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Abstract

Research into the immunological processes implicated in cancer has yielded a basis for the range 

of immunotherapies that are now considered the fourth pillar of cancer treatment (alongside 

surgery, radiotherapy and chemotherapy). For some aggressive cancers, such as advanced non-

small-cell lung carcinoma, combination immunotherapies have resulted in unprecedented 

treatment efficacy for responding patients, and have become frontline therapies. Individualized 

immunotherapy, enabled by the identification of patient-specific mutations, neoantigens and 

biomarkers, and facilitated by advances in genomics and proteomics, promises to broaden the 

responder patient population. In this Perspective, we give an overview of immunotherapies 

leveraging engineering approaches, including the design of biomaterials, delivery strategies and 

nanotechnology solutions, for the realization of individualized cancer treatments such as 

nanoparticle vaccines customized with neoantigens, cell therapies based on patient-derived 

dendritic cells and T cells, and combinations of theranostic strategies. Developments in precision 

cancer immunotherapy will increasingly rely on the adoption of engineering principles.

Cancer immunotherapies—which harness and boost the body’s immune system to target and 

kill tumour cells—include antibodies that block suppressive immune-check-point pathways, 

cellular therapies based on dendritic cells (DCs) and engineered T cells, and vaccines that 
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trigger antigen-specific immune responses in tumours. Blocking antibodies specific for the 

immune checkpoint proteins cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) and 

programmed cell death receptor-1 (PD-1) have been game-changers in clinical cancer 

therapy1–5. These antibodies, designed to liberate T cells from the immunosuppression 

mediated by the CTLA-4 and PD-1 pathways, promote potent and durable T-cell responses 

that can eliminate tumours and lead to cancer remission3,6. Still, only 10–30% of patients 

benefit from such immune-checkpoint blockade3,6, and the co-administration of both anti-

CTLA-4 and anti-PD-1 antibodies for synergistic tumour killing can lead to serious 

immune-related toxicities. For instance, one clinical study of patients treated with dual anti-

CTLA-4 and anti-PD-1 immunotherapy reported that 53% of those patients experienced 

grade-3 or grade-4 adverse events, including hepatic, gastrointestinal and renal disorders7. 

There is thus strong interest in improving patient response rates and the safety of cancer 

immunotherapies.

One strategy for achieving this objective would be to combine immune-checkpoint blockade 

with cellular therapies or therapeutic vaccines8–17. Cellular therapies based on patient-

derived DCs (obtained from the ex vivo differentiation of peripheral blood monocytes) 

loaded with tumour-associated antigens (TAAs) can be infused back into the patient to 

enhance T-cell activation and tumour-cell killing18,19. Similarly, T cells isolated from a 

patient’s blood can be purified to contain particular T-cell populations that can be genetically 

modified to promote anti-tumour efficacy. Unfortunately, the production of TAA-presenting 

DCs, or of tumour-specific T cells, is labour-intensive and is associated with variable yields 

and quality. In light of these limitations, acellular cancer vaccines and combination 

immunotherapies may have some advantages.

Recent advances in genomics and proteomics focussed on the tumour mutanome have 

revealed that every tumour has a unique set of ‘driver’ mutations and ‘passenger’ 

mutations20–22. This observation has provided unique opportunities for personalized 

therapies. Tumour cells expressing mutated proteins (neoantigens) present these new 

epitopes in the context of major histocompatibility complex (MHC) molecules. In contrast to 

TAAs, whose expression is shared among healthy and tumour cells, neoantigens arise from 

mutations in tumours and are, therefore, fully restricted to tumour cells. Thus, 

immunotherapies that capitalize on rich genomic and proteomic data to develop personalized 

strategies based on neoantigens enable the highly specific targeting of tumour cells without 

risking healthy tissues and without being limited by immune tolerance mechanisms.

The prospect of neoantigen-directed immunotherapies providing cancer treatments 

customized to individual patients has galvanized researchers working in cancer 

immunotherapy20–22. Yet, the workflow for generating neoantigen-targeted therapies is 

complex. Whole exome DNA and RNA sequencing of patient-derived tumour cells is 

followed by the application of computational tools for neoantigen identification (by taking 

into account factors such as predicted proteasome processing and MHC class-I and class-II 

binding affinities); the ‘hits’ can then be further narrowed down with mass-spectrometry 

analyses of immunoprecipitated peptides. Once the top neoantigen candidates are identified, 

they can be used to screen patient-derived samples for the presence of neoantigen-specific T 

cells. The concept of neoantigen-based personalized immunotherapy was just recently 
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demonstrated in murine models of cancer23–26, but has already been translated to proof-of-

concept phase-I clinical trials with small cohorts of patients with advanced melanoma27,28 or 

glioblastoma multiforme29,30.

In this Perspective, we highlight state-of-the-art engineering strategies for improving the 

efficacy and potency of cancer immunotherapy. We focus on recent advances in biomaterials 

design, drug-delivery strategies and nanotechnology that promise to accelerate progress in 

the development of patient-specific cancer immunotherapies (Fig. 1), including peptide-

based vaccines featuring neoantigens, gene therapies designed to deliver neoantigens or 

immunomodulatory proteins, cellular therapies based on patient-derived DCs and T cells, 

and nanotechnology for image-guided theranostic applications. We argue that biomaterial-

based drug-delivery strategies offer exciting opportunities for personalized immunotherapy 

and precision medicine. We also provide an overview of the advantages and disadvantages of 

combination therapies involving photothermal (PTT), photodynamic (PTD) and radiation 

therapies for advanced cancers (Table 1).

Neoantigen peptide vaccines

A comprehensive study of vaccination using neoantigen peptides, reported in 2012 (ref. 23), 

led to the identification of over 900 non-synonymous point mutations in B16F10 murine 

melanoma cells. The list of mutated peptide sequences was processed through MHC-binding 

prediction tools, which yielded a shortlist of 50 peptides that were then selected for 

immunogenicity screening in mice. Subcutaneous injection of neoantigen or wild-type 

peptides, together with the adjuvant polyinosinic:polycytidylic acid (poly(I:C); a Toll-like 

receptor (TLR)-3 agonist), led to neoantigen-specific, interferon (IFN)-γ-associated T-cell 

responses to five of the 50 peptides. When tested in a therapeutic setting and compared with 

adjuvant alone or with the absence of treatment, neoantigen vaccination significantly slowed 

the growth of B16F10 tumours. In 2014, tumour exome sequencing was employed in 

conjunction with mass spectrometry to identify neoantigens in a hindlimb MC-38 tumour 

model24. Here, mice that were vaccinated intraperitoneally with long neoantigen peptides 

(25–30mer amino acids) together with anti-CD40 monoclonal antibody and poly(I:C) 

adjuvant showed a reduction in tumour growth and an increase in tumour-infiltrating 

neoantigen-specific CD8+ T cells. In 2017, first-in-man phase-I clinical trials of the 

treatment of advanced melanoma with neoantigen peptide vaccines following surgical 

resection of the tumour were reported (Fig. 2)27. Each of the six patients received seven 

doses of 20 different neoantigen peptides mixed with poly(I:C) stabilized with poly-L-lysine 

(poly-ICLC) adjuvant27; neoantigen vaccination induced CD4+ and Cd8+ T cells specific for 

58 (60%) and 15 (16%) of the 97 unique neoantigens identified across the six patients. Four 

patients showed no recurrence at 25 months after vaccination, and two patients exhibited 

complete tumour regression after co-treatment with the checkpoint-blockade agent anti-

PD-1. Along with another phase-I trial of a neoantigen encoding a messenger RNA 

vaccine28, these trials showed that personalized neoantigen vaccination, especially in 

combination with immune-checkpoint blockade, can unleash the full cytotoxic potential of 

neoantigen-specific T cells to kill tumours with limited adverse effects and underscored the 

clinical applicability of personalized neoantigen vaccines as a therapeutic strategy for long-

term protection against tumour relapse and metastases.
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Delivery of peptide vaccines.

The tantalizing results of neoantigen vaccination galvanized researchers working in 

personalized immunotherapy. Yet, producing potent anti-tumour neoantigen therapies safely 

and effectively is challenging, because the amino acid composition of neoantigen peptides 

can have significant effects on their isoelectric properties, meaning that the administration of 

a cocktail of soluble peptides can lead to their precipitation, deposition in off-target tissues, 

or dissemination through the systemic circulation without preferential targeting to lymphoid 

tissues. Such barriers to vaccine delivery can result in only a minor fraction of the injected 

peptides reaching the target lymphoid tissues, reducing vaccine efficacy. Efficient delivery 

strategies are thus needed to enhance the transport of neoantigens and adjuvant molecules to 

lymph nodes. Several research groups have reported enhanced immunogenicity with peptide 

vaccines when including oil-based adjuvants, such as Montanide, to create water-in-oil 

formulations that form depots for the slow release of antigen peptides31,32; however, these 

formulations are often associated with adverse effects such as abscess formation and 

sustained inflammation at the injection site, leading to the sequestration and deletion of 

antigen-specific T cells33–35. Therefore, neoantigen vaccines should be designed to 

maximize antigen delivery to lymph nodes while considering the aqueous solubility and 

physicochemical properties of neoantigen peptides. Additionally, the co-localized delivery of 

antigens and adjuvant molecules to the same intracellular compartments (such as endosomes 

containing TLRs) within antigen-presenting cells (APCs) is needed to achieve robust T-cell 

responses36,37. An ideal vaccine for neoantigens should be versatile yet easy to manufacture, 

as personalized vaccine products require rigorous quality-control and reproducible 

production.

To meet these demands, nanovaccine formulations are gaining momentum38. Nanoparticles 

with an optimal size for lymphatic trafficking (10–100 nm) are increasingly recognized as 

efficient carriers for the targeted delivery of antigens to APCs (refs. 39,40). For example, 

nanodiscs based on synthetic high-density lipoprotein (sHDL) can serve as an effective 

delivery system for therapeutic vaccination with neoantigen peptides (Fig. 3)16, owing to the 

nanodiscs’ small size (~10 nm in diameter), stability and biocompatibility. As large-scale 

manufacturability and clinical safety are major hurdles for the clinical translation of 

nanomedicines41, an additional advantage of the sHDL vaccine is that it builds on current 

good manufacturing practices (cGMPs) and clinical safety protocols previously 

demonstrated in clinical trials for cardiovascular applications42. Furthermore, sHDL 

nanodiscs can readily bind to lipoprotein cell receptors (such as scavenger receptor class B 

member 1 (SR-B1), which is overexpressed on APCs), therefore enhancing the targeted 

delivery of the nanodiscs to the relevant immune cells in lymph nodes43–46. Indeed, mice 

vaccinated with sHDL nanodiscs containing neoantigen peptides and the adjuvant CpG 

oligodeoxynucleo-tide elicited a ~47-fold higher frequency of neoantigen-specific CD8+ T 

cells when compared with the administration of soluble neoantigen peptide and CpG (ref. 
16). Neoantigen nanodisc vaccination was also combined with immune-checkpoint blockade 

(using an anti-PD1 antibody) to achieve tumour eradication in >85% of mice bearing MC-38 

colon carcinoma and B16F10 melanoma. A cocktail of nanodiscs carrying a TAA (namely, 

tyrosinase-related protein 2; TRP2) and two neoantigens had a noticeable advantage over 

vaccination with either TRP2 or two neoantigens alone, suggesting the potential advantages 
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of vaccine formulations targeting a set of both TAAs and neoantigens16. Also of note, when 

compared with an intramuscular route, the subcutaneous administration of nanodiscs 

enhanced the delivery of antigens and adjuvants to lymph nodes, leading to an increase in 

the frequency of neoantigen-specific T cells and to the elimination of large established 

B16F10 tumours47,48. Whether sHDL vaccines personalized with neoantigens can achieve a 

significant survival benefit in the clinic remains to be seen16,49,50.

The utilization of albumin—the most abundant protein in serum—as a vaccine-delivery 

carrier (‘albumin-hitchhiking’) offers an alternative approach to antigen and adjuvant 

delivery. This approach takes advantage of the biophysical properties, cellular interactions 

and molecular-transport mechanisms of serum albumin. The conjugation of TAAs and CpG 

to albumin-binding lipid tails enhanced T-cell responses by 30-fold and led to reduced 

tumour growth in both the TC-1 and B16F10 models when compared with free mixtures of 

TAAs and CpG (ref. 51). There are also related albumin-conjugate strategies for the delivery 

of chemo-therapeutics and antigen-adjuvant combinations: an Evans blue analogue, 

AlbiVax, that binds to albumin for effective lymph-node draining has been tethered to 

antigens or to CpG to facilitate their systemic delivery (Fig. 4)52. AlbiVax enhanced the 

accumulation of a Cu64-labelled Adpgk neoantigen in lymph nodes by >40-fold when 

compared with soluble peptide vaccination in the MC-38 model, and vaccination with 

AlbiVax-Adpgk in the context of CpG adjuvant slowed tumour growth and protected 

animals against tumour rechallenge, an effect that could be potentiated by combination with 

checkpoint blockade. As albumin-bound drug conjugates have been approved by the United 

States Food and Drug Administration (FDA) for cancer treatment53, albumin-mediated 

vaccine formulations51,52,54,55 may have a simplified clinical-translation pathway for 

personalized-cancer-immunotherapy applications. Still, any autoimmunity against albumin 

or albumin-producing hepatocytes, as well as the potential for off-target toxicity of the 

albumin-hitchhiking therapeutics, should be carefully examined.

Self-assembled DNA-RNA nanocapsules are an alternative strategy for delivering 

neoantigen peptides. In a 2015 study54, DNA- RNA nanocapsules composed of CpG, Stat3 

short-hairpin (sh) RNA (for reversing immunosuppression) and poly(ethylene glycol) 

(PEG)-grafted polypeptides for the delivery of neoantigens were shown to be internalized by 

bone-marrow-derived dendritic cells (BMDCs), and led to superior immune activation of the 

DCs when compared with CpG-containing larger parent particles or with CpG alone. In 

mice, DNA-RNA nanocapsules loaded with a MC-38 neoantigen peptide enhanced the 

neoantigen-specific CD8+ T-cell response and led to stronger anti-tumour effectiveness 

when compared to soluble peptide with CpG (ref. 56).

As an alternative approach, synthetic polymeric particles, such as poly 2-

(hexamethyleneimino)ethyl methacrylate (PC7A) with an intrinsic ability to activate the 

stimulator of interferon genes (STING) pathway have also been employed for the induction 

of T-cell responses against neoantigens57. The small size of the PC7A nanoparticles (~29 

nm) facilitated the effective lymphatic drainage of the antigen, as well as subsequent cellular 

uptake, cross-presentation and DC activation. The PC7A nanoparticles were efficacious in 

the B16F10 model of melanoma expressing the model antigen ovalbumin (OVA), and 
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elicited potent anti-tumour responses when delivering a cocktail of TAAs and neoantigens in 

murine models of MC-38 colon carcinoma and B16F10 melanoma57.

There are also microscale delivery systems for vaccines. One example is the use of mixtures 

of mesoporous silica micro-rod scaffolds (MSRs), each separately adsorbed with CpG, 

granulocyte-macrophage colony-stimulating factor (GM-CSF) or polyethyleneimine (PEI), 

in complexation with antigens58. Including the PEI-adsorbed MSRs in the mixture 

significantly increased the expression of MHC-II and CD86 in BMDCs, as well as the in 

vitro production of interleukin (IL)-6 and of tumour necrosis factor (TNF)-α, potentially 

owing to lysosomal-destabilization and inflammasome activation mediated by PEI (ref. 59). 

Subcutaneous administration of MSR–PEI–OVA outperformed MSR–OVA in increasing 

antigen-specific CD8+ T cells, IFN-γ production, and the ratio of effector T cells and 

regulatory T (TREG) cells. Vaccination with mixtures of MSR–CpG, MSR–GM-CSF and MSR–

PEI–neoantigens reduced the number of lung metastases in a mouse model of B16F10 and 

CT26 tumours, and exerted anti-tumour efficacy in synergy with anti-CTLA-4 checkpoint 

blockade58.

Taken together, these nanovaccines have yielded exciting proof-of-concept results for 

neoantigen-based personalized vaccination. It is notable that the performance of 

nanovaccines can be further improved when these are combined with immune-checkpoint-

blockade therapy, highlighting the importance of addressing immunosuppression in the 

tumour microenvironment for effective cancer vaccination. Moreover, owing to 

improvements in the intracellular transport of cargo molecules and in the incorporation of 

targeting moieties, the biomaterials used for these nanovaccines showed few off-target 

toxicities and non-specific immune responses. On the way to making personalized 

nanovaccines a reality, remaining engineering challenges include how to control the release 

of immunomodulatory agents to enhance T-cell infiltration into tumours post-vaccination 

and how to sustain the functionality of T cells within the immunosuppressive tumour 

microenvironment. It is also necessary to examine and validate lymph-node-targeted and 

APC-targeted delivery of nanovaccines in large animals, as to date most studies have been 

performed in murine models; this is an important point, as the stability of nanomaterials and 

lymph-node draining patterns may be entirely different in humans. Also, it is important to 

streamline and speed up the cGMPs of personalized vaccine nanoparticles for robust 

adaptability to each patient’s neoantigens, and to establish quality-control measures for 

neoantigens with diverse physicochemical properties.

Gene-based vaccines

Improvements in technology and in our understanding of diseases has enabled the 

development of gene therapies as effective and targeted treatments. New approaches for the 

delivery of DNA and RNA encoding immunostimulatory cytokines and proteins to tumour 

sites to amplify T-cell responses and reverse immunosuppression within tumours have been 

developed in the past decades. Here, we discuss the primary methods of gene delivery based 

on viral and non-viral methods, the latter encompassing a much larger variety of transport 

mechanisms.
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Viral vectors.

Gene delivery using viral vectors is effective, owing to the natural ability of viruses to invade 

host cells and to elicit potent and long-lasting T-cell responses by inducing the durable 

intracellular expression of antigens. Viral constructs, such as recombinant adenoviruses, 

vaccinia viruses and fowlpox viruses60,61, have been used to deliver TAAs, including gp100 

or MART-1 (melanoma antigen recognized by T cells-1), to patients with metastatic 

melanoma participating in clinical trials19,62–64. Also, in studies of patients with 

glioblastoma, the intratumoural injection of a herpes simplex virus65 expressing the 

cytokines IL-12 and IL-4 led to the recruitment of CD4+ and CD8+ T cells as well as 

macrophages in the tumour site65–68. A vaccine formulation of a self-replicating Sindbis 

virus construct linking RNA encoding E7 (a human papilloma virus (HPV) antigen) and 

VP22 (a herpes symplex virus (HSV) antigen known to facilitate the cellular transport of 

proteins) also induced a higher frequency of potent IFN-γ-producing splenic CD8+ T cells 

with enhanced antigen-specific cytotoxicity compared with either E7 or VP22 RNA alone in 

mice69.

Despite the promise of viral vectors for the delivery of vaccine antigens, identifying the 

optimal formulations for personalized immunotherapy remains elusive. First, therapies based 

on viral vectors can result in immune rejection, owing to the induction of immune responses 

to the viral vectors themselves that reduce their effectiveness. Second, it is technically 

challenging to produce viral vectors tailored to a patient’s neoantigens that meet cGMP and 

quality-control standards in a short timeframe, as is required for personalized 

immunotherapy. In fact, the efficacy of viral vectors for vaccination against neoantigens in 

humans remains to be seen.

Non-viral delivery.

Non-viral gene delivery offers potential solutions to the limitations of viral-vector-based 

vaccines, as exemplified by the reports of optimized DNA-based gene-delivery systems 

developed over the past few decades. Direct injection of naked DNA plasmid in mice via the 

intramuscular, intradermal or intravenous routes enables the transfection of the gene of 

interest into muscle, skin and liver tissue, respectively70, but the in vivo transfection 

efficiency of naked DNA is limited by its chemical instability, susceptibility to nuclease 

attack, rapid clearance and inefficient delivery to local lymph nodes71. Cationic lipids have 

been widely used to form liposomal complexes with DNA for increased transfection72–74, 

and new delivery systems such as transdermal patches can enhance the targeted delivery of 

DNA plasmids to skin-resident DCs75,76. Furthermore, clinical trials using DNA-delivery 

technologies, such as gene guns and electroporation, for vaccine applications are ongoing. 

Of note, whereas these existing systems should be readily adapted for personalized 

neoantigen vaccination, DNA immunization generally induces weak immune responses and 

thus requires co-stimulation with potent adjuvants or with DNA-encoded immu-

nostimulatory genes77,78. Moreover, the potential for induction of anti-DNA antibodies 

could cause toxicities, and the potential for integration of DNA into the host’s genome is a 

major concern77,78, especially as neoantigen vaccines would require multiple immunizations 

with DNA encoding a wide range of antigens.
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In the past few years, mRNA-based vaccines have gained much attention owing to a few key 

advantages over DNA vaccination79–81. A major benefit is the lower barrier for antigen 

expression; when compared with DNA, which requires nuclear delivery, the mRNA-

mediated expression of antigens can be achieved via cytosolic delivery. Additionally, mRNA 

induces only transient gene expression, and is not at risk of genomic integration. 

Furthermore, RNA sequences can be designed to trigger innate immune responses via 

interaction with TLRs, retinoic-acid-inducible protein-I (RIG-I), or melanoma-

differentiation-associated gene 5 (MDA5)82,83—an inherent immunostimulatory property 

that makes RNA an attractive technology for vaccine development. However, the chemical 

instability and low transfection efficacy of mRNA remain major barriers to therapeutic 

efficacy. Yet, even direct vaccination via intranodal injection of naked mRNA encoding OVA 

has led to CD8+ and CD4+ T-cell expansion in a B16F10–0VA melanoma model84 and to a 

first-in-man phase-I clinical trial of mRNA encoding tumour neoantigens identified in 

patients with stage-III and stage-IV melanoma28. In this clinical study, thirteen patients with 

late-stage melanoma received ultrasound-guided intranodal vaccinations with up to 20 doses 

of mRNA encoding 10 different neoantigens (based on each patient’s tumour exome). T-cell 

responses against 60% of the neoantigens encoded by the mRNA vaccine were detected. 

Importantly, patients whose tumours expressed known TAAs were vaccinated with both 

TAAs and neoantigens, but stronger responses were induced against the neoantigens, 

suggesting that the lack of immune tolerance to the neoantigens is a major factor in the 

immune response following vaccination. Over 75% of patients remained progression-free for 

more than a year following neoantigen-mRNA vaccination, and no vaccine-related adverse 

events were reported. This proof-of-concept clinical study exemplified the promise of 

mRNA vaccines for personalized cancer immunotherapy28.

Despite this progress, the in vivo delivery of naked mRNA remains challenging. The ribose 

sugar backbone of RNA, unlike the deoxyribose sugar backbone in DNA, is prone to 

hydrolysis, which reduces the stability of RNA molecules in circulation. Mammalian 

mRNAs are on average ~2,000 nucleotides long, and a single event of hydrolysis along the 

mRNA backbone can impede its translation. Furthermore, ubiquitous ribonucleases within 

the body decrease the stability of RNA and reduce its therapeutic efficacy. A potential 

solution for this limitation is the use of synthetic nucleotide analogues or of biomaterial-

based delivery for protecting the mRNA from degradation. For example, liposomes 

encapsulating synthetic mRNA encoding either self-antigens or neoantigens have been 

efficacious in multiple tumour models, including lymphoma, colon carcinoma and 

melanoma26,85, as the intravenous administration of mRNA-liposome constructs can lead to 

their preferential uptake by macrophages and DCs for effective tumour regression and 

prolonged survival85. Notably, the intravenous administration of mRNA–liposome 

complexes in a phase-I trial in patients with melanoma induced IFN-α secretion and strong 

antigen-specific T-cell responses in three of the treated patients85. Also, mRNA-

encapsulating cationic liposomes triggered enhanced tumour-specific T-cell expansion and 

slowed tumour growth in the B16F0 melanoma mouse model as well as in a murine model 

of glioma86.

Early-stage clinical trials and preclinical evidence have tested the safety and 

immunogenicity of mRNA vaccines based on neoantigens identified from tumour biopsies. 
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Moreover, the synergy of mRNA neoantigen vaccines and immune-checkpoint blockade 

offers a clinically suitable pathway for promoting T-cell survival and for augmenting the 

magnitude and potency of anti-tumour immune responses. Nevertheless, the further 

refinement of mRNA-vaccine formulations is necessary for their clinical translation. An 

optimal lipid composition for effective cytosolic delivery of mRNA to human APCs 

(including DCs, B cells and macrophages) is yet to be identified. Murine studies have 

screened for lipid compositions that enable the specific targeting of mRNA-liposomes to the 

spleen rather than the liver85, but whether these findings can be directly translated to humans 

is unclear. The intravenous injection of mRNA complexes may increase the risk of embolic 

stroke, lead to off-target deposition of mRNA in the lungs and liver, and promote protein 

expression in unintended target cells (such as hepatocytes), which could lead to the 

inadvertent T-cell-mediated killing of host cells. Thus, the composition and chemistry of 

mRNA-delivery agents should be optimized for balanced mRNA complexation, for selective 

uptake by the target APCs, and for the unpacking of mRNA within the cytosol for effective 

antigen expression, with minimal off-target accumulation. In this regard, targeting moieties 

such as cell-specific peptides may be incorporated into nanoparticles to promote APC-

targeted delivery. Also, their co-delivery with adjuvant molecules that synergize with the 

inherent immunostimulatory functions of RNA should be explored.

Patient-specific cell therapies

The recent advances in gene sequencing and gene editing enable the design of effective 

patient-specific cell therapies. Attempts to augment cell therapies with the use of 

biomaterials are particularly promising. Here, we dicuss recent reports on patient-specific 

cell therapies using DCs and T cells for the treatment of cancer.

DC vaccines.

Personalized DC vaccines traditionally involve the differentiation of monocytes isolated 

from the patient’s peripheral blood, and incubation with tumour antigens or with autologous 

tumour lysate87–89. In one study, among 10 paediatric patients with metastatic solid tumours 

(including neuroblastoma, osteosarcoma and renal cell cancer) and treated with biweekly 

DC vaccination, five had stable disease and one patient showed significant tumour 

regression89; the responders also had an increase in tumour-lysate-reactive T cells in 

peripheral blood mononuclear cells. In a similar study of patients with glioblastoma 

multiforme (GBM), those who received three subcutaneous DC vaccines pulsed with 

autologous GBM tumour lysate had significantly prolonged survival (33 months) compared 

with patients who received radiation therapy (7.5 months)87; a majority of the vaccinated 

patients also produced tumour-lysate-specific CD8+ cytotoxic T lymphocyte (CTL) 

responses, and a subset of responders showed intratumoural CTL infiltration. Vaccination 

with autologous DCs pulsed with oxidized autologous whole-tumour lysate has also been 

tested in patients with recurrent ovarian cancer90; here, tumour cells were oxidized before 

lysis by freeze-thaw cycling, on the basis of previous findings that had shown that this 

preparation method yielded more effective T-cell priming. DCs pulsed with oxidized tumour 

lysate were then administered in combination with bevacizumab (a vascular endothelial 

growth factor A (VEGF-A) antibody inhibitor) and cyclophosphamide to minimize 
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neovascular growth and tumour-infiltration of Treg cells, respectively; of the patients whose 

T cells responded to the DC vaccine, 73% experienced remission, and 100% reached the 2-

year-survival point (only 25% of the non-responders reached it). Immune responses against 

TAAs as well as previously unidentified neoantigens were observed90. Although lysate-

pulsed DC vaccines are safe, well-tolerated and have improved survival outcomes, they have 

yet to show complete tumour regression or remission91,92. This limitation has spurred efforts 

towards the engineering of DC vaccines loaded with neoantigens that can elicit tumour-

specific T-cell responses with potent immunotherapeutic effects.

A phase-I clinical trial in 2015 that involved three patients with melanoma who had 

previously received anti-CTLA-4 therapy used a systematic approach for generating DC 

vaccines loaded with neoantigens93. First, exome sequencing was performed on the patients’ 

tumours to identify neoepitopes with missense mutations; the hits were then filtered by 

predictive human leukocyte antigen (HLA)-binding-affinity tools and gene-expression 

analyses. Neoantigen-pulsed DCs were then administered to the patients. Three out of six 

neoantigens included in each patient’s regimen led to significant neoantigen-specific CD8+ 

T-cell expansion. Furthermore, neoantigen-DC vaccination increased the frequency of T-cell 

receptor (TCR)-β clonotypes that were previously known, and also revealed new TCR-β 
clonotypes, indicating that the vaccine could activate tumour-specific T cells that otherwise 

may have been dormant93. This top-down strategy enabled the preparation of DC vaccines 

tailored to the patients’ tumour mutanome, with maximal therapeutic effect and without 

toxicity.

Despite these promising results, the successful translation of DC vaccines to patients with 

reliable outcomes has been challenging, partially because highly trained personnel with 

specialized equipment are required for the ex vivo differentiation of peripheral blood 

monocytes into DCs, and for the pulsing of DCs with antigens18,19. In addition, the yield of 

DCs presenting MHC–peptide complexes is variable and depends on the condition of the 

patient’s peripheral blood monocytes. Furthermore, once administered, only a minor fraction 

(<4%) of the injected DCs home to lymphoid tissues94. These limitations, however, could be 

addressed with new engineering approaches. For example, in situ vaccination with injectable 

alginate hydrogels, termed ‘cryogels, can prime local DCs and trigger antitumour immune 

responses without the need for the ex vivo manipulation of DCs (refs. 95–97). Following in 

vivo implantation, pore-forming cryogels carrying GM-CSF, CpG and tumour antigens 

recruited immature DCs from local tissues into the scaffold, and promoted the activation of 

DCs and their migration to draining lymph nodes. In turn, reprogrammed DCs elicited anti-

tumour T-cell responses and extended animal survival in murine models of B16F10 

melanoma and of breast cancer.

An alternative engineering solution for improving DC vaccines uses exosomes carrying both 

membrane proteins and endosomal-cell contents. Culturing DCs with exosomes can promote 

antigen presentation by DCs through the naturally occurring membrane exchange between 

tumour-antigen-containing exosomes and DCs (ref. 98). To further increase the DC uptake of 

tumour-cell-derived exosomal vesicles, DCs can be engineered to express extracellular 

vesicle-internalizing receptors specific for tumour-associated proteins, such as human 

epidermal growth factor receptor 2 (HER2)99. Moreover, acellular DC-based exosome 
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vaccines have recently gained traction100: compared with DC vaccines, exosomes derived 

from DCs (Dex) can be readily modified to exhibit favourable characteristics, including 

enriched MHC-antigen complexes, long-term storage and stability, resistance to 

immunosuppressive signals, and reactivity with multiple types of immune cells, all in the 

context of specific ligands, receptors and adjuvants that are naturally present in DCs. Indeed, 

Dex vaccines have been shown to efficiently promote tumour-antigen-specific T-cell 

proliferation and subsequent tumour regression in murine tumour models, and have entered 

phase-I and phase-II clinical trials for several cancers, including non-small-cell lung 

carcinoma, metastatic melanoma and colorectal cancer101–104. For a subset of patients from 

each population, the disease remained stable for up to 1 year, an observation that illustrates 

the promise of Dex-based immunotherapy100. Given the potential benefits of Dex vaccines, 

exploring new drug-delivery strategies with Dex or DC-derived vesicles for the cell-targeted 

and tissue-targeted delivery of immunotherapeutic agents could lead to enhanced efficacy, 

and might be included in patient-tailored strategies for combination cancer 

immunotherapy105,106.

Adoptive T-cell therapy.

Alongside immune-checkpoint blockade, adoptive T-cell therapy (ACT), which involves the 

ex vivo purification and manipulation of patient-derived T cells for subsequent injection 

back into the donor patient, has become a mainstream cancer immunotherapy107–109. ACTs 

follow several strategies. Tumour infiltrating lymphocytes (TILs)—the first type of tumour-

associated T cell to be explored as a potential therapy—are isolated from a patient’s tumour 

biopsies and are expanded ex vivo by using IL-2 stimulation. Although TILs have potential 

advantages in terms of tumour specificity, they have generally shown limited therapeutic 

efficacy, prompting the development of other categories of ACT. Two other strategies based 

on peripheral T cells, transfected with either a transgenic TCR or a chimaeric antigen 

receptor (CAR), have evolved. By enforcing the expression of an antigen receptor of choice, 

large batches of cells specific for individual tumour antigens can be produced. Although 

TCR transgenic T cells and CAR-T cells share similar methodologies, the extracellular 

single-chain variable fragment (scFv) of CAR-T cells can bind to antigens independently of 

MHC-mediated presentation on APCs, enabling CAR-T cells to target a wider range of 

TAAs. As a result of this flexibility, the efficacy of CAR-T cell therapies in treating 

haematological malignancies has resulted in two FDA-approved therapeutics, 

tisagenlecleucel and axicabtagene ciloleucel, for the treatment of acute lymphoblastic 

leukaemia and large B-cell lymphoma, respectively110.

A major factor in the success of T-cell-engineering approaches is the antigen specificity of 

the inserted antigen receptor. If the target antigen is shared by normal and cancer cells alike, 

the transferred T cells can cause severe on-target, off-tumour toxicity107; therefore, how to 

generate CAR-T cells that are as specific to cancer cells as possible to minimize adverse 

effects and increase efficacy is a major research focus. One approach to enhance cancer-cell 

specificity involves the development of patient-tailored neoantigen-specific T cells. Indeed, a 

higher number of putative neoantigens in tumours is known to lead to better prognosis for 

patients receiving ACT (ref. 111), suggesting that ACT could become more efficacious when 

T cells are targeted against those neoantigens. This hypothesis is supported by findings from 
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a preclinical study based on T cells transduced with a gene encoding an HLA-specific and 

mutation-specific TCR for a shared neoantigen that harboured an H3.3K27M mutation 

(amino acid substitution from lysine to methionine at position 27 of H3.3) from diffuse 

intrinsic pontine gliomas; infusion of the TCR-engineered T cells led to tumour growth 

inhibition in a xenograft mouse model112.

Another limitation of current ACTs is the need to generate a sufficient number of cells ex 

vivo that can exert a potent therapeutic effect when infused back into the patient. Ex vivo T-

cell expansion is a labour-intensive process that requires specialized skills, which limits the 

availability of ACT to only a few institutions worldwide. A potential solution is the in situ 

transfection of CAR genes in peripheral T lymphocytes (Fig. 5)113. Circulating T cells can 

be targeted in vivo by CD3-directed nanoparticles carrying genes for a CD19 CAR to induce 

its sustained transcription; this strategy led to significantly improved survival of mice 

bearing Eμ-ALL01 leukaemia cells. Targeting circulating T cells in vivo may also be 

applicable for generating neoantigen-specific T cells, but the potential for indirect immune 

activation and the biocompatibility of the proposed system should be carefully assessed.

An additional strategy to address the current limitations of ACT is to develop artificial APCs 

(aAPCs) for a more efficient expansion of functional T cells during ex vivo proliferation. 

Paramagnetic nanoparticles have been modified with agonistic antibodies for providing the 

activating signals 1 and 2 that enhance T-cell activation and proliferation114. Interestingly, 

the application of a magnetic field to the nanoparticle-T-cell suspension led to the clustering 

of the nanoparticles tethered on the cell surface, a process that mimics the signal 

microclustering observed during the physiological activation of T cells and that enabled the 

on-demand control of co-stimulatory signals. Similarly, the activation and proliferation of 

CD8+ T cells has been achieved by means of carbon nanotubes presenting MHC-I molecules 

and anti-CD28 antibodies, together with poly(lactic-co-glycolic acid) (PLGA) nanoparticles 

for the delivery of IL-2 (ref. 115). Notably, this system significantly reduced the amount of 

soluble IL-2 needed to obtain a comparable number of T cells with respect to some 

commercially available systems for in vitro T-cell expansion. Alternatively, MSRs carrying 

IL-2, anti-CD3 antibody and peptide-loaded MHC can also promote the expansion of 

antigen-specific CAR-T cells116. Interestingly, the slow release of IL-2 has emerged as an 

important factor in T-cell expansion, as it limits the exhaustion of the adoptively transferred 

T cells, and enhances their function and efficacy.

Maintaining the viability of adoptively transferred T cells and preserving their tumour-

infiltration properties are additional challenges for ACT, especially when attempting to 

improve its efficacy against solid cancers. Owing to the immune-suppressive nature of the 

tumour microenvironment, it is critical to ensure that the transferred T cells proliferate and 

home to tumours. To this effect, the surface of CD8+ T cells has been modified with lipid-

based nanoparticles carrying IL-15 super-agonist and IL-21 cytokines for potentiating the 

proliferation of T cells117. Such localized delivery of cytokines enhanced the survival and 

proliferation of T cells after adoptive transfer into mice bearing cognate-antigen-expressing 

tumours, and reduced the systemic immunomodulatory effects typically associated with the 

bolus administration of free cytokines. In a similar approach, lipid-based nanoparticles 

carrying the topoisomerase I inhibitor SN-38 were attached to the surface of CD8+ T 
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cells118, facilitating their expansion ex vivo while maintaining their lymph-node-homing 

receptors CD62L (L-selectin) and C–C chemokine receptor type 7 (CCR7). This strategy 

enabled, in a lymphoma model, the efficient homing of transferred T cells to lymph nodes 

following administration, the increased delivery of SN-38 by 90-fold as compared with the 

bolus injection of the drug at 10-fold higher dose and extended animal survival118. 

Alternatively, adoptively transferred T cells have been targeted in situ with antibody-

decorated liposomes carrying IL-2 or a transforming growth factor (TGF)-β inhibitor, which 

promoted the proliferation of T cells in vivo while reversing the immune-suppressive tumour 

microenvironment119,120. These biomaterial strategies enable the specific targeting of drugs 

to the transferred cells, avoiding off-target immunomodulation and thereby safely 

augmenting the efficacy of T-cell therapies.

Biopolymers can also support T-cell survival and proliferation after adoptive transfer. 

Alginate-based hydrogels loaded with T cells have been developed for surgical implantation 

near non-resectable tumours or into the resection cavity following tumour excision121,122. 

Hydrogels modified with a collagen-mimicking peptide (to promote the efferent migration of 

T cells) and co-loaded with silica microparticles carrying IL-15 super-agonist and anti-CD3, 

anti-CD28, and anti-CD137 antibodies (for triggering T-cell proliferation) improved the 

proliferation of the transferred T cells and enhanced survival in tumour-bearing mice, 

compared with the systemic administration of the T cells. As biomaterial-based approaches 

can accommodate and deliver therapeutic cells or immunomodulatory drugs in a localized 

manner, they minimize T-cell activity in off-target tissues. A few hydrogel-based therapies 

have been approved by the FDA for bone regeneration, cancer treatment123 and other 

applications, which is a clear sign of the translational potential of biomaterial-based ACTs.

Emerging combination immunotherapies

Engineering technologies are being investigated to further augment the therapeutic efficacy 

of immunotherapies. Here, we discuss how harnessing the power of imaging and light 

modalities can improve patient outcomes using both existing and investigative cancer 

therapies.

Image-guided theranostics.

There are significant obstacles to the targeting of nanoparticles to specific tissues and to the 

optimization of their tissue permeation, especially for applications in immunomodulation, 

owing to the potential for organ inflammation and tissue damage associated with drug 

accumulation in off-target sites. Biomaterial-based image-guided methods, including 

magnetic resonance imaging (MRI), ultrasound and positron emission tomography-

computed tomography (PET-CT), may address these issues by precisely controlling the 

timing and location of drug release124–129, potentially limiting the off-target toxicity 

observed in combination immunotherapies. In addition, image-guided delivery technologies 

may provide solutions for enhancing cell permeability and nanoparticle uptake, allowing for 

better characterization of the tumour microenvironment during and after immunotherapy.

Recent innovations in image-guided theranostics for cancer treatment can be directly 

adapted to combination immunotherapy, and may lead to new biomaterial-based treatment 
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options for personalized diagnostics and therapeutics. For example, superparamagnetic iron 

oxide nanoparticles (SPIONs) have been thoroughly investigated as theranostic 

nanomaterials for MRI applications. SPIONs can be formulated in a variety of sizes and 

functionalized with different therapeutic moieties by using simple chemistry. They can be 

used for early tumour diagnosis130,131, for thermal ablation132–134 and for the magnetic 

guidance of therapeutics135–137. Importantly, SPIONs are generally biocompatible, as they 

are readily metabolized to iron ions and oxygen molecules. SPIONs decorated with single-

chain anti-CD3 antibodies and carrying immunosuppressive genes have been shown to 

selectively transfect T cells, leading to the downregulation of cytokine production and 

proliferation124. And the administration of SPIONs decorated with heat-shock protein 

(hsp)70 and carrying C6 glioma antigens can target DCs and generate anti-tumour T cells 

that inhibit tumour growth and extend the survival of C6-glioma-bearing rats138. These two 

studies of the immunosuppressive or immunostimulant capabilities of SPION-based 

theranostics, exemplify their potential for individualized combination immunotherapy.

Focussed ultrasound applied to a target site can be used alongside contrast agents that deliver 

drugs to specific tissues, and thereby potentiate the permeability of the tissues to facilitate 

the delivery of a drug. Focused ultrasound can also mediate the thermal ablation of tumour 

tissues. Microbubbles have been used as ultrasound contrast agents (UCAs) for decades in 

clinical diagnostics, owing to their ability to backscatter sound waves, and have attracted 

considerable interest as drug-delivery vehicles owing to their ability to produce enough shear 

force during stable oscillations or acoustic collapse to permeabilize cell membranes139. 

Microbubbles, similarly to SPIONs, can be functionalized with a variety of therapeutic 

molecules; for instance, the ultrasound-mediated delivery of chemotherapeutics to different 

solid tumours has led to tumour regression140–143. Ultrasound has also been combined with 

the systemic administration of immunomodulatory agents (to augment their accumulation in 

specific tissues) in several tumour models, such as a rat glioma model (using soluble IL-12), 

a mouse hepatoma model (combined with thymidine kinase), and lymphoma, 

neuroblastoma, melanoma and ovarian-cancer mouse models142,144–146.

Integrated PET-CT imaging can predict treatment outcomes, as illustrated by clinical studies 

showing that tumour-uptake patterns of a glucose analogue are predictive of treatment 

success147–151. Individual treatment plans can thus be adjusted according to the PET–CT 

results to improve tumour regression and patient survival. Together with MRI and 

ultrasound, PET–CT image-guided approaches for the personalization of cancer treatment 

can be used for the real-time targeting of tumours, and can be combined with other strategies 

compatible with immunotherapy, including checkpoint blockade and chemotherapy152. The 

clinical translation of these strategies will be limited mainly by heterogeneity in the patients’ 

tumours and by difficulties in streamlining treatment procedures for specific tumour 

locations and tumour burden.

Other combination therapies.

A major challenge in cancer immunotherapy is its typically limited efficacy when applied to 

large tumours. Although in most cases the prioritized therapeutic procedure is the surgical 

removal of the primary tumour, direct surgical removal is not always feasible. In this 
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context, photothermal therapies (PTTs) may offer an alternative. PTTs use photothermal 

agents or gold nanoparticles (GNPs) that generate heat once irradiated with near-infrared 

(NIR) light; when photothermal agents or GNPs are delivered to tumours, NIR-laser 

irradiation can be locally applied to generate heat in a spatially restricted process, which 

then ablates the tumour. A similar approach is photodynamic therapy (PDT), which uses 

photosensitizers to produce reactive oxygen species (such as singlet oxygen,1O2) that can 

induce apoptosis in cancer cells. Heat or reactive oxygen species can induce ‘immunogenic’ 

cancer cell death, whereby cancer-specific antigens are released and taken up by APCs, 

which then trigger cancer-antigen-specific immune responses. Importantly, immune 

responses triggered by PTT and PDT can synergize with chemotherapies and 

immunotherapies. For example, the photoablation of tumours using PLGA nanoparticles 

carrying indocyanine green (ICG), a photothermal agent, and imiquimod, a TLR-7 agonist, 

in subcutaneous models of primary breast (4T1) and colon (CT26) cancer in mice led to the 

inhibition of the growth of secondary distant tumours after the direct treatment of the 

primary tumours with ICG-imiquimod-loaded PLGA nanoparticles, followed by PTT and 

CTLA-4 checkpoint blockade therapy14. This combination therapy decreased TREG-cell 

numbers while increasing T-cell infiltration in secondary tumours, resulting in the regression 

of primary tumours and the suppression of secondary tumours. Also, PTT combined with 

chemotherapy can trigger potent systemic anti-tumour immunity against disseminated, 

untreated tumours (Fig. 6)17. Specifically, the treatment of a primary tumour with a single 

round of PTT with polydopamine-coated spiky gold nanoparticles153 and a sub-therapeutic 

dose of doxorubicin elicited robust anti-tumour responses in CD8+ T-cells and natural-killer 

(NK) cells, eliminating local as well as untreated distant tumours in over 85% of mice 

bearing CT26 colon carcinomas. The approach was also efficacious in a highly aggressive 

model of advanced head-and-neck squamous cell carcinoma (HNSCC), a murine model that 

closely mimics the clinical trials of PTT with silica–gold nanoshells17.

PDT can also trigger systemic immune responses. For instance, core-shell structured 

coordination-polymer nanoparticles loaded with oxaliplatin (a chemotherapeutic) and with 

photosensitizer pyrolipid surrounding the core enabled dual chemotherapy and PDT, 

inhibiting tumour growth in murine models of syngeneic CT26 and xenograft HT29 cancer-

cell lines154. Anti-PD-L1 treatment further potentiated anticancer efficacy in bilateral MC38 

and CT26 mouse tumour models; intraperitoneal injections of the nanoparticles in tumour-

bearing mice, followed by light irradiation only at the primary tumour and by the systemic 

administration of anti-PDL-1 antibody, reduced the growth of both primary and secondary 

tumours, with evidence of an abscopal effect. In a similar context, radiotherapy and 

radiodynamic therapy were applied via a Hafnium (Hf) nanoscale metal-organic framework 

(nMOF), an X-ray scintillator that can be excited with X-rays to generate ionizing radiation 

for tumour killing (Fig. 7)155. This study used 5,15-di (p-benzoato)porphyrin (DBP) as a 

photosensitizer ligand to crosslink Hf-based nMOF clusters, which generated OH radicals 

following X-ray radiation and excited the photosensitizer with ionizing radiation to generate 

singlet oxygen. In addition, DBP-crosslinked Hf-nMOF (DBP–Hf) was loaded with an 

indoleamine 2,3-dioxygenase inhibitor (IDOi), INCB024360 (also known as epacadostat), to 

exert immunotherapeutic effects. Intratumoral injection of DBP-Hf or systemic injection of 

PEGylated DBP-Hf, followed by X-ray radiation at the tumour site, led to rapid tumour 
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regression in various human-cancer xenograft models and in a murine CT26 colorectal-

cancer model. Together with an IDOi, IDO/DBP-Hf eradicated primary tumours and 

inhibited distant tumour growth in subcutaneous bilateral cancer models of CT26 and TUBO 

breast cancer cells155. Another approach involved antigen-capturing nanoparticles and 

radiotherapy for the capture of melanoma neoantigens released by irradiated tumour cells, 

leading to the expansion of CD8+ T cells, to increases in the CD4+/TREG and CD8+/TREG 

ratios, and to the regression of B16F10 melanoma tumours156.

Collectively, these studies support the use of PTT, PDT and radiotherapy for the eradication 

of primary tumours and for triggering the release of tumour antigens (including 

neoantigens), endogenous danger signals and pro-inflammatory cytokines within the tumour 

microenvironment. Such changes in the tumour microenvironment may provide an 

individualized treatment regimen for treating primary tumours and also for initiating 

immune responses, especially in combination with checkpoint-blockade therapy and with 

other immunostimulatory agents. In fact, recent studies have examined the clinical efficacy 

of radiation combined with the checkpoint inhibitor ipilimumab157,158. Patients with 

chemoresistant prostate cancer, melanoma or lung cancer benefited from the combination 

therapy and, notably, a patient with non-small-cell lung carcinoma who had no response to 

prior chemotherapies experienced a complete response to the combination therapy. These 

findings suggest that such combination therapy can turn non-immunogenic tumours into 

immunologically active ones, and that it may be feasible to further bolster their anti-tumour 

effects via theranostic approaches that enable spatiotemporal control over the delivery of 

adjuvants.

Still, synergies between cancer immunotherapy and PTT, PDT or radiotherapy are far from 

optimal. For example, retrospective analyses of clinical studies of such combination 

therapies strongly suggest the need to optimize radiation conditions to elicit strong T-cell 

priming in the presence of immune-checkpoint inhibitors159,160. Photosensitive and 

radiosensitive materials, especially metal-based agents, will need to be thoroughly evaluated 

for biocompatibility. Most agents for PTT and PDT need to be delivered to tumours for 

effective therapy; therefore, approaches to increase their tumour accumulation remain a 

major research focus. Chemically modifying photosensitive and radiosensitive materials or 

encapsulating them into biomaterials may reduce their toxicity and increase their in vivo 

biocompatibility and stability. Naturally, the clinical application of these techniques will 

require thorough dose-response studies, to determine tolerated levels of skin irritation as 

well as any other local and systemic adverse events. Moreover, it remains unclear how PTT, 

PDT and radiotherapy differ in terms of the mechanisms of action underpinning their ability 

to elicit anti-tumour immunity, and what their impact on immunosuppression is. Hence, 

systematic studies are warranted to delineate the local and systemic effects of each modality 

in order to fully exploit their impact on immune activation.

Translational challenges and opportunities

The studies and engineering approaches that we have here highlighted illustrate the potential 

of personalized immunotherapy. Yet, many clinically relevant technical and scientific 

considerations remain to be addressed.
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Inter-patient heterogeneity.

Mutational loads differ between cancer types as well as between patient populations20,161. 

This calls for bioinformatics tools that can predict top neoantigen candidates for specific 

cancer types20,162,163. Also, the physicochemical properties of neoantigens need to be 

considered as criteria in the nomination of neoantigen candidates, as they directly impact the 

delivery of neoantigens to APCs in draining lymph nodes in vivo, and thereby affect the 

overall immunogenicity and efficacy of personalized vaccines. Additionally, one needs to 

also consider the competitive binding of candidate neoantigens to MHC molecules, as well 

as combinations with other antigens in multi-antigen delivery systems, in order to achieve 

broad T-cell responses. Furthermore, engineering approaches that enable the expeditious 

screening of the reactivity of patient specimens against neoantigens should be explored; for 

example, the use of a blood biopsy for the high-throughput screening of top neoantigen 

candidates164, or for whole-exome sequencing of the patient’s cell-free DNA (ref. 165), may 

facilitate neoantigen discovery and identification.

Personalized-therapy testing.

After nomination of neoantigens, target validation may also benefit from new engineering 

tools. Recent advances in organ-on-chip technologies166 can be applied to build patient-

derived tumours for testing and validating the specificity and functionality of neoantigen-

specific T cells (for example, at the level of tumour infiltration and killing). Furthermore, as 

immune-checkpoint blockade frequently causes immune-related adverse events in gut, skin, 

endocrine glands, liver and lung167, patient-tailored immunotherapies may be tested for their 

safety profiles using organ-on-a-chip technologies tailored to each organ.

Manufacturing.

Any strategy for improving personalized immunotherapy must be easily adoptable, with 

streamlined manufacturing procedures. This is a crucial factor for clinical translation, in 

particular because a current bottleneck in personalized cancer immunotherapy is the 

extensive time required for the cGMP production of personalized vaccine products. For 

instance, in the first-in-human application of neoantigen-encoding mRNA vaccines, the time 

required for neoantigen selection from patients, mRNA production, vaccine formulation and 

product release, ranged from 89 to 160 days, with a median time of 103 days28. Similarly, 

the development of personalized neoantigen peptide vaccines took a median time of 18 

weeks from tumour biopsy to vaccine administration27. The demands of patients with 

advanced cancer should thus be met with simplified materials design and robust formulation 

protocols, avoiding convoluted systems that add unnecessary layers of complexity or that 

pose significant challenges for patient-specific manufacturing and product release. In this 

regard, developments in the microfluidic-based fabrication of microparticles and 

nanoparticles could lead to standardized manufacturing solutions168–170. Microfluidic 

technologies may enable the production of vaccine-delivery vehicles in a well-controlled and 

high-throughput manner, and their smaller scale of synthesis may also be suitable for the 

personalized manufacturing of therapeutics tailored to each patient.
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Quality control and safety.

Owing to the broad ranges of stability and physicochemical properties of peptides, proteins, 

biomaterials and plasmids, personalized immunotherapies will require customized 

formulations that use standardized analytical methods, standardized sterilization procedures 

and standardized criteria for product release. Moreover, safety and dosage profiles must be 

established for each therapeutic modality and biomaterial. As different therapeutic systems 

exhibit different transport kinetics in vivo, lower doses may be needed for therapeutic 

moieties with faster kinetics or bigger potency in order to achieve the desired therapeutic 

effect.

Cost.

A financial assessment for each treatment modality and combination must accurately 

account for the cost of treatments, and must consider infrastructure needs and costs 

associated with individualized immunotherapy, including the cost of the biopsy of the 

tumour, DNA and RNA sequencing, the use of a bioinformatics pipeline, image-guided 

diagnostics, the cGMP-manufacturing of patient-specific biologics, cells and drug delivery 

carriers, and the need of highly skilled medical personnel for patient-tailored dosing and 

procedures. Because these personalized processes are necessary to maintain the integrity of 

each immunotherapy, it is imperative that the processes are streamlined and the costs 

reduced so as to accelerate patient access to these therapies.

Prevention.

No less important than designing treatment strategies is to focus these same principles and 

technical advances on preventive vaccines against pre-malignant conditions171. For instance, 

patients with Lynch syndrome who have an unusually high rate of mutations would be prime 

candidates for prophylactic vaccination against tumour development172,173.

Animal models.

Most preclinical studies in cancer therapy, including immunotherapy, are performed in 

rodents; yet, validation in large animal studies is necessary. The general consensus is that 

murine tumour models do not faithfully recapitulate human-tumour development; and, 

importantly, clinical failures in cancer nanomedicine are thought to result in part from the 

heavy dependence on murine models for the early identification and validation of therapies. 

The design and testing of engineering approaches for immunotherapies should take a page 

from the clinical failures of earlier efforts in the development of nanomedicines174.

Outlook

Deciding which of the different strategies for personalized cancer immunotherapy are the 

most appropriate for individual patients will largely depend on the patient’s tumour burden 

and their specific treatment needs (Table 1). Individually, each immunotherapy has particular 

advantages: delivering neoantigen peptides via nanoparticles offers a truly patient-specific 

treatment that is tailored to individual tumours; gene therapy by using nanoparticles or 

polyplexes to deliver neoantigen-encoding nucleic RNAs and immunostimulatory cytokines 

has shown promising efficacy results; personalized cellular therapies, including adoptive 
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transfer of genetically engineered T cells, can effectively boost anti-tumour immunity, with 

effector cells bearing enhanced functions; DC vaccines present neoantigens in vivo to the T 

cells of an individual patient; and image-guided, theranostic approaches based on 

biomaterials responsive to magnetic resonance and ultrasound are arising as an adjunct 

therapy in preclinical studies. Perhaps more importantly, these strategies may be rationally 

combined to promote synergistic anti-tumour effects and to achieve unprecedented 

outcomes174. Although immune-checkpoint blockade, ACT and neoantigen vaccines have 

been individually successful in the clinic, combining these therapies might further improve 

patient outcomes.

The engineering strategies discussed in this Perspective, including the design of synthetic 

materials on the basis of desired physicochemical criteria and the targeted delivery of 

therapeutics via specific biomolecules or via imaging, may enhance each modality’s 

therapeutic efficacy while allowing for synergies to occur. The clinical success of these 

therapeutic approaches will depend on their manufacturing feasibility, on consistent 

outcomes from patient to patient, and ultimately on patient-survival benefits. As the breadth 

and success of cancer immunotherapies continues to expand, personalized immunotherapies 

for the management of patients with cancer will not only need to eradicate tumours but also 

maintain anti-tumour immunity for the remainder of the patient’s life.
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Fig. 1 |. Engineering approaches for personalized immunotherapy.
(1) Tumour samples from cancer patients are collected. (2) The genomic sequence of the 

tumour is compared with the somatic genome sequence so as to locate mutations, which are 

processed through multiple algorithms for the prediction of neoantigens. (3,4) Neoantigen-

specific DNA, mRNA and peptides are generated (3) and formulated into a personalized 

nanomedicine for combination cancer immunotherapy (4). (5) Neoantigens can also be 

loaded on APCs to generate DC vaccines or neoantigen-specific T cells ex vivo. (6) 

Alternatively, genes encoding scFv or TCRs specific to neoantigens can be transduced into 

peripheral lymphocytes to generate tumour-reactive T cells for adoptive transfer into the 

patient. APC, antigen presenting cell. TCR, T-cell receptor.
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Fig. 2 |. Preparation process for a personalized vaccine.
Matched tumour-cell and normal-cell DNA from peripheral blood mononuclear cells and 

resected tumours are compared by whole-exome sequencing to detect mutations. Candidate 

neoantigen peptides are selected, synthesized and used for therapeutic vaccination in 

corresponding patients with poly-ICLC adjuvant. HLA, human leukocyte antigen. Figure 

reproduced from ref. 27, Springer Nature Ltd.
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Fig. 3 |. Personalized neoantigen vaccination with sHDL nanodiscs.
a, sHDL nanodiscs loaded with neoantigen peptides and adjuvants (such as CpG) are 

delivered to draining lymph nodes to induce immune activation signals 1 and 2. b, 

Neoantigen peptides can be identified via the DNA sequencing of tumour samples. Ag, 

antigen; TCR, T-cell receptor. Figure reproduced from ref. 16, Springer Nature Ltd.
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Fig. 4 |. ‘Albumin-hitchhiking’ strategy for neoantigen vaccination.
a, The molecular docking between albumin and a maleimide-functionalized Evans-blue 

derivative (MEB) leads to the formation of a nanocomplex. b, By conjugating the adjuvant 

CpG (AlbiCpG) or a tumour-specific antigen (AlbiAg) to MEB, CpG and Ag administered 

via the subcutaneous route are carried by the albumin-MEB complex to local draining lymph 

nodes (LN) and endocytosed by APCs. This is followed by maturation of APCs and 

enhanced antigen presentation, generating CD8+ T-cell responses. Figure reproduced from 

ref. 52, Springer Nature Ltd.
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Fig. 5 |. Targeted delivery of CAR genes to peripheral T lymphocytes in situ.
Plasmid DNA encoding a CAR, a microtubule-associated sequence, a nuclear- localization 

signal peptide and poly(beta-amino ester) polymer make up the scaffold of the nanoparticle, 

which is covered with PGA-tailed anti-CD3ζ f(ab’)2 via electrostatic interactions. The two 

plasmids encode an all-murine 194–1BBz CAR and the hyperactive iPB7 transposase. Scale 

bar, 100 nm. EF1A, eukaryotic translation elongation factor 1 alpha 1; BGH PA, bovine 

growth hormone polyadenylation signal; AMP, ampicillin resistance gene; ORI, origin of 

replication. Figure reproduced from ref. 113, Springer Nature Ltd.
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Fig. 6 |. Combination of chemotherapy and photothermal therapy for the elimination of distant 
secondary tumours.
A polydopamine (PDA) coating on spiky gold nanoparticles (SGNP-PDA) prevents their 

thermal deformation, improving photothermal efficiency (left). The intratumoural injection 

of SGNP-PDA followed by laser irradiation induces the release of tumour antigens and 

danger signals that lead to DC maturation while promoting the secretion of stress-inducible 

ligands by the cancer cells (middle). Together, these activate and stimulate the proliferation 

of CD8+ T and NK cells, leading to systemic immune responses (right). Figure reproduced 

from ref. 17, Springer Nature Ltd.
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Fig. 7 |. Systemic immune responses via radiation therapy combined with radiodynamic therapy.
Intratumoural injection, into the primary tumour, of the immune-checkpoint agent IDOi 

encapsulated in an nMOF, followed by radiation, generates reactive oxygen species that 

induce tumour-cell death and antigen release. In turn, the antigen is presented to T cells by 

DCs, leading to T-cell activation and proliferation. The potent systemic immune response 

results in the eradication of a distal secondary tumour. Figure reproduced from ref. 155, 

Springer Nature Ltd.
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