage colony-stimulating factor 

(GM-CSF), [24, 25] was recently tested in a Phase III clinical trial, sponsored by Galena 

Biopharma, Inc.. However, the clinical trial was discontinued based on negative data from a 

planned safety and futility interim analysis. With the recent advancements in next-generation 

sequencing, therapeutic vaccines can now be tailored to target a group of patient-specific 

mutant neoantigen epitopes, as evidenced by the success in treatment of melanoma patients 

with therapeutic cancer vaccines.[26–28] More vaccines are expected to reach the clinic in 

the coming years.

Despite recent successes, cancer vaccine development still faces a number of challenges. 

One key factor in determining DC vaccine or non-DC vaccine efficacy is transport of the 

vaccine-internalized DCs to lymphatic tissues; more specifically, transport to the T cell-rich 

paracortex of the lymph nodes, where stimulation of antigen-specific T cells occurs. Animal 

studies have shown that the route of administration determines biodistribution and, 

consequently, vaccine efficacy. For example, intravenously injected DC vaccines mainly 

accumulate in the spleen, whereas subcutaneously injected DCs preferentially home to the T 

cell areas of the draining lymph nodes.[29] Clinical studies have revealed that regardless of 

vaccine injection site, less than 5% of the DCs can reach the lymph nodes.[30] In addition, 

the stimulatory signals of ex vivo matured DCs, used for DC vaccine generation, cannot be 

maintained in vivo. Therefore, designing strategies to transport response-eliciting DC 

vaccine or non-DC vaccines and overcoming the sequential physical and biological barriers 

for this transport are critical for the success of cancer vaccines.

NPs and microparticles have been incorporated into cancer vaccines to deliver tumor 

antigens. NPs can be loaded with more than a single antigen epitope, can improve antigen 

stability, can slow the release of antigens for sustained T cell responses, and can be targeted 

to specific sites. Injecting NPs that contain antigens and immunomodulatory compounds 

leads to the accumulation of APCs, such as DCs, at the injection site, followed by APC 

transport into lymph nodes for antigen presentation to T cells.[31–33] However, due to the 
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lack of optimization for direct transport through lymphatic vessels, NP-based vaccines have 

fallen short.[34, 35] Thus, a recent strategy to develop lymph-node targeted NP-based 

vaccines, included not only size-tuning and covalent and non-covalent attachment of 

polyethylene glycol (i.e., PEGylation) to reduce NP-mediated immunogenicity, but also the 

hitch-hiking of NPs, specifically liposomes, onto albumin proteins, which migrate to lymph 

nodes.[36, 37] Therefore, the ability to directly transport NPs and microparticles to the 

tumor will ultimately produce a more potent vaccine.

NPs and microparticles can also serve as adjuvants in order to boost antitumor immunity. 

Although various forms of aluminum salt precipitates (alum, 1–50 μm) have been widely 

used as adjuvants in prophylactic vaccines for infectious diseases, these T helper 2 (Th2) 

cell-biased adjuvants are not effective in activating TILs, specifically, CD8+ cytotoxic T 

cells.[38, 39] Interestingly, porous silicon microparticles (PSMs), which not only serve as 

adjuvants but also aide in adjuvant and tumor antigen delivery, are effective in triggering DC 

production of type I interferon (IFN-I; including IFN-α and β), which is essential for the 

cytotoxic activity of CD8+ cytotoxic T cells.[40] It has been well documented that IFN-I 

production by host APCs serves as the bridge to connect innate and adaptive immune 

responses.[41] In addition, the micrometer-size particles can also serve as a reservoir for 

sustained release of tumor antigen peptides and facilitate antigen processing inside the DCs. 

Treatment with a DC vaccine carrying PSMs, serving as an adjuvant and loaded with HER2-

specific peptides (Nano-DC vaccine), modulated the tumor immune microenvironment, as 

indicated by elevated levels of intratumoral inflammatory cytokines and tumor-infiltrating, 

antigen-presenting CD11c+ DCs in a murine model of HER2+ breast cancer. Nano-DC 

vaccine treatment completely inhibited tumor growth. Importantly, antitumor immunity was 

CD8+ cytotoxic T cell-dependent, as depletion of this subtype of T lymphocytes completely 

abolished inhibition of tumor growth.[40] Polymer-based nanovaccines have also been 

developed for cancer treatment. Gao and colleagues recently reported a STING-activating 

nanovaccine, consisting of a synthetic polymeric NP (PC7A NP) with an antigen. This 

vaccine generated a strong cytotoxic T cell response.[42] The enhancement of the transport 

of cancer vaccines and DCs by nanotechnologies will undoubtedly lead to improved 

effectiveness, but the therapeutic components of cancer vaccines are also key for this 

efficacy.

Nanotechnology has played a very significant role in the development of next-generation 

messenger (m)RNA-based therapeutic cancer vaccines. In contrast to the peptide vaccines, 

mRNA vaccines have the advantage of incorporating multiple antigen epitopes in one 

minigene construct, and thus, can be customized to fit the needs of individual patients, based 

on the unique mutation spectrum in their cancer genome. In addition, the mRNA molecules 

can serve as self-adjuvants, once in complex with selected proteins on polymers, by 

stimulating innate immune Toll-like receptor (TLR) 7 and 8 signaling.[43–45] The mRNA 

vaccines also differ from the traditional DNA plasmid vaccines in that, among other 

advantages, they function in both dividing and non-dividing cells, and there is no risk for 

genomic integration.[46, 47] Still, mRNA molecules are vulnerable to degradation by 

plasma and tissue enzymes. In addition, they cannot enter APCs by default and need to be 

transfected into these cells ex vivo (DC vaccine) or delivered by NPs in vivo (non-DC 

vaccine). Various forms of NPs have been generated by both academic laboratories and 
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biopharmaceutical companies to achieve maximum efficiency for mRNA vaccines. CureVac 

developed a two-component mRNA vaccine: a free mRNA encoding the tumor antigen 

mixed with a 250–350 nm protamine/mRNA complex for additional immune stimulation.

[43] The ratio of these free and complexed mRNA molecules can be optimized to ensure 

both effective antigen expression and potent immunostimulation. Su and colleagues applied 

biodegradable NPs to deliver mRNA.[44] In this construct, a pH-responsive poly-(β-amino 

ester) core is enveloped by a phospholipid bilayer to minimize potential toxicity from the 

polymer, and mRNA molecules are adsorbed onto the surface of the phospholipids through 

electrostatic interactions. The authors found that intranasal administration of the mRNA NPs 

could trigger mRNA expression in mice as soon as six hours after treatment. We have taken 

a different approach to develop therapeutic NP- and mRNA-based vaccines. Instead of 

exposing the antigen-encoding mRNA molecules to the harsh physiological environment, we 

packaged mRNA into a core structure and wrapped it with a lipid shell to generate 

lipopolyplex mRNA vaccines.[45] Inside the lipopolyplex, mRNA molecules are shielded 

from cellular RNases. Once the intradermally administered mRNA vaccine NPs are taken up 

by the APCs, tumor antigens are effectively expressed, and the APCs are potently 

stimulated. We have demonstrated excellent therapeutic efficacy of this mRNA vaccine in 

murine tumor models. Further, a recent study has demonstrated that the formulation of 

mRNA vaccines can be tailored to target the lymphatic system by simply adjusting the net 

charge of the NPs constituted with mRNA and cationic liposomes (i.e., DOTMA/DOPE).

[48] The intravenously injected RNA-lipopolyplexes were captured by DCs, and they 

stimulated IFN-α expression. Therapeutic efficacy was demonstrated both in murine tumor 

models and in a Phase I dose-escalation clinical trial. It is important to point out that the 

application of NP-based mRNA vaccines is not limited to cancer treatment. A recent study 

showed successful application of this lipid NP-encapsulated modified mRNA vaccine in the 

treatment of Zika virus infection.[49] Thus, it is clear that NPs can provide a significant 

advantage in bridging innate immune responses with adaptive immune responses for the 

development of anti-infectious agents as well as cancer immunotherapies.

2.2. Nanotherapeutic adoptive T cell therapy

Nanotechnology has been incorporated in the design of several cancer therapies to enhance 

their physical, chemical, and/or biological properties, and recently, nanotechnology is being 

tested in the design, generation, and use in adoptive T cell therapy.[50] In adoptive T cell 

therapy, tumor-specific cytotoxic T cells, cultured from patient-harvested T cells, are infused 

back into the patient, with the intent to recognize, target, and destroy tumor cells.[51] 

Adoptive T cell therapy, using engineered Chimeric Antigen Receptors (CAR) and T Cell 

Receptors (TCR), is promising for treating a variety of cancers.[52–59] Recent clinical trials 

using T cells expressing CARs have shown unprecedented success in treating multiple 

myeloma, [60] leukemia, [61–63] sarcoma, [64] and neuroblastoma, [65–67] and there are 

currently over 300 CAR-T cell clinical trials being conducted. Recent clinical trials of 

adoptive T cell therapy using TCR-engineered T cells have also proven successful for the 

treatment of patients with synovial sarcoma[68] and metastatic melanoma.[68, 69] Adoptive 

TCR-engineered T cell therapy is currently being tested in patients with bladder carcinoma, 

breast cancer, esophagus carcinoma, lung cancer, multiple myeloma, neuroblastoma, and 

ovarian cancer. However, some common limitations with adoptive T cell therapy include not 
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only the time restraints and costs of T cell generation but also the subsequent rapid decline 

in viability and function of the transplanted T cells.

Recent advancements have addressed these limitations by incorporating nanotechnology 

with adoptive T cell therapy. For example, through the use of paramagnetic, nanoscale 

artificial APCs (nano-aAPC), tumor-specific T cells can be efficiently enriched and 

expanded in vitro, conferring a proliferation advantage after adoptive T cell transfer in vivo.

[70] Furthermore, NPs have been used to enhance the functional activity of T cells. The 

transfer of autologous T cells carrying NPs loaded with NSC-878777, a dual inhibitor of two 

key phosphatases (Shp1 and Shp2), which normally downregulate TCR activation in the 

immunological synapse between APCs and T cells, enhanced survival in mice with 

advanced prostate cancer.[71] Furthermore, nanotechnology has also been incorporated into 

adoptive T cell transfer to deliver potent drugs to tumor sites. Autologous nanocapsule-

functionalized T cells that carried Sn-38-loaded nanocapsules on their surfaces, basically 

serving as living chaperones, successfully delivered chemotherapeutics directly to tumor 

sites. This live T cell delivery approach effectively reduced tumor burden after two weeks of 

treatment and enhanced survival under conditions where free SN-38– and SN-38–loaded 

nanocapsules alone were ineffective.[72] Thus, by incorporating nanotechnology tools, the 

process of T cell generation for adoptive transfer can become more streamlined, T cell 

functional activity can be more long-lasting in vivo after adoptive transfer, and adoptively 

transferred T cells can be used to deliver other therapeutics.

The potent clinical responses of adoptive T cell therapy suggest that at least a portion of 

engineered T cells can be transported to the tumor site. However, once CAR-engineered T 

cells or TCR-engineered T cells reach tumor sites, the question is whether these cancer 

antigen-specific T cells can more efficiently and effectively perform their designed function 

to eliminate cancer cells. Recent evidence suggests that when combined with 

nanotechnology, this may be feasible. For example, in a melanoma adoptive immunotherapy 

model, T cells activated by nano-aAPC induced greater activation of previously activated T 

cells compared to naïve T cells, resulting in a lower threshold for activation. Further, 

application of an external magnetic field induced nano-aAPC aggregation; thereby, 

enhancing T cell proliferation in vitro. The in vivo adoptive transfer of nano-aAPC 

aggregated T cells inhibited B16 melanoma growth.[73] Overall, these promising results 

indicate that the inclusion of nanotechnology in adoptive T cell therapy has many beneficial 

clinical applications. Through the combination of nanotechnology and adoptive T cell 

therapy, many promising advancements have been made with this type of cancer 

immunotherapy. The ability to use autologous cancer antigen-specific T cells to directly 

transport inhibitors via NPs into the tumor site appears to be effective in the few reported 

cases. However, it is possible that loading the nanocapsule or NP “backpacks” on T cells 

with additional cancer treatments, such as mRNA vaccines or checkpoint inhibitors, could 

be the next stage in maximizing therapeutic efficacy.
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2.3. Nanotherapeutic agents at the interface between innate and adaptive immune 
responses

Whereas cancer vaccines and engineered T cells target specific cell types in the innate and 

adaptive immune systems, there are other immunotherapeutic agents that connect innate and 

adaptive immune responses. Bispecific T cell engager (BiTE) antibodies and NPs are just 

some examples in this group. The BiTE antibodies are heterodimers of IgG single chain 

variable fragments (scFv) that have dual specificities for a tumor-associated antigen 

presented by innate immune APCs and for adaptive immune T cells, and can recruit 

cytotoxic T cells to tumor cells.[74, 75] This group of therapeutic agents has been 

successfully used as a cancer immunotherapy in animal studies and clinical applications.

[76–78] In fact, Blinatumomab, a BiTE antibody, has been approved by the U.S. FDA as the 

first drug in this class to treat Philadelphia chromosome-negative relapse or refractory acute 

lymphoblastic leukemia. Furthermore, in a recent study, Yuan and colleagues applied 

colloidal NPs to develop a multivalent bispecific nanobioconjugate engager (mBiNE) 

composed of colloidal NPs conjugated with a HER2-specific antibody and a calreticulin-

binding low-density lipoprotein receptor-related protein 1 (LRP1) that specifically binds the 

cell surface HER2 protein and pro-phagocytosis-mediating calreticulin.[79] Treatment of 

tumor-bearing mice with mBiNE promoted receptor-targeted phagocytosis of cancer cells by 

macrophages and, consequently, enhanced antigen processing and presentation by APCs. 

Interestingly, the initial response to mBiNE treatment was dependent on HER2 expression, 

but the subsequent antitumor immunity was also effective on HER2− cells, indicating an 

antigen-spreading effect.

Antigen-capturing NPs (AC-NPs), which are composed of chemically modified poly(lactic-

co-glycolic acid) (PLGA) that binds to tumor-derived protein antigens with specificity, 

represent another group of immunotherapeutic agents in this class. Min and colleagues 

recently demonstrated that not only can NPs capture tumor antigens shed from the tumor 

cell debris in mice after radiation therapy, but they can also deliver these tumor-specific 

proteins to innate immune APCs. Further, their results indicated that surface properties of 

the NPs determine the types of protein antigen that can be captured.[80] The antigen-

captured AC-NPs induced expansion of adaptive immune cytotoxic T cells and provided 

synergistic inhibition of tumor growth when they were applied in combination with anti-

programmed cell death 1 (anti-PD-1) antibody in irradiated, B16F10 melanoma-bearing 

mice.

Nanotechnology has also been applied to overcome challenges in production, processing, 

and storage of the traditional therapeutic antibodies. Applying the same design strategy of 

mRNA vaccines, Stadler and colleagues have recently shown that a polymer/lipid-based 

formulation of mRNA can be used to effectively produce a bispecific antibody, targeting the 

adaptive immune TCR-associated molecule CD3 and the innate immune APC-presented 

tumor-associated antigen claudin 6 (CLDN6) in vivo.[81] This therapeutic mRNA was 

effective at eliminating large tumors in murine tumor models. In summary, it is clear that 

nanotechnology can be used to bridge the innate and adaptive immune responses; thus, 

promoting homing of TILs to tumors. However, for maximal antitumor immunity, these 
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TILs must overcome additional physical and biological transport barriers to fully function 

inside tumors.

3. Breaking transport barriers to enhance cancer immunotherapy using NP-

based immunotherapies

3.1. Nanotherapeutic immune checkpoint blockade

A major barrier of cancer immunotherapy is negative regulators (or checkpoints) in the 

tumor microenvironment. Although negative immune regulation is fundamentally important 

for maintaining a homeostatic balance between host immunity and tolerance, T-cell co-

inhibitory molecules, cytotoxic lymphocyte-associated molecule-4 (CTLA-4) and PD-1, 

inhibit T cell activation and proliferation, which normally augment the antitumor immune 

activity of T cells. PD-1, expressed on T cells, interacts with its ligands, PD-L1 (B7-h1) and 

PD-L2, which are expressed on tumor cells and stromal cells.[82, 83] CTLA-4 inhibits T 

cell activity by competing with the co-stimulatory molecule CD28 for binding to the shared 

ligand CD80.[84] Several therapeutics have been designed to inhibit these immune 

checkpoint molecules in order to allow a patient’s own immune cells to kill tumors.

Recent clinical trials using the anti-CTLA-4 monoclonal antibody ipilimumab, [85] the anti-

PD-1 antibody pembrolizumab, [86] and most recently, the anti-programmed death ligand 1 

(PD-L1) antibody MPDL3280A[4, 87] have led to long-term patient survival and sometimes 

a cure in patients with “inflamed” solid tumor types (e.g., melanoma, non-small cell lung 

cancer, renal cell cancer carcinoma, urothelial carcinoma, and head-and-neck squamous cell 

carcinoma). Still, immune checkpoint blockade-based immunotherapies rely on the high 

expression of PD-L1 on tumors and/or pre-existing tumor-infiltrating CD8+ T cells 

expressing PD-1, [88] which are evident in “inflamed”, but not “non-inflamed” cancer types. 

In fact, pancreatic cancer and some types of breast cancer may have lower levels of immune 

checkpoint proteins and ligands expressed on tumors and intratumoral immune cells, 

respectively, [4] and therefore, immune checkpoint inhibitors may have a low success rate in 

these cancer types.

Thus, recent strategies have attempted to further enhance the effectiveness of immune 

checkpoint blockade-based immunotherapies, including the combination of 

immunotherapies with NPs. This combination would allow for a targeted, sustained release 

of immune checkpoint antibodies in a controllable manner, possibly enhancing the transport 

of cytotoxic, effector T cells to tumors.[89] Wang, C. et al. used a microneedle patch to 

deliver anti-PD-1 via self-dissociating NPs, which released anti-PD-1 in a sustained manner 

in a B16F10 mouse melanoma model.[90] In another recent study, cationic lipid-assisted 

polyethylene glycol–polylactic acid (PEG–PLA)-based NPs were used to deliver small 

interfering RNA (siRNA) specific to CTLA-4 into T cells. This system allowed for the 

transport of CTLA-4-siRNA-possessing cytotoxic, effector T cells into tumor sites in tumor-

bearing mice.[91] The combination of NPs and immunotherapy allows for delivery of 

checkpoint-based immunotherapies into T cells, thereby manipulating the 

immunosuppressive tumor microenvironment from the inside out at the same time as 

enhancing T cell-mediated antitumor immunity.
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Strategies combining NPs, immune checkpoint blockade, and other immunomodulatory 

compounds with photodynamic therapy (PDT) have shown significant immunological 

antitumor responses, including the development of immunological memory.[92, 93] In PDT 

treatment, photosensitizing agents are exposed to a particular wavelength of light, generating 

reactive oxygen species (ROS) that kill nearby cells.[94] Through the use of nanosized 

carriers, photosensitizing agents can be transported to the tumor site, and subsequently 

activated. Indeed, administration of zinc pyrophosphate (ZnP) NPs loaded with the 

photosensitizer pyrolipid (ZnP@pyro) produced an immunogenic environment in tumors. 

The result was the sensitization of tumors to PD-L1 checkpoint blockade therapy. Thus, the 

combination of ZnP@pyro, PDT, and anti-PD-L1 was successful at not only eradicating 

primary 4T1 breast tumors but also significantly preventing metastasis to the lung.[88] 

Additionally, core-shell NPs, carrying oxaliplatin in the core and PDT-activatable pyrolipid 

in the shell (NCP@pyrolipid) have proven, when combined with anti-PD-L1 therapy, to be 

effective at inducing potent tumor-specific immune responses.[93] PDT combined with anti-

PD-L1 therapy appears to have a synergistic effect. Furthermore, PDT with NPs and 

CTLA-4 blockade eliminated tumors upon exposure to near-infrared irradiation.[95]

The combination of checkpoint blockade-based immunotherapies with nanotechnology 

provides an effective approach for cancer treatment. Still, it is likely that NP-enhanced 

immune checkpoint blockade is not sufficient to treat many cancer types. Therefore, 

additional strategies will be required to transport these drugs directly to the tumor site for 

maximal efficacy. Given that for many patients, checkpoint-based immunotherapies alone 

are not successful in combatting cancer, it is important to recognize that other treatments 

such as Nano-DC vaccines and adoptive T cell therapy could be incorporated alongside 

checkpoint-based immunotherapies to develop optimized cancer treatment regimens, and 

perhaps be more universally effective in treating all types of cancer.

3.2. Targeting the tumor microenvironment with nanoparticles

The tumor microenvironment contains numerous cells of the innate and adaptive immune 

system as well as matricellular proteins that modulate the intratumoral transport of TILs. 

Fine-tuning the tumor microenvironment using NPs may tip the balance towards a 

phenotype that is amenable to immune cell and immunotherapy transport. Specific 

modulation of Treg cells, IMCs, or matricellular proteins by NPs offers a promising 

approach to convert “non-inflamed” tumors to “inflamed” tumors.

Treg cells mediate immunosuppression and pose a major obstacle for effective cancer 

immunotherapy.[96–99] In fact, cancers commonly associated with low numbers of specific 

TILs, such as pancreatic cancer and breast cancer, have an increased prevalence of 

peripheral blood and intratumoral Treg cells.[100] High levels of Treg cells correlate with 

cancer progression and poor patient prognosis.[101, 102] Most studies using NPs loaded 

with drugs, small molecules, oligonucleotides, immunomodulatory compounds, etc. have not 

directly targeted Treg cells but have indirectly decreased or increased Treg cell levels. A 

doxorubicin-loaded NP-based zoledronic acid-containing formulation decreased the number 

of immunosuppressive Treg cells infiltrating into breast tumors.[103] Immunomodulatory 

molecules conjugated to the surfaces of PEGylated liposomes also indirectly resulted in 
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reduced Treg cell numbers in an in vivo melanoma model.[104] Indirect targeting of Treg 

cells with siRNA-loaded chitosan NPs via inhibition of the matricellular protein, Galactin-1, 

a protein that modulates cell-cell and cell-matrix interactions, also reduced Treg cell 

numbers.[105] Furthermore, targeting NPs, loaded with CTLA-4-siRNA, to both cytotoxic 

CD4+ and CD8+ T cells significantly increased the percentage of antitumor CD8+ T cells, 

while it decreased the percentage of Treg cells.[91]

In addition to Treg cells, tumor-associated leukocytes, specifically IMCs, also mediate 

immune suppression, thus, limiting the effectiveness of cancer immunotherapies. Tumor-

associated myeloid cells including myeloid-derived suppressor cells (MDSCs), tumor-

associated neutrophils, regulatory tumor-associated dendritic cells, and tumor-associated 

macrophages constitute a significant part of the immunosuppressive tumor 

microenvironment. In fact, different types of cancer therapies (e.g., sunitinib [a receptor 

tyrosine kinase inhibitor] and radiation therapy) can reduce accumulation and 

immunosuppressive activity of MDSCs.[106] Although it has been proposed that, due to 

their high tropism to tumors, these cells could be used as Trojan horses for the tumor-

targeted delivery of anticancer therapeutics, [107–111] NP targeting of these cells poses 

significant challenges due to their phenotypic heterogeneity and their ability to 

transdifferentiate into other cell types. Alternatively, NP-based biomimetics of IMCs may 

overcome these challenges. Specifically, transfer of leukocyte membranes, containing more 

than 150 leukocyte membrane-associated proteins, onto nanoporous silicon particles can 

mimic the function of tumor-associated leukocytes.[112–115] These Leukolike Vectors 

(LLVs) contain multiple receptors for mediating adherence to the tumor vasculature, [114] 

and LLVs could be used to deliver drugs, small molecules, oligonucleotides, 

immunomodulatory compounds, etc. to the tumor site.

As part of the tumor microenvironment, the ECM, which is composed of matricellular 

proteins, not only plays a key role in tumor development and progression, but also is a 

source of resistance to cancer drug delivery.[116] Therefore, identifying and NP-targeting 

matricellular proteins that are critical for the control of ECM signaling in tumors will be 

essential in the development of more efficacious immunotherapies. A recent study 

strategically used a liposome-protamine-hyaluronic acid (LPH) NP to deliver TGFβ siRNA 

in advanced melanoma tumors, in which a cancer vaccine, composed of a lipid-calcium-

phosphate (LCP) NP, a tumor antigen, and an adjuvant, had become less effective. The 

manipulation of the tumor ECM in the late stage of tumor progression boosted the response 

to the NP-based cancer vaccine by increasing levels of tumor infiltrating CD8+ cytotoxic T 

cells and decreasing levels of Treg cells.[117] Another potential target of NP-based 

therapeutics is fibronectin signaling. FBln5, through its competition with fibronectin, 

reduces fibronectin signaling. Fbln5−/− mice, when compared to their WT littermates, 

demonstrated suppressed tumor growth and angiogenesis.[118] Hence, development of an 

NP-based Fbln5-specific cancer vaccine or an NP-containing Fbln5 siRNA may prove 

highly therapeutic. Indeed, using the fibronectin-targeting moiety CLT1 peptide, conjugated 

to PEG-PLA NPs, Zhang and colleagues showed enhanced therapeutic penetration and 

retention in glioma-bearing mice.[119] Other strategies, such as targeting albumin NPs (e.g., 

Abraxane) to matricellular proteins, have also been used to enhance the efficacy of cancer 

treatment.[120] NPs can also indirectly remodel the ECM via tumor-endothelial cell siRNA 
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encapsulated lipid NPs.[121] In addition, NPs can be loaded with enzymes to degrade the 

ECM of tumors. Mesoporous silica nanoparticles conjugated to Bromelain, a crude 

enzymatic complex, were shown to digest tumor ECM.[122] Alternatively, NPs can be 

conjugated with antibodies that target ECM-modifying enzymes. For example, poly(d, l-

lactide-co-glycolide) NPs were coated with an antibody to the ECM-modifying enzyme 

lysyl oxidase to alter the tumor microenvironment.[123] Thus, modulation of the tumor 

ECM could structurally remodel tumors for enhanced transport of TILs; subsequently, 

changing “non-inflamed” tumor types into “inflamed” types.

4. Conclusions and future perspectives

Nanotechnology is a promising approach to facilitate the transport of immune cells and 

cancer immunotherapies to tumor sites via the delivery of drugs, small molecules, 

oligonucleotides, immunomodulatory compounds, etc. or through remodeling of the tumor 

microenvironment. A minimum threshold of antigen-specific TILs that are not blocked by 

the tumor microenvironment must be achieved to induce clinical responsiveness to cancer 

immunotherapy. Clinical responses of cancer patients to cancer vaccines, immune 

checkpoint blockade, and adoptive T cell therapy rely on the presence of TILs. Appropriate 

TIL transport to tumors is dependent on communication between innate (e.g., APCs, IMCs) 

and adaptive (e.g., effector T cells, Treg cells) immune cells, in which both can be 

modulated by NPs.

Not only can surface modifications of NPs facilitate APC (i.e., DC) transport through the 

lymphatic system but also loading of NPs with multiple antigens for DC presentation to T 

cells can potentiate the effectiveness of cancer immunotherapies (Fig. 1). These NP-based 

cancer vaccines can be tailored to the unique mutations of the individual patient, thus, 

offering a personalized immunotherapeutic approach. However, to maintain an effective 

antitumor response throughout the patient’s lifetime, NP-based cancer vaccines must be both 

flexible and adaptable in order to rapidly incorporate any newly discovered patient-specific 

tumor antigen mutations. Ideally these vaccines would establish T cell memory, inhibiting 

metastasis and preventing relapse. In addition, NPs can be applied to intracellularly inhibit 

immune checkpoint protein expression in endogenous as well as adoptively transferred T 

cells. This would limit the non-specificity of systemic immune checkpoint antibody-

mediated inhibition and limit possible adverse side effects (e.g., autoimmune reactions). 

Furthermore, NPs can expand adoptively transferred TCR-engineered or CAR-engineered T 

cells in vivo. These NPs could be sequentially or periodically dosed in a patient to ensure 

sufficient numbers of transferred T cells for lifelong therapy. However, a more curative 

approach may encompass a combination of therapies, wherein NP-based cancer vaccines are 

combined along with chemotherapy, radiation therapy, targeted therapies, or other cancer 

immunotherapies, including NP-based cancer immunotherapies. The timing of 

administration, the dosing schedule, and the sequence of these therapies could be optimized 

for each individual patient, leading to a cure for some.

Alternative to actively targeting immune cells, NPs can be applied to target the tumor 

microenvironment, thereby changing “non-inflamed” tumors to become more conducive to 

T cell intratumoral transport (Fig. 1). Current NP-based therapies indirectly modulate Treg 
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cell number and function and could be used to prevent T cell differentiation into Treg cells. 

Furthermore, NP-based biomimetics of IMCs as well as direct NP-based targeting of 

matricellular proteins are other possible approaches to change the tumor microenvironment 

structure and composition, thus, facilitating the transport of TILs. Overcoming physical and 

biological barriers (at the systemic and intratumoral levels) of NP and cancer 

immunotherapy transport and testing the targetability of cells of the innate and adaptive 

immune system may be the future focus for NP-based cancer immunotherapeutics, which 

could be used as strategies for controlling tumor progression, promoting immune 

surveillance, and blocking metastasis.
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Fig. 1. 
Nanotechnology-based immunotherapies overcome transport barriers to promote tissue 

infiltration of immune cells. Nanoparticles and microparticles can be loaded with multiple 

payloads, such as drugs, small molecules, oligonucleotides, immunomodulatory compounds, 

etc. These nanotechnologies can be directly injected into cancer patients as non-dendritic 

cell (DC) cancer vaccines, subsequently stimulating DCs in vivo and leading to the physical 

transport of DCs into lymph nodes for T-cell stimulation. Alternatively, these particles can 

be used to generate DC vaccines ex vivo for subsequent injection into cancer patients for T-

cell stimulation. Nanotechnologies can also be applied to enhance T-cell expansion in vitro 
for subsequent adoptive T cell therapy, incorporated into adoptive T cell therapies to deliver 

potent anticancer therapeutics directly to tumor sites by tumor infiltration of T lymphocytes, 

indirectly remodel the tumor extracellular matrix (ECM), or directly target matricellular 

proteins.
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