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Cancer immunotherapy is one of the fastest growing andmost promising fields in clinical oncology. T-cell check-
point inhibitors are revolutionizing the management of advanced cancers including non-small cell lung cancer
and melanoma. Unfortunately, many common cancers are not responsive to these drugs and resistance remains
problematic. A growing number of novel cancer immunotherapies have been discovered but their clinical trans-
lation has been limited by shortcomings of conventional drug delivery. Immune signaling is tightly-regulated and
often requires simultaneous or near-simultaneous activation of multiple signals in specific subpopulations of
immune cells. Nucleic acid therapies, which require intact intracellular delivery, are among the most promising
approaches to modulate the tumor microenvironment to a pro-immunogenic phenotype. Advanced
nanomedicines can be precisely engineered to overcomemany of these limitations and appearwell-poised to en-
able the clinical translation of promising cancer immunotherapies.
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1. Introduction

Cancer immunotherapy is one of the most rapidly evolving fields in
clinical medicine. Cancer immunotherapy includes a broad collection of
therapies which aim to improve the ability of the immune system to
recognize and eliminate tumors. Enthusiasm for cancer immunotherapy
is well-supported by the clinical literature. T-cell checkpoint inhibitors,
drugs that prevent CD8+ T-cell inactivation by blocking specific inhib-
itory receptors on the T-cell surface, have produced remarkable im-
provements in long-term survival for patients with aggressive cancers
including metastatic melanoma and non-small cell lung cancer
(NSCLC) not seen with traditional chemotherapies [1–4]. However,
there are a number of challenges facing the field of cancer immunother-
apy. Many common cancers, includingmicrosatellite stable (MSS) colo-
rectal cancers, are poorly responsive to T-cell checkpoint inhibitors [5].
Even among highly immunogenic histologies like melanoma, less than
half of patients can expect to achieve long-term disease control. Numer-
ous mechanisms of resistance to current cancer immunotherapies have
been identified including the presence of numerous immunosuppres-
sive cell populations in the tumor microenvironment (TME), poor
tumor infiltration by activated CD8+ T-cells, and cytokine-mediated
conversion of mesenchymal or immunogenic cell populations into im-
munosuppressive variants [6–8]. Many novel drugs (including cyto-
kines and immune-stimulators) and nucleic acid therapies have been
proposed as potential solutions to these mechanisms of resistance.
However, their clinical translation with conventional drug delivery has
been challenging. Immune stimulatingdrugs can be very toxicwhen ad-
ministered systemically. Selectively depleting immunosuppressive cell
populations without concomitantly depleting pro-immunogenic popu-
lations that are necessary for establishing sustained antitumor immu-
nity is difficult. Nucleic acids and recombinant proteins require
targeted and efficient intracellular delivery to relevant cell populations
in order to be effective. Finally, many immune modulators require si-
multaneous or near-simultaneous activation of multiple signals in
target cells to exert their maximal effect. Intensive research efforts
have been devoted to finding appropriate drug delivery solutions and
novel nanomedicines appear well-positioned to meet many of these
challenges.

Nanomedicines are a diverse collection of nanoscale materials
measuring approximately 5-150 nm in mean diameter. These include
therapeutic, diagnostic, and theranostic compounds (which are simul-
taneously therapeutic and diagnostic). Most clinically-approved
nanomedicines for oncology aremacromolecular drug carriers designed
to improve tumoral delivery of drugs. These include liposomes, poly-
meric micelles, protein-drug conjugates, polymer-drug conjugates,
dendrimers, and inorganic nanoparticles (NPs) [9]. The conjugation to
or encapsulation within a NP drug carrier imparts a number of pharma-
cokinetic and pharmacodynamic advantages including improved solu-
bility and more favorable biodistribution. The most consistent benefit
of chemotherapeutic NP drug-delivery systems is an improved thera-
peutic index [9–11]. Owing to their increased size, NPs are largely un-
able to penetrate normal tissues. However, NPs can more readily exit
systemic circulation and enter the extracellular space in tumors because
of their relatively disorganized and leaky vasculature. As a result, NP
drug carriers are preferentially excluded from normal tissues and
retained in tumors. This phenomenon is referred to as the enhanced
permeability and retention (EPR) effect [12,13]. The benefits of NP de-
livery systems go far beyond improved biodistribution. These systems
are highly tunable with respect to most physical properties including
shape, size, charge, hydrophobicity, and chemical composition. This
tunability enables precise control over characteristics including tissue
penetrability and in vivo drug release rates in ways not possible with
other drug delivery methods [14,15]. It is also possible to design
stimulus-responsive NPs that are destabilized or release their cargo
when stimulated by specific physiochemical cues using various chemi-
cal linkers or elements [16–18]. Finally, the particle surface can be
decorated with various moieties including saccharides, polymers, pro-
teins, or antibodies to avoid immune detection and improve targeting
and receptor-mediated uptake within specific cell populations.

2. Overcoming barriers to NP delivery

Despite the above-highlighted advantages of NP delivery systems, a
number of challenges related to in vivo delivery have limited them from
reaching their full potential. Most clinically-utilized NPs for oncology
have been untargeted NP formulations of existing chemotherapeutics
that rely on the EPR and passive tumor-targeting to enhance tumoral
drug concentrations. However, the clinical relevance of the EPR and pas-
sive tumor targeting in many spontaneous human tumors has been
called into question [19,20]. It is now recognized that many of the vas-
cular irregularities underlying the EPR in xenograft tumor models are
more extreme than those observed in spontaneous tumors. Tumor xe-
nografts also tend to lack well-developed tumor stroma which can
also act as a barrier to diffusion [21]. As a result, spontaneous human tu-
mors may be less susceptible to passive tumor targeting by the EPR ef-
fect than previously predicted in preclinical models. This has been
experimentally confirmed in clinical studies using radiolabeled or
imageable ferromagnetic NPs in spontaneous solid tumors [22–24].
Uptake and retention of NPs in spontaneous tumors is generally more
heterogeneous than in xenograft models. Many particles that reach
the extracellular tumor space are either retained therewithout entering
tumor cells or are cleared by tumoral macrophages prior to payload de-
livery. For many small molecule drugs, particularly hydrophobic ones
that can readily diffuse across cell membranes, extracellular delivery
may be sufficient to exert their intended effects. However, macromolec-
ular cargos such as peptides and nucleic acids require efficient uptake
and intact cytoplasmic or nuclear delivery to be effective. Clearance by
phagocytic cell populations can substantially limit their efficacy.

Some of these issues may be less problematic for immune-
stimulating nanomedicines than traditional chemotherapy-delivering
compounds. Heterogeneous uptake and retention may be sufficient for
immune-stimulating NPs. Compared to cytotoxic chemotherapies,
many potent immune adjuvants are effective at relatively low
concentrations. As highlighted in Fig. 1, heterogeneous uptake of
chemotherapy-loaded NPs is sub-optimal and requires high tumoral
dosing because only the tumor cells in proximity to the drug-loaded
NPs will be affected. In contrast, the delivery of proinflammatory cyto-
kines to a small number of antigen presenting cells (APCs) can stimulate
a chain reaction leading to the recruitment and activation of multiple
populations of inflammatory cells to initiate immune-mediated tumor
clearance. Additionally, many of the targets of immunotherapy are not
tumor cells but rather populations of immune cells found in the TME.
Novel imaging studies have demonstrated that resident and recruited
populations of tumor immune cells are primarily localized to the
tumor periphery and perivascular regions of the TME which are easily
accessible by most NPs [25]. These include phagocytic cell populations
such as APCs and tumor associated macrophages (TAMs). Whereas
phagocytic clearance is problematic for tumor-targeting NPs, it can ac-
tually be advantageous for novel NPs targeting non-tumor cell popula-
tions in the TME. Most novel cancer nanoimmunotherapies are “next
generation” NPs engineered to address or take advantage of limitations
encountered with previous generations of NPs. Several major concepts
are reviewed here to highlight advanced delivery techniques utilized
by these nanomedicines.

2.1. Targeting specific cell populations

Cellular targeting has been extensively studied as a solution to im-
prove intratumoral and cell type-specific NP delivery. This can be ac-
complished by the incorporation of specific molecular tags on the
particle surface that can interactwith extracellular proteins on endothe-
lial, tumor, or immune cell membranes to facilitate targeted uptake.



Fig 1. Immune-adjuvant NP delivery. Heterogenous accumulation of NPs within tumors is problematic for conventional chemotherapeutics as they can only exert antitumor effects on
the tumor cells in their immediate vicinity (top panels). In contrast, immune adjuvants (bottom panels) only need to activate a small number of key subpopulations of cells including APCs
to stimulate a coordinated antitumor response.
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Numerous candidate cell-surface markers have been examined preclin-
ically as targets for NP delivery (Table 1). Many of these are cell surface
receptors that are preferentially expressed by tumors and not normal
tissues to improve tumoral uptake. Targeting of well-known tumor
Table 1
Targeted nanomedicines for cell type-specific delivery.

Cell-type targeted Targeted
receptor

Targeting
moiety

Examples

Tumor cells/endothelium PSMA Antibody [30–32]
EGFR Peptide

Antibody
[26–28]

Her-2 Antibody [33–35]
EpCAM Peptide [139,140]
Folate Receptor Folate [141,142]
P-selectin Fucoidan

Polysaccharide
[41]

CD44 Antibody [36]
Hyaluronic Acid [37,38,143]

M2 Tumor Associated
Macrophages (TAMs)

Mannose
Receptor
(CD206)

Monosaccharide [102,109]

Sialic Acid
Receptor

Sialic Acid [111]

SR-B1 Receptor Apo-1 Peptide [144]
Th2 Regulatory T-cells GITR Peptide [112,113]

Nrp1 Peptide [145]
Tumor-Associated Fibroblasts
(TAFs)

Sigma-Receptor Anisamide [118–120]

Dendritic Cells SR-B1 Receptor Peptide [144]
T-Lymphocytes CD3 Antibody [146,147]

CD4 Antibody [148]
CD45 Antibody [137,149]
CD90 Antibody [150]

B-Lymphocytes/Plasma Cells CD19 Antibody [151–154]
CD20 Antibody [155–158]
CD35 Gp350 Peptide [159–161]
CD38 Antibody [162]
markers including HER-2, EGFR, or PSMA can improve tumoral localiza-
tion and uptake of NPs in vivo [26–35]. Attempts have beenmade to im-
prove the efficacy of tumor-targeted NPs by targeting themost relevant
cell populations capable of repopulation and tumor propagation. CD44
is a multifunctional cell surface antigen protein involved in cell function
related to proliferation, migration, and signaling that is enriched in can-
cer initiating cells (CIC). Wei et al. recently demonstrated that the effi-
cacy of salinomycin-encapsulated lipid-polymer NPs can be markedly
enhanced against CD44+ subpopulations of prostate tumors with the
incorporation of specific CD44 antibodies on the NP surface [36]. CD44
also strongly interacts with the anionic polysaccharide hyaluronic acid
(HA) and surface decoration with HA has been found to improve
tumor targeting in CD44 overexpressing cell lines [37–40]. The ability
to selectively target specific cell populations while excluding similar
cells in close proximitymay be especially important for cancer immuno-
therapy. Several important immunogenic cell populations in the TME
including regulatory T-cells (T-regs) and TAMs exist as closely related
pro- and anti-immunogenic subpopulations. Concomitant eradication
of pro-immunogenic populations with non-selective delivery systems
could offset the potential therapeutic advantages gained by removing
their immunosuppressive counterparts. Fortunately, targetable cell sur-
face markers have been identified for many relevant populations of im-
mune cells in the TME and the preclinical studies described below
provide proof-of-principle for the selective modulation of specific sub-
populations using targeted NPs.

It is worth noting that some therapeutic interventions, including
ionizing radiation, canmodulate the expression of cell surface receptors
in ways that may be important for cancer immunotherapy. P-selectin is
an endothelial integrin which is overexpressed in many human tumors.
Shamay and colleagues confirmed that P-selectin-targeted fucoidanNPs
improved intracellular delivery and tumor control in P-selectin overex-
pressing tumors [41]. They further demonstrated that focal radiother-
apy (6 Gy) stimulated P-selectin overexpression in Lewis Lung
xenografts that expressed very low levels at baseline. Interestingly, uni-
lateral radiotherapy not only enhancedP-selectin expression in radiated
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tumors, but also stimulated an abscopal-like effect in which P-selectin
expression was enhanced in unirradiated tumors using bilateral flank
xenografts. As predicted, focal radiotherapy significantly improved the
efficacy of targeted compared to untargeted liposomes. Previous studies
with folate-targeted hapten immunotherapy also observed improved
tumor targeting in unirradiated tumor deposits following focal radio-
therapy [42]. The ability to modulate the expression of targetable cell
surface receptors in the TME of distant foci of disease using focal radio-
therapy could be used to enhance abscopal responses to cancer immu-
notherapies. Other potential radiation-inducible targets include
various integrins, the glutathione receptor, and class 1 MHCs (among
others).

2.2. Enhancing endosomal escape

One major obstacle facing intracellular payload delivery is degrada-
tion in the late endosome. The interaction of NPswith cell surface recep-
tors stimulates receptor-mediated endocytic translocation of the NP
from the cell surface into the cytoplasm.Molecules taken up by this pro-
cess are generally degraded in the acidic environment of the late endo-
some. Without additional escape mechanisms, most NP payloads are
degraded in the endosome along with their NP carrier. This is particu-
larly problematic for macromolecules such as nucleic acids that can’t
easily diffuse across the endosomal membrane once released from the
degrading NP. Several preclinical methods of improving endosomal es-
cape have been identified.

Perhaps the most simplistic among these is the use of amphiphilic
NP carriers which are stabilized by acid-labile linkers. These carriers
can take advantage of the acidic environment to stimulate rapid release
of drug payload within the endosome. Hydrophobic small molecule
drugs can then readily diffuse from the endosome into the cytoplasm
to exert their antitumor effects. One recent example of this approach
was provided by Yang and colleagues [43]. They synthesized
paclitaxel-loaded PEG-BHyd-dC12 micelles stabilized by an acid-labile
hydrazone bond. Using Cou-6 encapsulated NPs, they confirmed
endosomal localization of the particles following receptor-mediated up-
take. The labeled payload remained trapped in the endosomes of NPs
lacking the acid-labile bonds whereas it quickly diffused into the cyto-
plasm of the functionalized particles. Acid-labile NPs were significantly
more cytotoxic in several lung cancer lines than non-labile micelles or
free drug.While these kinds of delivery systemsmay suffice for delivery
of hydrophobic small-molecule drugs, more sophisticated platforms are
necessary for macromolecular payloads.

NP vectors have emerged as a promising alternative to viral systems
for targeted in vivo delivery of nucleic acid therapies. Stable in vivo
knockdown using siRNA delivery systems has been achieved and
several compounds have received FDA approval [44]. However,
the efficiency of nucleic acid delivery is poor and facilita-
ting endosomal escape remains challenging. NPs incorporating
pH-sensitive cationic lipid carriers, such as DLinDMA (1,2-
dilinoleyloxy-3-dimethyaminopropane), have been used to facilitate
membrane fusion-mediated endosomal escape whereby the acidic en-
vironment of the late endosome triggers fusion of the NP surface with
the endosomal membrane and subsequent release of the NP contents
into the cytoplasm [45,46]. Newer pH-sensitive cationic lipids, such as
DLin-MC3-DMA, can increase the in vivo ED50 (minimum dose of
siRNA to produce the desired biological effect in 50% of subjects
in vivo) by a factor of almost 100 [47]. However, these remain relatively
inefficient with N97% of the payload being lost in the late endosome.
Sato and colleagues recently evaluated the effects of modulating the
hydrophobicity of the head and tail regions of the unsaturated pH-
responsive lipid YSK12-C4 on intracellular delivery and endosomal
escape of lipid NPs containing siRNAs targeting clotting factor VII [48].
They assessed efficiency of endosomal escape by quantifying the frac-
tion of siRNA loaded into the RNA-induced silencing complex (RISC).
Lipid NPs with CL4H6 lipids (containing bulky hydrophobic tails) were
significantly more efficient carriers than traditional DLin-MC3-DMA
carriers. Approximately 4.2% of the CL4H6 siRNA payload was success-
fully loaded to the RISC complex which translated to an approximate
50% reduction in ED50. It is worth noting that a significantly higher pro-
portion of the siRNA payload entered the cytosol thanwas loaded to the
RISC but continued interaction between the nucleic acid payload and
degraded lipid carrier limited subsequent processing. Studies such as
these demonstrate that engineering of novel lipid carriers may repre-
sent a viable method to improve the efficiency and efficacy of in vivo
NP-based nucleic acid delivery.

Another method of endosomal escape involves the use of
endosmotic or proton-buffering polymers such as poly(ethylenimine)
(PEI) to stimulate a proton-sponge effect [49,50]. The exactmechanisms
bywhich proton-buffering nanocomplexes stimulate endosomal escape
has not been clearly established but is believed to involve osmotic flux
across the outer endosomal leaflet leading tomembrane destabilization,
permeability, or polymer-supported pore formation [51]. Regardless of
the exact mechanism, recent preclinical studies have demonstrated
that endosmotic carriers can efficiently delivery cargo to the cytoplasm
intact and separate from the nanocarrier enabling efficient in vivo deliv-
ery of functional nucleic acid therapies. A schematic representation of
endosomal escape mechanisms with engineered NPs is shown in Fig. 2.

3. Utilizing NPs to enhance cancer immunotherapy

3.1. Enhancing antigen presentation

One of the initiating events in generating tumor-specific (adaptive)
immunity is the identification and uptake of tumor neoantigens by pro-
fessional APCs including dendritic cells (DCs). Activated DCs must then
present these antigens along with co-stimulatory molecules to effector
T-cells. This process can be disrupted in several ways. First, neoantigen
processing and presentation is a relatively inefficient process. Only a
small fraction of the antigens presented on major histone compatibility
(MHC) complex 1 by tumors are unique neoantigens that can be
distinguished from normal cellular proteins and are expressed in suffi-
ciently high concentrations to be targeted by T-cells [52]. Some
immunoresistant histologies are believed to have relatively low
neoantigen burdens and/or mechanisms to actively downregulate
neoantigen expression or shield them from APCs and T-cells. Ablative
therapies like radiation can stimulate the release of neoantigens but rec-
ognition of these antigens by APCs appears to be poor and, in the ab-
sence of co-stimulatory signals, can induce T-cell anergy. Second,
many immunosuppressive cell populations in the TME secrete inhibi-
tory cytokines and ligands to prevent DC maturation and presentation
to effector cells [53]. Identifying novel ways of improving antigen pro-
cessing and presentation in APCs has been a focus of intensive research
in cancer immunotherapy.

3.1.1. Co-delivery of exogenous antigens and immune adjuvants to APCs
A major focus of research for immunotherapeutic nanomedicines

has been the targeted delivery of engineered neoantigents to APCs in
an effort to stimulate tumor vaccination. NP carriers are ideally-suited
to this task for several reasons. First, they efficiently protect neoantigens
for in vivo delivery. Second, owing to their “virus-like” physical proper-
ties, they are efficiently recognized and takenup byAPC and accumulate
in lymphoid tissues. Third, immunogenic stimulation requires co-
activation by a second signal. Recognition of neoantigens by APCs in
the absence of a stimulatory signal is not only ineffective, but can pro-
mote immune tolerance. NPs can be engineered with specific tumor
peptides and immune adjuvants (like CpG-ODN) to ensure co-delivery
of both signals to activated APCs [54]. Alternatively, the NP itself can
be composed of potent immune adjuvants such as PC7A or PEI [55,56].
Several preclinical studies have demonstrated proof-of-principle for
this approach using engineered NPs with established tumor
neoantigens including OVA and gp100 [57–59]. As one example, an A1



A. B. C.

Fig 2. Mechanisms of endosomal escape.When targeted NPs interact with extracellular receptors they are internalized via receptor-mediated endocytosis. In the absence of additional
escape mechanisms, macromolecular cargos (including nucleic acids) are degraded with the NPs in the acidic environment of the late endosome (A). NPs constructed for pH-sensitive
cationic lipids undergo a conformational change in the acidic environment of the endosome and can fuse with the endosomal membrane to release their cargo into the cytosol intact
(B). Proton-buffering nanocomplexes can also be used to absorb the incoming hydrogen ions and stimulate a “proton sponge” effect that leads to osmotic swelling and rupture of the
endosomal membrane (C).
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lipoprotein nanodisc used to codeliver tumor neoantigens and CpG to
mice bearing MC38 or B16F10 tumors stimulated approximately 90%
complete tumor regression compared to 25-38% regression with sys-
temic delivery of CpG and tumor antigens when combined with dual
checkpoint inhibition [60]. It is also possible to incorporate nucleic
acid therapy into immune adjuvant and neoantigen vaccine strategies.
Zhu et al. generated nucleic acid nanocarriers stabilized by PEG-
grafted polypeptides for the simultaneous delivery of CpG, stat3
siRNA, and the somatic tumor neoantigen Adpgk found in syngeneic
MC38 colorectal tumors [61]. Three weeks after immunization, only
1.1% of peripheral CD8+ T-cells had Adpgk-specific receptors in CpG
treated mice compared to 9.5% of NP vaccine-treated mice. Inorganic,
protein-based (albumin), and microparticle emulsion systems have
also been engineered as cancer vaccines [62–67].

Focal therapies that modulate local immune responses may also en-
hance the efficacy of NP vaccines. Gao and colleagues developed a pH-
sensitive endosomolytic polymeric NP that efficiently delivered OVA
peptide to APCs called PC7A [55]. These NPs increased APC activation
through the stimulator of interferon gene (STING) pathway. While
tumor growth delay was enhanced, resistance to therapy was problem-
atic for tumors N 100mm2 at the time of treatment. One of the principle
activators of STING is cytosolic DNA. Radiation enhances the generation
of cytosolic DNAand activation of STING is believed to be one of the cen-
tral mechanisms by which radiation enhances systemic immunity fol-
lowing radiation [68]. Dr. Gao’s group recently demonstrated that
tumor rejection and systemic immunity could be enhanced in larger tu-
mors by combining PC7A particles and focal radiotherapy and that this
effect was mediated by enhanced STING activation by combination
therapy [69].

RNA-based vaccine strategies delivering neoantigen mRNAs and
immune adjuvants directly to APCs have also demonstrated promise.
Lipid calcium phosphate NPs have been used to deliver mRNA and
induce expression of tumor neoantigens such as MUC1 to success-
fully induce class-restricted cytotoxic T-cells and improve responses
to checkpoint inhibitors in preclinical studies [70]. Liu et al. con-
firmed efficient delivery and translation of a modified MUC1 mRNA
in 4T1 tumors and draining lymphoid tissues using mannose deco-
rated lipid calcium phosphate NPs. The modified protein product
was easily distinguished from endogenously expressed antigen. Im-
portantly, the validity of this approach has also been demonstrated
in early phase clinical trials. The systemic delivery of neoantigen
mRNA using DOTMA/DOPE liposomes induced strong systemic INF
responses and the generation of tumor-specific neoantigens in three
patients [71].

3.1.2. Enhancing antigenic presentation of endogenous tumor neoantigens
At present, a major rate-limiting step to the clinical translation of ef-

ficient nanovaccines is the identification of specific tumor neoantigens
for individual patients. A priori knowledge of targetable, specific
tumor peptides in many spontaneous human tumors is rare. Addition-
ally, clinical experience with targeted biologic therapies suggests that
the stimulation of monoclonal populations of T-cells targeting a single
tumor peptide may be suboptimal. Most tumor-directed biologics, in-
cluding EGFR and ALK inhibitors, stimulate robust initial responses
and improve progression-free survival (PFS). However, the develop-
ment of resistance is inevitable and these drugs have minimal effect
on overall survival (OS) [72,73]. Some mechanisms of resistance to
targeted biologics, such as the upregulation of redundant signaling
pathways, may not be relevant to immune vaccines. However, tumor
heterogeneity and downregulation of the targeted peptides could be
very problematic for monoclonal vaccines. Wang and colleagues re-
cently demonstrated that cationic antigen-capturing NPs and ionizing



Fig 3. Using antigen-capturing NPs to enhance APC activation and generation of clonal T-cell populations. Focal radiotherapy stimulates the release of tumor antigens as well as
danger signals (DAMPs and PAMPs) necessary for APC activation (top panel). Some APCs will interact with both activating signals and tumor antigens and be capable of stimulating a
clonal T-cell population (orange). However, other APCs will find antigens in the absence of activating signals leading to T-cell anergy (black). Antigen-capturing NPs can improve the
efficiency of clonal T-cell expansion by improving the simultaneous delivery of tumor antigens and danger signals to APCs (bottom panel).
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radiation can stimulate robust polyclonal immune responses [74]. They
generated polymeric PLGANPswith various surfacemodifications (dec-
oration with DOTAP, maleimide, NH2, mPEG, or unmodified PLGA) to
determine the effects of NP surface chemistry on antigen capture effi-
ciency. All of the particles except for those decorated with mPEG effi-
ciently captured tumor neoantigens following in silico radiation of
B16F10 tumor cells. Importantly, these particles also captured immune
adjuvants including various DAMPs and alarmins that are necessary for
APC co-stimulation and avoidance of immune tolerance. They then
used a bilateral flank-tumor model to assess systemic immunity.
Intratumoral injection of particles into the unilaterally-radiated tumor
significantly enhanced abscopal responses in the unirradiated contralat-
eral tumor compared to radiation and anti-PD-1 antibodies alone.
Intratumoral injection of unmodified PLGANPs stimulated complete re-
gression of bilateral tumors in 20% of mice compared to 0% without any
NPs. Using fluorescent-labeled NPs, they were able to confirm that the
NPswere efficiently internalized byAPCs and trafficked to lymphoid tis-
sues. Fig. 3 shows how antigen-capturing NPs can improve the effi-
ciency of T-cell activation by improving the simultaneous presentation
of neoantigens and danger signals to APCs.

Cell membrane-coated NPs have also been used to improve endoge-
nous neoantigen recognition by APCs. In this technique, NP carriers are
decorated with disrupted cell membranes and their associated cell
surface proteins. Kroll et al. coated CpG-loaded PLGA NPs with B16F10
surface membranes [75]. They showed that the surface of the
membrane-coated NPs contained multiple established tumor
neoantigens including gp100, TRP-2, and melanin A. Significantly
more (86%) mice were successfully vaccinated with these particles
than with whole cells and CpG. Another group demonstrated similarly
encouraging results with membrane-coated PLGA NPs encapsulating
the TLR-7 agonist imiquimod [76]. These novel approaches demonstrate
that it may be possible to stimulate polyclonal systemic immune re-
sponses without any upfront identification of specific tumor
neoantigens in individual patients using novel nanomedicines.

3.2. Activating effector cells

Activated CD8+ T-cells are the key effectors of tumor-specific
(adaptive) immunity. Even if clonal antitumor T-cells that can recognize
and attack tumor cells are generated, they must efficiently infiltrate the
tumor stroma and remain activated in order to be effective. T-cell-
mediated cytotoxicity is a tightly regulated process. Numerous recep-
tors are expressed on the T-cell surface that can stimulate or inhibit
the activity of activated T-cells [77]. Inhibitory receptors include CTLA-
4 (CD152), PD-1 (CD279), TIM-2, and LAG-3 (CD223). Many tumors ex-
press ligands to these receptors, such as PDL-1, in an effort to reduce the
activation and maturation of APCs and infiltrating CD8+ T-cells. Inhib-
itory antibodies to CTLA-4 and PD-L1 are far and away themost success-
ful cancer immunotherapies to date. However, they are not without
limitations. Among immunogenic histologies like NSCLC, they are only
effective in tumors that overexpress the PD-L1 ligand [78]. Durable re-
sponse rates in PD-L1 overexpressing tumors are generally less than
50%. Many non-immunogenic tumors, includingMSS colorectal tumors,
express high levels of PDL-1 but are not responsive to anti-PD-1 thera-
pies [79,80]. Natural killer (NK) cells are also important innate (antigen
non-specific) cytotoxic effector cells. They harbor inhibitory surface re-
ceptors such as CD47 that can be overexpressed by tumors to avoid
clearance by the innate immune system [81]. Intensive research has
been dedicated to identifying novel methods of improving the activa-
tion of effector cells in the TME.

3.2.1. Enhancing T-cell checkpoint inhibition
NP delivery has been used to improve the efficacy of CTLA-4 and

PDL-1 inhibitors by providing sustained release in tumors and co-
deliverywith other immune adjuvants. One group engineered photode-
gradable PLA NPs co-encapsulated with hollow gold nanoshells and
anti-PD-1 peptide (APP) [82]. These particles enabled sustained release
of APP for up to 40 days. Accelerated release could be stimulated with a
near infrared laser. In a metastatic model system, laser-irradiation of
“primary” tumors stimulated partial regression and growth delay in
the laser-treated and distant tumor deposits indicating the activation
of a systemic immune response. Zhen Gu and his group developed a
cleavable nucleic acid-based NP comprised of the potent immune-
stimulant CpG-ODN to deliver anti-PDL-1 antibodies [83]. The nucleic
acid shell was constructed with ssDNA and CpG repeats with cutting
sites for the restriction enzyme HhaI. HhaI was caged in triglycerol
monostearate NPs attached to the larger DNA NPs which could be
enzymatically-cleaved by wound-responsive esterases and matrix
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metalloproteinases.Wound-associated inflammation (triggered by par-
tial tumor resection) resulted in degradation of the DNA carrier and re-
lease of anti-PDL1 antibodies and CpG-ODN fragments. Systemic NP
administration and subtotal tumor resection stimulated complete
tumor rejection in 40% of mice, whereas no complete rejections were
observed with systemic co-administration of CpG-ODN and anti-PDL-1
antibodies.

NP-delivered nucleic acid therapies have also been used for the
targeted knockdown of inhibitory receptors in effector cells or inhibi-
tory ligands in tumors that can enhance tumoral infiltration and activity
of anti-tumor CD8+ lymphocytes. Wu et al. utilized lipid-coated cal-
cium phosphate NPs to deliver siRNA targeted against PD-1 receptor
and PDL-1 ligand [84]. These NPs efficiently knocked down PD-1 recep-
tor in tumor-infiltrating lymphocytes (isolated from patient samples)
and PDL-1 in MCF-7 breast cancer cells in vitro. Combined knockdown
significantly enhanced CD8-mediated cytotoxicity assessed using
ex vivo cytotoxic T-cell assays. They also observed significant increases
in INFγ and TNFα excretion following co-culture of PD-1- TILs and PD-
L1- MCF tumor cells. Lian et al. generated cationic lipid NPs to deliver
siRNA against PDL-1 and CD47 in 13 tumor cell lines in vitro [85].
Tumor targeting and uptake was enhanced by decorating the particle
surfacewith an EpCAM targeting peptide. Dual knockdown significantly
enhanced CD8+ and NK-mediated cytotoxicity in vitro. They also dem-
onstrated that their targeted NPs efficiently improved tumoral infiltra-
tion of CD8+ and NK cells in vivo using a 4T1 metastatic lung cancer
model. This resulted in improved local tumor control and significantly
decreased frequency of lung metastases. Similar improvements in
tumor regression and CD8+ infiltration were observed in B16 mela-
noma tumors in a similar study utilizing lymphocyte-directed NP deliv-
ery of CTLA-4 siRNA [86]. One group recently compared the efficiency of
PD-1 siRNA in lymphocytes using layered double hydroxide and lipid
calcium phosphate NPs [87]. While both could facilitate decreased PD-
1 receptor expression, cellular uptake and gene silencing were more ef-
fectivewith the lipid calcium phosphate particles suggesting that it may
be the preferred platform for lymphocyte-directed siRNA delivery.

Another interesting approach to enhancing anti-PD-1 therapies has
been the use of PD-1 receptor-expressing nanovesicle decoys [88]. Cel-
lular membranes can be engineered into nanoscale vesicles using a
membrane extrusion method. One group generated nanovesicles with
high levels of PD-1 receptor from HEK193T cells stably overexpressing
PD-1. The nanovesicles remained in circulation longer than PDL-1 anti-
bodies and induced significantly greater CD8+ tumor infiltration
and tumor regression in melanoma tumor models. They could further
enhance antitumor effects by co-delivering encapsulated 1
methyltrypophan (a potent inhibitor of IDO) to offset the actions of
co-localized immunosuppressive cell populations.

It is also possible to enhance the effects of PD-1 blockade by increas-
ing activation of professional APCs. Activated APCs release proinflam-
matory cytokines including type-1 interferons that promote the
formation of antigen-specific T-cells. Cytosolic cyclic dinucleotides are
used as signaling molecules by bacteria and potent immune-
stimulating danger signals. Endogenous cytosolic DNA can also be con-
verted to cyclic dinucleotide cGMP-AMP synthase (cGAS) [89]. Cytosolic
dinucleotides potently stimulate type-1 INF responses in a TLR-
independent mechanism by activating the endoplasmic reticulum pro-
tein STING [90]. STING agonists appear very promising in preclinical
tumormodels and are being investigated in clinical trials to enhance re-
sponses to checkpoint inhibitors. However, the intracellular localization
of STINGmay be problematic even for direct tumoral injections of cyclic
dinucleotides as cytosolic accumulation is poor. Wilson and colleagues
generated cationic poly(beta-amino ester) (PBAE) NPs for the intracel-
lular delivery of cyclic dinucleotide STING agonists [91]. NP formulation
increased STING activation 10-fold compared to direct tumoral injection
of cyclic dinucleotides and improved tumor growth delay alone or in
combination with anti-PD-1 antibodies in B16F10 melanoma tumor
models.
3.2.2. NP delivery of T-cell activators
Enhancing cytotoxic T-cells by activating stimulatory surface

receptors has also been explored as a way to overcome resistance to
checkpoint inhibitors and T-cell modulation by immunosuppressive
cell-types in the TME. Agonists toOX40have been tested in clinical trials
but early results have shown modest efficacy with conventional sys-
temic delivery [92,93]. Enrichment of these drugs in tumors using NP
delivery appears to improve their efficacy. One study compared in vivo
cytokine modulation and tumor growth delay using free and PLGA
NP-delivered OX40 stimulatory antibodies [94]. NP formulation signifi-
cantly enhanced CD8+ and NK tumor infiltration, proinflammatory
cytokine signaling, and anti-tumor cytotoxicity compared to free anti-
body. Another study attempted to enhance the activation of antigen-
specific clonal T-cells at the point of engagement with tumors using
tumor-targeted OX40-stimulating NPs. They generated specific
AFP targeted CD8+ T-cells (AFP 158-166) and PLGA polymeric NPs
co-decorated with AFP binding antibodies and stimulating OX40 anti-
bodies [95]. Dual-targeted NPs efficiently enhanced T-cell activation
and cytotoxic killing of AFP-expressing HepB2 hepatocellular tumor
cells but had no AFP negative SMMC-7721 cells indicating that the effi-
cacy of OX40 stimulation is enhanced by temporal co-localization with
target cells.

Simultaneous OX40 activation and PD-1 disinhibition has also been
investigated to maximize CD8+ T-cell activation. Systemic co-
administration of activating OX40 and inhibitory PD-1 antibodies is in-
efficient because only a small fraction of T-cells will be engaged by both
antibodies. Mi et al. developed polymeric NPs co-decorated with OX40
and PDL-1 antibodies to enable spatialtemporal co-delivery of both sig-
nals to T-cells [96]. The dual-targeted NPs stimulated potent systemic
immune responses in B16 melanoma and 4T1 breast cancer models.
They observed complete tumor regression in almost 40% of animals
treated with co-decorated NPs compared to only 5% in animals treated
with both antibodies as systemic agents or singly decorated NPs. Dura-
ble immunity was achieved as 83% of cured mice were resistant to
tumor re-challenge. In a slightly different paradigm, another group gen-
erated NPs co-decorated with inhibitory PDL-1 antibodies and stimula-
tory 41BB antibodies to simultaneously engage tumor and T-cells [97].
Dual-targeted NPs improved tumor growth delay and resulted in ex-
pansion of tumor-specific T-cell clonal populations. These studies pro-
vide strong evidence for the importance of simultaneous (or near
simultaneous) delivery of complimentary signals to maximize the effi-
cacy of cancer immunotherapies and nicely highlight advances not pos-
sible with conventional drug delivery.

3.3. Modulating the tumor microenvironment

Spontaneous tumors are comprised ofmany cell populations includ-
ing tumor cells, immune cells (both immune-stimulating and immuno-
suppressive populations), fibroblasts, and endothelial cells in addition
to acellular components. These are collectively referred to as the
tumor microenvironment (TME). It is now appreciated that non-
tumor cell components of the TME are critical for tumoral proliferation,
migration, and therapeutic responsiveness. The TME represents both a
physical and biochemical barrier to infiltrating immune cells. Immuno-
suppressive cell populations within the TME pose a major barrier to
immune-mediated tumor clearance and cancer immunotherapies.
These include Th2 CD4+ regulatory T-cells (T-regs), M2 TAMs, and
tumor-associatedfibroblasts (TAFs). Strategieswhichdeplete inhibitory
cell populations or convert them into immunostimulatory phenotypes
have the potential to improve the efficacy of conventional cancer thera-
pies and cancer immunotherapy. Unfortunately, many immune-
modulating drugs and cytokines are poorly tolerated systemically and
selective ablation of immunosuppressive but not proimmunogenic cell
populations is difficult with conventional drug delivery. Extensive pre-
clinical investigations have identified a handful of cell surface
markers that are selectively overexpressed in tumoral populations of



10 J.M. Caster et al. / Advanced Drug Delivery Reviews 144 (2019) 3–15
inhibitory cell types that can potentially be targeted by stealth NPs.
Nanomedicines are well-poised to enhance the feasibility of these ap-
proaches by decreasing the systemic toxicity of novel compounds and
improving their delivery to relevant cellular populations.
A.

B.

C.

M2 Macrophage

M1 Macrophage

Fig 4. Modulating the TME using targeted NPs. The TME consists of many subtypes of
immune cells including TAMs. M1 TAMs are a pro-immunogenic subpopulation that
enhances activation and maturation of APCs and infiltrating T-cells leading to tumor
clearance. In contrast, M2 TAMs are immunosuppressive cells that inhibit APC activation
and stimulate anergy or apoptosis in infiltrating T-cells. Both populations exist in the
TME (A) and modulating their relative composition can affect responsiveness to
immunotherapies. Targeted NPs can be used to inhibit or clear M2 macrophages leading
to disinhibition of infiltrating effector cells (B). Alternatively, targeted NPs can repolarize
M2 macrophages to the M1 phenotype and increase activation of APCs and effector cells
to improve tumor clearance (C).
3.3.1. Targeting TAMs
There are two principle classes of TAMs: immunostimulatory M1

macrophages, which facilitate tumor clearance, and immunosuppres-
sive M2 macrophages that inhibit cytotoxic CD8+ T-cells and promote
tumor cell proliferation/survival [98]. The basis of immune modulation
by TAMs is secretion of high-levels of cytokines in the TME. M1 TAMs
secrete high levels of pro-inflammatory cytokines including INF-γ,
TNF-α, and IL-12 which promote maturation of APCs, Th1 Tregs, and
adaptive immune responses. M2 macrophages, in contrast, secrete
high levels of immunosuppressive cytokines including IL-10 and TGF-
β which inhibit MHC-mediated antigen presentation and stimulate ap-
optosis of various lymphocyte populations. As such, the relative ratio of
M2 to M1 TAMs in the TME is critical to determining sensitivity of tu-
mors to conventional chemotherapies and immunotherapies including
T-cell checkpoint inhibitors. Accordingly, high levels of M2 macro-
phages are associated with resistance to T-cell checkpoint inhibitors
and poor long-term survival [99,100]. Fortunately, TAMs are highly
plastic and several strategies to promote polarization towards the pro-
immunogenic M1 phenotype have been identified. One strategy in-
volves activation of specific toll-like receptors (TLR) on themacrophage
surface. A number of TLR agonists have been identified includingR848, a
selective TLR7/8 agonist that potently drives macrophages towards the
M1 phenotype. One group demonstrated that cyclodextran NPs effi-
ciently deliver R848 to TAMs in vivo and stimulate M1 polarization
[101]. This in turn sensitizes non-immunogenic tumors to T-cell check-
point inhibitors leading to sustained tumor rejection and resistance to
subsequent tumor challenge. M1 macrophages also express high levels
of the mannose receptor MRc1 (CD206) that can be used for NP
targeting.Mannosylated cationic albumin carriers have beenused to en-
hance in vivodelivery of the TLR agonist CpG-ODN to facilitateM1polar-
ization. Ai et al. showed that the inclusion of mannose moieties
enhanced M1 polarization (as evidenced by increased secretion of
pro-inflammatory cytokines such as IL-12 and IL-6) compared to stan-
dard cationic albumin carriers [102].

Other well-characterized cytokines can also alter polarization of
TAMs. Pro-inflammatory cytokines including GM-CSF, INFβ, and INFγ
enhance M1 polarization primarily through activation of STAT1 and
STAT5 pathways [103]. Systemically-administered GM-CSF exerts min-
imal effect on cell populations in the TME. NP-delivered GM-CSF, in con-
trast, appears to effectively polarize TAMs to the M1 phenotype and
improve immune-mediated cytotoxicity. Researchers in one study gen-
erated micellar formulations of polymer-CSF conjugates linked by an
acid-labile calcium carbonate linker. Very little GM-CSF was released
from the micelles at physiologic pH. However, acid-mediated cleavage
in the TME stimulated rapid release of active GM-CSF that enhanced
M1 differentiation and improved tumor growth delay [104].

Polarization of TAMs towards theM1 phenotype can also be accom-
plished with NPs by targeting inflammatory signaling pathways.
miR155 is an important microRNA that regulates inflammatory signal-
ing pathways in myeloid and lymphoid pathways [105,106]. Yang
et al. deliveredmiR155 to immune cells in the TMEusing layered double
hydroxide NPs [107]. These particles were efficiently taken up by TAMs
and demonstrated efficient endosomal escape and cytosolic delivery.
miR155 markedly reduced the expression and activation of STAT-3,
ERK1/2 and NFκB and polarized TAMs towards the M1 phenotype.
These changes in inflammatory signaling were also associated with de-
creased recruitment and formation of activated myeloid derived sup-
pressor cells (MDSCs) in the TME. miR155 treatment increased
tumoral infiltration of CD8+ T-cells and enhanced responsiveness to
checkpoint inhibitors.
It may also be possible to repolarize TAMs using drug-free inorganic
NPs. High levels of intracellular iron can modulate cytokine signaling
and cell proliferation by increasing oxidative stress, particularly in the
oxidative environment of the TME. Ferumoxytol is a superparamagnetic
iron-oxide NP (SPION) approved for the treatment of chronic iron defi-
ciency anemia. These particles are readily cleared by TAMs in the TME
without specific targetingmoieties. In vitro, they have no effect onmac-
rophage proliferation or survival [108]. However, they demonstrate
clear polarization towards an M1 phenotype (as evidence by increased
expression of TNF-α and CD86) and away from the M2 phenotype (de-
creased expression of CD206 and IL10). In vivo, ferumoxytol delayed
local progression and significantly decreased metastatic spread in
MMTV-PYMT mouse models of breast cancer.

In addition to altering the polarization of TAMs, targeted NPs have
also been used to deplete M2 macrophages in the TME (Fig. 4). In one
study, mannose-conjugated lipid-coated NPs encapsulating calcium
zolendronate (a bisphosphonate that demonstrates selective cytotoxic-
ity to TAMs [109]) effectively depleted established S180 tumor xeno-
grafts of inhibitory TAMs and markedly enhanced tumor growth
delay. TAMs also express high levels of sialic acid receptors [110].
Zhou et al. have shown that sialic acid-coated liposomes loaded with
epirubicin can enhance selective clearance of M2 TAMs and improve re-
jection of murine xenograft sarcoma models without significant sys-
temic toxicity [111]. Collectively, these studies demonstrate that
functionalized NPs can be engineered to efficiently repolarize or deplete
inhibitory TAMs in the TME to improve responsiveness to cancer immu-
notherapies including T-cell checkpoint inhibitors.
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3.3.2. Targeting Th2 T-regs
Th2 CD4+ regulatory T-cells are another potent immunosuppres-

sive cell population commonly found in the TME. These cells can sup-
press local immune responses through inhibitory cytokine secretion
(including TGF-β and IL-4,6,10) or by releasing perforin or granzymes
to eliminate activated CD8+ T-cells and APCs within the TME. Several
surface receptors are overexpressed on tumoral CD4+ T-regs including
glucocorticoid-induced TNF receptor (GITR) and the Nrp1 receptor.
Sacchetti et al. generated GITR-conjugated PEG-modified single-
walled carbon nanotubes and demonstrated selective and efficient in-
tracellular transport of targeted NPs in tumoral Th2 cells [112]. Another
group more recently generated multi-layer hybrid NPs which included
GITR-labeled polymeric cores to selectively deliver imatinib to Th2 T-
regs [113]. The functionalized particles inhibited suppressive cytokine
signaling from Th2 cells and improved activation of infiltrating CD8+
T-cells.

Preclinical work from non-oncologic studies has demonstrated that
the physical characteristics of NPs can also affect the relative Th1 to
Th2 response to immune adjuvants. One study using diphtheria toxins
showed that whereas micro and nanosize formulations of aluminum
adjuvants stimulate both Th1 and Th2 responses, calcium-phosphate
nanoparticles preferentially stimulated Th1 but not Th2 responses.
Antigen and adjuvant containing NPs have been used to selectively
modulate the relative activity of Th1 and Th2 lymphocytes in numerous
non-oncologic disease models including hepatitis B, asthma, and
environmental hyperimmunities. Lessons learned from these
systems can be used to improve modulation of the TME to a more
immunostimulatory phenotype.

3.3.3. Targeting TAFs
TAFs are another potently immunosuppressive population of cells in

the TME. TAFs are believed to result from the transformation of mesen-
chymal fibroblasts by cytokine signaling in tumors. TAFs can suppress
tumor-specific immunity in several ways [114–116]. In some tumor
types, including pancreatic cancer, TAFs are also responsible for the for-
mation of dense, largely acellular desmoplasia that acts as a physical
barrier to limit infiltration by activated CD8+ T-cells [117]. Even os-
motic perfusion can be limited by a dense desmoplastic stroma. TAFs
can also stimulate anergy of APCs and activated CD8+ T-cells by ex-
pressing high levels of PDL-1/2. Finally, TAFs express high levels of cyto-
kines that inactivate pro-immunogenic Th1 T-regs and M1 TAMs in
addition to polarization towards their immunosuppressive counter-
parts. Several strategies have been undertaken to limit or reverse the
immunosuppressive actions of TAFs in the TME using targeted NPs.
They primarily involve either depleting TAFs in the TME or preventing
cross-talk between TAFs and other cell populations. Similar to other in-
hibitory cell populations in the TME, targeted NPs offer a promising ap-
proach to selectivelymodulating TAF-mediated immunoresistance. One
hallmark that distinguishes TAFs from untransformed mesenchymal fi-
broblasts is the overexpression of α-SMA which is also correlated with
increased surface expression of sigma receptors. Anisamides, including
aminoethylanisamide, are sigma receptor agonists that can be conju-
gated to the surface of cationic, polymeric, or liposomal NPs for targeted
intracellular uptake. TAFs also tend to be enriched around the vascula-
ture of desmoplastic tumors and relatively accessible to NP delivery
vectors. Huang and colleagues have developed several preclinical strat-
egies to target TAFs using engineered NPs. In one study, they used
anisamide-decorated lipid calcium phosphate NPs to deliver plasmid
DNA to TAFs and disrupt tumoral paracrine signaling necessary for the
maintenance of the TAF phenotype in a desmoplastic models of bladder
(UMUC3) and pancreatic (BXPC3) cancers [118]. The targeted NPs in-
duced high expression of the TNF-related inducing secretory ligand
sTRAIL in TAFs which in turn stimulated apoptosis of adjacent tumor
cells. Significant levels of apoptosis were not detected in α-SMA+
TAFs. However, apoptosis of adjacent tumor cells was associated with
a reversion of TAFs to a quiescent state and significant reductions in
α-SMA and FAPα (markers of fibroblast activation). Importantly, TAF
inactivation led to a partial reversal of stromal desmoplasia, partial nor-
malization of tumor vasculature, decreased tumoral hypoxia, and im-
proved tumor growth delay. They have used similar targeted NPs to
modulate TAF-mediated cytokine signaling [119]. CXCL12 is an inhibi-
tory chemokine that suppresses CD8+ T-cell recruitment. Systemic in-
hibitors of the CXCL12 axis are limited by systemic toxicity and poor
tumor penetration. Anisamide-NP delivery of a CXCL12-trap plasmid
successfully reduced CXCL12 secretion from TAFs and improved tu-
moral penetration of CD8+ T-cells in orthoptic KPC pancreatic tumors.
The antitumor efficacy of this approach was markedly enhanced with
the co-delivery of a PDL-1-trap plasmid to prevent TAF-mediated inac-
tivation of infiltrating T-cells.

Reversal of stromal desmoplasia and decreased inhibitory cytokine
secretion can also be accomplished by targeted delivery of NPs encapsu-
lating cytotoxic drugs to TAFs. The Huang group showed that
anisamide-targeted dual delivery of gemcitabine and cisplatin can sig-
nificantly reduce tumoral TAF populations, partially reverse stromal
desmoplasia, and improve tumoral vascular permeability [120]. Other
groups have found similar results with targeted NPs encapsulating do-
cetaxel, doxorubicin, fraxinellone, and quercetin [121–125]. These stud-
ies support the hypothesis that it may be possible to selectively deplete
TAFs to reverse tumoral desmoplasia and immunosuppressive cytokine
signaling using systemically-administered, targeted NPs.

3.4. Targeting tumor cells

Tumor cells actively contribute to avoiding immune detection and
can be targeted to enhance immune stimulation. Similar to inhibitory
lymphocyte and macrophage populations, tumor cells excrete inhibi-
tory cytokines to prevent APC and T-cell maturation/activation and
maintain an immunosuppressive environment. The β-catenin pathway
is an important mediator of this inhibitory signaling [126]. Matsuda
et al. generated synthetic β-catenin-driven transgenic mouse models
of HCC to demonstrate that NP-directed silencing of β-catenin signaling
in tumor cells could decrease tumor growth and modulate the TME to
improve responses to check point inhibitors [127]. In another study,
lipid NP carriers of DRC-BCAT (an oligonucleotide targeting the
CTNNB1 β-catenin gene) effectively modulated cytokine signaling to
enhance CD8+ infiltration and growth arrest in multiple tumor models
including B16F10, 4T1, and Neuro2A [128]. Further, the combination of
the NP and dual CTLA-4/PDL-1 blockade stimulated complete or near
complete regression in a majority of tumors. These same anti-tumor ef-
fects were observed in spontaneous mammary tumors using a Wnt-
driven MMTV-Wnt1 transgenic mouse model.

Activation of proinflammatory signaling in tumor cells can also be
achieved with nucleic acid delivery. Agonists of the retinoic acid recep-
tor gene 1 (RIG-1) can potently stimulate type-1 interferon responses
and expression of other pro-inflammatory cytokines in tumor cells
as well as other cell populations in the TME (including dendritic cells
and TAMs) [129]. The Wilson group generated pH-responsive
endosomolytic polymeric NPs to deliver intact 5’ triphosphate short
double-stranded RNA (3pRNA) RIG-1 ligands [130]. The pH-
responsive NPs enabled efficient endosomal escape and cytosolic deliv-
ery of the nucleic acid payload. Activation of RIG-1 triggered expression
of proinflammatory cytokines, T-cell infiltration, and CD8+-mediated
cytotoxicity in syngeneic CT26 models of colorectal cancer. When com-
bined with anti-PD-1 blockade, complete regression of tumors was
achieved in 30% of treatedmice. It is worth noting that intratumoral de-
livery of 3pRNA robustly activated multiple cell populations in the TME
and it is not currently clear towhat extent the robust antitumor effect is
mediated by effects in specific cell populations.

Immune tolerance can also result as a byproduct of abnormal tumor
physiology. Dysregulated tumormetabolismmaintains a relatively hyp-
oxic and acidic environment in the TMEwhich is known to induce T-cell
anergy. It may be possible to reverse this inhibitory environment by
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modulating tumor metabolism using NP nucleic acid delivery systems.
A recent study engineered cationic lipid NP carriers for RNAi-mediated
knock down of lactate dehydrogenase (LD) in tumor cells [131]. This
significantly increased the pH of the tumor stroma and enhanced infil-
tration of CD8+ and NK-cells in addition to decreasing tumoral concen-
trations of M2 macrophages and Th2 T-regs. Silencing LD improved
tumor growth delay on its own and markedly sensitized tumors to
anti-PD-1 antibodies.

4. Enhancing T-cell therapy

T-cell therapies, in which patients are treated with tumor-targeted
T-cells, have shown impressive efficacy in the treatment of hematoge-
nous malignancies. T-cell therapy starts with the collection of immune
cells from a cancer patient or healthy donor, followed by ex vivo genetic
modification and expansion, and finally reinfusion to patient for cancer
therapy [132]. FDA has approved two chimeric antigen receptor (CAR)
T-cell therapies, Yescarta and Kymriah, for patients with lymphoma
and leukemia, respectively [132]. However, several major challenges
have obstructed the implementation of this paradigm as a standard-
of-care in the treatment of solid tumors [133]. First, manufacturing of
T-lymphocytes on a clinical scale is not easy because of the elaborate re-
quirements for the isolation, genetic modification, and selective expan-
sion of T cells, which entail specialized equipment and technical
expertise that are not widely available [134]. Second, T-cell infiltration
to solid tumors is hindered by downregulated chemokines, reduced ex-
pression of adhesion molecules on endothelial cells and disorganized
tumor vasculature [135]. Lastly, transferred T-cells are facing a highly
hostile TME filled with suppressive chemokines and cytokines secreted
by T-regs or TAM, and PD-L1 expressed by tumor cells as well. In addi-
tion to the surrounding cells, the survival of T-cells is likely to be com-
promised by the low oxygen, low nutrient, and acidic conditions of
the TME [136].

Nanoparticles can be exploited to address some of the aforemen-
tioned challenges. To simplify the production of CAR T-cells, Stephan
et al. developed T-cell-targeting nanoparticles delivering plasmid DNA
specifically constructed against CD19 antigens that were ubiquitously
expressed on B lineage leukemia cells. The surface of these nanoparti-
cles were decorated with T-cell markers—anti-CD3e f(ab’)2 fragments
on the surface, and further incorporated with peptides containing
microtubule-associated sequences andnuclear localization signals to fa-
cilitate nuclear transport [134]. These nanoparticles were further incor-
porated with peptides containing microtubule-associated sequences
and nuclear localization signals to facilitate nuclear transport. Upon sys-
temic administration of these CD3-targeted nanoparticles to mice, cir-
culating T-cells were successfully reprogrammed to leukemia-specific
CAR T-cells in situ and proliferated 5.5-fold with high expression of
CAR transgene by day 12. Antitumor efficacy was evaluated in mice
with B-cell acute lymphoblastic leukemia. In the group treated with
lymphocyte-targeting nanoparticles, seven out of ten mice survived
tumor-free until the end of the study, which was 58 days longer than
untreated control. This result was comparable with mice infused with
ex vivo-produced CAR T-cells. This study provided proof-of-principle
for the ability to reprogram the antigen-recognizing capabilities of lym-
phocytes with synthetic nanoparticles while achieving comparable
therapeutic effectwith conventional CAR-T and circumventing the com-
plication of T-cell manufacturing. Despite the low cost, simple produc-
tion, and good stability of nanoparticles, validation is needed on
human T-cells before this approach can proceed to clinical translation.

To modulate the unfavorable TME, tumor-specific T-cells were
equipped with nanogels containing cytokines and targeting ligands
[137]. Human IL-15 super-agonist complex (IL-15Sa) was crosslinked
with disulfide-containing linkers to form nanogels (NGs) and anti-
CD45 antibodies (b10mol%)were further incorporated, aiming to retain
NGs on the surface of T-cells without compromising TCR signaling. A
small amount of poly (ethylene glyco)-b-poly(L-lysine) was adsorbed
to NGs to enhance NGs loading on T-cells. These NGs could promote
T-cell expansion in vivo by releasing cytokines liberated when linkers
were reduced during T-cell activation. When treated with transferred
T-cells tagged with NGs, tumor growth was significantly inhibited com-
pared to those treated with T-cells and free IL-15Sa. The dose of IL-15Sa
could be increased up to 8-fold without inducing dose-limited toxicity
when delivered within NGs, allowing multiple administrations of this
T-cell therapy. Antitumor efficacy was further evaluated in a human
glioblastoma mouse model. NG-tagged EGFR-targeted CAR-T cells
could eradicate tumors in 80% of mice, while CAR-T cells alone or
CAR-T cells plus free IL-15Sa only achieved a marginal therapeutic
effect. In another effort to attenuate immunosuppression in the TME, a
selective inhibitor of PI3K kinase (PI-3065) and immunostimulant-
invariant natural killer T-cell (iNKT) agonist (7DW8-5) were
co-encapsulated in liposomes decorated with tumor targeting iRGD
peptides [138]. Mice bearing 4T1 tumors were treated with these
dual-drug liposomes and much less (N4-fold) immune suppressing
cells, such as TAMs, monocytic MDSCs and T-regs, were found at
tumor site comparing to those treated with empty liposomes. The con-
centration of antitumor immune effector cells, such as CD8+ T cells and
iNKT cells, was significantly increased due to the treatment. Therapeutic
studies have shown that liposome pretreatments could augment T-cell
accumulation in tumors and thus boost the effectiveness of cell therapy.
Themaximized outcomes could be obtained bymultiple dosing of dual-
drug liposomes several weeks in advance of T-cell infusion and imple-
mentation of combined therapies pivots on their safety evaluation in
clinical trials.

5. Summary and conclusions

Nanomedicines are a diverse class of engineered nanoscale com-
pounds that can be finely tuned for the targeted in vivo delivery of
drugs and macromolecules to specific cell populations. Actively
targeting the immune system is uniquely challenging. The process of
generating signal-specific immunity is tightly regulated, often requir-
ing the simultaneous stimulation of multiple signals. Failure to simul-
taneously deliver both signals is not only inefficient, but can be
counterproductive by facilitating immune tolerance. Many immune-
modulating cell populations also exist as competing proinflammatory
and immunosuppressive cell populations and efficient stimulation of
class-restricted immune responses often requires specific targeting of
one population without directly affecting the other. As highlighted in
this review, novel nanomedicines are in many ways ideally suited
for the translation of effective cancer immunotherapies.
Nanomedicines can be engineered to optimize the targeted delivery
of multiple signals to specific cell types using spatiotemporal accuracy
not possible with other drug delivery methods. Lessons learned with
first-generation nanomedicines have been used to further optimize
the engineering of advanced nanocarriers for targeted cancer immu-
notherapies. In the short term, we predict that NPs will primarily
serve as advanced drug-delivery vectors to improve targeting of spe-
cific subpopulations and synchronous delivery of co-stimulatory sig-
nals using approaches derived from existing platforms. In our view,
the strongest potential for paradigm-altering impact probably lies
with truly novel nanomedicines including engineered immune-cell
mimetics (like ex vivo generated CAR-T cells). However, because
these will require extensive preclinical validation before entering trials
in humans, it is unlikely their clinical impact is realized for several
years to come.
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