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Abstract

Cancer immunotherapy is quickly growing to be the fourth most important cancer therapy, after
surgery, radiation therapy, and chemotherapy. Immunotherapy is the most promising cancer
management strategy because it orchestrates the body’s own immune system to target and
eradicate cancer cells, which may result in durable antitumor responses and reduce metastasis and
recurrence more than traditional treatments. Nanomaterials hold great promise in further
improving the efficiency of cancer immunotherapy - in many cases, they are even necessary for
effective delivery. In this review, we briefly summarize the basic principles of cancer
immunotherapy and explain why and where to apply nanomaterials in cancer immunotherapy, with
special emphasis on cancer vaccines and tumor microenvironment modulation.
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1. Introduction

1.1 Basic concepts in cancer immunotherapy

The clinical suppression or activation of the immune system with the goal of treating a
disease is referred to as immunotherapy. For example, immunosuppressive immunotherapy
is used to reduce overactive inflammation in allergic reactions, chronic inflammatory bowel
disease, and organ transplantation. On the other hand, cancer growth and metastasis is often
mediated by immunosuppression and immune evasion, and the field of cancer
immunotherapy developed to activate the immune system against malignant cells.

Since the approval of ipilimumab in 2011, cancer immunotherapy is experiencing an
explosive development [1]. Ipilimumab is a monoclonal antibody that activates the immune
system by targeting cytotoxic T-lymphocyte-associated protein 4 (CTLA4), which is a
protein receptor constitutively expressed on regulatory T cells (Tregs) and functions as an
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immune checkpoint for “off” switch of the immune responses [2]. After that, monoclonal
antibodies against programmed death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1)
were also approved for melanoma and non-small cell lung cancer treatment [3, 4]. The most
impressive feature of these therapies is their long-term control of the disease in the response
population, which has never seen before in other treatments. There have been many good
reviews on the basic principles of cancer immunotherapy [5-7]. Briefly, cancer
immunotherapy can be classified as systematically- or locally-based, depending on whether
the therapy is inducing a systemic immune activation for cancer or local immune status
changes. In most occasions, the former refers to systemic cytokine administration, cancer
vaccines, or adoptive cell transfer (ACT) [8-12], and the latter refers to modulation of the
immunosuppressive tumor microenvironment (TME), like immune checkpoint inhibitors or
some small molecular inhibitors [13, 14]. Combinations of systemic and local
immunotherapies or of immunotherapies and more traditional clinical therapies have proven
quite meaningful and powerful in cancer management [15-18].

1.2 Cancer-immunity cycle

It is important to understand that the generation of an effective anti-cancer immune response
necessitates a series of stepwise events which proceed and expand iteratively. This process is
termed the “cancer-immunity cycle” [19] (Fig. 1). Briefly, necrotic or apoptotic tumor cells
release tumor-derived antigens. These antigens are captured by dendritic cells (DCs) and
presented extracellularly on major histocompatibility complex class | (MHCI) and major
histocompatibility complex class Il (MHCII) molecules. In the draining lymph nodes,
activated DCs prime and activate immature T cells to effector T cells. These effector T cells
traffic to the tumor site and specifically recognize tumor cells through T cell receptor (TCR)
and MHC interactions. Upon recognition, effector T cells kill their target cancer cells by
inducing apoptotic pathways. The killing of cancer cells releases additional tumor-derived
antigens, and further strengthened the subsequent revolutions of the cycle.

In many occasions, the cancer-immunity cycle may be blocked at one or more of these steps,
resulting in dampened anti-cancer immune responses or even immune escape. Factors
leading to the immune escape may be failure to detect tumor antigens, Tregs expansion from
DC priming, or suppression of T-cell function in tumors by factors in the TME [20]. Cancer
immunotherapy aims to initiate or re-implement the cancer-immunity cycle (Fig. 1). For
example, cancer vaccines are designed to promote cancer antigen presentation in DCs and
facilitate more robust effector T-cell production [21]. TME modulation aims to release the
“brake” for cytotoxic T cells (CTLs) in the immunosuppressive TME, improving the ability
for killing their targeted cancer cells [22]. In ACT, antigen-specific CTLs are generated and
expanded ex vivo and administered back to patients for antigen-specific tumor cell Killing
[23]. still, while meeting the objective of an intact cancer-immunity cycle may require only
monotherapy approaches in some patients, others may require combined therapies.

1.3 Nanomaterials for cancer immunotherapy

Nanomaterials are defined as materials with at least one dimension between 1 and 1000 nm,
but in practical use may be anywhere from 1-200 nm. The past thirty years have viewed
great success in the application of various nanomaterials for cancer diagnosis and therapy
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[24-27]. Due to rapid growth and irregular vascular structure, nanomaterials with a size of
10-200 nm avoid kidney clearance while selectively penetrating tumor tissues. Therefore,
drugs loaded inside nanomaterials generally have much longer blood retention time and
enhanced tumor distribution and reduced toxicity, which results in a higher tolerated dose
[28-32]. In addition, nanomaterials are easily modified, and targeting ligands preloaded on
the surface will help nanomaterials to be readily taken up by specific cells [33-36].

The application of nanomaterials to delivering cytotoxic drugs or imaging agents will also
benefit immunotherapy. Delivery of tumor antigens is a critically important part of cancer
vaccination, and it remains a clinical challenge [37-39]. For checkpoint inhibitors blocking
the interactions between negative regulators and T cells, the lack of selectivity may result in
significant immune-related toxicities [40-42]. Compared to delivering cytotoxic drugs to Kill
tumor cells, immunomodulation within the tumor may be a more efficient and thorough
method of tumor eradication [43]. Additionally, some nanomaterials can inherently
modulate the immune response due to some specific physiochemical characteristics [44-46].
In the past several years, a lot of pioneer works have been reported, and the number of
publication is growing quickly (Fig. 2). There have been several good reviews summarizing
the progresses in this field [47-53]. In this review, we will not list all of the innovative
pioneer works, but explain some of the basic principles for applying nanomaterials in cancer
immunotherapy. We will divide our discussion into two parts, cancer vaccination and
immunosuppressive TME modulation (Fig. 3).

2. Application of nanomaterials for cancer vaccine design

2.1 Basic concepts in cancer vaccine

The term “cancer vaccine” can refer either to a prophylactic vaccine, given to prevent cancer,
or to a therapeutic vaccine, given to eradicate an existing tumor. Representative cancer
vaccines in the clinic include Gardasil® and Cervarix® against the HPV virus for preventing
cervical cancer, and Sipuleucel-T as a therapeutic vaccine for metastatic prostate cancer
[54]. Normally, a cancer vaccine contains a desired tumor antigen and an adjuvant capable
of generating an immune response. Adjuvants act as the “danger signals” that stimulate the
maturation of DCs. DCs then present the tumor antigens from the vaccine on MHC surface
molecules and subsequently stimulate an anti-cancer T cell response.

Tumor antigens may be classified as tumor-associated antigens (TAA) or tumor-specific
antigens (TSA), or may be aberrantly expressed proteins known as cancer-testis antigens
(CTA). TAAs are proteins or glycoproteins expressed at higher levels in tumor cells than in
normal cells. The antigenicity of TAAs lies in the anomalous expression profile, which
sufficiently marks the cell as “other,” thereby overcoming immune tolerance [55]. TSAs are
uniquely expressed solely by tumor cells. Noncancerous host cells lack genetic material
encoding for TSAs, which reduces off-target effects. These antigens may arise from somatic
mutations (i.e., neoantigens) and often evade immunological tolerance. Therefore, TSAs
represent promising substrates for cancer vaccine design [56-58]. CTAs are a group of
proteins that are normally expressed in fetal ovaries or adult testicular germ cells, but may
also be expressed in several types of cancers. Since the expression is highly tissue-restricted,
CTAs are also attractive substrates for cancer vaccine design [59, 60].
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Based on the components, tumor antigens can be broadly classified as whole-cell antigens
and subunit antigens. Whole-cell antigens contain broad epitopes for fully preserved tumor
antigens but are often poorly defined, differ from one person to another, and are difficult to
manufacture [61, 62]. Subunit antigens contain fewer but more defined antigens, including
oncoproteins, peptides, DNA, mRNA, polysaccharides, etc. They will induce highly
focused, specific responses with low reactogenicity. Because of this, subunit antigens lack
intrinsic innate and/or adaptive immune triggers, thus necessitating the inclusion of
adjuvants [63, 64].

2.2 Principles for applying nanomaterials to improve cancer vaccine efficiency

2.2.1 Co-encapsulation—Overall, the therapeutic efficacy of current cancer vaccines
remains suboptimal. An important reason for this is that conventional vaccine administration
methods lead to rapid elimination and degradation of antigen (especially subunit antigens),
as well as inefficient DC uptake and antigen-presentation [65]. In addition, giving antigen
and adjuvant independently in the clinic as free, separate forms may result in immune
tolerance due to lack of “danger signals” to DCs encountering antigens [66, 67]. The use of
nanomaterials to co-encapsulate and co-deliver antigen and adjuvants will protect the cargos
from degradation and increase DC uptake efficiency, and may result in more robust T-cell
responses [38, 39, 49].

2.2.2 Adjuvant effect—Certain nanomaterials may have inherent immune-regulatory
activities in cellular and humoral immune responses, in that these nanomaterials can help to
promote antigen presentation or stimulate immune responses without the incorporation of
specific adjuvants [68, 69]. For example, cationic lipid (R)-DOTAP is an immunologically
active enantiomer of the DOTAP racemic mixture, and could initiate a strong immune
response in an exogenous antigen model [70, 71]. Specific functionalization and different
lateral side dimensions of graphene and carbon-based nanomaterials showed distinct impacts
on immune cells, which would induce a specific activation of dendritic cells and monocytes
and serve as a nanoadjuvant for the development of an effective antitumor immune response
[72-75]. In a recent study, Luo et a/. performed an /n vitro screening of a series of ultra-pH
sensitive copolymers containing tertiary amines with linear or cyclic side chains for their
ability in generating CTL responses. By using ovalbumin (OVA) as a model antigen and
quantifying an /n vivo CTL assay, they found that PC7A nanoparticles induced the highest
OVA-specific splenocytes killings (Fig. 4). Mechanistically, the PC7A nanoparticles
achieved efficient cytosolic delivery of tumor antigens while simultaneously activating the
stimulator of interferon genes (STING) pathway, which offers a simple and robust strategy
in boosting anti-tumor immunotherapy [76].

2.2.3 Lymph node drainage—Nanoparticulate vaccines are generally administered
subcutaneously, and then drain to the lymph node, where they are acquired and presented by
resident DCs. Migratory DCs around the injection site can also traffic the nanoparticles to
the lymph node, but with relatively slower kinetics and lower efficiency. During this process,
the size of nanoparticle is the primary factor determining whether it will spontaneously drain
to lymph node or be taken up by the migratory DCs [77]. In one study, when polystyrene
particles between 20 and 2000 nm were administered subcutaneously, 20 nm particles
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drained to the lymph node 2 hours post-injection, while 1000 nm particles had not drained to
the lymph node even after 48 hours [78]. In another study, when antigens were covalently
conjugated to solid core nano-beads ranging from 20 nm to 2000 nm, 40 nm nano-beads
induced significantly higher T-cell responses than other bead sizes, suggesting 40-50 nm is
an optimal size for nanovaccine to elicit a robust immune response [79].

2.2.4 DC uptake—The uptake efficiency of nanoparticulate vaccines by DCs is affected by
particle size, surface charge, and hydrophobicity. Nanovaccines are taken up less efficiently
by DCs when their size exceeds 500 nm [80]. Such relatively large particles are ingested
mainly by macrophages [81]. /n vitro studies show that particles with a positive surface
charge are generally ingested more efficiently by DCs than those with a neutral or negative
charge [82]. For liposomes, the lipid composition not only affects the surface charge and
efficiency of uptake by APCs, but also determines whether the liposomal content is released
in early or late endosomal compartments, which has a major impact on the presentation of
distinct peptide epitopes [83, 84]. Hydrophobicity of polymeric nanoparticles is a key factor
for opsonization, and vaccination strategies might benefit from complement activation as a
signal to activate DCs [85, 86].

2.2.5 DC targeting—Ligands for DC-specific surface receptors can be grafted onto the
surface of particle-based vaccines to increase DC-specific delivery. Numerous DC-specific
receptors, including Fc receptors (FcRs) and a range of C-type lectin receptors (CLRS), have
been harnessed for targeted delivery of vaccine components (Table 1) [87]. Nanoparticles
can be targeted to FcRs using intact antibodies or Fc fragments [88, 89]. CLRs represent a
family of receptors that bind to specific carbohydrate residues in a calcium-dependent
manner via their carbohydrate-recognition domain. CLRs harnessed for DC targeting
include mannose receptor [90, 91], DEC-205 [92, 93], dendritic cell-specific ICAM3-
grabbing nonintegrin (DC-SIGN) [94, 95], DC-associated C-type lectin-1 (Dectin-1) [96],
LOX-1[97], and Clec9A [98]. The choice of specific target receptors may have a significant
impact on the immunological outcome of vaccination. For example, it has been observed
that antigens targeted to DEC-205 result mainly in cross-presentation of antigen to CD8* T
cells, whereas antigens targeted to Dectin-1 are preferentially presented via MHCII
molecules to CD4* T cells. The difference is explained by the fact that these CLRs are
expressed on distinct DC subsets that differ in their functional properties and antigen-
processing capacity [99].

2.2.6 Antigen presentation—Effective activation of CTL and tumor killing relies on the
presentation of exogenous antigens in the context of MHCI molecules. During this process,
cross-presentation is highly important. Soluble antigens internalized by macropinocytosis
generally have low efficiency in cross-presentation and are poorly presented to MHCI, while
nanoparticle-loaded antigens enter APCs via phagocytosis, and present antigen more
efficiently by MHCI. Therefore, nanoparticulate system could induce dramatically higher
humoral or cellular immune responses [100]. Cationic carriers with better endosome escape
ability would help this process and further enhance CTL response [101]. Nanoparticle size
also matters in antigen cross-presentation. Amorphous silica nanoparticles with diameters of
70 and 100 nm enhanced exogenous antigen entry into the cytosol from endosomes and
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cross-presentation, while submicron-sized silica particles (>100 nm) did not [102]. Demento
et al. studied the role of sustained antigen release from nanovaccines in shaping the T cell
memory phenotype. By comparing of the long-term immune effect of PLGA and liposome
as the nanoparticulate platform, they found that PLGA particle induced higher frequency of
effector-like memory T cell phenotype, and showed that this effect is due to sustained
antigen release from the particulate platform [103].

2.3 Nanomaterial-loaded peptide vaccines for cancer immunotherapy

Peptide vaccines are composed of one or more small fragments of tumor-derived antigen
proteins and a vaccine adjuvant. Typically, CD8* T cells recognize peptides associated with
MHCI molecules, which are 8 to 10 amino acids long. MHCII molecules can present much
larger peptides, often 13 to 18 amino acids long, but generally stimulate CD4* T cells [104].
Due to ease of synthesis and stable formulation, peptide vaccines are widely studied in
research and clinic [65]. However, when peptide vaccines are administered subcutaneously
or in other sites in free form, the short peptide fragments will endure rapid elimination and
degradation [105]. Therefore, peptide vaccines in free form are not a good clinical candidate
to stimulate a strong T-cell response.

Using nanomaterials for peptide vaccine delivery would greatly improve the efficiency of
peptide vaccines. Peptide antigens and adjuvants can be either physically encapsulated in or
chemically linked to the surface the nanoparticles. In one study, Kuai and co-workers
showed that peptide antigens coupled with adjuvants could be co-delivered by conjugating
them to synthetic high-density lipoprotein (SHDL) nanodiscs. This nanoparticle-mediated
co-delivery resulted in accumulation within lymphoid organs and better antigen presentation.
These nanovaccines generated 47-fold more neoantigen-specific CTLs when compared to
soluble vaccines (Fig. 5) [106]. Poly(D,L-lactide-co-glycolide) (PLGA) has excellent safety
profile in humans, therefore, PLGA particles are widely applied as peptide vaccine delivery
systems. Antigens can be absorbed on or encapsulated into PLGA particles. After
endocytosis by DC, PLGA particles may escape from the endosome, release antigens in the
cytoplasm, and present antigen via the MHCI pathway, or antigen release happens directly
inside the endosome, and present antigen via MHCII pathway [107]. In one study, PLGA
nanoparticles encapsulating murine melanoma antigenic peptides, gp100,5_33 and
TRP21g0-188, elicited stronger antigen-specific T-cell responses after intradermal injection
when compared to peptide mixed with Freund’s adjuvant [108]. Efficacy of antigens loaded
in other biodegradable polymers, like poly(amino acids) and polysaccharides, was also
examined using various model antigens [109-112]. Using a model peptide antigen bearing
four cysteines, Hao et al. reported a micelle vaccine by coupling peptides with thiopyridal
derived poly(ethylene glycol)-b-poly(L-lysine) (PEG-b-PLL) block polymer. Encapsulation
of immunostimulatory DNA can also be accomplished using charge based interactions, such
as by condensing DNA into a cationic PLL core. These particles are engulfed by phagocytic
DCs, wherein the particles are broken down through reduction of disulfide bonds within
endosomes, triggering DNA and peptide release. This micellar vaccine system enhanced
peptide concentration within DCs, a key factor in stimulating an immune response [113].
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Liposomes are another kind of important carrier system for cancer vaccine delivery.
Liposomes are especially attractive for vaccine delivery systems due to their malleable
structure and adaptability [114]. Regardless of whether antigens and adjuvants are
hydrophilic or hydrophobic, liposomes can be used to encapsulate and deliver them. The
inner core of liposomes is aqueous and can hold water-soluble antigens like proteins,
peptides, DNA, mRNA, polysaccharide. On the other hand, hydrophobic cargo can be
incorporated into the lipid bilayer. Still other systems use liposomes as a scaffold to which
antigens and adjuvants are adsorbed or conjugated [115]. By changing the lipid components,
size and surface charge, liposome-based vaccine systems can achieve various desired
features. For example, previous work in our group has used a 1,2-dioleoyl-3-
trimethylammonium-propane chloride (DOTAP)/E7 complex as an effective human
papillomavirus (HPV) type 16 vaccine. In a TC-1 mouse tumor model, this liposomal
vaccine used oncoprotein E7 to induce an effective antitumor response [116, 117].
Intercalating an E7-derived lipopeptide into the bilayer, rather than relying on a hydrophilic
E7 peptide improved antitumor activity in this model. Compared to the previous DOTAP/E7
formulation, the DOTAP/E7-lipopeptide vaccine initiated stronger antigen-specific CD8* T-
cell responses /n vivo[118]. The DOTAP/peptide formulation has been tested in a phase |
clinical trial with an excellent safety profile. Based on the development of a lipid/calcium/
phosphate (LCP) nanoparticle system for efficient intracellular delivery and release cargos
into the cytoplasm [119], we constructed an LCP vaccine system by encapsulating a
modified melanoma-specific antigen (p-TRP2 peptide) and an adjuvant (CpG
oligodeoxynucleotides). The final LCP nanoparticles are 40-45 nm in diameter and have a
mannose-modified surface to enhance DC uptake after draining to the lymph nodes. Using
LCP as a vaccine carrier in B16F10 orthotopic models in the skin and lungs yielded
significantly better tumor growth inhibition compared to administration of free antigen and
adjuvant [90, 120]. This formulation also proved effective in treatment of colorectal cancer
and liver metastasis when encapsulating p-AH1-A5 peptide as the antigen and 5" pppdsRNA
as the adjuvant [121].

2.4 Nanomaterials for DNA and mRNA tumor antigens delivery

Nucleic acids like DNA and mRNA are being intensively studied in gene therapy of cancer
or other genomic diseases. Transfecting cells with DNA encoding for oncogenic proteins or
peptides is an appealing method for intracellular production and subsequent immune
sampling of the target antigens [122]. Compared to traditional protein/peptide vaccine
strategies, DNA-based vaccines can more closely mimic live infections. In addition, DNA
vaccines eliminate the need for cold chain storage and transportation, and can be quickly
altered by manipulating the transgene sequence to adapt to new and fast-emerging diseases
[123, 124]. However, previous DNA cancer vaccines were mainly administered
intramuscularly as naked DNA, and resulted in weak immunogenicity due to degradation by
nucleases and inefficient delivery to APCs [125]. Synthetic nanomaterial-based delivery
systems can be beneficial for these DNA-based therapeutics [126, 127]. Similar to DNA
delivery in other biological transfection processes, DNA encoding antigens can also be
delivered by various synthetic and natural nanosystems, including PLGA [128, 129],
PEI/PGA [130], chitosan [131, 132], cationic lipids [133, 134], grapheme and carbon
nanotubes[135], and even hybrid particles [136, 137].
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Messenger RNAs (MRNAS) are another kind of non-toxic molecules for nucleic acid-based
vaccination therapies. The physiological role of mMRNA is to transfer genetic information
from the nucleus to the cytoplasm, and then translated into the corresponding protein. The
safety of mMRNA-based treatments supports the use of mMRNA-vaccination for therapeutic or
prophylactic approaches. Due to the ease of degradation of RNA by extracellular
ribonucleases, the success of RNA vaccine highly depends on a proper delivery system.
Based on an established method for liposome-nucleic acids complex (lipoplex, LPX)
preparation [138], a mMRNA-lipoplex was constructed by mixing the reporter firefly
luciferase (Luc)-encoding mRNA and cationic liposomes composed of common lipids such
as N-(1-(2,3-dioleyloxy)propyl)-N,N,N-trimethylammonium chloride (DOTMA) and
dioleoyl phosphatidylethanolamine (DOPE). By gradually decreasing the positive-to-
negative charge ratio, i.v. injected Luc-LPX resulted in a luciferase expression shift from
lungs to spleen, and even exclusively splenic signal for near-neutral and slightly negative
particles. The LPX can protect RNA from degradation by extracellular ribonucleases and
mediate its efficient uptake, as well as the expression of the encoded antigen by DC
populations and macrophages in various lymphoid compartments [139]. This provides the
possibility of designing personalized mMRNA vaccines based on tumor neoantigen analysis:
mutations identified by exome sequencing could be selected as vaccine targets based on their
expression levels and MHC-binding capacity, and then synthetic poly-neoepitope mRNA
vaccines could be rapidly manufactured on-demand. Also, several mutations could be
addressed in one mMRNA sequence, providing a simpler way to overcome tumor
heterogeneity and immune editing problems compared to single mutation-targeted vaccines.
In a CT26-Luc lung metastasis model, tumor growth was significantly inhibited after
vaccination with a mixture of two RNA pentatopes. All mice survived the experiment in the
RNA pentatope group, while 80% of the control mice did not [140].

2.5 Nanomaterials for whole-cell antigen delivery and immunogenic cell death

Whole-cell antigens can be found in by tumor-cell lysates or immunogenically dying tumor
cells. Nanomaterials can also be applied in whole-cell antigen delivery for enhancing the
immune responses. For example, 4T1 cell lysates were encapsulated into PLGA
microparticles using a modified double emulsion solvent evaporation method. After
subcutaneous injection, the PLGA microparticles reduced metastatic lung tumor burden by
42% without inducing autoimmunity [141]. In another study, a whole-cell cancer vaccine
was constructed by an “infection-mimicking” PLGA matrix containing tumor lysate,
granulocyte macrophage colony-stimulating factor (GM-CSF), and CpG-ODN. When this
system was applied to animals for tumor therapy, specific and protective anti-tumor
immunity was observed, and significantly prolonged animal survival was achieved [142]. In
an alternative approach, a core-shell nanostructure was assembled by coating immunological
adjuvant-coupling particles with cancer cell-derived membranes. These cancer-cell derived
membranes coat the nanovehicles with membrane-associated tumor antigens that can be
used to induce a broad antitumor immune response [143].

Immunogenic cell death (ICD) is a form of cell death that may be elicited under certain
chemotherapies, radiotherapies, and photodynamic therapies [144—146]. Antitumor immune
responses raised from ICD rely on the activation of DCs through exposure to tumor antigens,
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which then activate T-cell responses against these same tumor antigens. The identified
features of ICD include exposure of calreticulin (CRT) on the surface and the release of
large amounts of ATP and high-mobility box1 (HMGBL) into the extracellular milieu.
Extracellular ATP release is a signal for DC recruitment and surface CRT exposure will
interact with low density lipoprotein receptor-related protein 1 (LRP1) on DC to promote
antigen uptake, while HMGBL interacts with Toll-like receptor 4 (TLR4) to promote DC
maturation. Therefore, ICD serves as an /in situ approach for whole cell vaccination [147].

Using nanomaterials for enhancing the ICD effect or the combination of nanosystems with
other ICD inducers has proven promising in inducing noticeable anti-tumor immune
responses. Min et al. utilized a kind of antigen-capturing nanoparticle (AC-NPs) for
improving the abscopal effect after radiotherapy of the primary tumor. By optimizing the
surface properties, they showed that these AC-NPs could deliver the released antigen to
APCs and significantly improve the efficacy of anti-PD-1 treatment (Fig. 6) [148]. Currently,
confirmed ICD chemo-inducers include oxaliplatin, doxorubicin, mitoxantrone, bortezomib,
and cyclophosphamide [149]. Co-delivery of adjuvants with an ICD inducer in a particulate
delivery system has proved helpful in potentiating anti-tumor immune responses [150].
Photodynamic therapy (PDT) using nanomaterials loaded with photosensitizers will also
induce ICD in tumors, and this has proven efficient in inducing an /n situ antitumor
vaccination and effective when combined with checkpoint blockade in elimination of tumors
exposed to the NIR laser [151-155]. Moreover, antitumor immunity can inhibit the growth
of distant tumors and protect mice from tumor cell re-challenge.

3. Application of nanomaterials for TME modulation

3.1 Immunosuppressive TME as a barrier for successful cancer immunotherapy

The immunosuppressive TME is a significant challenge to effective cancer immunotherapy.
Suppression of tumor-specific T cells is orchestrated by the activity of tumor cells, tumor-
associated stromal cells such as TAFs, and tumor-infiltrating immune cells including TAMs,
MDSCs, and Tregs, and as well as a variety of chemokines or cytokines such as adenosine,
prostaglandin-E2 (PGE-2), transforming growth factor beta (TGF-B), indoleamine 2,3-
dioxygenase (IDO), interleukin-10 (IL-10), galectins, etc. [156, 157]. Modulating the
immunosuppressive TME by, for example, targeting immunosuppressive cellular modulators
or inhibiting some soluble mediators will significantly promote the immune responses inside
a tumor.

Since the immune system operates in a Janus fashion, any systemic inhibition on one
direction will cause unexpected side effects to the other. Serious side effects and a lack of
tolerance are a concern with systemic administration of inflammatory agents [158]. The side
effects of immune checkpoint inhibitors become more prominent as clinical trials increase
[159]. Using nanomaterials to deliver immune modulators will restrict the distribution of
these agents at the tumor site and reduce systemic toxicity. Therefore, some extremely
potent while highly toxic immune modulating agents may be developed in nanoformulations
and applied to clinic.
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3.2 Nanomaterial system targeting immune checkpoints

T-cell activation is a multiple-signal process, including TCR recognition with MHC-peptide
antigen, CD28/B7 co-stimulation and necessary cytokines for stimulating T-cell expansion
and differentiation. Besides, interactions between ligands and activating or inhibitory
receptors play critical role in further regulating the T-cell activation or tolerance. These co-
stimulation signals are frequently referred to as immune checkpoints which can be divided
into co-inhibitory or co-stimulatory signals. Tumor cells can express a selected subset of co-
inhibitory ligands for evading the immune surveillance, including PD-L1 which has been
successfully applied as target for tumor immunotherapy. Co-stimulatory checkpoint targets,
such as OX40, 4-1BB (CD137) and CD40, can also be applied for improving the anti-tumor
immunity [160, 161]. Immune-related adverse effects (irAE), often in the form of major
organ toxicity, may arise from immunotherapies. irAE are a new class of toxicity profiles
that require dramatically different interventions than toxicities arising from cytotoxic drugs.
For example, anti-CTLA4 antibodies mostly affect the skin and the gastrointestinal tract,
observed in 44% and 35% of cases, respectively [162], and the main irAE profiles for
PD-1/PD-L1 antibodies are asthenia (16—-34%) [163].

Nanomaterials provide an ideal approach for selective delivery of immune checkpoint
modulators to tumors. In a previous report, anti-CTLA-4 antibody was loaded in
functionalized mesoporous silica, and after intratumoral injection, this formulation reduced
tumor growth more substantially and for a longer period of time than systemic antibody
injections [164]. Inspired by the accumulation of platelets to wound sites, Wang et al.
conjugated PD-L1 antibodies to the surface of platelets. The platelets decorated with anti-
PD-L1 resulted in 9.4-fold higher accumulation around the surgical wound and residual
microtumors than those treated with free anti-PD-L1 mAbs, and significantly prolonged
overall mouse survival after surgery by reducing the risk of cancer regrowth and metastatic
spread [165]. Targeted delivery of siRNA against immune checkpoints is another way of
inducing a tumor-specific, local immunomodulatory effect [166, 167]. For example,
treatment of epithelial ovarian cancer SKOV-3 cells with PD-L1 siRNA loaded in folic acid
functionalized polyethylenimine (PEI) would make these cells more sensitive to T-cell
killing, and this is twofold more sensitive compared to scrambled siRNA treated controls
[168].

Nanomaterial-based delivery systems can also help to improve the immune activation and
reduce systemic toxicity of the immune stimulatory checkpoint targets. For example, by
conjugating anti-OX40 mAb to the surface of PLGA nanoparticles, stronger CTL
proliferation and cytokine production was observed when this nanoformulation was injected
intratumorally compared to administration of free anti-OX40 mAb [169]. In another study,
anti-CD137 mAb and engineered IL-2Fc fusion protein were anchored to the surfaces of
PEGylated liposomes. While free anti-CD137 antibodies have been associated with lethal
toxicity, conjugation to PEGylated liposomes reduced this inflammatory toxicity and
boosted the antitumor response. The reason for the enhanced efficiency and reduced toxicity
was attributed to the physical size of the PEGylated liposomes, which were small enough to
distribute evenly throughout the tumor parenchyma and draining lymph nodes but too large
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to efficiently move from the tumor into systemic circulation following intratumoral injection
[170].

Locally expressed fusion proteins provide another option for checkpoint blockade. Take PD-
L1 as an example; PD-L1 trap protein was developed by genetically fusing the extracellular
domain of PD-1 with a robust trimerization domain from cartilage matrix protein through an
optimized hinge linker (Fig. 7A). The trimeric form of PD-L1 trap protein binds to mouse
PD-L1 with a dissociation constant (Kg) of 219 pM, a binding affinity more than a thousand
times higher than that of monomeric PD-1 and PD-L1 (Fig. 7B) [171]. For local and
transient expression of the PD-L1 trap protein, the optimized coding sequence for the
monomeric trap was cloned into the expression vector pcDNA3.1, driven by a CMV
promoter, and a strong signaling peptide from mouse serum albumin preproprotein was
incorporated at the N-terminus to facilitate trap secretion from transfected cells after
expression. When loading the PD-L1 trap plasmid into a lipid-protamine-DNA (LPD)
nanoparticle, selective expression of PD-L1 trap protein was observed in both CT26 colon
tumors and KPC pancreatic tumors. Importantly, the expression of PD-L1 trap protein is a
transient process, with the highest expression from day 2 to day 4, and significantly reduced
expression on day 6 (Fig. 7C). This locally expressed PD-L1 blocker is promising in
enhancing the therapeutic efficiency and reducing possible side effects of free anti-PD-L1
[171].

3.3 Nanomaterial system targeting soluble mediators

Various cytokines or chemokines are important players in the immunosuppressive TME.
Targeted inhibition of these key players using small molecular drugs, siRNA, or fusion
proteins is an important part of TME modulation. Key cytokines like TGF-B play prominent
roles in the regulation of cancer cell proliferation and migration. In the TME, TGF-B
mediates the interactions between tumor cells and various stroma cells and contributes to an
pro-tumoral inflammation status [172, 173]. Various kinds of TGF- or TGF-f receptor
inhibitors have been developed, and nanoparticle systems would help to improve the
efficiency while reducing side effects. In a recent study, Park et al. developed nanoscale
liposomal polymerial gels (nanolipogels, nLGs) for simultaneous delivery of 1L-2 and small
molecule TGF-B receptor-1 inhibitor SB505124. The nLGs significantly increased the
infiltration of CD8* T cells, NK cells, and delayed tumor growth with prolonged mice
survival [174]. Furthermore, Xu et al. found that a TGF-p siRNA-loaded liposome-
protamine-hyaluronic acid (LPH) nanosystem efficiently boosted the vaccine efficiency in an
advanced melanoma tumor model by increasing tumor infiltrating CD8* T cells and
decreasing Tregs [120]. IDO, an enzyme that catalyzes tryptophan degradation, is also an
important regulator in tumor-mediated immune tolerance [175]. T cells will undergo
proliferative arrest when exposed to IDO-provoked tryptophan shortage [176]. Many IDO
inhibitors have been confirmed and applied as adjuvant therapy in cancer immunotherapy,
although a need remains for greater efficiency and lower toxicity in nanoparticulate IDO
inhibitors [177]. Cyclooxygenase-2 (COX-2) and its enzymatic product PGE2 are important
players in cancer initiation, progression, and metastasis [178]. In a tumor immune
microenvironment, PGE2 shifts the cytokine profile from pro-inflammatory to anti-
inflammatory through the recruitment of Tregs and MDSCs [179, 180]. The combination of
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immunotherapy with COX-2 inhibitors like rofecoxib, celecoxib and aspirin has shown a
significant increase in tumor inhibition [181-183]. Locally expressed fusion proteins can
also be designed to block important chemokines, modulate the immunosuppressive TME,
and promote anti-tumor efficiency. Aiming at understanding the important role of the
CXCL12/CXCR4 axis in tumor cell migration, Goodwin et al. developed an LCP
nanoparticulate system for delivering plasmid DNA encoding an engineered CXCL12 trap
protein. By decorating the nanoparticle surface with galactose, the LCP nanoparticles
showed rapid and extensive hepatic accumulation and predominant expression of the
CXCL12 trap protein in liver, which greatly decreased the occurrence of liver metastasis in
two aggressive liver metastasis models [184, 185].

3.4 Nanomaterial system targeting cellular mediators

3.4.1 Targeting TAMs—Tumor associated macrophages are categorized apart from
normal macrophages because they have been hijacked by the tumor to secrete tumor growth
and survival factors [186, 187]. TAMs are generally characterized by high M2/ML1 ratios,
producing high amount of immunosuppressive cytokines like IL-10, TGF-p and PGE2 and
low levels of inflammatory cytokines like IL-12, IL-1B, TNF-a, IL-6 [188]. The ability of
TAMs to present tumor-associated antigens is decreased compared to normal macrophages,
as is their ability in stimulating of the functions of T cells and NK cells [189]. Therefore,
targeting TAMs is an important therapeutic strategy against cancer. The current TAM-
targeted approaches can be classified into four aspects (Table 2): (1) inhibiting macrophage
recruitment, using inhibitors of CCL2/CCR2 [190], CCL5 [191], macrophage colony-
stimulating factor 1 (CSF-1) [192], etc. (2) suppressing TAM survival, using chemical drugs
(such as bisphosphonates) that deplete macrophages directly [193], recombinant
immunotoxin anti-FRB-Pseudomonas exotoxin A [194], and legumain-based DNA vaccine
[195]; (3) enhancing M1 tumoricidal activity of TAMs, like agonists of nuclear factor-xB
(NFxB) [196], activation of MAPK/ERK pathway [197], GM-CSF [198], etc. and (4)
blocking M2 tumor-promoting activity of TAMSs, like inhibitors of STAT3 [199], gamma
isoform of phosphoinositide 3-kinase (PI3Ky) [200], etc. In the application of these agents,
nanoparticles are always applied to improve the delivery efficiency and enhance the
therapeutic efficiency. For example, clodronate is a drug used for macrophage depletion,
however, its /n vivo application suffers from a short half-life and accumulation in bone.
When encapsulating clodronate in liposomes and administered to melanoma-bearing mice,
smaller tumors with reduced angiogenesis and tolerable toxicity was observed [201]. M2
TAMs overexpress mannose receptor (CD206), and can therefore be targeted directly by
mannose-modified nanoparticles. This mannose can be conjugated to the outer surface of the
nanoparticles or may be exposed in acidic environments through a sheddable PEG layer as
developed by. Zhu et al. TME [202]. By phage display and high-throughput sequencing, Pun
et al. identified a unique peptide sequence, M2pep, which preferentially binds to murine M2
cells, including TAMs, with low affinity for other leukocytes [203, 204]. This peptide
sequence can be further applied for TAM-specific nanoparticle delivery.

3.4.2 Targeting MDSCs—MDSCs are a suppressive class of myeloid immune cells to
control disease-related inflammation, including cancer inflammation [205]. Activated
MDSCs produce arginase-1 (ARG1), nitric oxide synthase 2 (iNOS2), IDO, nicotinamide
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adenine dinucleotide phosphate oxidase (NOX) and immunosuppressive cytokines that have
the potential to inhibit CTLs, DCs, NK cells as well as expand Tregs. This leads to an
immunologically permissive TME [206, 207]. Therefore, MDSCs are an important target for
enhancing the anti-tumor immunity. Based on the origin and functions of MDSCs, current
methods for targeting MDSCs can be placed into four categories (Table 2): (1) blocking
development of MDSCs through the use of Janus kinase 2 (JAK2)/STAT3 inhibitors
cucurbitacin B [208], and multi-kinase inhibitor sunitinib [209]; (2) differentiation of
MDSCs into mature cells, using retinoic acid [210], vitamins D3 [211], etc. (3) inhibition of
the function of MDSCs, using phosphodiesterase-5 (PDE-5) inhibitors [212], COX2/PGE2
inhibitors [213, 214], JAK1/STAT3 inhibitors like bardoxolone methyl (CDDO-Me) [215],
etc. and (4) depletion of MDSCs, using gemcitabine [216] and heat shock protein 90
(Hsp90) inhibitor 17-dimethylaminoethylamino-17-demethoxylgeldanamycin (17-DMAG)
[217]. Nanoparticles can help to improve the therapeutic efficiency of these inhibitors by
improving the solubility, targeted delivery to tumors, and controlling release. For example,
Zhao et al. showed that intravenous delivery of CDDO-Me using a PLGA nanoparticle
significantly decreased both Tregs and MDSCs in a B16F10 melanoma model, and
remodeled the TAFs, collagen, and vessels in the TME. When combined with an LCP
nanoparticle loaded TRP2 peptide vaccine, the PLGA-CDDO-Me nanoparticle enhanced the
antitumor efficacy than the TRP2 vaccine alone treatment [218]. In another study, Kourtis et
al. found tumor-associated MDSCs and monocytes could be preferentially targeted by
ultrasmall Pluronic-stabilized poly(propylene sulfide) nanoparticles [219].

3.4.3. Targeting Tregs—Regulatory T cells are an immunosuppressive class of T cells
responsible for controlling the severity of immune responses; without Tregs, autoimmune
disease and cytokine storms would be a risk in any minor infection. Tregs typically act by
suppressing activation and expansion of effector T cells [220]. In cancer, however, malignant
cells promote and enlarge this effect and prevent effective immunotherapy, and tumor-
infiltrating Tregs reduce anti-tumor T effector cell activity and therefore correlate with poor
prognosis in a number of cancers [221, 222]. Tregs can suppress effector T cells through
direct mechanisms including depriving IL-2 from the surrounding via their high affinity 1L-2
receptor (IL-2R), expressing CTLA-4 and down-modulating CD80/CD86 expression by
APCs, and producing immune-suppressive cytokines such as IL-10 [223]. Under the
deprivation of co-stimulatory signal, responder T cells with high-affinity TCRs for the
presented antigen die by apoptosis. Accumulating evidence has proven that the removal of
Tregs evokes and enhances anti-tumor immune responses [224, 225]. Generally, strategies
targeting Tregs in tumors can be divided in four categories (Table 2): (1) blocking Tregs
recruitment into tumor, for example by interfering with the CCR4/CCL22 axis [226]; (2)
direct intratumoral Tregs depletion, using mAbs against IL-2Ra/CD25 [227]; (3)
nonspecific modulation of Tregs by traditional chemo agents like cyclophosphamide [228],
imatinib mesylate [229], sunitinib and sorafenib [230, 231]; (4) preferential inhibition of
Tregs function with checkpoint blockade like anti-CTLA4 [232]. However, systemic
application of agents for depleting Tregs may concurrently elicit deleterious autoimmunity.
Nanoparticles provide an option for evoking effective tumor immunity without
autoimmunity by specific delivery of agents to the tumor site. For example, Gamrad et al.
reported cases of biofunctionalized gold nanoparticles efficiently transporting siRNA to
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murine Tregs [237]. To facilitate selective delivery to Tregs residing in the TME, Sacchetti et
al. conjugated PEG-modified single-walled carbon nanotubes (PEG-SWCNTS) with a ligand
against glucocorticoid-induced TNFR-related receptor (GITR), which is highly
overexpressed on intratumoral Tregs compared to peripheral (splenic) Tregs. GITR-mediated
targeting led to a greater accumulation of PEG-SWCNTSs within B16 melanoma-associated
Tregs than in other tumor-associated immune cells or splenic Tregs, indicating high
specificity [233]. Directed targeting of TME mediators such as Tregs could lead to a
breakthrough in cancer immunotherapy.

3.4.4 Targeting TAFs—Tumor-associated fibroblasts (TAFs), also called cancer-
associated fibroblasts (CAFs), mediate key cancer-sustaining and proliferating pathways
including angiogenesis, invasion, and metastasis [234-237]. Normal fibroblasts support the
fibrous extracellular matrix (ECM) of the connective tissue. However, cancer cells activate
fibroblasts into a wound-healing-like state associated with increased proliferation and
cytokine production [238]. For example, about 80% of TAFs are activated in breast
carcinomas [239]. Activated fibroblasts express fibroblast activation protein (FAP), a-
smooth-muscle actin (a-SMA) (leading to the term “myofibroblasts”), and secrete increased
amounts of ECM proteins and growth factors [240, 241]. Recent studies have also proved
that TAFs promote immunosuppression and immune evasion in the TME [242]. TAFs
modulate the TME through paracrine signaling pathways that induce a Th2 phenotype in
neighboring immune cells, which results in tumor cell proliferation and fewer active T
effectors cells. For example, in the presence of TAFs, monocytes prominently differentiate
into M2 polarized TAMs [243, 244]. In pancreatic cancer, TAFs secrete thymic stromal
lymophopoietin (TSLP) to activate and mature myeloid DCs into Th2 phenotype [245, 246].
In addition, Th2 cytokines induce the differentiation of myeloid cells into MDSCs [247].
Similarly, TAFs secrete factors like TGF-p and IDO to expand the Treg population [248].
TAFs also produce fibrin, increasing tumor fibrosis, which acts as physical barrier to T-cell
infiltration [249, 250]. Furthermore, TAFs may inhibit T cell activity through PD-L1 or PD-
L2 expression [251, 252]. Therefore, TAFs inhibit anticancer immune activity through both
physical barriers and chemical signaling pathways, as well as actively promoting tumor
growth and metastasis.

As we continue to study the importance of TAFs in TME, we better understand that targeting
TAFs is an important component of cancer immunotherapy. Generally, immunotherapies
aiming at TAFs can be classified as targeting TAFs themselves and disturbing their
interactions with tumor cells or other stroma cells, including (Table 2): (1) inhibiting the
expression and activity of FAP [253], platelet-derived growth factor receptor (PDGF-R)
[254], TGF-B, stromal cell-derived factor-1 (SDF-1, CXCL12) [255], hedgehog (Hh)
signaling [256], etc.; (2) blocking interactions between TAFs and tumor cells through
blocking CXCL12/CXCR4 [257], TGF-B [258, 259], hepatocyte growth factor (HGF) [260],
and COX-2/PGE2 [261]; (3) blocking interactions between TAFs and endothelial cells
through VEGF [262], PDGFs [263], fibroblast growth factors (FGFs) [264], and MMPs
[265]; and (4) targeting TAF-induced inflammation and immunosuppression via inhibition
of NFxB [266], CXCL12 [267], CXCL13 [268], etc. High densities of fibroblasts always
constitute a stromal barrier, especially in desmoplastic tumors, which hinders nanoparticles

Biomaterials. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al.

Page 15

diffusion to tumor cells inside the tumor [269, 270]. However, this also indicates that
targeting fibroblasts may be a much easier option for nanoparticle-based drug delivery. In
one study, Miao ef a/. designed an LPD nanoparticle loaded with plasmid DNA encoding
TNF-related apoptosis-inducing ligand (TRAIL) protein. Three injections of the LPD
nanoparticles generated approximately 70% of TAFs as TRAIL-producing cells, and
triggered apoptosis in the tumor cell nests adjacent to the TAFs [271]. Furthermore, when
loading plasmids encoding CXCL12 fusion protein in the LPD nanoparticles, tumor-
selective expression of CXCL12 trap protein resulted in subversion of the
immunosuppressive TME in pancreatic cancer and effectively inhibited tumor growth [171].

4. Conclusion and Future Directions

In this review, we summarized the basic principle of cancer immunotherapy and application
of nanomaterials in cancer vaccine and immunosuppressive TME modulation. Cancer
vaccination focuses mainly on the systemic immune response, which can cause more
effective immune cell generation in the tumor or prevention of metastasis or tumor
recurrence, while TME modulation mainly focuses on the solid tumor local immune
responses and helps the tumor-infiltrating immune cells to be effective inside the tumor. In
most occasions, the combination of a cancer vaccine and TME modulation is necessary to
restore the cancer immunity circle. Nanomaterial has been shown to be an essential piece of
cancer immunotherapy, as nanomaterial-based immunotherapy produces longer-lasting and
broader immune responses than free drugs alone. Due to complicated stromal signaling
inside the tumor, reshaping the immune profile of the TME appears to be more effective than
the use of cytotoxic drugs directly on tumor cells. Additionally, studies on cancer
immunotherapy should pay more attention to tumor categories since different tumor models
may have completely different immune cell infiltration statuses or TME immune signatures
[279].

As the field of immune-oncology expands, we fully expect nanomaterials to develop in
tandem, producing new, innovative approaches to cancer immunotherapy. For example, the
effects of many chemo drugs are found to interact with host immune responses, and
nanomaterials-based formulation may magnify this effect. Cancer vaccines developed using
patient-derived neoantigens and more traditional subunit vaccines using model antigens are
achievable goals with the versatility of nanoparticles as delivery vectors. Nanomaterials can
also be harnessed to improve adoptive cell transfer via ex vivo T cell expansion through the
development of synthetic antigen-presenting agents or APCs. Without a doubt, cancer
immunotherapy can be improved with the use of nanomaterials, and nanomaterial-based
immunotherapy is sure to be a growing area of research.
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Fig. 1. The cancer-immunity cycle
The generation of an effective anti-cancer immune response necessitates a series of stepwise

events. Cancer immunotherapy aims to initiate or re-implement the self-sustaining cancer-
immunity cycle. Modified from ref [19], with permission from Elsevier.
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Number of publications on nanomaterials and cancer
immunotherapy in PubMed (2001-2017)
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Fig. 2.
Number of publications on nhanomaterials and cancer immunotherapy in PubMed from 2001
to 2017.
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Fig. 3. Nanomaterials for balancing the cancer-immunity cycle
Nanomaterials can be applied in cancer vaccine design, with the advantage of co-

encapsulation of antigen and adjuvant, inherent adjuvant effect, lymph node drainage, DC
targeting, and antigen presentation. Various antigens like peptides, DNA, mRNA and whole
cell antigens can be loaded within nanomaterials. For TME modulation, nanomaterials can
be designed for targeting immune checkpoints, soluble mediators, tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), Tregs and tumor-
associated fibroblasts (TAFs). Modified from ref [19], with permission from Elsevier.
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(A) Schematic of the carboxyl fluorescein succinimidyl ester (CFSE) method to screen for
polymer structures that generate a strong OVA-specific CTL response. (B) Ultra-pH
sensitive polymer candidates for screening. (C) Quantitative comparison of OVA-specific
CTL responses in different groups. Adapted by permission from Macmillan Publishers Ltd:

[Nature Nanotechnology] [76], copyright (2017).
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Fig. 5. sHDL nanodisc platform for cancer vaccine
(A) sHDL nanodiscs, composed of phospholipids and apolipoprotein-1 mimetic peptides,

are engineered for co-delivery of antigen (Ag) peptides and cholesterol-modified
immunostimulatory molecules (Cho-CpG). (B) Fluorescence signals in the draining inguinal
lymph nodes at 24 hours after subcutaneously administration of 31 nmol FITC-tagged Ag in
free form or sHDL form. (C) The frequency of neoantigen Adpgk-specific CD8" T cells in
peripheral blood of C57BL/6 mice after vaccination three times with the indicated
formulations (equivalent to 15.5 nmol mutated Adpgk peptide and 2.3 nmol CpG) in a
biweekly interval. Adapted by permission from Macmillan Publishers Ltd: [Nature
Materials] [106], copyright (2016).
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Radiation of the primary tumor induces antigen release. Intratumorally administered AC-
NPs bind with tumor antigens and improve their presentation to DCs. The improved immune
activation combined with anti-PD-1 treatment eradicates the unirradiated secondary tumor.
Adapted by permission from Macmillan Publishers Ltd: [Nature Nanotechnology] [148],

copyright (2017).
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Fig. 7. PD-L1 trap protein and local expression
(A) The schematic of self-assembled trimeric PD-L1 trap from a fusion protein between the

PD-1 extracellular domain and the trimerization domain of CMPL. (B) The binding of
trimeric ligand at different concentrations to immobilized PD-L1 with an estimated Ky of
219 pM. (C) Transient and local expression of His-tag labeled trap plasmid quantified by
His-tag ELISA. Adapted with permission from ref [171]. Copyright (2017) American
Chemical Society.
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Receptors used for DC targeting

Targeted receptor Targeting ligands References
FcR Fc fragment [88], [89]
Mannose receptor mannose, B11 (mAb) [90], [91]
DEC-205 anti-DEC-205 (mAb) [92], [93]
DC-SIGN hD1 (mAb), D1V1 (mAb) | [94], [95]
Dectin-1 anti-Dectin-1 (mAb) [96]
LOX-1 anti-LOX-1 (mAb) [97]
Clec9A anti-Clec9A (mADb) [98]
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Table 2

Cellular mediators and therapeutic approaches for modulating immunosuppression in the TME

Page 39

Cellular mediator | Mechanism of intervention Target Strategy Reference
CCL2 neutralizing antibody,
. Maraviroc, CCL5
Inhibition of macrophage CCL2/CCR2, CCL5/CCR5, CSF-1 | neutralizing antibody, CCR5 | [190-192]

recruitment

blocking antibody, CSF-1
neutralizing antibody

Bisphosphonate, clodronate,
anti-FRB-Pseudomonas

TAMs Suppressing TAM survival FRB, legumain exotoxin A, legumain-based [193-195, 201]
DNA vaccine
. - NFxB pathway, MAPK/ERK TLR agonists, CUNG, GM-
Enhancing M1 macrophage activity pathway, VEGF CSF [196-198]
Blocking M2 tumor-promoting STAT3, PI3Ky Sunitinib, 1PI-549 [199, 200]
activity
Blocking development of MDSCs JAK2/STAT3 signaling cucurbitacin B, sunitinib [209, 272]
Differentiation of MDSCs into L
mature cells FIt3 Retinoic acid, vitamins D3. [273, 274]
MDSCs Sildenafil, SC58236, [212, 214, 275
Inhibiting the function of MDSCs PDES5, COX-2/PGE2, JAK1/STAT3 | acetylsalicylic acid, 276]’ PeT
celecoxib, CDDO-Me
Depletion of MDSCs Hsp90 Gemcitabine, 17-DMAG [277, 278]
Blocking Tregs recruitment CCR4/CCL22 Anti-CCR4 mAb (KW-0761) | [226]
Intratumoral Treg depletion IL-2Ra/CD25 Daclizumab [227]
Tregs Cyclophosphamide, imatinib
Modulation of Tregs STAT3, STAT5 mesylate, sunitinib, [228-231]
sorafenib
Inhibiting the function of Treg CTLA4 Anti-CTLA4 mAb [232]
Anti-FAP vaccination,
- R FAP, PDGF-R, TGF-B, SDF-1, Hh imatinib, AMD3100, Hh [253, 255, 256,
Inhibiton of TAF activation signaling antagonist, anti-Hhligand- 263]
blocking antibody
Blocking interactions between TAFs CXCL12/CXCR 4, TGF-B, HGF, AMD3100, LY550410, [257-261]
TAFs and tumor cells COX-2/PGE2 celecoxib, dexamethasone

Blocking interactions between TAFs
and endothelial cells

VEGF, PDGFs, FGFs, MMPs

Avastin, sorafenib yosylate,
imatinib mesylate, ponatinib,
batimastat

[254, 262, 264,
265]

Targeting TAF-induced inflammation

NFxB, CXCL12, CXCL13

QNZ, AMD3100, tadalafil,
sildenafil

[266-268]
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