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Nanoparticle (NP)-based delivery systems can be designed to take advantage of the aberrant vasculature, or an acidic or

hypoxic tumor microenvironment (TME), to induce the release of therapeutic drugs directly in the TME, reducing off-target

side effects. In the last twenty years, the discovery of novel biomaterials has dramatically impacted on the field of

nanobiotechnology, such as, for example, the addition of novel stimuli-responsive polymers, which can be used to develop

advanced nanostructures with the ability to improve the pharmacokinetic properties of many drugs used in oncology.
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1. Introduction

The tumor microenvironment (TME) is a complex system composed of proliferating tumor cells, infiltrating immune cells,

the extracellular matrix (ECM), blood vessels and a variety of associated cells. The multifaceted cellular compartments

present in the TME cooperate in the maintenance of the necessary conditions for tumor development: (1) angiogenesis, to

offer nutritional support for tumor growth, and (2) immunosuppression, to inhibit the adaptive immune response against

cancer cells . In particular, tumor infiltrating immune cells not only fail to exercise their anti-tumor effector function, but

they are able to promote tumor growth, invasion and metastasis .

Recently, investigation of the molecular mechanisms behind the immunosuppressive state in the TME led to the discovery

of immune checkpoint inhibitors (ICIs), which changed the paradigm of cancer treatment, giving rise to novel

immunotherapeutic options able to induce a strong infiltration of active immune cells in the TME, with consequent control

of tumor growth . ICIs currently used in the clinical setting are monoclonal antibodies (mAb) able to block the activity of

cytotoxic T-lymphocyte antigen-4 (CTLA-4) or programmed cell death protein 1 (PD-1), expressed by T cells. Both CTLA-4

and PD-1 are repressor molecules that de-activate T effector function . These checkpoint proteins are essential to

control the balance between self-tolerance and auto-immunity . Currently, the anti CTL4 mAb, Ipilumab, is approved for

the treatment of unresectable melanoma, advanced renal cell carcinoma and advanced colorectal cancer in combination

with the anti PD-1 mAb Nivolumab . Interestingly, Nivolumab is active as standalone treatment in melanoma and

non-small cell lung carcinoma (NSCLC) . Pembrolizumab is another anti PD-1 mAb, employed for the treatment of a

wide variety of cancer types . Overall, ICIs are particularly effective for the treatment of high mutational burden,

mismatch repair-deficient or high microsatellite instability tumors, where many mutations are present, thus favoring the

generation of anti-tumor immune responses against specific tumor associated neo-antigens .

Another type of novel immunotherapeutic treatment is adoptive cellular transfer (ACT). In this case, patient-derived

immune cells are expanded ex vivo and re-infused into the body. ACT-based cancer immunotherapy treatments mainly

involve the re-infusion of genetically modified T cells . However, other cell types such as natural killer cells (NK) and

macrophages have been explored . T cell–based ACT can be divided into three sub-categories: (1) tumor-infiltrating

lymphocytes (TILs), where patient derived T cells are simply expanded and re-infused; (2) T cell receptor (TCR)

engineered cells, where a TCR that is able to identify a specific tumor antigen, is added into the genome of T cells; and (3)

chimeric antigen receptors T cells (CAR-T), where T cells are modified with a single chain variable fragment (scFv) able to

recognize neo-antigen epitopes in a major histocompatibility complex (MHC) independent manner .

Interestingly, in the vast majority of advanced tumors, the TME is characterized by acidosis and hypoxia . These two

characteristics derive from the altered metabolism of cancer cells, fueled by an enhanced glycolytic activity necessary to

support active cell proliferation . Glycolysis results in the production of lactic acid, which is excreted in the TME by

cancer cells, causing acidification of the TME. On the other hand, a hypoxic TME is caused by aberrant vascularization

and poor blood supply . Tumors tend to become hypoxic as a consequence of their growth, which leads to a lower

blood supply to the inner part of the tumor. This can give rise to necrosis and a perpetually inflamed state in tumors, which

was initially described more than thirty years ago, as a “wound that does not heal” .
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NP-based delivery systems can be designed to take advantage of the aberrant vasculature, the acidic or hypoxic TME, to

induce the release of therapeutic drugs directly in the TME, reducing off-target side effects . In the last twenty years,

the discovery of novel biomaterials has dramatically impacted on the field of nanobiotechnology, such as, for example, the

addition of novel stimuli-responsive polymers, which can be used to develop advanced nanostructures with the ability to

improve the pharmacokinetic properties of many drugs used in oncology . The application of nanotherapeutics to

cancer therapy has already reached the clinical stage, with more than ten FDA-approved nanoformulations, mainly

employed for the delivery of chemotherapeutics such as doxorubicin (DOX), daunorubicin, paclitaxel and irinotecan,

among others . In addition, nanovaccines designed for the co-delivery of antigen and adjuvants to antigen presenting

cells (APCs), have also been recently deployed for COVID-19, opening novel avenues for the use of nucleic acids-loaded

NP for cancer therapy in the near future .

2. NP-Based Delivery Systems for Cancer Therapy

Nanocarriers can be developed to mimic the characteristics of immunogenic pathogens and provide tumor associated

antigens (TAA) to re-establish and sustain the ongoing anti-tumor immune response in the TME . Other strategies

rely on the delivery of immunomodulatory drugs in the TME to modify the activity of tumor infiltrating lymphocytes . In

other cases, NP are utilized to deliver chemotherapeutics to the TME to specifically kill tumor cells, with consequent

releases of TAA able to support anti-tumor immunity .

NP can also be tailored to be stimuli-responsive to take advantage of the acid and hypoxic nature of the TME. This can be

accomplished by incorporating stimuli-responsive compounds and polymers in nanostructures, with consequent release of

their therapeutic payload in the TME . Polymers composed of histidine, 4-vinyl pyridine, aspartic and methacrylic

acid are some examples of pH-sensitive molecules widely included in NP formulations, while derivatives of nitrobenzil or

azobenzene are incorporated as hypoxia-responsive elements . In addition, NP can be made responsive to particular

enzymes present in the TME such as metalloproteinases .

Another therapeutic strategy to impact the immunosuppression of the TME relies on depletion of TAMs. This can be

achieved by a liposomal formulation of the bisphosphonate clodronate (CodroLip) leading to tumor growth reduction in a

wide variety of mouse xenograft models . Of note, CodroLip therapy has been used in pre-clinical mouse models

to study the effect of macrophage depletion in many diseases, including cancer . However, this treatment can induce

severe side effects such as neutrophilia and anemia, and it was not recommended for human trials due to its high toxicity

. Lastly, there is little interest from the pharmaceutical industry in the development of clodronate (or any other

bisphosphonate) nano formulations, since these drugs are considered “old”, therefore non-patentable.

In addition, NP can be tailored to extravasate into the lymphatic system to reach the lymph nodes directly. For this

purpose, NP ranging from 10 to 100 nm have been shown to effectively reach lymph nodes after subcutaneous injection,

while NP of a larger size are unable to drain effectively into the lymphatic system and are retained at the injection site 

. The incorporation of antigens in NP can be achieved by covalent linkage of a protein or peptide to components of the

nanostructure. In addition, nucleic acids can be attached through electrostatic interactions to the surface of NP (similarly

to siRNAs) and can be processed and translated by APCs into antigenic peptides. Moreover, DNA and mRNA-based

cancer vaccines can be designed to include multiple antigens to further increase immunogenicity. These nanosystems

have the advantage of more closely mimicking live infections by incorporating multiple antigenic epitopes and pathogen-

derived immune-adjuvants, into one single nanostructure.

3. NP-Based Delivery Systems Designed to Improve ICI and ACT
Immunotherapies

Immunotherapeutic strategies rely on the infiltration of activated CD8+ T cell in the TME to kill cancer cells. However,

when the TME is highly immunosuppressive, T cells are unable to efficiently exert their function and can become anergic.

Thus, acting on the immunosuppressive TME, while at the same time inducing a strong and specific anti-tumor immune

response, is essential to achieve a strong durable response able to eradicate established tumors. Therapeutic

nanovaccines have been recently employed to stimulate a de novo immune response against tumor neoantigens.

However, as a standalone therapy, nanovaccines are not able to completely eradicate established tumors. To improve the

efficacy of nanotherapeutics, many research groups have explored their use in combination with ICIs in pre-clinical

models with great success.

The choice of TAA is a critical step in the development of nanovaccines. In fact, the impressive results obtained in pre-

clinical models are mediated by the targeting of specific antigens, which are, in some cases, model antigens such as

OVA. In these cases, the model antigen is overexpressed by tumor cells and cannot be considered as a surrogate of a
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mutated or overexpressed self-antigen present in human tumors. To circumvent this problem, Xu and colleagues

developed a nanoplatform able to include neoantigens from the surface of tumor cells. This strategy allows the integration

of tumor extract from resected autologous tumors with a fluoropolymer-based NP and can effectively prevent post-

operative tumor recurrence and tumor metastases in treated mice, if used in combination with anti PD-1 or anti CTLA-4

therapy .

Unfortunately, the clinical translation of CAR-T cells for the treatment of solid tumors showed only moderate success in

clinical trials . This is, in part, due to the low infiltration of the infused T cells in the TME, which then encounter

multiple immunosuppressive signals able to reduce their anti-tumor function. To further stimulate the expansion and

effectiveness of transduced T cells in vivo, different NP-based “backpack” strategies have been developed to deliver

immunomodulating agents together with T cells in the TME. Protein nanogels targeted to CD45, which served as a stable,

non-internalizing anchor, were employed to bind to T cells and slowly release an IL-15 superagonist complex in the TME

to support T cell effector functions. This strategy improved the efficacy of CAR-T cells in B16F10 xenografts dramatically,

leading to complete tumor eradication in 80% of treated mice, compared to only 20% in mice treated with standard CAR-T

cells .

The efficacy of CAR-T cells can also be improved by the treatment with immunomodulatory NP prior to T cell transfusion.

This strategy can support CAR-T cells homing to the tumor lesion, leading to an enhanced expansion and anti-tumor

function in the TME. For example, 4T1-ROR1 tumor bearing mice treated with an integrin-targeted liposomes loaded with

a combination of the PI3K inhibitor PI-3065, and the α-GalCer agonist 7DW8-5, showed enhanced efficacy of transplanted

CAR-T cells which were able to eradicate tumors in 50% of treated mice, while NP and CAR-T cells alone were ineffective

.

4. Drawbacks and Future Perspectives

In general, NP-based therapeutics show strong anti-tumor effects in pre-clinical models of cancer. Nonetheless, clinical

trials have provided little evidence of efficacy, especially if NP are administered as a standalone treatment. This could be

explained by the exaggerated intratumoral distribution of NP in xenograft models, which harbor a relatively well-developed

tumor vasculature, enhancing the passive targeting of NP mediated by the EPR effect. Murine xenograft models are

rapidly proliferating, in addition to being highly vascularized tumors, which is also very different from their human

counterparts, characterized by a more complex stromal architecture and a higher stromal density. Therefore, NP-based

therapeutics, which are effective in murine models of cancer, may encounter additional issues to achieve similar results in

human solid tumors. Slow growing tumor models or transgenic mice models could be employed to better recapitulate the

stromal architecture of human tumors, since NP accumulation can dramatically differ between patients due to intrinsic

heterogeneity .

There is a strong rationale for the use of cancer nanovaccines in combination with other immunotherapies or

immunomodulators. NP offer the optimal platform for combinational immunotherapy, as they are able to encapsulate

multiple immunomodulators and/or neoantigens in biodegradable particles. The main argument for this combinatorial

therapeutic approach relies on the reinvigoration of the adaptive immune response against tumor cells by the

nanovaccines with a simultaneous and synergistic treatment aimed at reducing the local immunosuppression in the TME.

Furthermore, pre-clinical evidence also supports this hypothesis for CAR-T cell therapy, where nanovaccines can be

utilized to enhance the in vivo expansion of transplanted T cells to augment and prolong their anti-tumor activity . In

addition, NP-based therapeutic strategies aimed at activating, re-polarizing or depleting the myeloid cellular compartment

within the TME have shown compelling evidence for synergy with both ICIs and CAR-T cells. Therefore, translation of NP-

based therapeutics should be accompanied in clinical trials in combination with other immunotherapies or

immunostimulators to attack advanced metastatic tumors from multiple and different angles, in order to limit the strong

immunosuppressive role of the TME, and support cytotoxic T cell functions.
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