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In contrast to conventional anti-tumor agents, nano-carriers allow co-delivery of distinct drugs in a cell type-specific manner. So far, many nanodrug-based immunotherapeutic approaches aim to target and kill tumor cells directly or to address antigen presenting cells (APC) like dendritic cells (DC) in order to elicit tumor antigen-specific T cell responses. Regulatory T cells (Treg) constitute a major obstacle in tumor therapy by inducing a pro-tolerogenic state in APC and inhibiting T cell activation and T effector cell activity. This review aims to summarize nanodrug-based strategies that aim to address and reprogram Treg to overcome their immunomodulatory activity and to revert the exhaustive state of T effector cells. Further, we will also discuss nano-carrier-based approaches to introduce tumor antigen-specific chimeric antigen receptors (CAR) into T cells for CAR-T cell therapy which constitutes a complementary approach to DC-focused vaccination.
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Introduction

So far, the vast majority of nano therapeutics applied for tumor therapy aims to target either tumor cells for direct killing by delivery of cytotoxic drugs (1) or antigen presenting cells (APC) like dendritic cells (DC) to evoke tumor antigen-specific T cell responses by co-delivery of antigen and adjuvant (2). The latter, immunotherapeutic nano vaccination approach is quite attractive since DC, which are considered the most potent APC due to their capacity to induce even primary T cell responses, are specialized in the uptake of exogenous material via several receptors allowing endocytosis and phagocytosis (3). Further, APC are equipped with numerous cell surface as well as intracellular receptors that sense danger signals (4). Nano-vaccines can be considered as minimal pathogens, providing a source of antigen and adjuvant, i.e. APC-stimulating danger signals.

However, this vaccination approach is limited by immunoregulatory immune cells, including myeloid-derived suppressor cells (MDSC) as well as regulatory T cells (Treg), that are induced and expanded by molecular cues of the tumor as well as of accessory cells like tumor-associated macrophages (TAM) and cancer-associated fibroblasts (CAF), forming the tumor microenvironment (TME) (5). MDSC and Treg are able to spread tumor tolerance by imprinting a pro-tolerogenic state in APC, by inhibiting activation of (naïve) T cells, and by deactivating T effector cells (6, 7). Therefore, the development of nanodrugs that address and either deplete or reprogram immunoregulatory cell types have come into focus (8). Whereas MDSC and TAM are equipped with numerous uptake receptors and thereby may readily internalize nanodrugs, especially T cells have proven more difficult in that regard. Therefore, approaches employing nanodrugs to induce T cell activation have so far only scarcly been applied.

This review aims to present current nanodrug-based strategies developed to address and modulate T cells (an overview is given in Figure 1). In most cases, according studies have focused on the activation and expansion of T effectors cells and the generation of chimeric antigen receptor (CAR-)T cells, genetically altered to express a defined tumor antigen-specific T cell receptor. Both approaches focus on expanding the pool of tumor antigen-specific T cells. In contrast, the complementary strategy to reprogram Treg towards T effector cells by nanodrugs has been issued in a limited number of studies only.




Figure 1 | Illustration of various nanoparticular approaches to address T cells for immunotherapy. In general, four major mechanisms can be distinguished that comprise nanodrugs aiming to activate T cells (1), nanodrugs that allow for passive (2) or active, antibody-mediated T cell targeting (3) and nanodrugs that may enhance the efficacy of CAR T cell therapies.



So far, most clinical studies focused on the generation and adoptive transfer of CAR-T cells, while mRNA-based nanodrugs directly targeting T cells have not been translated widely into the clinic. However, a number of clinical trials have applied immune-checkpoint inhibitors (ICI) in combination with nanodrugs in order to indirectly address the T cell compartment and induce a robust anti-tumor T cell response. Most commonly, these indirect approaches act via the induction of immunogenic cell-death (ICD), the depletion of immunosuppressive cell types and DC-mediated T cell activation.



T Cell Activation

For in vitro activation of T cells in the context of adoptive T cell transfer, several types of nano structures have been developed to improve polyclonal stimulation with immobilized agonistic anti-CD3 and CD28-specific antibody. In many cases the T cell stimulatory antibodies are attached to nano-sized beads, termed artificial (a)APC (9).

Matic and coworkers observed an inverse relation between the density of immobilized anti-CD3 antibody and the extent of primary human CD4+ T cell activation as reflected by CD69 expression and IL-2 levels (10). T cell proliferation required the co-application of anti-CD28 antibody, which was applied in soluble form. Later, beads that were conjugated with agonistic anti-CD3 and -CD28 antibodies were introduced for T cell stimulation, which displayed elevated stimulation properties due to the structural similarity of the stimulatory beads and APC (11). This concept was developed further by using polydimethylsiloxane (PDMS) elastomer as a carrier substrate, which was coated with albumin for biocompatibility (12). According beads (Ø 28-40 nm) induced faster and longer-lasting T cell divisions as compared to antibody-coated `stiff´ beads of comparable size, namely DynaBeads and polystyrene NP. This demonstrates that besides the density of the stimulating agents also physical properties of nano-carriers like stiffness/softness of the underlying material are important to optimize T cell stimulation.

The activation of primary CD4+ T cells was also improved by employing oligo peptides that enhanced cell adhesion (13). To this end, PEG hydrogel was conjugated with fibronectin-derived peptides, known to be engaged by integrin receptors expressed by T cells (14). These functionalized PEG hydrogels were decorated in addition with Au-NP, which in turn were conjugated with agonistic CD3-specific antibody. Agonistic anti-CD28 antibody was applied in soluble form. CD4+ T cell activation (CD69 expression, IL-2 production) and proliferation was improved in the presence of the integrin-binding Arg-Gly-Asp tripeptide (15), and correlated inversely with Au-NP density on PEG hydrogels (minimal distance: 20 nm). In a follow-up study T cell activation and proliferation was further increased by applying a cocktail of phorbol 12-myristate 13-acetate (PMA), ionomycin and Golgi inhibitors (16) that enhanced IL-2 production via activation of protein kinase C and elevation of cytosolic calcium levels (17).

Recently, Hammink and coworkers showed that as compared to direct conjugation of agonistic CD3 and CD28 antibodies to the bead surface the inclusion of semi-flexible polyisocyanopeptide polymer linkers of about 400 nm in length enhanced the activation of primary human CD4+ and CD8+ T cells in terms of proliferation in terms of proliferation, as well as the production of IL-2 and interferon (IFN)-γ production (18).

Whereas in the aforementioned approach as well as in case of standard aAPC both types of agonistic antibody are evenly distributed, Lee and Yu asked for the potency of aAPC based on silica NP (Ø ~500 nm) on which anti-CD3 antibody was clustered in segregated patches, surrounded by anti-CD28 antibody (19). These so-called Janus NP conferred much stronger T cell activation as in case of homogenous antibody distribution.

NP may exert intrinsic T cell stimulatory activity as shown for ultrasmall silica NP (Ø <10 nm) that engaged the T cell receptor and CD3, and thereby induced ζ-chain-associated protein kinase 70 (ZAP70) phosphorylation as well as induction of activation markers (CD25, CD69) (20). However, T cell proliferation and IL-2 production required the co-application of agonistic CD28 antibody or PMA.

The lectin phytohemagglutinin (PHA) stimulates T cells by cross-linking of the T cell receptor (21), but is highly toxic (22). Most recently, Alhallak and coworkers showed that PEGylated liposomes, comprised of DPPC and cholesterol, allowed efficient loading with PHA (23). These liposomes conferred strong T cell activation in vitro. In contrast to soluble PHA, the liposomal PHA formulation exerted no increased toxicity in vivo, and mediated T cell activation as well. Further, in a murine multiple myeloma tumor model, in vivo application of liposomal PHA resulted in a strong decrease in tumor growth, which has been attributed to T cell activation. It was not clarified, however, which additional cell types engaged liposomal PHA and were affected by the cargo.



T Cell Targeting

Some types of nanoparticles (NP) have been demonstrated to possess an intrinsic T cell targeting property, termed passive targeting. However, in a growing number of studies active T cell targeting has been achieved by conjugation of surface receptor binding ligand derivatives or antibodies.



Passive

In a proof of concept study we issued the potential of non-functionalized NP for uptake by T cells (24). To this end, we compared binding and uptake of polystyrene particles of different sizes (Ø 63-121 nm) and surface functionalization by human pre-activated CD4+ and CD8+ T cells. In the course of these experiments amino-functionalized polystyrene beads (Ø 65 nm) were most efficient as evaluated by confocal microscopy. NP were apparent in membrane-surrounded vesicles. Of note, we observed a considerable release of NP after longer periods of incubation. NP uptake exerted no detrimental effects on cell viability. Interestingly, NP/T cell interaction was attenuated in the presence of human serum in a dose-dependent manner. Both IFN-γ production (CD4+ and CD8+ T cells) and target cell killing (CD8+ T cells) were not affected at low to intermediate NP concentrations.

The potential of superparamagnetic iron oxide NP (SPION) to label T cells in vitro in the context of adaptive T cell transfer for tumor therapy was assessed in several studies. For example, Liu and coworkers demonstrated that PEG-coated SPION could be used to efficiently address T cells without causing any detrimental effects on their physiological functions (25). SPION-labeled T cells could be tracked in vivo by magnetic resonance imaging (MRI) as shown in a rodent transplantation model. Besides in vivo tracking, SPION-labeled pre-isolated CD3+ T cells that were labeled ex vivo with SPION and systemically injected could be directed in vivo e.g. to tumor sites by applying a magnetic field as shown in several proof of concept studies (26, 27). Polyclonal T cell activation increased SPION (Ø 54 nm) binding, but also resulted in a drop in overall T cell viability.

Huq and coworkers demonstrated specific uptake of poly(ethylene glycol) (PEG) functionalized hydrophilic carbon clusters (HCC) by splenic rat T cells in vivo after systemic application (28), but not by lymph node T cells. Subsequent in vitro spleen cell studies corroborated these findings and showed that both CD4+ and CD8+ T cells internalized PEG-HCC by clathrin-mediated endocytosis both at resting state and at enhanced level after mitogenic stimulation. In accordance with the previously reported scavenger activity of PEG-HCC (29), accordingly treated T cells contained lower levels of oxygen radicals, and displayed lower activation in response to antigen-specific stimulation (28). Interestingly, myeloid cell types displayed considerable binding, but no uptake of PEG-HCC. Accordingly, macrophages were not affected in terms of activation. In contrast to PEG-HCC, ultra-small silica NP Staff(Ø 3.6-5.1 nm) displayed no T cell-specific uptake when assayed with human peripheral blood mononuclear cell (PBMC) preparations, but conferred strong T cell activation (30). In this regard, CD4+ and CD8+ T cells displayed strong upregulation of surface activation markers (CD25, CD69) and IFN-γ release, whereas Th2-associated cytokines were not induced. Of note, T cell activation did not result in T cell proliferation. Somewhat surprisingly, we observed an inverse correlation between the size of silica nanocapsules (SiNC; Ø 50-400 nm) and their cytotoxic effect on human primary CD8+ T cells (31). Therefore, we chose SiNC of larger size for subsequent experiments. We demonstrated that SiNC (Ø 248 nm) were internalized by human primary CD8+ T cells, and successfully transferred siRNA specific for the T cell inhibitory receptor programmed cell death protein (PD-)1 (32). The downregulation of PD-1 was accompanied by upregulated expression of the surface activation markers CD25, CD69 and CD71. Besides SiNC we also assayed other types of NP for their ability to transfect T cells with siRNA, namely lipophilic triphenylphosphonium cation-modified diblock copolymer structures with a terminal 3-guanidinopropyl methacrylamide block for the complexation of siRNA, and cationic nanohydrogel NP (Ø <28 nm) (33). The latter were based on an amphiphilic block copolymer harboring a hydrophilic block, which consisted of triethylenglycol methylether methacrylate and a hydrophobic block of pentafluorophenyl methacrylate as reactive ester. The derived amphiphilic polymers self-assembled into polymeric micelles with a reactive ester core, substituted from hydrophobic to cationic by using bi-functional amine containing cross-linkers. Primary human CD8+ T cells isolated from PBMC and stimulated with agonistic anti-CD3 antibody and IL-2 showed uptake of either siRNA carrier.

Whereas the aforementioned carrier systems have been evaluated to alter T cell activation by RNA interference using siRNA, Tanaka and coworkers optimized lipid NP for mRNA transfection of T cells using the human CD4+ T cell line Jurkat as a model (34). Stepwise improvements resulted in a formulation consisting of SS-cleavable and pH-activated lipid-like material (ssPalmO-Phe-P4C2), previously shown to promote endosomal escape and release of mRNA into the cytoplasm (35), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine, cholesterol and 1-(monomethoxy PEG2000)2,3-dimyristoylglycerol.

Taken together, the aforementioned studies confirmed that nanodrugs may successfully deliver cargo into (activated) T cells. However, the obstacle of competitive uptake of NP by other types of immune cells with more pronounced endocytic activity, thereby interfering with T cell -specific targeting, was scarcely addressed.



Active

In order to specifically address T cells and to enhance NP uptake, a number of approaches evaluated T cell-specific targeting by addressing suitable surface receptors like CD3 and CD4 with according antibodies.

Dinauer and coworkers demonstrated that targeting of the pan-T cell marker CD3 using gelatin NP coated with anti-CD3 antibody yielded strong uptake of that functionalized NP by T cell leukemia cells as well as primary T cells in vitro (36). Most recently, T cell-specific transfection with mRNA in vivo was achieved by using lipid NP containing an ionizable cationic lipid (DLin-MC3-DMA), that was conjugated with a CD3-specific antibody (37). Intravenous application resulted in an accumulation of fluorescent reporter mRNA containing lipid NP in the spleen, and a transfection efficiency of up to 4% of all splenic and 7% of circulating T cells. In accordance with the agonistic property of the CD3 antibody, transfected T cells expressed activation markers (CD25, CD69, OX40), accompanied by downregulation of CD3ε, and displayed elevated plasma levels of T cell-associated cytokines. Further, when injected into tumor-bearing mice undergoing immunotherapy, transfected T cells were apparent in the tumor and tumor-draining lymph nodes.

Several studies aimed to address CD4+ T cells by NP conjugated with CD4-binding antibodies. Ramana and coworkers evaluated the efficiency of this targeting strategy by using anti-CD4 antibody conjugated immunoliposomes consisting of phosphatidyl choline (PC), distearoylphosphatidylethanolamine (DSPE)–PEG), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) and cholesterol (38). These immunoliposomes were loaded with two anti-retroviral drugs (Ø ~71 nm). CD4-targeting immunoliposomes were efficiently internalized by cells of the Jurkat T cell line, and both drugs exerted biological activity. CD4-targeting lipid NP were also employed to deliver CD45-specific siRNA into murine primary CD4+ T cells (39). In vivo administered lipid NP, consisting of cholesterol, distearoylphosphatidylcholine, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-PEG, and Dlin-MC3-DMA (40), with a diameter of ~130 nm, were detectable in various organs only in CD4+ T cells, and caused CD45 downregulation, which was associated with a decrease in CD4 surface levels due to endocytosis-mediated sequestration (41). Recently, Tombácz and coworkers demonstrated efficient mRNA transfection of murine CD4+ cells in vivo after intravenous injection using CD4 antibody-conjugated lipid NP consisting of the proprietary ionizable cationic lipid ALC-0307 (42), PC, cholesterol and PEG-lipid NP (43). To demonstrate efficacy of their lipid NP in vivo, reporter mice were used which were engineered to express a fluorescent protein after Cre recombinase mediated recombination. When injecting these reporter mice with complexes composed of Cre recombinase encoding mRNA and lipid NP high frequencies of CD4+ T cells (spleen: ~ 60 %, lymph nodes: ~ 40 %) were found to express the fluoresecent reporter. Canakci and coworkers used anti-CD4 antibody conjugated polymeric nanogels generated by polymerization of monomeric PEG methyl ether methacrylate (PEGMA) and pyridyl disulfide ethyl methacrylate to deliver the tubulin inhibitor mertansine to T cell lymphoman cell lines (44).

Aptamers are peptides or oligonucleotides which are identified by library screenings to bind a given target molecule at high affinity and are much smaller than according antibodies (45). The aptamer CD8AP17 specifically binds human CD8 (46). Mansouri and coworkers used poly(lactic-co-glycolic acid) (PLGA) based NP that were modified with chitosan to promote endosomal escape (47), conjugated with the aptamer CD8AP17 (Ø 345 nm) to deliver the calcineurin inhibitor tacrolimus (48) specifically to cells of an immortalized CD8+ T cell line (49). Glass and coworkers generated so-called caveospheres, which consist of self-assembling Caveolin-1 fused with Staphylococcal IgG Fc part binding peptide with a diameter of ~40 nm (50). These caveospheres could be functionalized with an anti-CD4 antibody, and showed specific binding to CD4+ cells within a mixed PBMC population. Likewise, functionalization with a C-C chemokine receptor type 5 specific antibody resulted in specific binding and uptake by CD4+ T cells.

As an alternative approach for T cell targeting, we conjugated interleukin (IL-)2 to hydroxyethyl starch (HES-)NP (Ø ~215 nm) and showed that IL-2 retained its biological activity as tested in an IL-2 bioassay (51). Further, human CD4+ T cells polyclonally pre-activated to express the IL-2 receptor CD25 internalized IL-2-coated HES-NP, and showed a higher extent of proliferation, confirming that IL-2 in a dual manner served both as a targeting and costimulatory agent by addressing CD25. Efficient engagement was also observed for CD4+CD25high Treg. CD25-dependent T cell binding was achieved as well in in vivo experiments using immunodeficient Rag2–/–γc–/– mice that had been reconstituted with human CD4+ T cells.



Reprogramming of Exhausted T Effector Cells and Treg

In the following, strategies that aimed to revert the exhausted state of T effector cells and to overcome the immunoregulatory function of Treg are discussed (Figure 2). In a proof-of-concept study focusing on NP-mediated RNA interference in Treg, laser-generated Au-based NP were coupled with a locked nucleic acid, that encompassed a green fluorescent protein (GFP)-specific siRNA, and a cell penetrating peptide to enhance endocytic particle internalization (52). This NP formulation (Ø ~6.8 nm) was internalized at high extent by splenic CD11b+ myeloid cell populations, and within the CD4+ T cell population by double as many CD4+CD25+ Treg (~ 10%) as CD4+CD25- T cells. Incubation of Treg isolated from GFP-expressing reporter mice with GFP-siRNA coupled Au-NP resulted in a strong down-regulation of the GFP reporter on protein level after two days (52).




Figure 2 | Nanodrug-based approaches for effector T cell reprogramming. Reprogramming of exhausted effector T cells and regulatory T cells via nanodrugs can be distinguished into two major categories: (1) Nanoparticles that specifically inhibit immunoregulatory molecules on effector T cells or regulatory T cells, thereby enhancing effector T cell activity. (2) Nanoparticles targeting immunosuppressive mechanisms characteristic of the tumor microenvironment that favor the accumulation of immunosuppressive cell types and an alleviate an effective anti-tumor immune response.



Another early study aimed to inhibit the expression of the immune checkpoint cytotoxic T lymphocyte-associated protein (CTLA-)4 in T cells by siRNA using NP composed of PEG-poly(D,L-lactide) and the cationic lipid N,N-bis(2-hydroxyethyl)-N-methyl-N-(2-cholesteryoxycarbonyl-aminoethyl) ammonium bromide as a carrier (Ø ~142 nm) (53). Treatment of antigen-specifically stimulated CD4+ T cells with CTLA-4 siRNA-delivering NP enhanced their proliferative activity. Systemic administration of these NP to melanoma-burdened mice resulted in strongly reduced tumor growth, which was accompanied which was accompanied by an overall increased tumor infiltration of CD4+ and CD8+ T effector cells, higher levels of T helper (Th)1/CTL-associated IFN-γ and tumor necrosis factor (TNF)-α in serum, whereas the number of Treg remained unaltered. T cell activation may also be extended by NP-aided inhibition of the inhibitory PD-1 signaling axis as demonstrated by Wu and coworkers by using calcium phosphate NP coated with (dioleoyl-3-trimethylammonium propane) DOTAP, dioleoylphosphatidylcholine and cholesterol, that encapsulated siRNA specific for PD-1 and PD ligand(L)1 (Ø ~30 nm) (54). These NP yielded downregulation of PD-1 expression in primary human tumor-infiltrating leukocytes (TIL) obtained from breast cancer specimen, and enhanced their tumor cell killing activity in vitro, accompanied by elevated IFN-γ and TNF-α contents. In a similar approach, liposomes composed of cholesterol, DOTAP, dioleoylphosphatidylethoanolamine (DOPE), and PEG were complexed with PD-1 specific siRNA (Ø ~87 nm), which engaged splenic CD8+ T cells in vitro, conferring downregulation of PD-1 expression (55). When systemically administered to melanoma-burdened mice, these liposomes enriched at the tumor site and in lymph nodes. By this approach the composition of tumor-infiltrating T cells was altered, displaying a higher frequency of Th1 cells on the expense of Treg and Th2 cells, and accompanied by lowered tumor growth.

Kosmides and co-workers aimed to enhance T cell effector activities by generating dextran-coated iron oxide NP that were conjugated with a PD-L1 blocking and an agonistic 4-1BB antibody (56). This so-called immunoswitch NP (Ø ~80 nm) was intended to target 4-1BB+ and PD-L1+ tumor cells. On the one hand this NP prevented binding of PD-L1 to PD-1 as expressed by T effector cells (57). On the other hand, the agonistic 4-1BB antibody engaged and triggered the costimulatory receptor 4-1BB on T cells (58). Thereby, the NP acted in a dual manner as a bridging and stimulatory agent. Immunoswitch NP enhanced the interaction of pre-activated murine CD8+ T cells with PD-L1 expressing melanoma, resulting in a stronger IFN-γ production and tumor cell killing in vitro. In a murine melanoma model, both intratumoral and intravenous injection of immunoswitch NP conferred strongly attenuated tumor growth, which was accompanied by higher frequencies of tumor-infiltrating IFN-γ+CD8+ T effector cells. In contrast, co-administration of soluble PD-L1 and 4-1BB antibodies was not effective.

Other studies aimed to inhibit the immunoregulatory effects of tumor growth factor (TFG-)β. In this regard, Yang and coworkers generated amphiphilic Au-NP that were loaded with a hydrophobic TGF-β inhibitor (SB525334) into the shell (Ø ~2.4 nm) (59). Additional conjugation with a CD8-specific antibody strongly enhanced the binding of this NP formulation to CD8+ T cells and at the same time attenuated its binding to other types of leukocytes in vitro. When applied systemically in vivo, besides CD8+ T cells also myeloid cell types, including conventional DC type 2, macrophages and granulocytic neutrophils engaged this NP at high-levels as well. Of note, also CD4+ T cells displayed considerable interaction with this NP formulation. Nonetheless, peripheral blood of tumor-burdened mice that were treated with this type of NP contained higher frequencies of CD8+TNF-α+IFN-γ+ T cells. However, tumor growth was not affected. In a similar approach Francis and coworkers generated poly(propylene sulfide) NP which upon conjugation of immune checkpoint PD-1- and CTLA-4- specific blocking antibodies, respectively, preferentially engaged CD4+ and CD8+ T cells in mice (60). In a melanoma model, co-administration of these NP formulations exerted similar inhibition of tumor growth as observed after the application of equimolar amounts of soluble antibodies applied in combination. Moreover, immune checkpoint-targeting NP loaded with a TGF-β inhibitor (SB-431542) conferred an even stronger tumor inhibition and prolonged the life span of melanoma-burdened mice.

Besides specific inhibition of distinct immunoregulatory molecules, another approach aimed to exploit that Treg within the TME depend on enhanced fatty acid oxidation (61). Muriski and coworkers generated fatty acid-conjugated quantum dots, which enabled quantification of fatty acid uptake by T cells (62). This quantum dot-derivative labeled tumor-derived CD4+Foxp3+ Treg at higher extent than any other tumor-infiltrating T cell population in a mouse model of intracranial tumors. In order to metabolically reprogram T cells within the TME, Kim and co-workers encapsulated the peroxisome proliferator-activated receptor (PARP-)α inducer fenofibrate in amphiphilic polygamma glutamic acid-based NP that were conjugated with a CD3-specific F(ab´)2 antibody fragment for pan T cell targeting (Ø ~150 nm) (63). This NP formulation enhanced the mitochondrial oxygen consumption rate of T cells under glucose-deficient conditions via PARP-α induced activation of fatty acid metabolism in vitro. In a murine melanoma model, intratumoral administration of this NP formulation resulted in higher frequencies of tumor-infiltrating T cells, elevated frequencies of IFN-γ and granzyme B expressing CD3+ T cells, and virtually abrogated tumor growth.

Based on the observation that the effector functions of tumor-infiltrating T effector cells are inhibited on genomic level by de novo gene promoter methylation (64), Hu and co-workers tested the efficacy of T cell-focused delivery of the DNA methyltransferase inhibitor 5-Aza-2´-deoxycytidine (DAC) (65). For this, PEG-poly(ε-caprolactone) NP were conjugated with the clinically employed PD-1 blocking antibody nivolumab to target PD-1 expressing T cells and were loaded with DAC. This formulation (Ø ~218 nm) enhanced IFN-γ production and cytotoxicity of PD-1 expressing CD8+ T cells in an in vitro assay, which suggested suitability for in vivo therapy.

In other approaches, enhanced tumor infiltration of T effector cells was not achieved by direct addressing, but by altering TME conditions. To overcome the acidic state of the TME, known to inhibit T effector cells (66), Zhang and coworkers aimed to inhibit lactate dehydrogenase A (LDHA) in the TME (67). For this, vesicular cationic lipid-assisted NP consisting of DOTAP and PEG-PLGA were loaded with Ldha-specific siRNA (Ø ∼95 nm). In a murine melanoma model, intraveneously administered NP accumulated intratumorally, and reduced Ldha expression, which elevated the pH value. Further, NP application decelerated tumor growth, which was further attenuated upon co-administration of a PD-1 blocking antibody. Tumor analysis revealed enhanced tumor infiltration of CD4+ and CD8+ T effector cells and lower numbers of CD4+Foxp3+ Treg. To overcome hypoxia, which constitutes another hallmark of solid tumors, immunoliposomes composed of lecithin, cholesterol and DSPE-PEG were loaded with Catalase to generate oxygen from break down of hydrogen peroxide (68). These NP were conjugated with a PD-L1 specific blocking antibody via a pH-responsive linker to target PD-L1 expressing tumor cells. In a murine melanoma model, immunoliposomes (Ø ∼118 nm) accumulated in the tumor, PD-L1 blocking antibody was released due to the acidic conditions, and the NP was internalized by tumor cells. Furthermore, the intratumoral hypoxic state was normalized, and a higher infiltration of the TME with CD8+ T cells, but not CD4+ T cells was observed. Treatment of tumor-burdened mice inhibited tumor growth at a higher extent as observed in response to the application of soluble PD-L1 blocking antibody, resulting in enhanced overall survival. In a subsequent study, the aforementioned immunoliposome platform was used to encapsulate carvedilol, intended to block neoangiogenesis within the tumor (69), and to conjugate CD47 and PD-L1 blocking antibodies via reactive oxygen species (ROS)-sensitive thioketal linkers (70). Functionalization with CD47-blocking antibody was dedicated to inhibit `don´t-eat-me´ signaling by tumor cells, which may express this receptor at high level (71). In melanoma-burdened mice intravenous administration of these multi-functionalized immunoliposomes (Ø ∼101 nm) attenuated ROS concentrations due to their reaction with the thioketal linkers (70). Moreover, TIL composition was strongly altered, characterized by attenuated levels of Treg and TAM and elevated frequencies of activated DC, M1-like macrophages and CD8+ T cells. Furthermore, blood vessel density was strongly reduced in the course of treatment, and the frequency of apoptotic tumor cells increased.



CAR-T Cell Engineering

So far, CAR-T cells are generated ex vivo by transduction of patient-derived T cells with viral vectors encoding for the chimeric TCR, costimulatory moieties and eventually additional stimulatory factors (72). By now, CAR-T therapy has been approved by the FDA for treatment of lymphoma and leukemia (73). In order to overcome especially safety concerns associated with the use of viral entities, in a number of studies T cells have been transfected with mRNA by electroporation (74). However, also mRNA transfection of T cells by electroporation bears limitations with regard to method-associated cytotoxicity and low transfection efficacy. As an alternative especially lipid NP that complex mRNA and contain helper lipids for stabilization have been tested for ex vivo T cell transfection with mRNA (75–78) and plasmid DNA (79). Based on library screening, Billingsley and coworkers identified an ionizable lipid which induced comparable mRNA transfection efficiency at lower cytotoxicity on Jurkat T cells (75), and subsequently optimized this vector by varying the molar ratios of DOPE, cholesterol and lipid-anchored PEG (76). The optimized formulation conferred CAR mRNA transfection of primary T cells at similar efficacy as electroporation and viral transfer, yielding comparable CAR-T-mediated target cell killing. By screening a library encompassing chemically differing lipid-like formulations, termed lipidoids, Zhao and coworkers showed that lipidoids with an imidazole group yielded stronger reporter mRNA transfection efficacies of primary human CD8+ T cells in vitro (77), and was suitable for transfer of CAR-T mRNA into CD8+ T cells as reflected from potent killing activity of lymphoma cells (78). Furthermore, lipoids also mediated efficient in vivo transfection of T cells as assessed by applying Cre recombinase-encoding mRNA into a reporter mouse strain yielding dTomato expression in response to Cre recombinase-mediated recombination (77). Yu and coworkers screened a number of self-assembled NP composed of cyclodextrin-grafted branched PEI and adamantine-grafted polyamidoamine dendrimers for their suitability to mediate plasmid DNA transfection of human Jurkat T cells (79). Based on initial reporter mRNA transfection studies a formulation (Ø ~100 nm) was chosen and successfully evaluated for CAR plasmid DNA transfection and tumor cell killing.

NP have also been used to enable in vivo MRI of CAR-T cells: In two recent studies CAR-T cells were labeled with iron oxide-based spheric NP (Ø ~25 nm) (80) and nanoworms (Ø ~120 nm) (81). Luo and coworkers aimed to increase the stimulatory properties of CAR-T cells by binding interleukin-12 –coated human serum albumin-based NP onto the CAR-T cell surface by means of bioorthogenal chemistry (82). IL-12 was released in response to binding to tumor target cells, which resulted in an enhanced release of T cell-attracting chemokines and thereby increased CAR-T infiltration, yielding a positive feedback loop.



Translation of Nano-Immunotherapy in Clinical Trials

In the past decade immune-oncology research has undergone substantial progress in understanding the regulatory mechanisms of anti-tumor immunity paving the way for novel immunotherapeutic agents such as ICI and CAR-T cells, which demonstrated impressive outcomes in various cancer types. In particular, the advent of ICI, that block PD-1, PD-L1 and CTLA-4, significantly improved treatment for a number of solid tumors, such as metastatic melanoma (83), non-small-cell lung cancer (84), merkel cell carcinoma (85), colon carcinoma (86), head-and-neck squamous cell carcinoma (HNSCC) (87) and others (88, 89). Also, CAR-T cell therapy showed remarkable long-term results in hematological diseases such as B cell malignancies (90–93). Still, a majority of patients may not derive significant benefit from immunotherapy treatment (35, 94), attributed to low immune cell infiltration into solid tumors, tumor antigen loss and the potent immunosuppressive character of the TME (95, 96).

In order to overcome treatment resistance and to enhance clinical responses to immunotherapy, new therapeutic strategies are needed that may synergize with current immunotherapeutic agents. In this context, nanodrugs are showing high potential in cancer immunotherapy as demonstrated in various preclinical trials as outlined above because they (1) allow for the selective targeted delivery of drugs, (2) may enhance immunogenic cell death (ICD), and (3) may reduce off-target toxicity (97). Also co-administration of several agents in a physically coupled form by one delivery platform is feasible with nanocarriers. Based on the promising results of preclinical trials a steadily increasing number of clinical studies are underway that investigate the clinical efficacy of T cell addressing nanodrugs. The number of these trials substantially increased after the approval of ICI and CAR-T cell therapies, which may be attributed to the potent synergistic effects hypothesized for T cell targeting nanodrugs and ICI treatments (98). Therefore, the majority of these studies are investigating on the combination of ICI and T cell addressing nanodrugs, whereas only a small number of trials examine the clinical efficacy of T cell addressing nanodrugs as monotherapy.

In the following, we will summarize and discuss the most important clinical trials on T cell-targeting nanodrugs for cancer immunotherapy. Table 1 gives an overview of landmark clinical trials on T cell-targeting nanodrugs that mainly comprise indirect approaches to address T cells, such as DC-mediated T cell stimulation or immunomodulation of T cells as a bystander effect of an applied agent. Given the great number of clinical trials we will focus on the most advanced studies and further distinguish between nanodrugs directly addressing T cells and those indirectly affecting T cells. Among indirect T cell targeting nanodrugs, the majority of trials uses nano-formulated chemotherapeutics and mRNA-based nano-vaccines in combination with ICI therapies, which will be outlined in the following.


Table 1 | Selection of clinical trials in cancer immunotherapy involving T cell targeting nanodrugs and biomaterials.








Nanodrugs Addressing T Cells Indirectly

Nanodrugs modulating T cells encompass a wide spectrum of different anticancer modalities, that act (1) via induction of ICD, (2) DC-mediated T cell activation or (3) depletion/reprogramming of immunosuppressive cell types. In the following we will present three different types of such indirectly T cell modulating nanodrugs that include protein-based NP, polymer-drug conjugates and liposomal mRNA vaccines, as well as viral vectors.



Protein-Based NP

The most common protein-based NP that affect T cells are nano-formulations of chemotherapeutic agents, which are incorporated in albumin-based NP as a carrier. In this regard, Abraxane was the first protein-based NP formulation that was approved by the FDA (121). Abraxane is a nano-formulation of the chemotherapeutic paclitaxel. Apart from direct tumoricidal effects of paclitaxel various immunomodulatory properties have been reported for this agent. In particular, paclitaxel was reported to enhance tumor infiltration of immune cells, such as lymphocytes and DC (111, 122). Also it has been shown that paclitaxel reduced the number of Tregs (123) and contributed to the repolarization of TAM towards an inflammatory M1 macrophage phenotype (124). More importantly, application of Abraxane resulted in higher response rates and substantially decreased side effects as compared to conventional paclitaxel treatment, which led to FDA approval for treatment of metastatic breast cancer, metastatic non-small cell lung cancer (NSCLC) and metastatic pancreatic cancer (125). Most clinical trials investigating the efficacy of Abraxane have been conducted in combination with other immunotherapy agents, in particular with PD-1/PD-L1 blocking antibodies (e.g. atezolizumab). Here, the IMpassion130 trial showed that Abraxane in combination with the PD-L1 inhibitor atezolizumab significantly improved the median progression-free survival (PFS) and overall survival (OS) of patients with advanced triple negative breast cancer (TNBC) as compared to Abraxane plus placebo, without inducing further adverse events (126). The combination of Abraxane and atezolizumab also demonstrated improved clinical efficacy when compared to anti-PD-1/PD-L1 antibodies, such as pembrolizumab or avelumab (127, 128). Therefore, Abraxane plus atezolizumab was the first immunotherapeutic regimen that obtained FDA approval for advanced TNBC, and later Abraxane, atezolizumab and carboplatin obtained also approval for metastatic non-squamous and squamous NSCLC (105, 129). Next to the improved delivery of Abraxane, the reduced toxicities, which avoided premedication with immunosuppressive corticosteroids, are considered particularly important for the clinical efficacy of the combination of Abraxane and PD-(L1) inhibitors and contribute to the immunomodulatory effects of Abraxane on T effector cells (130).



Polymer-Drug/Protein Conjugates

Polymer-protein conjugates that are applied in cancer treatment are mainly PEGylated proteins as PEGylation effectively protects proteins from degradation and improves drug distribution (131). The PEGylated liposomal formulation of doxorubicin, Doxil, was the first nano-medicine approved by the FDA for ovarian cancer (OC), acquired immune deficiency syndrome (AIDS)-related Kaposi´s sarcoma and multiple myeloma (98). Apart from the direct tumoricidal effects of Doxil, it also displayed various immunomodulatory properties, such as the induction of ICD, the depletion of MDSC (132), and enhanced susceptibility of cancer cells to CTL-released granzyme B (133), all contributing to an elevated anti-tumor immune response (134, 135). Doxil enhanced these immunomodulatory properties as opposed to the overall immunosuppressive nature of free doxorubicin, which was also related to decreased off-target toxicities of the former (136). In contrast to doxorubicin, which has numerous toxicities including a cumulative dose-depending cardiotoxicity, its liposomal formulation (Doxil) showed effectively reduced cardiotoxicity and avoided premedication with corticosteroids (137). Most clinical trials evaluating the clinical efficacy of Doxil were conducted in combination with PD-1/PD-L1 targeting ICI. In the most advanced phase III JAVELIN Ovarian 2000 trial, which compared the combination of avelumab and Doxil and either agent alone in platinum-resistant OC patients, it has however been found that the combination of both agents did not significantly improve PFS or OS (106). Notably, the best response was observed for patients with PD-L1 positive tumors, indicating that the clinical benefit of combined ICI and nanodrug treatment may also be achieved by adequate biomarker stratification of patients. Also, Doxil has been tested in combination with various other ICI agents, such as pembrolizumab for breast cancer (138) or platinum-resistant OC (139), and showed similar or improved efficacy as compared to doxorubicin at reduced systemic toxicity. In order to better understand the role of biomarker stratification and ICD to improve overall ICI efficacy, a number of ongoing clinical trials investigate the combination of immunogenic chemotherapy with Doxil in combination with ICI such as atezolizumab, and the combination of ipilimumab and nivolumab in metastatic TNBC (NCT03164993 and NCT03409198) (140, 141).

In addition to the aforementioned trials Doxil has also been tested in combination with cytokines such as IL-12 in AIDS-related Kaposi´s sarcoma, and this regimen yielded rapid and sustained tumor responses (NCT00020449) (142). By contrast, in platinum-resistant OC the combination of IL-18 and Doxil showed no significantly improved response and survival data (143), highlighting the overall observation that the combination of Doxil and immunotherapy did not enhance clinical efficacy for all cancer patients, but a certain subgroup of patients only.



Liposomal and Lipid-Based NP

Cancer vaccines may consist of mRNA that encodes for tumor-associated antigens, which after internalization by APC are translated, processed and presented to T cells, thus initiating tumor antigen-specific T cell responses (144). Despite promising results many earlier clinical trials investigating on cancer vaccines have failed due to poor cell entry of mRNA vaccines and enzymatic degradation of the cargo (145). Thus, nanocarriers developed to deliver mRNA vaccines to the site of interest without the risk of degradation are of special interest to cancer immunotherapy and liposomal formulations of mRNA vaccines have proven to be particularly efficient in stimulating DC-mediated T cell activity (98, 146).

One of the best known liposomal formulations of mRNA cancer vaccines has previously been tested in the Lipo-MERIT trial (NCT02410733) and demonstrated durable objective responses in ICI-experienced patients with unresectable stage III or stage IV melanoma (108, 109). Here, the nano vaccine is composed of a mixture of mRNA species encoding the melanoma tumor antigens New York esophageal squamous cell carcinoma (NY-ESO-)1, melanoma-associated antigen (MAGE-)3, tyrosinase and putative tyrosine-protein phosphatase (TPTE), and cationic liposomes, which upon intravenous injection effectively transfected APC such as DC and macrophages, thereby inducing strong tumor antigen-specific CD4+ and CD8+ T cell immunity (109). Due to the promising results observed in the Lipo-MERIT trial, further mRNA-based nano vaccines encoding for tumor-associated antigens (TAA) using a similar liposomal formulation have been initiated for patients with advanced prostate cancer (NCT04382898) (114), advanced HNSCC (NCT04534205), and advanced OC. In accordance, the phase I dose escalation study of mRNA-4157 in combination with pembrolizumab reported safety and efficacy in patients with resected solid tumors, including melanoma, NSCLC, colon carcinoma and bladder carcinoma (NCT03313778). Hence, a phase II study investigating on adjuvant treatment mRNA-4157 in patients with high-risk melanoma has been initiated recently (NCT03897881).

Immunization with the tumor-specific MAGE-3 antigen has been shown to induce robust immune responses for patients with metastatic melanoma (147), albeit in a phase III trial the immunostimulatory lipid AS15 failed to improve PFS as an adjuvant treatment strategy in patients with MAGE-A3 positive NSCLC (148). Also, liposomal DepoVax-0907 (DPX) that delivered seven peptide TAA increased persistent antigen-specific T cell responses in 39% of patients with breast, ovarian or prostate cancer (149). In the following trial the liposomal DPX platform using survivin class I peptides (DPX-Survivac) was applied in combination with immunomodulatory cyclophosphamide in patients with advanced OC and all patients receiving combination therapy presented with an antigen-specific immune response, which has also been attributed to the Treg depleting effects of cyclophosphamide (150). Due to the strong immune response observed in this trial, DPX-Survivac and cyclophosphamide are currently investigated in a phase II trial in combination with pembrolizumab for patients with recurrent diffuse large B cell lymphoma (NCT03349450) (151).



Viral Vectors

T-cell targeting nanodrugs also comprise viral vectors that encode tumor proteins, cytokines and enzymes aiming to improve anti-cancer efficacy. In this regard, FDA-approved intralesional treatment of patients with unresectable melanoma and cutaneous or lymph node metastasis with Talimogen laherparepvec (T-VEC), an oncolytic herpes-simples type 1 virus encoding for granulocyte-macrophage colony-stimulating factor (GM-CSF), has demonstrated to enhance immune response to tumor antigens released after virus replication (152). While efficacy has been demonstrated mainly on the injected lesion, in some patients an abscopal systemic effect was also evident in distant organ metastasis, which has been attributed to the recruitment and activation of CTL (153). However, the overall response to T-VEC treatment was relatively low with an overall response rate of 26%, although the limited toxicity profile and survival rates prompted follow-up trials for metastatic melanoma and advanced cutaneous squamous cell carcinoma (NCT04050436) (118, 154–156).



Direct T Cell Targeting Nanodrugs

As mentioned above, in contrast to indirectly T cell addressing agents, nanodrugs that directly address T cells have not widely progressed into clinical trials so far. The most prominent clinical trials involve CAR-T cell therapies, which have shown high efficacy in hematological malignancies (73), but could not reproduce these effects in many solid tumors as outlined in the following. Additionally, T cell addressing mRNA-based nanodrugs are increasingly moving into clinical trials and will therefore also be addressed in this chapter.



CAR-T Cell Therapies for Solid Tumors

A number of clinical trials that assess the efficacy and safety of CAR-T cell therapy for solid tumors including melanoma are currently underway. As melanoma constitutes a model tumor for immunotherapy, we will in the following focus on CAR-T cell therapies for this deadliest type of skin cancers (see Table 1).

Only two studies are completed by now, and the only published results came from a single study conducted on 24 patients (results available in NCT01218867). Here, the safety and efficacy of anti- vascular endothelial growth factor receptor CAR-T cells subsequent to lymphodepleting conditioning with cyclophosphamide, Aldesleukin, fludarabine and IL-2 was investigated. As opposed to previous pre-clinical studies in B16 melanoma-bearing mice (157), this study was terminated due to lack in efficacy with 95.8% showing progressive disease and high rates of serious adverse events (95.8%), that mainly involved elevated liver enzymes. The other clinical trial that has been completed by now is a phase I trial on the 3rd generation of anti-disialoganglioside (GD)2 CAR-T cells that have been tested in combination with pembrolizumab after prior lymphodepleting conditioning with cyclophosphamide in young adults with GD2 expressing solid tumors, such as sarcoma, neuroblastoma and melanoma (NCT02107963). GD2 is expressed specifically on tumors of neuroectodermal origin such as melanoma and neuroblastoma (158). CAR-T cells specific for GD2 have previously been reported to show potent effector functions without evidence of functional exhaustion, which persisted in patients treated within the phase I trial and could be augmented with additional anti-PD-1 combination therapy (99). In addition, another phase I trial using anti-GD2-C7R CAR-T cells after prior lymphodepleting conditioning with cyclophosphamide and fludarabine is currently underway for patients with GD2-positive tumors such as uveal melanoma (GAIL-N; NCT03635632). Moreover, a more recent phase I clinical trial is investigating the safety and efficacy of anti-B7H3 CAR-T cells and bispecific anti-B7H3xCD19 CAR-T cells in recurrent solid tumors including melanoma (NCT04483778). Further, phase I clinical trials that evaluate the efficacy of various CAR-T cell therapies for metastatic melanoma are summarized in Table 1 and include CAR-T cells specific for the tumor antigens gp100, NY-ESO1, CD20, CD70 and IL-13a2.

Despite the success of CAR-T cells in the treatment of hematological cancers, several challenges still limit the efficacy of this approach in solid tumors, such as antigen selection, antigen loss and heterogeneity, the immunosuppressive TME, the lack of T cell infiltration into the tumor and off-target toxicity. In order to increase the efficacy of CAR-T cell therapy, a combinational approach has been proposed to overcome some of these challenges and indeed combination treatments with ICI or oncolytic viruses have previously been reported to augment overall efficacy in preclinical tumor models (159–161). Despite the potential synergistic effects of ICI and CAR-T cell therapy there are yet no clinical trials that assess the efficacy and safety of this combinational approach for advanced melanoma, but only in other solid tumors (NCT03726515).



Other T Cell Targeting Nanoimmunotherapeutics

Next to intravenously administered mRNA encoding nano-vaccines that act via DC-mediated T cell activation, some clinical trials investigate the efficacy of intratumorally administered mRNA nanodrugs that directly address T cells. Here, the mRNA nanovaccine-2752, which encodes for human TNF superfamily member 4, IL-23 and IL-36γ, administered in combination with the PD-1 inhibitor durvalumab is currently under investigation in a phase I trial in patients suffering from advanced solid tumors such as melanoma, NSCLC, HNSCC and TNBC (NCT03739931). Preliminary data showed less promising results with only 1/17 patients presenting with a partial response upon intratumoral injection of mRNA-2752 (100). Another phase I clinical trial aimed to investigate the safety and efficacy of intratumorally applied SAR441000, delivering mRNA species that encode IL-12, interferon-α, GM-CSF, and IL-15, in combination with the PD-1 blocking antibody cemiplimab for patients with melanoma, breast cancer and other skin cancers (NCT03871348). Here, tumor responses have been observed more frequently, and were accompanied by increased T cell infiltration and antitumor activity even beyond the site of injection (101).

Additionally, Tecemotide, (L-BLP25, StimuVax), a liposomal nanodrug delivering mucin1 glycoprotein and the TLR4 agonist monophosphoryl lipid A (MPL) using the immunostimulatory lipid BLP24 has been tested in several clinical trials. MPL has been reported to induce Th1 polarization and CTL responses (162, 163). Despite these promising preclinical data and an acceptable safety profile in clinical trials, phase II and III trials failed to demonstrate a significant survival benefit for patients with NSCLC (164), but proved beneficial when applied in combination with cyclophosphamide in patients with stage IIIB locoregional disease (162). The subsequent trial investigating Tecemotide versus placebo in patients with colorectal cancer (CRC) after resection of liver metastases (NCT01462513) also failed to reach its primary endpoints as the median PFS (median PFS: 6.1 months vs. 11.4 months; p=0.18) and 3-year OS rates (3-year OS rates: 69.1 vs 79.1%; p=0.21) were non-significantly shorter in Tecemotide-treated patients as compared to the placebo control group (165).

Last, there are a number of clinical trials which have investigated the application of aAPC for tumor therapy. Here, it has been shown that aAPC were able to educate anti-tumor CTL to acquire a central memory and effector memory phenotype, resulting in T cell trafficking to the tumor site, and mediating clinical responses in advanced melanoma patients (NCT00512889) (102). In the ongoing phase I ImmPACT trial it will be investigated whether aAPC alone or in combination with pembrolizumab may expand antigen-specific endogenous T cells that may result in better objective responses and PFS for patients with metastatic melanoma upon T cell infusion and subsequent lymphocyte depleting chemotherapy with cyclophosphamide and fludarabine (NCT04904185).



Conclusion and Perspective

The advent of ICI treatment has substantially improved the treatment landscape of many solid tumor types (83). However, innate and acquired resistance to these immunotherapies is frequently observed as solid tumors present with resistance mechanisms, such as an immunosuppressive TME and antigen loss, that impair clinical efficacy of currently available immunotherapies. To address these mechanisms of tumor immune evasion, the clinical application of T cell addressing nanodrugs is a promising approach as it may enhance the efficacy of other immunotherapeutics such as ICI, while reducing off-target toxicities.

In particular, it has been shown that local tumor responsiveness to ICI can be improved by codelivery with of adjuvants within the same nanocarrier or a combination of ICI with nano-formulated immune-modulatory agents. For example, coencapsulation of a PD-L1 blocking antibody and an inhibitor of indoleamine 2,3-dioxygenase 1 in a ROS-responsive polypeptide gel enabled the specific release of the cargo within the TME, characterized by at low pH and high ROS levels, subsequently reducing the local ROS level and enhancing anti-melanoma efficacy in vivo (166). Also, the coadministration of stimulator of IFN genes (STING) agonist-loaded poly(beta-amino-ester) NP with PD-1 blocking antibodies yielded strongly improved anti-tumor effects in established B16 melanomas-burdened mice as compared to either monotherapy and using STING agonist applied in its soluble form (167). Similarly, complexation of immunostimulatory CpG-rich DNA oligo (TLR9 ligand) with a nano-carrier carrying tumor-binding peptides enhanced NP accumulation within the tumor and improved responsiveness to coapplied CTLA-4 blocking antibodies (168).

Moreover, it has been found that nano-formulated TAA-specific mRNA vaccines (RNA-LPX) may induce potent anti-tumor T cell responses and enhance the efficacy of PD-(L)1 blocking antibodies and CAR-T cells (169) via selective delivery of RNA-LPX to APC in mice (170) and patients (171). These studies demonstrate the therapeutic potential of neoantigen-specific anti-tumor vaccines both when applied as a monotherapy as well as in combination with ICI. More recently, the same group also showed that the therapeutic benefit of RNA-LPX vaccination was preserved when employing non-mutant TAA that are primarily expressed by melanoma cells instead of neoantigens, and that this therapeutic approach may help to overcome ICI resistance (108). Next to the application of ICI in combination with other nano-formulated immune-modulatory agents, it has also been shown that nano-carriers may enhance the tumor-specific activity of ICI per se due to selective targeting of tumor-specific surface receptors, thereby additionally reducing off-target toxicities. In this regard, Ishihara and coworkers demonstrated that the conjugation of ICI (anti-CTLA4 and anti-PD-L1 mAb) to a matrix-binding peptide enhanced tissue retention of ICI, delayed tumor growth and prolonged survival in a B16-melanoma model while reducing systemic side effects (172). Finally, nanodrugs may also serve to overcome ICI resistance by altering hostile TME conditions. More specifically, it has been shown that TME-targeted nanoparticles can (a) overcome the physico-chemical barriers (ECM) of the TME (173), the acidic (67) and hypoxic (174) metabolic state of the TME, and (b) modulate immunosuppressive cells, such as Tregs, TAM or MDSC that frequently restrain therapy response in cancer immunotherapy (175). For example, Ou and coworkers demonstrated in a B16 melanoma model a synergistic anti-tumor effect of a Treg-specific tLyp1 peptide-conjugated and Imatinib-loaded NP in combination with an anti-CTLA4 antibody, that has been attributed to the downregulation of immunosuppressive Treg and an enhanced activation of CD8+ T cells (176). The tLyp peptide is a cell-penetrating peptide that has a high affinity for the Neuopilin-1 (Nrp1) surface receptor, which is expressed by many cancer types and by the majority of Treg (175). While the aforementioned combinational regimens may help to overcome ICI resistance in general, it will however be necessary to identify the individual resistance mechanisms that are present in each patient as a prerequisite to target these with personalized combination therapies of T cell-addressing nanodrugs and other immunotherapeutics in order to derive the maximal clinical benefit of specific nanodrug-combination regimens. Therefore, the role of immune biomarkers in clinical immune-oncology will also be critical with regard to T cell addressing nanodrugs (98, 177).

In general, the design the nanodrugs will need to take into account the potential of unwanted cellular interactions in vivo, which may not be recognized in standard in vitro assays when testing NP interaction with the intended target cell type only. In this regard, we have recently shown that non-directed conjugation of antibodies to the NP surface for cell type-specific targeting promoted strong liver accumulation of the NP due to binding of the exposed constant Fc part to Fc receptors expressed by liver sinusoidal endothelial cells (LSEC) at high density (178). Besides LSEC, many other immune cell types also express Fc receptors, which in general serve to recognize antibody-opsonized pathogens (179) and immune complexes (180). Such unwanted effects can be minimized e.g. by either Fc-directed antibody conjugation (181) and by antibody fragments devoid of the Fc part (182). Furthermore, NP may adsorb serum factors in vivo which in turn may alter their biodistribution and cellular interaction as shown by us and others (183, 184). The composition of this so-called protein corona depends on the surface characteristics of the nanodrug like charge and hydrophobicity/hydrophilicity. Besides passive adsorption of serum factors, the NP surface may also trigger the innate immune system as shown by us and others for NP coated with lectin like dextran and starch to achieve biocompatibility that triggered lectin-dependent complement activation (103, 184). This resulted in opsonization of the NP with active complement C3, which in turn yielded strong binding to B cells (103) and myeloid cell types (184) via their complement receptors and subsequent internalization. The formation of a protein corona and accordingly uptake by unwanted cell types can be strongly reduced by conjugation with PEG e.g. in a brush-like conformation at high density as recently shown by us (185) or by using materials that scarcely bind serum factors as e.g. polysarcosin (178, 186).
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