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Conspectus

Nanomedicine holds significant potential to improve the efficacy of cancer immunotherapy. Thus 

far, nanomedicines – i.e. 1-100(0) nm-sized drug delivery systems – have been primarily used to 

improve the balance between the efficacy and the toxicity of conjugated or entrapped 

chemotherapeutic drugs. The clinical performance of cancer nanomedicines has been somewhat 

disappointing, which is arguably mostly due to the lack of tools and technologies for patient 

stratification. Conversely, the clinical progress made with immunotherapy has been spectacular, 

achieving complete cures and inducing long-term survival in advanced-stage patients. 

Unfortunately, however, immunotherapy only works well in relatively small subsets of patients. 

Increasing amounts of pre-clinical and clinical data demonstrate that combining nanomedicine 

with immunotherapy can boost therapeutic outcomes, by turning “cold” non-immunoresponsive 

tumors and metastases into “hot” immunoresponsive lesions.

Nano-immunotherapy can be realized via three different approaches, in which nanomedicines are 

used (1) to target cancer cells, (2) to target the tumor immune microenvironment, and (3) to target 

the peripheral immune system. When targeting cancer cells, nanomedicines typically aim to 

induce immunogenic cell death, thereby triggering the release of tumor antigens and danger-

associated molecular patterns, such as calreticulin, high mobility group box 1 protein and 

adenosine triphosphate. The latter serve as adjuvants to alert antigen-presenting cells to take up, 

process and present the former, thereby promoting the generation of CD8+ cytotoxic T cells. 

Nanomedicines targeting the tumor immune microenvironment potentiate cancer immunotherapy 

by inhibiting immunosuppressive cells, such as M1-like tumor-associated macrophages, as well as 

by reducing the expression of immunosuppressive molecules, such as transforming growth factor 

beta. In addition, nanomedicines can be employed to promote the activity of antigen-presenting 

cell and cytotoxic T cells in the tumor immune microenvironment. Nanomedicines targeting the 

peripheral immune system aim to enhance antigen presentation and cytotoxic T cell production in 

secondary lymphoid organs, such as lymph nodes and spleen, as well as to engineer and strengthen 

peripheral effector immune cell populations, thereby promoting anticancer immunity.
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While the majority of immunomodulatory nanomedicines are in pre-clinical development, exciting 

results have already been reported in initial clinical trials. To ensure efficient translation of nano-

immunotherapy constructs and concepts, we have to consider biomarkers in clinical development, 

to make sure that the right nanomedicine formulation is combined with the right immunotherapy 

in the right patient. In this context, we have to learn from currently ongoing efforts in nano-

biomarker identification, as well as from partially already established immuno-biomarker-

initiatives, such as the Immunoscore and the cancer immunogram. Together, these protocols will 

help to capture the nano-immuno-status in individual patients, enabling the identification and use 

of individualized and improved nanomedicine-based treatments to boost the performance of cancer 

immunotherapy.

1 Introduction

1.1 Cancer nanomedicine

Nanomedicine refers to as the application of nanotechnology in medicine.1 While this also 

entails the development of nano-sized materials and methods for the ex vivo diagnosis and 

staging of diseases (e.g. nanotechnologies to amplify signals in blood and/or to enable 

multiplexed DNA or protein detection on chips2), the term nanomedicine is traditionally 

used to describe to 1-100(0) nm-sized drug delivery systems that upon intravenous injection 

travel throughout the body to selectively accumulate in pathological regions, and to 

specifically elicit pharmacological effects there, while avoiding drug accumulation and drug 

actions elsewhere in the body.1

Nanomedicine-based tumor targeting is typically achieved via two main mechanisms, i.e. 

passive and active targeting. Passive targeting relies on the Enhanced Permeability and 

Retention (EPR) effect, which was uncovered three decades ago by Matsumura and Maeda,3 

as well as by Jain and colleagues4. Active targeting relies on the decoration of nanoparticles 

with targeting ligands, such as antibodies or peptides, which specifically recognize receptors 

overexpressed at the pathological site. Both strategies have pros and cons, related e.g. to 

overall targeting efficiency, specific cell delivery, formulation complexity, and translational 

potential. These issues have recently been extensively reviewed, discussed and debated.5–7

Apart from directly killing cancer cells, nanomedicines can help to combat malignancies by 

modulating antitumor immune responses. This can be achieved by developing 

nanomedicines which (1) target cancer cells to elicit immunogenic cell death; (2) target 

immune cells, such as macrophages, dendritic cells and T cells, or immunosuppressive 

pathways in the tumor immune microenvironment; and (3) target the peripheral immune 

system, located e.g. in lymph nodes and in the spleen.8–11 As discussed in more detail 

below, ever more evidence suggests that nanomedicines can potentiate antitumor immunity 

and synergize with established immunotherapeutics to improve response rates and survival 

times.10

1.2 Cancer immunotherapy

Immunotherapy is radically reshaping the landscape of clinical cancer treatment. While the 

first immunomodulatory therapeutics (e.g. Coley's toxins) were described more than a 
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century ago, immunotherapy has only very recently become broadly accepted as a “stand-

alone” anticancer treatment modality.12 In several cancer types, particularly malignant 

melanoma and lung cancer, it outperformed standard-of-care therapy, achieving 

unprecedented outcomes in a number of cases, including complete regression of advanced-

stage (metastasized) tumors and long-term disease-free survival.13

This immunotherapeutic revolution has profited a lot from recent advances in cancer biology 

and anticancer immunity, most prominently from the discovery of several dominant 

immunosuppressive pathways.14,15 These seminal advances have been recognized by the 

2018 Nobel Prize in Physiology or Medicine, which was awarded to James Allison and 

Tasuku Honjo for “the discovery of cancer therapy by inhibition of negative immune 

regulation”. Specifically, the Nobel prize was awarded for the identification of immune 

checkpoints (i.e. cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and programmed 

death/ligand 1 (PD-1/PD-L1)), which have led to the development of antibodies targeting 

these checkpoints for anticancer therapy.16 Besides immune checkpoint inhibitors, which are 

mainly used for solid tumors, effective cancer immunotherapy has also been achieved via the 

use of chimeric antigen receptor (CAR) T-cell therapies, which have thus far been mainly 

employed for the treatment of hematological malignancies.17 Between 2014 and 2018, these 

two types of immunotherapy have witnessed the approval of eight new anticancer drugs by 

the Food and Drug Administration (FDA), i.e. six for PD-1/L1 blockade and two for CAR T-

cell therapy.10 Moreover, recent advances in the development and testing of cancer vaccines, 

especially those based on neoantigen delivery, have demonstrated the potential of this 

immunotherapeutic strategy in the clinic.18

The principle(s) of cancer immunotherapy can be schematically captured in the so-called 

cancer-immunity cycle (Figure 1).19 This cycle starts with the release of tumor antigens, 

which are taken up, processed and presented by antigen-presenting cells (APCs) to naive T 

cells. This thereby generates cytotoxic T cells which are able to specifically recognize and 

kill cancer cells. The lysed cancer cells in turn release antigens and co-stimulation signals to 

promote another round of the immune reaction cascade. Tumors can disrupt essential 

elements of the cancer-immunity cycle, via a wide range of negative feedback immune 

regulatory pathways, which are increasingly becoming targets for cancer immunotherapy.

Immunotherapy has resulted in remarkable clinical successes, but it thus far unfortunately 

only works well in relatively small subsets of patients. This shortcoming is currently being 

addressed (and gradually tackled) via several different strategies, including the 

implementation of biomarkers to stratify patients with “cold” non-immunoresponsive lesions 

versus patients with “hot” immunoresponsive tumors and metastases.20 In addition, as will 

be alluded to below, many different combination immunotherapy studies are currently being 

explored21, including an ever-growing number of nano-immunotherapies.

1.3 Combining nanomedicine and immunotherapy

In the last couple of years, the combination of nanomedicine and immunotherapy has been 

gaining ever more attention. Nanomedicine has been a highly active field, as exemplified by 

the steadily increasing number of papers reporting on nanoparticles for drug delivery since 

the beginning of the new millennium (Figure 2a). Research on immunotherapy was already 
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very active in the early 2000's, and witnessed a strong growth after 2011, the year in which 

the first immune checkpoint inhibitor obtained FDA approval (Figure 2b). Interestingly, in 

2011, also the number of publications on nano-immunotherapy experienced a strong growth, 

and it started to expand exponentially from 2013 onwards (Figure 2c). This ever-expanding 

number reflects the high hopes that are currently associated with the use of nanomedicine 

formulations for individualizing and improving the outcome of cancer immunotherapy.

In this account, we describe three main forms of cancer nano-immunotherapy, which are 

sub-categorized according to the targets of the nanomedicine formulations: targeting cancer 

cells, targeting the tumor immune microenvironment, and targeting the peripheral immune 

system. Among these three immunomodulatory approaches, the majority of studies focus on 

improving the treatment of solid tumor malignancies, and only few papers deal with 

hematological malignancies (mainly via targeting the peripheral immune system). These 

three strategies are being explored with an ever-increasing number of nanomedicines. To 

harness the immunomodulatory potential of nanomedicine, and to really benefit clinical 

immuno-oncology, nano-immunotherapy needs to be further refined. In the outlook, we 

therefore also propose protocols that may help to individualize and improve nano-

immunotherapy, via integrating the lessons learned (on the use of biomarkers for patient 

stratification) in both nanomedicine and immuno-oncology. In this context, nano-immuno- 

biomarkers should be systemically and systematically considered, to eventually ensure 

efficient cancer nano-immunotherapy. Immune biomarkers should be assessed to thoroughly 

characterize the immune status of individual patients (and particularly of patients’ tumors 

and metastases). This information will be instrumental in decision-making with regard to the 

design of optimal nano-immunotherapy combination regimens for individual patients.

2 Nanomedicines For Cancer Immunotherapy

Cancer nanomedicine typically aims to improve the direct killing of cancer cells, by 

improving the delivery of chemotherapeutic drugs to tumors and metastases. In recent years, 

however, ever more nanomedicine formulations are used to potentiate anticancer immunity 

and to synergize with clinically established immunotherapeutics. In this context, three main 

directions are being explored, in which nanomedicines are designed to target cancer cells, to 

target the tumor immune microenvironment and to target the peripheral immune system.

2.1 Targeting cancer cells

Nanomedicines can be employed to promote the induction of immunogenic cell death (ICD). 

ICD is a specific mode of cell death which is associated with the release of tumor antigens 

and danger-associated molecular patterns, and it is an important trigger and enhancer of 

anticancer immunity. ICD is induced by certain types of chemotherapeutics (e.g. 

doxorubicin, oxaliplatin and cyclophosphamide), as well as by radiotherapy, photodynamic/

photothermal therapy and other physical stimuli.22,23 Classical features of ICD are the 

translocation of calreticulin (CRT) to the cell surface, and the release of adenosine 

triphosphate (ATP) and the high mobility group box 1 protein (HMGB1) into the 

extracellular environment. These features alert the immune system, resulting in the uptake 

and processing of tumor antigens by APCs, and in the generation of cytotoxic T cells, which 
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then migrate to and eradicate tumors and metastases (Figure 3a). As such, ICD is very 

valuable for improving the efficacy of immune checkpoint blocking therapies.24

ICD-inducing nanomedicines, such as doxorubicin-loaded liposomes (Caelyx/Doxil®), are 

increasingly employed in combination with immunotherapy. An exemplary study in this 

regard was published by Rios-Doria and colleagues,25 who combined Doxil with several 

clinically relevant immunotherapeutics, including anti-PD-1, -PD-L1 and -CTLA4 

antibodies, and tumor necrosis factor receptor alpha agonists. As initial evidence for Doxil-

based immunopotentiation, they showed that Doxil was significantly more effective in 

immunocompetent than in immunodeficient mice (Figure 3b). Doxil furthermore 

substantially improved the efficacy of immunotherapy, in part by promoting (via ICD) the 

proliferation of DCs and CD8+ T cells.25 It is important to note in this regard that Doxil 

induced much stronger immunopotentiation than free doxorubicin administered at the same 

dose. Similarly beneficial effects were reported by Nie and colleagues, who showed that 

oxaliplatin-loaded PLGA nanoparticles more effectively induced ICD and more potently 

activated the immune system than free oxaliplatin (Figure 3c).26 These improvements result 

from more efficient targeting of chemotherapeutic drugs to cancer cells via nanomedicine 

formulations, and also from avoiding lymphotoxicity, which is potently induced by free 

chemotherapeutic drugs.

Besides for standard chemotherapeutic drugs, nanomedicines have also been employed to 

improve the tumor-targeted delivery and the immunotherapeutic potential of agents used for 

photodynamic therapy (PDT) and radiotherapy. Lin and colleagues, for instance, employed 

pyrolipid-loaded inorganic nanoparticles for immunoactivation via PDT. Nano-PDT 

treatment enhanced the serum levels of proinflammatory cytokines associated with better 

immunotherapy outcomes, such as tumor necrosis factor receptor alpha, interleukin 6 and 

interferon gamma. In addition, it significantly improved the tumor infiltration of CD4+ and 

CD8+ T cells. The efficient induction of anticancer immunity in the nano-PDT-treated 

primary tumor furthermore promoted the abscopal effect, enhancing the efficacy of anti-

PD-1 therapy in distant lesions and metastases (Figure 3d).27 Not unexpectedly, 

nanoparticle-based PDT has also already been combined with nanoparticle-based ICD 

induction, as exemplified by nano-coformulations of oxaliplatin and pyrolipid28, and of 

doxorubicin and chlorine e629. A nice example of nano-radio-immunotherapy has been 

provided by Hindré and colleagues.30 The authors used lipid nanoparticles loaded with 

rhenium-188 for internal radiotherapy, the added value of the nanoparticles being to retain 

the radioisotopes in tumors after local administration in orthotopic gliomas in rats. It was 

found that the radiotherapeutic nanoparticles significantly increased the levels of circulating 

cytokines, as well as of tumor-infiltrating immune cells.

In summary, immunomodulatory nanomedicines which target cancer cells typically aim to 

induce ICD to potentiate the cancer-immunity cycle. In addition, nanomedicines help to 

improve antitumor immunity by decreasing the systemic (lymphocyte) toxicity, which also 

helps to potentiate immunotherapy outcomes.31 Nanomedicines do not have to be 

administered systemically to have a systemic effect: via the abscopal effect, locally injected 

or locally activated nanoparticles are able to induce systemic immunity.32 Besides inducing 

ICD, also other (nano-)chemotherapy effects may be useful to potentiate immunotherapy. 
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Paclitaxel, for instance, has been shown to enhance the maturation and function of DCs33, 

and doxorubicin has been reported to decrease the number of myeloid-derived suppressor 

cells in tumors.34 It is anticipated that in the next couple of years, a significant number of 

(especially ICD-inducing) nanomedicine formulations will be tested in the clinic in 

combination with established immunotherapeutics.

2.2 Targeting the tumor immune microenvironment

A second important strategy for promoting the efficacy of anticancer immunotherapy relies 

on the use of nanomedicines which modulate the tumor immune microenvironment (TIME).
24 In the TIME, immunosuppressive pathways and mediators are frequently upregulated, as 

exemplified e.g. by the increased infiltration of immunosuppressive cells, such as certain 

types of tumor-associated macrophages (TAM) and myeloid-derived suppressor cells 

(MDSC), into tumors, as well as by increased levels of soluble inhibitors, such as 

indoleamine 2,3-dioxygenase (IDO) and transforming growth factor beta (TGF-β). 

Nanomedicines modulating the TIME are designed to first accumulate in tumors via passive/

active targeting mechanisms, and to then help overcome local tumor immunosuppression 

mediated by TAM, MDSC and/or soluble inhibitors. As a result of inhibiting 

immunosuppression in the TIME, the infiltration, proliferation, maturation, survival and/or 

activity of effector immune cells, such as cytotoxic T cells, is increased, resulting in 

improved immunotherapy outcomes (Figure 4a).

TAM are a major population of immune cells in tumors. The polarization of TAM in 

malignant lesions is typically dominated by cells with an M2-like phenotype, which is “pro-

tumor”, which impedes the infiltration of effector T cells, and which prohibits efficient anti-

PD-1 therapy.35 Daldrup-Link and colleagues showed that ferumoxytol, i.e. a 

superparamagnetic iron oxide nanoparticle formulation which is FDA-approved for the 

treatment of iron deficiency anemia, can convert M2-like TAM into M1-like TAM. Upon 

systemic injection, ferumoxytol efficiently targeted the TIME, and via altering macrophage 

polarization, it inhibited the growth of primary and metastatic tumors in liver and lungs.36 

Analogously, Weissleder and co-workers showed that cyclodextrin nanoparticles were able 

to target a small molecule toll-like receptor 7/8 agonist to macrophages in the TIME, which 

via induction of M2 to M1 polarization improved the efficacy of checkpoint-inhibiting 

immunotherapy.37 Gu and colleagues developed CaCO3 nanoparticles functionalized with 

anti-CD47 antibodies, and demonstrated that upon local application as an in-situ forming 

hydrogel during tumor surgery, the CaCO3 reacted with protons in the TIME, causing the pH 

to increase and macrophages to polarize towards an M1 phenotype (Figure 4b).38 The anti-

CD47 antibodies were incorporated to block the “don’t eat me” signal on tumor cells. 

Together, these two effects significantly enhanced tumor cell endocytosis by macrophages 

and they improved the outcome of checkpoint blockade therapy. Besides macrophages, 

neutrophils make up a large portion of the leukocyte population in tumors. Steinmetz, 

Fiering et al. engineered plant virus nanoparticles to promote the tumor infiltration of 

CD11b+Ly6G+ activated neutrophils, while decreasing the fraction of CD11b-Ly6G+ 

quiescent neutrophils, resulting in efficient immunotherapy of metastatic cancer in mice.39
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Nanomedicines can also act on immunosuppressive molecules in the TIME, such IDO and 

TGF-β. IDO promotes the conversion of tryptophan to kynurenine, which is a potent T cell 

suppressing metabolite.40 Small molecule IDO inhibitors have been extensively tested in 

(pre-)clinical trials. They are also increasingly incorporated in nanomedicine formulations, 

aiming to modulate the TIME to improve outcomes of immunotherapeutic interventions. In 

this context, Lin et al demonstrated synergy between IDO inhibitor-loaded nanomedicines 

and photodynamic therapy41, as well as radiotherapy42. Nel, Meng and colleagues combined 

an IDO inhibitor with the ICD inducer oxaliplatin in lipid-coated mesoporous silica 

nanoparticles, achieving tumor eradication in a mouse model of pancreatic ductal 

adenocarcinoma.43 A small molecule IDO inhibitor was also combined with a peptide 

blocking PD-L1 in peptide-based nanoparticles that allowed for payload release in mild 

acidic environments in the presence of matrix metalloproteinase-2. This combination 

nanomedicine formulation effectively inhibited melanoma growth in mice by triggering 

anticancer immunity.44 TGF-β is an important immunosuppressive factor in tumors45 and 

attenuates the efficacy of checkpoint-inhibiting immunotherapy46. Based on this notion, 

Irvine and colleagues encapsulated a small molecule TGF-β inhibitor in liposomes targeting 

T cells.47 Nanomedicine-mediated TGF-β-inhibition resulted in significant T cell activation, 

both ex vivo (prior to adoptive T cell transfer) and in vivo, and controlled tumors and 

metastases in mice bearing B16F10 melanoma. Fahmy and colleagues co-loaded a TGF-β 
inhibitor and interleukin-2 in nanoparticles, and were able to alleviate immunosuppression 

and augment T cell proliferation.48 Huang et al. developed a TGF-β siRNA-containing 

nanoformulation, which achieved ~50% knockdown of TGF-β expression in tumors and 

which synergized with cancer vaccination, as exemplified by significantly more cytotoxic T 

cell infiltration and significantly enhanced tumor growth inhibition (Figure 4c).49

Immunomodulatory nanomedicines can furthermore be used to directly potentiate the 

function of immune cells, such as macrophages and cytotoxic T cells, in the TIME. To 

improve antigen presentation by macrophages, Kim and colleagues constructed a multivalent 

bi-specific nanobioconjugate engager (mBiNE), based on polystyrene nanoparticles 

modified with anti-HER2 antibodies and calreticulin.50 The mBiNE formulation efficiently 

targeted HER2-overexpressing tumor cells and calreticulin served as an “eat me” signal, to 

trigger macrophage endocytosis of tumor cells (Figure 4d). Upon intratumoral injection in 

mice bearing HER2high EO771/E2 tumors, mBiNE significantly increased the tumor 

infiltration of macrophages and T cells, the production of proinflammatory cytokines, such 

as IFN-γ and IL-2, and therapeutic efficacy. Effector T cells in the TIME were directly 

targeted by nanomedicines by Irvine and co-workers, who used liposomes loaded with IL-2 

and a 4-1BB ligand to co-stimulate T-cell activation.51 The double-drug-loaded liposomes 

enhanced the tumor infiltration of effector T cells, which promoted cytokine production and 

granzyme expression, and which significantly improved antitumor immunotherapy. 

Recently, endosome-disrupting polymersomes were utilized by Wilson and colleagues for 

intracellular delivery of a stimulator of interferon genes (STING) agonist which in the native 

form does not cross the cell membrane. Treatment with these polymersomes substantially 

improved anticancer immunity and the efficacy of checkpoint blockade therapy.52

In summary, nanomedicines can potentiate anticancer immunity by modulating the TIME in 

two different ways, i.e. by alleviating immunosuppression or by promoting 
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immunoactivation. These two strategies synergize with clinically established 

immunotherapeutics, e.g. with immune checkpoint inhibiting antibodies. Since 

nanomaterials typically strongly interact with immune cells in the tumor microenvironment, 

especially with TAM,53 targeting immune cells with nanomedicines (instead of directly 

targeting cancer cells) appears to be a promising future avenue for boosting local and 

systemic antitumor immunity.

2.3 Targeting the peripheral immune system

Nanomedicines targeting immune compartments located outside of tumors (here referred to 

as the peripheral immune system) are receiving increasing attention. The peripheral immune 

system, i.e. secondary lymphoid organs such as lymph nodes (LNs) and the spleen, is 

essential in cancer immunity, as antigen presentation and cytotoxic T cell generation take 

place in these compartments. In cancer occurrence and progression, the peripheral immune 

system is often impaired. Immunomodulatory nanomedicines can restore the functions of the 

peripheral immune system, e.g. by potentiating antigen presentation and by engineering T 

cells (Figure 5a).

Nanomedicines can be applied for cancer vaccination based on the notions that intradermally 

or subcutaneously injected nanoparticles drain to LNs, and that nanoparticulate antigens are 

more efficiently taken and processed by APCs than are small molecules and soluble 

vaccines.54 In this context, Moon and Schwendeman designed nanodiscs physically loaded 

with CpG and peptide antigens,55 and Hubbell and Swartz developed nanoparticles 

chemically conjugated with CpG56. Both nano-vaccines efficiently drained to LNs and 

promoted anticancer immunity upon local injection. De Geest and colleagues utilized pH-

sensitive nanogels chemically entrapping the small molecule toll-like receptor 7/8 agonist 

imidazoquinoline for LN targeting upon local injection.57 Irvine and colleagues showed that 

LNs can also be targeted upon systemic injection, via modifying CpG and antigens with 

lipid moieties which binding to endogenous albumin (Figure 5b).58 Apart from enhancing 

vaccination and immunotherapy efficiency, such nano-vaccines typically significantly 

improve the tolerability of the adjuvants used in vaccination approaches.

Nanomedicines can also induce antitumor vaccination without using conventional adjuvants. 

Wang and colleagues, for instance, reported an approach to improve antigen presentation by 

DCs using PLGA nanoparticles, which adsorbed tumor antigens and then drained to LNs to 

deliver the antigens to DCs. In a bilateral tumor model, one tumor was irradiated to release 

antigens and injected with the nanoparticles, and strong immunity was elicited in both 

tumors, which synergized with anti-PD-1 antibodies.59 Gao and colleagues used 

nanoparticles based on pH-sensitive PEG-b-polymethacrylate polymers to deliver antigens 

to APCs in LNs. The antigen-loaded nanoparticles elicited stronger vaccination than free 

antigens combined with conventional adjuvants (e.g. polyinosinic:polycytidylic acid (i.e. 

poly(I:C))), likely by activating the STING pathway.60 Sahin and colleagues formulated 

antigen-encoding mRNAs within a lipoplex, which targeted APCs in the spleen upon 

intravenous injection. This nano-vaccine achieved strong immunization and de novo 

cytotoxic T cell generation,61 and it is currently under investigation in multiple clinical 

trials.

Shi and Lammers Page 8

Acc Chem Res. Author manuscript; available in PMC 2020 August 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Instead of triggering APCs to present antigens to naive T cells, nanomedicines have also 

been designed to replace APCs, by directly generating cytotoxic T cells. Such synthetic 

APCs require nano-materials with sufficient flexibility and multivalency, which are crucial 

for forming an “immune synapse” on naive T cells.10 Rowan, Figdor and colleagues 

designed synthetic APCs based on poly(isocyano peptide) modified with 3-5 anti-CD3 

antibodies per 150-200 nm of the polymer chain, which induced the expression of the early 

T cell activation marker CD69 and which promoted the production of IFN-γ.62 Xie and 

colleagues prepared synthetic APCs based on clusters of iron nanoparticles coated with 

leukocyte membranes bearing peptide-loaded major histocompatibility complex I and anti-

CD28 antibodies as co-stimulatory ligands. These synthetic APCs achieved effective 

generation and activation of cytotoxic T cells (Figure 5c), and they induced effective tumor 

inhibition when administered together with T cells in tumor-bearing mice.63

Circulating T cells can be targeted by immunomodulatory nanomedicines. Irvine and 

colleagues prepared liposomes loaded with the cytokines IL-15 superagonist and IL-21 to 

target T cells, improving T cell persistence and homing to LNs and spleen.64 Tang et al. 

developed cytokine-based nanogels crosslinked via disulfide bonds, which were able to 

respond to T cell receptor signaling, triggering the release of IL-15 superagonist.65 Apart 

from strengthening T cells, the chimeric antigen receptor (CAR) gene transfection 

nanoformulation developed by Stephan et al. systemically generated CAR T cells upon 

intravenous injection in leukemia-bearing mice (Figure 5d), via which some of the laborious 

procedures for CAR T cell manufacturing can be overcome.66

Nanomedicines targeting the peripheral immune system are designed to potentiate antigen 

presentation and cytotoxic T cell generation, as well as to enhance the viability and activity 

of T cells. They can also engineer T cells to recognize and kill cancer cells. One of these 

formulations, i.e. antigen-encoding mRNAs within a lipoplex, has already entered clinical 

trials,61 in monotherapy settings and well as upon combination with established 

immunotherapeutics. Collectively, for nanomedicines targeting the peripheral immune 

system, as well as for nanomedicines targeting cancer cells and the tumor immune 

microenvironment, the progress made so far clearly indicates that combining nanomedicine 

with immunotherapy holds significant potential to improve the outcome of cancer 

immunotherapy in patients.

3 Outlook: Toward Individualized and Improved Nano-Immunotherapy

The combination of nanomedicine and immunotherapy has been achieving remarkable 

responses, particularly in pre-clinical settings. That said, it is important that only rationally 

designed nano-immunotherapy combinations are being explored; formulating anti-PD-(L)1 

antibodies in nanomedicines, for instance, will arguably not add much value. To ensure 

progress in nano-immunotherapy, it will be crucial to learn from currently ongoing 

developments in the clinical translation of both anticancer nanomedicines and 

immunotherapeutics. As in almost all other areas of oncology drug development, it is 

becoming increasingly clear that molecularly targeted small molecule anticancer drugs, as 

well as nanotherapeutics and immunotherapeutics, only work well in certain sub-populations 

of patients. As a result of this, strategies have to be established for patient stratification in 
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clinical trials and in clinical practice. Such strategies will be instrumental to ensure rapid and 

efficient clinical implementation of nano-immunotherapy.

In the case of cancer nanomedicine, we and others have been arguing that the lack of 

efficient clinical translation is due to the lack of tools and technologies for patient 

stratification, and not to poor in vivo targeting or therapeutic performance of the 

nanoformulation in question.6,67–69 Imaging-based biomarkers, which assist in assessing the 

extent of the EPR effect in patients, can help to identify the right patient population for 

standard nano-chemotherapy. In this context, scientists at Merrimack Pharmaceuticals have 

shown that ferumoxytol, i.e. Feraheme® (an iron oxide nanoparticle formulation approved 

for anti-anemia treatment) can be used off-label to visualize and quantify EPR-based tumor 

targeting in patients by means of magnetic resonance imaging, and that individuals having 

high levels of ferumoxytol accumulation in tumors generally responded better to nano-

liposomal irinotecan chemotherapy treatment than individuals presenting with low levels of 

ferumoxytol accumulation in tumors.70 The same group of scientists also demonstrated that 

theranostic nanomedicines, i.e. a liposomal formulation containing both a drug 

(doxorubicin) and an imaging agent (copper-64), allows for positron emission tomography-

based quantitative assessment of target site accumulation, and for correlation between target 

site accumulation and therapeutic response.71 Such companion diagnostic and theranostic 

strategies for patient stratification are crucial for ensuring proper performance in clinical 

trials and in routine clinical practice.

In immunotherapy, it has turned out to be at least equally important to (pre-) select the right 

patients for ensuring good therapeutic performance. This has already been done with 

individual biomarkers, such as PD-L1 expression in tumors, tumor mutational burden and 

microsatellite instability.72 However, on their own, these biomarkers only enable moderately 

efficient prediction of patient responses to immunotherapy. To improve the predictability of 

immune biomarkers, advanced assessment methodologies such as the cancer immunogram 

and the Immunoscore have been established (Figure 6). The cancer immunogram describes 

different parameters affecting the interaction between cancer and the immune system in 

individual patients, with the overall goal of identifying biomarkers to guide and improve 

cancer immunotherapy interventions (Figure 6a).20 The Immunoscore is based on initial 

observations that the location, type, density and function of immune cells predict clinical 

outcome in human colorectal cancer.73 This systematic histopathological analysis of the 

immune contexture in human tumors has gradually led to the establishment of the 

Immunoscore for the classification of malignant tumors, predicting not only standard 

survival outcomes, but also aiding to achieve more optimal responses to cancer 

immunotherapy.74,75

Recently, the Immunoscore has been updated to guide decision-making in the case of 

combination immunotherapy.76 As exemplified by Figure 6b, four different phenotypes of 

tumors are defined, related to the presence and location of T cells in tumors: absent, altered-

excluded, altered-immunosuppressed and optimal. In the first three phenotypes, different 

types of combination immunotherapy have to be considered. Analogously, in each of these 

situations, different strategies for nanomedicine-based enhancement of cancer 

immunotherapy should be conceived.
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To illustrate biomarker-guided nano-immunotherapy, several clinical situations can be 

envisaged. For instance, if a patient presents with an altered-immunosuppressed tumor 

phenotype, he or she can be treated with ICD-inducing nanomedicines, to kill tumor cells 

and trigger the cancer-immunity cycle. This type of nano-therapy is anticipated to combine 

well with anti-PD-1/L1 immunotherapy. For tumors with a reasonably high level of 

cytotoxic T cell infiltration, but also with high levels of M2-like macrophages (which 

suppress anti-tumor immunity and anti-PD-1/L1 therapy77), nano-immunotherapy could 

involve macrophage-modulating nanomedicines, such as ferumoxytol36, as well as toll-like 

receptor agonist-loaded nanoparticles37. As a third example for biomarker-guided nano-

immunotherapy of altered-immunosuppressed tumors, we can consider a patient with tumors 

characterized by a very low tumor mutational burden, and therefore by a very low level of 

pre-existing antitumor immunity. In this situation, ICD-inducing nanomedicines may not be 

very useful, since ICD cannot overcome issues related to very low numbers of clonal 

mutations. Alternatively, nano-vaccines containing neoepitopes seem to be a good and 

rational choice, as they can trigger the production and activity of cytotoxic T cells.78

For patients with an altered-excluded tumor phenotype, the extent of T cell exclusion needs 

to be reduced. This can for instance be achieved by nanomedicines downregulating TGF-

β49, which results in less fibrotic tumors and which may promote T cells to more efficiently 

penetrate into tumors46. Moreover, nanomedicines which are able to actively promote 

degradation of the extracellular matrix, e.g. via tumor-targeted delivery of collagenase79 or 

via inhibiting collagen I synthesis by means of angiotensin receptor blockers80–83, can be 

considered. For tumors with poor T cell infiltration due to overly active pathological 

angiogenesis84, nanomedicines loaded with siRNA targeting VEGF (vascular endothelium 

growth factor)85 may be useful. Via processes such as vascular normalization and enhanced 

perfusion, these nano-co-treatments may improve T cell infiltration, which will help to 

enhance the efficacy immunotherapeutics, such as checkpoint inhibitors.

Thus far, biomarker-guided nano-immunotherapy has only been explored in a relatively 

small number of pre-clinical reports. For example, in two separate studies, 4T1 mouse breast 

cancer and B16F10 mouse melanoma models were analyzed with regard to relevant 

immuno-biomarkers prior to treatment.49,86 These two models were found to be 

characterized by high expression levels of the immunosuppressive molecules IDO and TGF-

β, respectively. When tumor-bearing mice were treated with nanomedicine formulations 

loaded with an IDO inhibitor86 and with siRNA downregulating TGF-β49, respectively, the 

outcome of anti-PD-1 and nano-vaccine-based cancer immunotherapy could be strongly 

enhanced. These examples illustrate that initially identifying (via biomarkers) and 

subsequently inhibiting/targeting (using nanomedicines) specific immunosuppressive 

pathways which are overly active in specific tumor models - and eventually in individual 

patients - may be very valuable for individualizing and improving nano-immunotherapy 

combination regimens.

Taking everything together, several systems and strategies are envisaged for the use of 

nanomedicines to improve the efficacy of anti-cancer immunotherapy. In the last couple of 

years, significant advances have been made at the pre-clinical level, and promising initial 

proof-of-concept has been achieved in the clinic. To promote progress in nano-
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immunotherapy, biomarkers have to be established, to identify which immunosuppressive or 

immunoactivating cells or pathways have to be targeted to ensure optimal therapeutic 

outcomes. These insights will guide the design and development of immuno-modulatory 

nanomedicines, they will promote the clinical translation of nanomedicines in general, and - 

most importantly - they will contribute to the establishment of better treatments for cancer 

patients.
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Figure 1. Schematic illustration of the cancer-immunity cycle.
The anticancer immune reaction starts with the release of cancer cell antigens (1), which are 

taken up, processed and presented by antigen-presenting cells (APCs) to naive T cells in 

secondary lymphoid organs, such as lymph nodes and spleen (2+3). Subsequently, cytotoxic 

T lymphocytes (CTLs) are generated, which migrate to and infiltrate tumors and metastases 

(4+5). In tumors and metastases, CTLs can then recognize (6) and kill (7) cancer cells. 

Reproduced with permission from ref. 19. Copyright 2013 Elsevier.
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Figure 2. Publications on nanomedicine, immunotherapy and nano-immunotherapy.
Searches were performed in Pubmed using [(nanoparticle) AND (drug delivery) in all fields, 

a], [(immunotherapy) in all fields, b], and [(immunotherapy) AND (nanoparticle) in all 

fields, c].
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Figure 3. Nano-immunotherapy based on targeting cancer cells.
a: The cancer-immunity cycle is often impaired in tumors (depicted by grey arrows). Upon 

nanomedicine-based targeting of immunogenic cell death (ICD) inducing drugs to cancer 

cells, tumor antigens and damage-associated molecular patterns (i.e. calreticulin, adenosine 

triphosphate and high mobility group box 1 protein) are released. Together, these 

components promote antigen uptake, processing and presentation by antigen-presenting 

cells, which contributes to the generation of cytotoxic T cells. b: Immunopotentiation 

exerted by ICD-inducing nanomedicines, such as PEGylated liposomal doxorubicin (Doxil), 

can be exemplified by the notion that Doxil is significantly more effective in inhibiting CT26 

tumor growth in immunocompetent Balb/C mice than in immunodeficient nude mice. The 

benefit of nanomedicine-based drug targeting to cancer cells was demonstrated by the higher 

efficacy and lower toxicity of Doxil as compared to free doxorubicin. Adapted with 

permission from ref. 25. Copyright 2015 Elsevier. c: Nanoparticle-based delivery of ICD-

inducing oxaliplatin resulted in stronger immunopotentiation that oxaliplatin in free form, as 

exemplified by higher levels of CD8+ T cells infiltration into Pan02 tumors. In case of non-

ICD-inducing gemcitabine treatment, no enhanced T cell infiltration into tumors was 

observed. Adapted with permission from ref. 26. Copyright 2016 Elsevier. d: Pyrolipid-

loaded nanomedicines induced ICD and potentiated cancer immunity in distant tumors via 

the abscopal effect, which synergized with anti-PD-L1 antibodies to efficiently eradicate the 

tumors. Adapted with permission from ref. 27. Copyright 2013 American Chemical Society.
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Figure 4. Nano-immunotherapy based on targeting the tumor immune microenvironment 
(TIME).
a: Nanomedicines can inhibit immunosuppressive cells and molecules, and they can 

potentiate effector immune cells (such as APCs and cytotoxic T cells). Both approaches 

enhance the cancer-immunity cycle. b: Immunosuppressive M2-like macrophages (left) can 

be decreased by CaCO3 nanoparticles, via modulating tumor acidity. At the same time, the 

level of immunopotentiating M1-like macrophages (right) was increased. Adapted with 

permission from ref. 38. Copyright 2019 Springer Nature. c: Downregulation of TGF-β 
levels in tumors was induced by siRNA-loaded nanoparticles, when used alone and when 

combined with vaccination at early or late stages of tumor development. Adapted with 

permission from ref. 49. Copyright 2014 American Chemical Society. d: Multivalent bi-

specific nanobioconjugate engager (mBiNE) modified with calreticulin (CRT) and with 

antibodies targeting the human epidermal growth factor receptor (HER) trigger macrophage-

mediated phagocytosis of HER2-expressing tumor cells (i.e. SK-BR-3 and TUBO). Adapted 

with permission from ref. 50. Copyright 2017 Springer Nature.
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Figure 5. Nano-immunotherapy based on targeting the peripheral immune system.
a: Nanomedicines can improve cytotoxic T cell generation in peripheral immune organs, 

such as lymph nodes, by modulating antigen presentation or by mimicking APCs. 

Furthermore, nanomedicines can potentiate or engineer peripheral T cells for more efficient 

killing of cancer cells. b: CpG motifs modified with lipid tails (Lipo-G2-CpG) efficiently 

targeted lymph nodes to activate APCs following intravenous injection. Adapted with 

permission from ref. 58. Copyright 2014. Springer Nature. c: In vivo T cell maturation and 

activation were more effectively achieved by artificial APCs (aAPC) with optimized surface 

chemistry compared to fixed aAPC and soluble activating antibodies. Adapted with 

permission from ref. 63. Copyright 2017 American Chemical Society. d: Peripheral T cells 

were engineered using intravenously injected gene delivery nanoparticles to express 

chimeric antigen receptors (CAR) in mice bearing B-cell acute lymphoblastic leukemia. 

High numbers of effector and memory T cells could be detected in peripheral blood for up to 

one month. Adapted with permission from ref. 66. Copyright 2017 Springer Nature.
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Figure 6. The cancer immunogram and Immunoscore.
a: The cancer immunogram is a scoring tool based on seven parameters related to cancer-

immune system interactions. MHC: major histocompatibility complex; LDH: lactate 

dehydrogenase; CRP: C-reactive protein. Adapted with permission from ref. 20. Copyright 

2016 The American Association for the Advancement of Science. b: The Immunoscore aims 

to analyze the location, type, density and function of T cells in tumors. In the most recent 

version, tumors are categorized in four types: absent (“cold” tumors), altered-

immunosuppressed, altered-excluded and optimal (“hot” tumors). The latter have an 

increased likelihood to respond to immunotherapeutic interventions, such as checkpoint 

inhibition. CT-Lo: low T cells in the core of tumors. Hi-IM: high T cells in the invasive 

margin. CD3+ T cells are stained in brown and background tissue is stained in blue. Adapted 

with permission from ref. 76. Copyright 2019 Springer Nature.
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