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Abstract 

Immunotherapy is rapidly maturing towards extensive clinical use. However, it does not work well in 
large patient populations because of an immunosuppressed microenvironment and limited reinvigoration 
of antitumor immunity. The tumor microenvironment is a complex milieu in which the principles of 
physiology and anatomy are defied and which is considered an immune-privileged site promoting T cell 
exhaustion. Tremendous research interest exists in developing nanoparticle-based approaches to 
modulate antitumor immune responses. The increasing use of immunotherapies in the clinic requires 
robust programming of immune cells to boost antitumor immunity. This review summarizes recent 
advances in the engineering of nanoparticles for improved anticancer immunotherapy. It discusses 
emerging nanoparticle-based approaches for the modulation of tumor cells and immune cells, such as 
dendritic cells, T cells and tumor-associated macrophages, with the intention to overcome challenges 
currently faced in the clinic. Furthermore, this review describes potentially curative combination 
therapeutic approaches to provoke effective tumor antigen-specific immune responses. We foresee a 
future in which improvement in patient’s surveillance will become a mainstream practice. 

Key words: Cancer immunotherapy, nanoparticles, immune microenvironment programming, antitumor 
immune response. 

Introduction 
Cancer is being treated by conventional 

therapies, including surgery, chemotherapy, and local 
radiotherapy. However, cancer metastasis and relapse 
lead to therapeutic failure. Cancer immunotherapy 
has shifted the paradigm by delineating an alternative 
treatment regimen in order to thwart the development 
of metastasis. The antitumor immune response can 
also be augmented by immunotherapies. It can 
specifically prevent the tumor metastasis as well as 
relapse by boosting the immune system, modulating 
the immune response, and inducing immunological 

memory while minimizing off-target adverse effects 
[1-8]. 

Immunogenic cell death (ICD) is associated with 
a series of well-defined sequential changes, including 
the constellation of alterations in cell surface of dying 
cells, such as heat shock proteins and calreticulin 
(CRT) as well release of soluble mediators, including 
high-mobility group box 1 protein (HMGB1) and 
adenosine triphosphate (ATP), which stimulates 
dendritic cells (DCs) and T cells [9]. The receptors on 
dendritic cells, e.g., toll-like receptor 4 (TLR4), CD91, 
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and P2RX7 can interact with the HMGB1, CRT, and 
ATP, respectively. The cancer cells translocate CRT to 
their surface after being exposed to cytotoxic agents. 
CRT, an “eat-me” signal on tumor surface are 
recognized by DCs and ultimately trigger ICD. The 
expression of heat-shock protein 90 (HSP90) on the 
surface of dying cancer cells can mediate the 
maturation of DCs [10]. The HMGB1 on cancer cells is 
responsible for processing and presentation of 
tumor-associated antigens to DCs via TLR4 [11, 12]. 
The stressed cancer cells ultimately release the 
maturation signals (interleukin-1 (IL-1) or interferon 
(IFN)) leading to the completion of DCs maturation 
[13]. Cancer cells succumbing to ICD are exploited as 
vaccines to trigger an effective immune response. The 
antitumor immune response can be initiated by the 
presentation of tumor-associated antigens (TAA) to 
DCs. The tumor-associated antigens or neoantigens 
can be delivered either exogenously as a therapeutic 
vaccine or ingested in situ [14, 15]. ICD is obligatorily 
initiated by various types of stress signals, including 
chemotherapy and reactive oxygen species 
(ROS)-induced stress [16, 17]. The DCs are then 
activated by processing and presenting tumor 
antigens in the context of major histocompatibility 
complex (MHC). The activated or matured DCs are 
moved to lymph node in order to elicit T 
cell-mediated antitumor immune response, especially 
the generation of CD8+ effector T cells. DCs can also 
trigger natural killer (NK) cells and antibody 
production [7]. After leaving the lymph node, the 
effector T cells enter to tumor sanctuary, where 
immunosuppressive microenvironment may become 
a challenge [18]. The immunosuppressive pathways 
may impede the effective immune response by 
depleting T cell lymphocytes [9]. On the other hand, 
ICD is considered one of the major pathways to win 
the fight against cancer by activating the immune 
response [9, 13]. Therefore, the long-term success of 
effective treatment lies in immunotherapy.  

Nanoparticles (NPs) can effectively amplify 
immunomodulatory effects and modulate the 
immune response by integrating various molecules. 
NPs are capable of manipulating immune cells by 
facilitating the targeted delivery, and can be taken up 
and escape the endosome to release cargo, including 
drugs, antigens, and adjuvants at intended target sites 
(tumor and lymph nodes), while escaping the 
pathophysiological barriers, such as compact 
extracellular matrix, endonucleases degradation, and 
renal clearance, etc. [1, 2, 19-28]. Therefore, the 
curative potential of therapeutic agents can be 
extended by NP-mediated robust administration. This 
review will provide an overview of programmable 
nanoparticles targeting tumor and lymph node to 

improve the effectiveness of cancer immunotherapy. 
Nanoparticles that impact various aspects of 
immunotherapy by precisely targeting specific 
immune cells, especially DCs, cytotoxic T 
lymphocytes, tumor-associated macrophages (TAMs) 
will be discussed. The key strategies that NP-based 
approaches use to reprogram the tumor 
microenvironment and immune system are 
summarized in Table 1. The overarching goal of this 
review is to provide insights into the potential of 
nanoparticles to improve the outcomes of cancer 
immunotherapy (Figure 1).  

Nanoparticle-based modulation of the 
tumor microenvironment 

The understanding of the mechanisms 
underlying the tumor cells to evade immunity as well 
as to deleterious antitumor immune responses is 
required to defeat cancer. It is imperative to modulate 
the tumor microenvironment in order to trigger an 
effective antitumor immune response by designing 
NP-based platforms, which have great potential to 
overcome the pathophysiological barriers.  

Table 1. Programming of the tumor microenvironment and 
immune system 

NP platform Immunotherapeutic 
agent 

Function Ref 

Programming of Tumor cells 
Peptide  
assembling NPs 

DPPA-1  
NLG919 

To block immune checkpoints 
and tryptophan metabolism 

[72] 

BCPN OXA 
IDO inhibitor 

To trigger ICD 
To relieve immunosuppression 

[75] 

Anti-CD47@CaCO3 Anti-CD47 antibody To block the ‘don’t eat me’ signal 
To activate the immune system 
TAM polarization  

[80] 

Programming of APCs 
sHDL nanodiscs CSS-antigen 

 (Cho-CpG) 
To promote antigen presentation 
and induce DC maturation 
To elicit anti-tumor T-cell 
responses 

[83] 

iDR-NCs CpG 
shRNA  
Neoantigen 

To activate APCs  
To elicit neoantigen-specific T 
cells 
To induce antitumor immunity 

[90] 

Programming of T cells 
Polymer NPs 194-1BBz CAR 

Anti-CD3e f(ab′)2 
To program tumor-specific 
circulating T cells  
Long-term tumor regression 

[105] 

Protein nanogels 
(NGs) 
 

IL-15Sa 
Anti-CD45 

To deliver 
TCR-signaling-responsive 
backpacks 
Selectively expanded T cells in 
tumors 
Substantial tumor growth 
inhibition 

[106]  

Lipid  
nanocapsules (NCs) 

SN-38 To specifically target lymphoma 
cells 
To improve the therapeutic index 
of chemotherapeutics 

[109] 

Programming of TAM 
β-cyclodextrin  
NPs 
 

R848 
 

To achieve efficient TAM delivery 
To alter the myeloid phenotype 
To improve immune response 

[114] 

Iron oxide NPs 
(ferumoxytol) 

Intrinsic therapeutic 
effect 

To increase caspase-3 activity  
 ‘Off label’ to protect from 
metastasis 

[115] 
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Figure 1. Schematic illustration of nanoparticle-mediated modulation of immune response to improve the effectiveness of cancer immunotherapy. Engineered nanoparticles are 
taken up and escape the endosome to release a variety of cargoes (such as antigens and adjuvants) in tumor immune microenvironment and lymph nodes whereas the negative 
regulatory pathways are deactivated by immune-checkpoint inhibitors. 

 

Tumor biology and microenvironment 
The immune system plays critical 'gatekeeper' 

functions that are capable of mounting adaptive 
antitumor response by activating immune cells, 
especially T cells. However, the tumor 
microenvironment (TME) is considered the 
immune-privileged site, which promotes T cells 
exhaustion by inhibiting their activation and 
functions [29]. The tumor cells are vulnerable to be 
attacked by the immune system when leaving their 
sanctuary [30]. In hostile environments, the tumor 
cells may adopt a variety of immune-escape or 
immunosuppressive mechanisms [18], which promote 
tumor growth and progression. The cancer 
immuno-editing are categorized into three stages, 
such as elimination, equilibrium and escape [31, 32]. 
In the elimination stage, the tumor can be attacked by 

immune cells. The relation between tumor and 
immune cells are in equilibrium; however, immune 
cells may facilitate tumor progression in the 
equilibrium stage. During the process of tumor 
progression, the tumor cells ultimately evolve 
mechanisms of immunosuppression or escape, such 
as loss or down-regulation of MHC expression as well 
as up-regulation of different pathways, including 
programmed death ligand-1 (PD-L1), 
immune-checkpoint molecules (CD47), and NK-cell 
ligands (FAS, FAS ligand (FASL)), and thus can 
actively proliferate in escape phase [31]. Therefore, 
the tumor cells, directly and indirectly, promote 
immunosuppression by increasing the expression of 
antagonistic factors and recruiting anti-inflammatory 
immune cells, respectively [33].  

 The studies bolstered the concept that immune 
cells may play a dual role either heroes or villains, 
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where instead of rescue, immune cells support tumor 
metastasis [18, 34, 35]. Regulatory T (Treg) cells and 
myeloid-derived suppressor cells (MDSCs) 
participate in immunosuppression and tumor 
metastasis. Treg cells can suppress T cells by releasing 
transforming growth factor-β (TGFβ) and IL-10 while 
MDSCs promote immunosuppression by secreting 
immunosuppressive agents, such as reactive oxygen, 
arginase, and nitric oxide [20, 36, 37]. MDSCs and Treg 
cells are not the only culprits in tumor metastasis, 
tumor cells can also exploit other immune cells, 
especially neutrophils, to “hitchhike” in the process of 
metastasis [38]. There are some immunosuppressive 
molecules in TME, including indoleamine 2,3 
dioxygenase (IDO). IDO suppress T cell functions by 
degrading essential amino acid, e.g., tryptophan. 
IDO-expressing DCs may stimulate Treg cells and thus 
promote the immunosuppression [39]. 
Tumor-associated macrophages (TAMs) as key 
components in cancer microenvironment play a 
crucial role in tumor-promoting inflammation and 
progression. TAMs may either have an inhibitory or 
supportive influence on cancer depending on disease 
stage and often dictated by hypoxia [40]. 

The lymphocytic immune cells, including NK 
cells, are an integral part of the innate immune system 
that defend against tumor by adapting different 
mechanism, such as the receptors-ligands interactions 
[41]. NK cells can induce apoptosis in tumor cells by 
expressing the tumor necrosis factor (TNF)-related 
apoptosis inducing ligand (TRAIL) [42]. However, 
tumor cells can escape the immune system via 
down-regulating the expression of related proteins, 
including MHC I [43] or adapting inhibitory 
pathways [44]. The tumor cells escape from cytotoxic 
T lymphocytes (CTLs)-mediated response via loss or 
down-regulation of MHC I expression [18, 43]; 
therefore, tumor cells evade cell death and facilitate 
tumor metastasis. The apoptotic pathway, e.g., 
FAS/FASL is mainly involved in immune evasion. 
The tumor cells escape from apoptotic cell death via 
immunosuppressive networks [45], including 
up-regulation of FASL as well as down-regulation of 
FAS expression on tumor cells. CD47 on tumor 
surfaces acts as a “don't eat me” signal and the 
up-regulation of this antiphagocytic signal enable 
tumor cells to escape from NK and DC cells while 
avoiding innate and adaptive immune response [46]. 
Moreover, the adaptation to hypoxia promotes tumor 
progression [47] and prevents the tumor cells to be 
attacked by immune cells, since immune functions are 
impaired in hypoxic niches [48, 49]. IDO is one of the 
major immunosuppressive mechanisms and the 
aberrant expression of IDO leads to tumor 
progression [50]. The strong correlation between IDO 

signaling and immunosuppression has been 
observed. It is generally believed that IDO 
orchestrates immunosuppression through the 
recruitment of Treg cells, which ultimately activates 
MDSCs [50, 51]. The reversal of Treg and MDSCs 
infiltration via IDO inhibitors are found to be an 
effective strategy to relieve immunosuppression 
[50-52]. 

The intrinsic and extrinsic negative regulatory 
pathways, for example, inhibitory receptors (PD-1), 
immunoregulatory cell types (Treg cells) and cytokines 
(IL-10) are involved in T cell exhaustion [53]. In 
human and animal models, the key mechanism of T 
cell exhaustion or dysfunction is the prolonged 
up-regulation of multiple inhibitory receptors by 
exhausted CD8 T cells [54, 55]. The negative 
regulatory pathways can be deactivated by 
immune-checkpoint inhibitors. Therefore, the 
immune-checkpoint blockade is considered an 
effective strategy to relieve immunosuppression, and 
overcome the anergy of effector T cells by releasing 
the brakes on antitumor pathways [2, 56-59]. 
Cytotoxic T lymphocyte-associated antigen 4 
(CTLA-4) and programmed death protein-1 
(PD-1)/PD-L1 blockade are frequently applied 
strategies in the clinic. CTLA-4 regulates the 
activation of T cells and therefore T cell-mediated 
pathway can be activated by blocking the interaction 
between CTLA-4 and its ligands (CD80 and CD86). 
PD-1/PD-L1 blockade enables T cell-mediated tumor 
death by blocking either PD-L1 or PD-1 [2, 60, 61]. 
Although the expression of PD-ligands (such as 
PD-L1 and PD-L2) may differ in humans and mice 
[62-64], the general idea of T cell exhaustion seems to 
be same and critical for preventing overt 
immunopathology [64].  

Engineering nanoparticles to modulate the 
tumor microenvironment 

Nanoparticle targeting platforms have found to 
be ideal carriers to efficiently co-deliver a variety of 
cargoes, including drugs, therapeutic peptides, and 
small molecules. The inherent hallmarks of the tumor 
microenvironment, such as extracellular matrix, 
weakly acidic pH, hypoxia, redox potential, etc., have 
been exploited to design highly targeted delivery 
systems [65-71]. The localized delivery of suitable 
antagonists and inhibitors can create a favorable 
environment by activating CTLs. Recently, several 
groups have explored the great potential of 
engineered NPs for modulating the tumor 
microenvironment by overcoming the potential 
barriers. 

NP-based delivery approaches enabled 
reversing immune suppression by inhibiting IDO 
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pathway. Guangjun Nie’s group designed a 
peptide-assembled nanostructure (DEAP-DPPA-1) 
containing the hydrophobic and hydrophilic domains, 
where PLGLAG, a peptide substrate of highly 
expressed proteinases, e.g., matrix 
metalloproteinase-2 (MMP-2) and a functional 
3-diethylaminopropyl isothiocyanate (DEAP) were 
linked together to form hydrophobic domain, while 
hydrophilic domain constituted by a peptide 
antagonist of PD-L1 (DPPA-1). The delivered NLG919, 
a well-known inhibitor of IDO, co-assembled into 
micelle-like NPs under physiological conditions. In 
the acidic tumor niche, the unconsolidated 
hydrophobic core of NPs allowed MMP-2 to 
hydrolyze and cleave the peptide substrate, and 
precisely release modified DPPA-1 and NLG919. The 
targeted release of modified DPPA-1 and NLG919 
ensured the blockade of immunosuppressive 
pathways, e.g., PD-L1 and IDO, respectively and 
ultimately rescued CTLs. The level of IL-2 and IFN-γ, 
as well as the frequency of natural NK cells, were 
significantly increased after treatment (Figure 2) [72], 
which prolonged survival time by boosting antitumor 
immune response. 

An IDO pathway is considered a key regulator of 
immunosuppression. Engineered NPs enabled the 
reversal of immune suppression by blocking IDO 
pathway. The studies are suggesting a pronounced 
antitumor effect of the NP-based immunostimulatory 
formulations [73-75]. Feng et al. demonstrated that the 
tumor microenvironment can be modulated by 
designing the dual‐activatable (acidic and reducing) 

binary cooperative prodrug nanoparticle (BCPN), 
where amphiphilic oxaliplatin (OXA) prodrug and 
NLG919 were assembled for improved 
immunotherapy. BCPN ensured improved uptake 
and penetration due to charge reversal properties of 
deshielded polyethylene glycol (PEG) in acidic TME, 
while OXA prodrug and NLG919 were activated in 
the reducing tumor microenvironment. BCPN can 
efficiently induce ICD as well as reverse the 
immunosuppressive pathway owing to the presence 
of OXA and NLG919, respectively. The obvious 
increase in tumor cell apoptosis and the decrease in 
tumor growth were attributed to the activation of 
DCs, CTLs, and the pro-inflammatory cytokines (IFN‐
γ). NLG919 were also found to be effective in 
inhibiting intratumoral infiltration of Treg cells (Figure 
3) [75]. 

Macrophages and DCs are key players of the 
immune system that are capable of recognizing and 
presenting antigens to T cells. However, the 
overexpressing CD47 cancer cells can escape this 
recognition process by interacting with its 
corresponding ligand e.g., signal regulatory protein-α 
(SIRPα) on DCs, macrophages, and neutrophils [46]. 
On the other hand, CD47 blockade drives the 
phagocytosis of the tumor and T cell-mediated 
antitumor immune responses [76-78]. The NPs can 
facilitate the reversal of the immunosuppression by 
modulating tumor microenvironment [79, 80]. CaCO3 
NPs can serve to modulate the acidic tumor 
microenvironment as well as to precisely release 
immunomodulatory therapeutics. 

 
 

 
Figure 2. Composition and the proposed antitumor mechanism of the NLG919@DEAP-DPPA-1 nanoparticle. DEAP-DPPA-1 and NLG919 were co-assembled into a 
nanoparticle and maintained stable nanostructure at the physiological environment. In acidic tumor conditions, the hydrophobic core of the nanoparticle allowed MMP-2 to 
hydrolyze its substrate peptide leading to the complete dissociation of the nanostructure. Thereafter, NLG919 and MDPPA-1 were released for blocking the immunosuppressive 
pathways, IDO and PD-L1, respectively. Adapted with permission from [72], copyright 2018 American Chemical Society. 
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A recent study reported that the solution of 
anti-CD47 antibody-conjugated calcium carbonate 
NPs (anti-CD47@CaCO3) can modulate the immune 
response via blockade of CD47 as well as inducing 
phagocytosis of cancer cells. CaCO3 NPs play an 
active role in releasing the encapsulated anti-CD47 in 
the acidic environment by reacting with H+ and also 
act as proton scavenger to increase the pH value. The 
augmented T cell-mediated immune response and 
activation of TAMs (M1-type) were observed after 
treatment. The increased level of IL-12 and decreased 
level of IL-10 indicated the polarization of 

macrophages from M2 to M1-like TAMs, which was 
attributed to NP-based scavenging of H+ within the 
tumor. The immune response was further modulated 
by overcoming the other potential barriers, such as 
Treg, MDSCs, and hypoxia-inducible factor 1-ɑ 
(HIF1-ɑ) (Figure 4) [80]. Engineered NPs can also 
modulate the immune response by relieving tumor 
hypoxia [81, 82]. The aforementioned studies have 
provided circumstantial evidence that engineered 
NPs can promote the recruitment of immune cells in 
the tumor as well as overcome the anergy of T cells 
via blockage of immunosuppressive pathways. 

 

 
Figure 3. Schematic illustration of the BCPN for improved immunotherapy. (a) Self-assembly procedure of BCPN nanoparticles. (b) Schematic illustration of BCPN capable of 
modulating the immune response by eliciting antitumor immunity while suppressing regulatory T cells. Adapted with permission from [75], copyright 2018 John Wiley and Sons. 

 
Figure 4. Schematic showing the in situ sprayed bioresponsive fibrin gel containing anti-CD47@CaCO3 NPs within the post-surgery tumor bed. Anti-CD47@CaCO3 
encapsulated in fibrin scavenged H+ in the surgical wound site and precisely released anti-CD47 and thereby promoted the polarization of TAMs (M1-like phenotype) as well as 
the blockade of the ‘don’t eat me’ signal in cancer cells. Adapted with permission from [80], copyright 2019 Nature Publishing Group. 
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Nanoparticle-based programming of 
immune cells 

The direct tumor targeting yield limited benefits 
and thus may not attain satisfactory therapeutic 
index. Therefore, a twist in immunotherapy strategies 
has been observed in recent years, in which the 
immune cells are directly targeted instead of targeting 
tumor cells that are responsible for eliciting an 
antitumor response. The immune cells are generally 
considered as “soft target” in comparison to tumor 
cells, which are secluded behind high interstitial fluid 
pressure and dense extracellular matrix. 
Programming of the immune system with engineered 
NPs has emerged as an effective strategy to improve 
antitumor immune response. The unique ways in 
which NPs interact with the immune cells will be 
reviewed in this section. 

Programming of APCs in lymph nodes 
The antigen-presenting cells (APCs) are 

responsible for initiating T cell-dependent immune 
responses. Among APCs, DCs are of paramount 
importance owing to their capability to elicit a T 
cell-mediated immune response. One of the major 
challenges in immunotherapy is the lack of activated 
immune cells in the tumors, especially DCs and T 
lymphocytes, which are mainly attributed to 
immunosuppressive pathways. Therefore, the 
activation of DCs by delivering both adjuvant and 
antigens in order to induce antitumor immunity, as 
well as the blockade of immunosuppressive pathways 
is emerging clinical strategies.  

The NPs are being designed to deliver the cargo 
(such as antigens and adjuvants) through desired 
intracellular pathways, which allow targeted delivery 
to the immune cells. NPs have been engineered for 
lymph node-targeted delivery of various adjuvants, 
especially pathogen-associated molecular patterns 
(PAMPs). PAMPs, including cytosine-phosphate- 
guanosine oligonucleotides (CpG) and R848 can be 
delivered by NP-based formulations (Table 1). 
PAMPs are used to trigger immune responses by 
recognizing pattern recognition receptors (PRR) on 
the immune cells. Codelivery of antigen and adjuvant 
by NPs confers enhanced DCs-uptake, antigen 
cross-presentation, and efficient T cell-mediated 
response for cancer immunotherapy [84]. NPs can 
target lymph node-residing DCs in a size-dependent 
manner. Ultra-small NPs (25 nm) can be more 
efficiently delivered to lymph nodes than large-sized 
NPs (100 nm) [85]. NP-based platforms are believed to 
be effectively activating immune response while 
immunosuppressive inhibitor may regulate the 
therapeutically required dose of the drug among 

lymphocytes. The delivery of antigen (Ag) and 
adjuvant to lymph node-resident APCs can be 
dramatically enhanced by coupling with 
programmable nanoparticles [86, 87]. Therefore, the 
final key application of NPs is the programming of the 
immune system in the lymph node.  

A strategy was suggested for augmented CD8α+ 
cytotoxic T lymphocyte responses in personalized 
nanomedicine, where Ag/adjuvant co-delivery was 
markedly improved by conjugating with high-density 
lipoprotein-mimicking nanodiscs. A nanodisc-based 
platform was developed by exploiting the intrinsic 
properties of high-density lipoprotein as a cholesterol 
nanocarrier and then decorated with tumor 
neoantigens, i.e., a cysteine-serine serine (CSS) linker 
coupled Ag peptides. In order to improve cellular 
uptake and in vivo trafficking, a potent TLR9 agonist, 
i.e., immunostimulatory oligonucleotide (CpG) motif 
was functionalized with cholesterol (Cho-CpG), and 
thus designed highly stable, homogeneous, and 
ultrasmall nanodiscs (sHDL-Ag/CpG). The nanodiscs 
greatly improved the co-delivery of Ag and adjuvants 
in lymphoid organs and DCs maturation, which 
stimulated augmented antitumor T cell-mediated 
responses to inhibit tumor growth. The cross-priming 
of T cells could induce multivalent CD4+ T and CD8 
α+-mediated T cell immunity. The CTLs frequencies 
were observed to be 47 and 31-fold higher than 
soluble vaccines and adjuvant of clinical trials (CpG in 
Montanide), respectively. However, the antitumor 
responses could not be sufficient to eliminate the 
tumor owing to TME induced immunosuppressive 
PD-L1/PD-1 pathways. Therefore, the immune 
checkpoint blockade strategy (anti-PD-1 and 
anti-CTLA) was applied to eradicate the MC-38 and 
B16F10 tumors (Figure 5) [83]. 

The “albumin hitchhiking” approach, where 
cargo (antigen or adjuvant) containing 
amphiphiles-vaccines are linked to albumin-binding 
tail ensures precise delivery of cargo in the lymph 
node, T-cell priming, and thereby acquire remarkable 
antitumor efficacy [88]. Based on this concept, it was 
demonstrated that efficacy of nanovaccines can be 
remarkably improved by modifying with endogenous 
carriers, such as albumin that can effectively 
internalize via endocytosis and thus promote 
intracellular uptake, Ag processing, and presentation. 
For co-delivery of peptide Ags and adjuvant into LNs, 
albumin binding vaccine (AlbiVax) was conjugated 
with Evan blue (EB) derivatives. The resultant 
nanocomplexes (albumin/AlbiVax) assembled in vivo 
owing to their binding affinity with endogenous 
albumin. Albumin/AlbiVax dissociated and liberated 
AlbiVax in the acidic conditions and thus elicited 
durable innate and adaptive immunity, and T 
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cell-mediated memory. The therapy efficacy was 
further improved by combing nanocomplexes with 
anti-PD-1/Abraxane, which resulted in the 
eradication of established tumors in multiple tumor 
models [89]. 

Chen’s group and co-workers have designed a 
self-assembled intertwining DNA-RNA nanocapsules 
capable of efficiently deliver neoantigens and 
adjuvants to APCs in lymph nodes and modulating 
immune response by synergistically targeting 
signaling pathways (such as TLR9 and signal 
transducer and activator of transcription3 (STAT3). 
DNA and RNA therapeutics were integrated into the 
single nanocomplex to develop biostable 
nanovaccines. CpG, STAT3-silencing short hairpin 
RNA (shRNA), and tumor neoantigens were 
incorporated in the same reaction system and 
self-assembled via rolling circle replication and 
transcription to form microflowers (MFs), termed as 
iDR-NC/neoantigen complexes (iDR-NC-MFs). The 
iDR-NC-MFs having shrinking capability due to the 
presence of the biocompatible PEG-grafted 
polypeptide (PPT-g-PEG) and therefore shrunk into 
iDR-NCs in acidic endolysosomes, and exhibited the 
enhanced proton sponge effect to facilitate cytosolic 
delivery of the cargo at the intended target. iDR-NCs 

also acquired tumor-specific neoantigen loading 
capabilities. The targeted delivery of 
iDR-NCs/neoantigen elicited APCs for sustained 
antigen presentation, about 8-fold more frequent 
neoantigen-specific CD8+ T cells than CpG and 
ultimately eliminated colorectal tumors by 
acquiring strong and durable antitumor immunity 
(Figure 6 a-c) [90]. 

The stimulation of potent tumor-specific T cells 
is considered as one of the major challenges in cancer 
immunotherapy. Therefore, the researchers explored 
the different synthetic compositions in an attempt to 
achieve a robust T-cell response. It is proposed that 
immunotherapeutic armamentarium can be expanded 
by designing stimulator of interferon genes (STING) 
pathway-activating NPs to improve the clinical 
performance of cancer immunotherapy [91, 92]. To 
activate a STING pathway, a simple mixture of an 
antigen and synthetic polymeric NPs (PC7A NP) is 
introduced, which can generate a potent cytotoxic 
T-cell response while minimizing systemic cytokine 
expression. PC7A NP delivered tumor antigens to 
APCs in lymph nodes and activated DCs maturation. 
Type I interferon pathways can be activated by TLR 
and STING. However, PC7A NPs are observed to be 
responsible for the activation of type I 

 

 
Figure 5. Design of high-density lipoprotein (sHDL) nanodisc platform for personalized cancer vaccines. (a) sHDL nanodiscs, composed of apolipoprotein-1 mimetic peptides 
(22A) and phospholipids, were engineered to co-deliver antigen (Ag) peptides and adjuvants. The sHDL nanodiscs were mixed with cysteine-modified Ag peptides, including 
tumor neoantigens that were identified through DNA sequencing of tumor exome and then incubated with a cholesterol-modified immunostimulatory oligonucleotide 
(Cho-CpG) and subsequent formation of Ag and CpG co-loaded sHDL nanodiscs (sHDL-Ag/CpG). (b) Following administration, sHDL nanodiscs ensured effective co-delivery 
of Ag and CpG to draining lymph nodes, promoted potent and durable Ag presentation by DCs (Signal 1), and induced DCs maturation (Signal 2), which resulted in stimulation 
of robust Ag-specific CD8 α+ cytotoxic T-lymphocyte (CTL) responses. Activated CTLs can recognize and kill the targeted tumor cells in peripheral tissues as well as exert 
potent antitumor responses. Combination immunotherapy with immune checkpoint blockade, i.e., anti-PD-1 and anti-CTLA further improved the efficacy of nanodisc 
vaccination, leading to the eradication of established tumors. Adapted with permission from [83], copyright 2016 Nature Publishing Group. 
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interferon-stimulated genes via STING. As a result, 
the increased expression of CD86, the augmented 
antigen-specific CTL, Th1, and Th2 responses as well 
as antitumor immunity was developed. The T cell 
activation may be affected by the expression of IDO-1. 
Therefore, PC7A nanovaccines with checkpoint 
inhibition (anti-PD-1) are reported to be a general 
strategy to overcome potential barriers. As a result, 
the survival rate is reported to be increased up to 
100% in a TC-1 tumor model (Figure 6d) [91]. Fan et 
al. proposed a strategy to exploit the 
immunogenically dying tumor cells for cancer 
vaccination, where dying tumor cells may act as a 
source of antigens and danger signals. The binding 
affinity between the free sulfhydryl on 

immunogenically dying tumor and 
maleimide-displaying CpG-NPs were utilized to 
deliver the adjuvants, which resulted in DCs 
maturation, antigen-specific T cells and antitumor 
responses, and ultimate eradication of established 
CT26 tumor in ∼78% of mice when combined with 
anti-PD1 therapy [93]. DCs have been precisely 
targeted in lymph nodes by using lipid carrier 
without further functionalization. The systemically 
administered RNA-lipoplexes (RNA-LPX) vaccines 
successfully delivered the encoded antigens in lymph 
nodes, bone marrow, and spleen and elicited a potent 
type-I-IFN-mediated immunostimulatory response 
[94]. 

 

 
Figure 6. (a) Schematic of iDR-NC/neoantigen nanovaccines for synergistic tumor immunotherapy. The concurrent rolling circle replication (RCR) and rolling circle 
transcription (RCT) in the same solution producing tandem CpG and STAT3 shRNA, which were self-assembled into intertwining DNA-RNA MFs. (b) The above MFs were 
shrunk due to the presence of PPT-g-PEG and formed iDR-NCs, which was further loaded with tumor-specific neoantigen via hydrophobic interactions between hydrophobic 
PPT moieties and peptide antigens. (c) In immunocompetent mice, iDR-NCs/neoantigen complexes were delivered into APCs in draining LNs, which ultimately inhibited tumor 
growth by eliciting the strong and durable neoantigen-specific T cell responses. Adapted with permission from [90], copyright 2017 Nature Publishing Group (d) Schematic of the 
minimalist design of the PC7A nanovaccine. PC7A nanovaccine enhanced the antigen delivery, cross-presentation, and activated the STING pathway to robust T cell activation 
and to boost antitumor immunity for cancer immunotherapy. Adapted with permission from [91], copyright 2017 Nature Publishing Group. 
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Mesoporous silica rods (MSRs)-based 
formulations have been demonstrated for the 
recruitment of DCs in lymph nodes and augmented 
systemic helper T cells response in order to modulate 
immune function and elicit adaptive immune 
responses [95, 96]. A study reported a simple and 
powerful multi-antigen approach to improve the 
therapeutic potential of a cancer vaccine, where a 
polyethyleneimine (PEI) was simply adsorbed in 
mesoporous silica microrod (MSR) without any 
peptide modification, and thus the properties of PEI 
were exploited to deliver an antigen in MSR vaccine. 
This platform exhibited improved performance in 
multiple tumor models, where E7 peptide containing 
MSR-PEI vaccine could eradicate established TC-1 
tumors in 80% of mice while inducing immunological 
memory. MSR-PEI vaccine could also be combined 
with anti-CTLA4 therapy for the effective eradication 
of established lung metastases [96]. Moreover, iron 
oxide-zinc oxide core-shell NPs have been 
demonstrated as an effective carrier for delivering 
carcinoembryonic antigen into DCs and provoking 
antigen-specific T cell responses [97]. Gold 
nanoparticles have also been reported for the delivery 
of TLR7 immunostimulant drug (R848) to 
tumor-draining lymph nodes [98]. Ovalbumin 
(OVA)-coated pegylated poly(lactic-co-glycolic acid) 
(PLGA) NPs with TLR3 and 7 ligands, 
PLGA-(Ag/TLR3+ 7L) NP [99], encapsulin (Encap) 
incorporating genetically engineered OT-1 peptides of 
OVA, (OT-1-Encap) [100], and OVA-conjugated 
polymeric micelles [101] have been explored in an 
attempt to get improved immunotherapeutic 
performance. Several strategies have been perused to 
targeting the lymph node. It seems logical, therefore, 
that the capability of NPs is of particular importance 
to transport the cargo, and thus promote the 
modulation of the immune response. 

Programming of T cells 
The effective stimulation of T cells to defeat 

tumor is the ultimate goal of cancer immunotherapy 
[102]. The adoptive cell transfer therapy, including 
chimeric antigen receptor therapy (CAR T) can be a 
promising method in this context [103, 104]; however, 
the limited response rate, laborious manufacturing 
processes, and lack of efficient procedures are some of 
the main limitations in this method. NP-based 
programming may overcome the critical limitations 
by simplifying the expansion process [1, 105]. 

The lack of cytotoxic T lymphocytes as well as 
regulation of the primed T cells is one of the main 
challenges of immunotherapy. NP-based DNA 
carriers can precisely program tumor-recognizing 
capabilities into circulating T cells and thus capable of 

inducing tumor regression. A simplified, 
cost-effective, and practical programming approach 
was introduced to generate “on demand” antitumor 
immunity, where polymeric nanocarriers 
functionalized with lymphocyte-targeting ligands 
precisely delivered leukaemia-specific CAR genes 
into T cells [105]. To achieve targeted DNA delivery 
into host T cells, the surfaces of NPs (biodegradable 
poly(β-amino ester)) were conjugated with T 
cell-targeting fragments, i,e., anti-CD3e f(ab′)2, which 
ensured receptor-mediated endocytosis. NPs were 
functionalized with nuclear localization signals (NLS) 
and microtubule-associated sequences (MTAS), which 
enabled the import of DNA into T cell nucleus by 
employing the microtubule transport machinery. The 
anticancer programming capabilities were induced by 
decorating the targeted nanoparticles with a plasmid 
DNA encoding fusion receptor, such as 
leukaemia-specific 194-1BBz CAR having single-chain 
antibody (scFv), 4-1BB, and CD3ζ domains, which are 
most frequently used to target CD19 in clinics (Figure 
7a). CD19-specific CARs genes containing NPs were 
incubated with T cells in vitro whereas intravenously 
delivered to re-program T-cell in vivo. CAR did not 
fully express and induces such programming in other 
cells and therefore leukemia regression was 
effectively achieved in vivo (comparable to 
conventional adoptive transfer CAR T). 
Reprogrammed T cells acted as a “living drug’ to 
eradicate the tumor, and induced immunological 
memory since the expressions of these receptors were 
maintained even for weeks. 

It was demonstrated that the performance of T 
cell therapy can be reprogrammed by T cell receptor 
(TCR)-activatable NP drug delivery system. T cells are 
capable of modulating cell surface redox state when 
activated due to the transformed expression of their 
reducing enzymes. This discovery was exploited to 
achieve antigen-triggered release of adjuvant protein 
by designing reduction-responsive NPs. The activated 
protein nanogels (NGs) in T cell surface reduction 
potential were employed to 'backpack' supporting 
cytokines on T cells. The supporting cytokines, such 
as human interleukin 15 super-agonist (IL-15Sa) was 
selected as a drug cargo in this context. The 
disulphide cross-linker was cleaved by reducing 
conditions of T cell surface and released the cargo, i.e., 
intact cytokine in antigen-bearing 
microenvironments. The reducing conditions of TME, 
including glutathione, can also promote the release of 
IL-15Sa from NGs. However, T cell surface 
redox-mediated cytokine release was observed. A 
small quantity of anti-CD45 and poly(ethylene 
glycol)-b-poly(L-lysine) (PEG-PLL) was incorporated 
into the NGs, where anti-CD45 kept the NG backpack 
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intact on the surface by preventing internalization and 
PEG-PLL maximized the NG loading efficiency by 
providing a uniform positive charge (Figure 7b-c). 
The redox-responsive anti-CD45/IL-15Sa-NGs 
stimulated augmented T cell expansion in vitro 
(Figure 7d). The anti-CD45/IL-15Sa backpacked T 
cells were intravenously injected in mice. About 
8-fold higher cytokine dose and 16-fold specifically 
expanded T cells was achieved by programming the 
location and timing of T cell activation, which 
ultimately resulted in improved tumor inhibition 
[106]. 

The conjugated supporting drugs, including 
antibodies and interleukins, can secure T cells from 
immunosuppression [107]. To specifically target the 
CD8+ T cells in lymphoid tissues, NPs are 
functionalized with antibody (anti-CD8a F(ab’)2 
fragments). The main mediator of 
immunosuppression, e.g., TGFβ can be targeted by 
TGFβR1 inhibitor (SD-208) in order to rescue the 
suppressive immune cells, to activate the CD8+ T 
cells, and to restore the activity of effector T cells. 
NP-based targeted delivery of a TLR7/8 agonist 
(R848) and immunosuppressive inhibitor (SD-208) 

 

 
Figure 7. (a) Schematic of the T cell-targeted DNA nanocarrier. The fabrication of NPs is demonstrated. The two plasmids encoding for 194-1BBz CAR and the iPB7 
transposase were encapsulated into the nanoparticles. Adapted with permission from [105], copyright 2017 Nature Publishing Group. (b) Schematic of the synthesis of protein 
NG and protein release in response to reducing conditions of local microenvironment. (c) Scheme for surface modification of cytokine-NGs that ensured effective and stable 
anchoring on T cell surfaces. (d) Fold expansion of naive CD8+ T cells that were stimulated with anti-CD3/CD28 beads in the presence of surface-bound aCD45/IL-15Sa-NGs, 
IL-15Sa-NGs or nondegradable NGs (aCD45/IL-15SaNGs(non-deg.)) or that were incubated with free IL-15Sa. Adapted with permission from [106], copyright 2018 Nature 
Publishing Group. 
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can greatly improve therapeutic index, where R848 
can activate T cells while SD-208 ensure an 
appropriate dose of the drug among lymphocytes. 
The targeted delivery of SD-208 or R848 by the 
PD-1-targeting NPs therefore reported to inhibit 
tumor growth whereas free anti-PD-1, SD-208 or R848 
could not inhibit tumor growth [108]. Reprogrammed 
T cells have also been demonstrated as ideal carriers 
to improve cellular uptake by overcoming the drug 
delivery barriers. The homing receptors expressing T 
cells were exploited as nanoparticle carriers. The 
potent topoisomerase I poison SN-38 containing lipid 
nanocapsules (NCs) were covalently loaded to the cell 
membrane of primary T cells without affecting the 
expression of surface receptors. SN-38-releasing NCs 
systemically delivered 90-fold greater drug into 
lymphoid organs than free drug in order to 
specifically target lymphoma cells [109]. Thus, the 
delivery efficiency of SN-38 can be greatly improved 
by T cell-mediated delivery systems, which result in 
more effective tumor inhibition and enhanced 
survival than the free drug. Taken together, these 
studies exemplify the success of NP-based 
programming of T cells to remarkably modulate the T 
cells response. However, special attention should be 
paid to achieve a safe design in order to avoid 
deleterious outcomes since the aberrant T cell 
functions may lead to autoimmune diseases [110]. 

Reprogramming tumor-associated 
macrophages 

Macrophages are one of the major components 
of the leukocyte infiltrate that is engaged with cancer 
in a dual yin-yang relationship by exhibiting M2-M1 
phenotypes. M1-like phenotypes are correlated with 
antitumor responses and mainly driven by bacterial 
products and IFN-γ whereas M2-like phenotypes 
driven by IL-4 or IL-13 are responsible for tumor 
progression and adaptive immune suppression [111, 
112]. IFN-γ is mainly responsible for the polarization 
of macrophages by stimulating the transcriptional 
network, epigenetic, and metabolic pathways. 
IFN-γ-polarized macrophages are hypersensitive to 
various pro-inflammatory stimuli, including TNF, 
type I interferons, lipopolysaccharide, and ligands of 
TLRs. TLRs-mediated polarization of macrophages 
results in the activation of nuclear factor-κB (NF-κB) 
target genes and inflammatory cytokines. Moreover, 
IFN-γ can induce resistance to anti-inflammatory 
stimuli, including IL-10, IL-4, and IL-13 and thus 
promote the polarization [113]. 

TME comprised of a variety of cells, including 
TAMs, which play a critical role in the immune 
system. A continuum of macrophage phenotypes, 
such as M1 and M2 exists. The recent studies suggest 

that macrophages contribute to the 
immunosuppression in the TME while the 
reprogramming of TAMs from M2 to an antitumor 
M1 mode and inhibition of macrophage recruitment 
can provoke macrophage-mediated extracellular 
cancer death. Therefore, the polarization of TAMs or 
re-programming is considered a clinically approved 
therapeutic strategy [40, 111]. The increased 
expression of metabolic checkpoint enzyme 
arginase-1 (ARG1) and mannose receptor-1 (MRC1) 
are triggered by IL-4 treatment in M2-like signature 
(tumor supportive) while the higher expression of 
IL-12 and nitric oxide synthase (NOS2) is associated 
with M1-like (anti-tumor) signature, which may be 
induced by IFN-γ secretion. Cell morphology is 
considered as a tractable biomarker of cell function. 
The analysis of macrophage state, therefore, provides 
a simplified model to assess the M1 or M2 signature. 
M1-like state exhibit flattened and round morphology 
in contrast to M2-like cells that display elongated 
projections. In order to reprogram the TAMs, 
Weissleder and colleagues introduced a targeting 
approach utilizing small molecules. Dextran and 
cyclodextrin (CD)-based NPs are preferentially 
distributed to TAMs owing to their intrinsic 
macrophage avidity. The native macrophage avidity 
was therefore exploited. An agonist of the TLR7 and 
TLR8 (R848) were demonstrated as a potent driver of 
the M1 phenotype in this context. The R848-loaded 
β-cyclodextrin NPs (CDNPs) was designed by 
leveraging the interaction between CD and R848, 
where the amide bond formed between succinyl- 
β-cyclodextrin and l-lysine. TAM-targeted CDNPs 
efficiently delivered R848 to TAMs in the TME and 
induced adaptive immune responses, including 
changes in myeloid phenotype and the ultimate 
increase in IL-12 level. The analysis reflected the 
obvious changes in cell morphology and significant 
enrichment in M1-like cells as compared to M2 
(Figure 8). CDNP-R848 re-educated the TAM 
phenotype and thus ensured the reduced tumor and 
improved survival rate in CDNP-R848 treated mice 
after a single dosage. The synergistic treatment with 
anti-PD-1 further improved the therapeutic potential, 
which resulted in complete tumor regression in 2/7 
mice while inducing antitumor memory [114]. 

Macrophage reprogramming has also been 
demonstrated by Saeid Zanganeh using iron oxide NPs 
(ferumoxytol) and suggested that ferumoxytol could 
be applied ‘off label’ to suppress metastasis as well as 
to improve the performance of macrophage- 
modulating cancer immunotherapy approaches [115]. 
In the tumor microenvironment, TAMs can easily 
engulf the administered NPs and this fact was 
exploited to deliver ferumoxytol NPs. After being 
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internalized, ferumoxytol induced pro-inflammatory 
immune response and polarization of M1 
macrophages. Pro-inflammatory M1 macrophages 
can release hydrogen peroxide and therefore react 
with iron via the Fenton reaction and ultimately 
generate hydroxyl radicals (OH•), which can induce 
apoptosis in the cancer cell. Therefore, the increase in 
caspase-3 expression and pro-inflammatory Th1-type 
responses was observed. Compared to control groups, 
about 11 and 16-fold higher level of hydrogen 
peroxide and hydroxyl radicals was observed in 
macrophages plus ferumoxytol-treated cells, 
respectively. Moreover, the increased expression of 
M1-related markers, i.e., TNF-α and CD86 and the 
decreased level of M2-related markers, such as IL-10 
and CD206 after exposure to ferumoxytol, suggested 
induction of M1 macrophage polarization. This study 
demonstrated that tissue-resident macrophages could 
lose their M2 polarization while infiltrating 
macrophages was shifted towards M1 polarization. 
Ferumoxytol is therefore effective in inhibiting 
pulmonary metastasis and established liver tumors in 
a TAM-dependent manner. The NP-based 
gene-editing platform can also be designed that are 
able to reprogram immune responses. NLRP3 

inflammasome, one of the endogenous 
damage-associated molecular patterns for the 
treatment of multiple inflammatory diseases can be 
targeted by using NPs. Cationic lipid-assisted 
nanoparticle (CLAN), a type of PEG-b-PLGA-based 
NPs has been demonstrated as a carrier for delivering 
Cas9 mRNA that guides RNA into macrophages and 
ultimately disrupts NLRP3. CLAN is capable of 
selectively targeting and reprogramming the 
macrophages since NLRP3 specifically function in 
macrophages [116]. Thereby, this strategy avoids 
systemic side effects and may be safely implemented 
for the treatment of inflammatory diseases, including 
cancer. 

Angiogenic factors, including vascular 
endothelial growth factor (VEGF), are highly 
expressed in TAMs and responsible for tumor 
progression and metastasis. A strategy presented by 
Conde et al. to reprogram TAMs where targeting 
immunotherapy was combined with silencing in the 
tumor microenvironment. Gold NPs having a peptide 
sequence (M2pep) selectively targeted TAMs and 
delivered a small interfering RNA (siRNA) to silence 
the expression of VEGF mRNA in the inflammatory 
M2 macrophages, which could transform immune 

 

 
Figure 8. (a) Schematic of CDNP preparation by lysine crosslinking of succinyl- β-cyclodextrin (orange) and subsequent drug loading by guest–host complexation of R848 
(blue). (b) Schematic overview of the tumor microenvironment, where TAMs were mainly canonically M2-like; however, their behavior was pharmacologically influenced. (c) 
Gene expression of M2-like (IL-4 treated) and M1-like (LPS/INF-γ treated) murine macrophages. (d) Raw images were processed by automated segmentation for the 
measurement of prominent features useful in the identification of M1-like polarization as indicated in yellow, where the mean radius (solid line), minor axis length (dotted line) 
and perimeter (dashed line). Cells were stained for nuclei (DAPI, red), actin (phalloidin, green), and cell membrane (WGA, blue). Scale bar, 25 μm. Adapted with permission from 
[114], copyright 2018 Nature Publishing Group. 
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response from an immunosuppressive to an 
immunostimulatory as well as tumor inhibition in 
lungs [117]. Huang et al have designed a 
trastuzumab-modified, mannosylated liposomal 
system (tLGV) for targeting the overexpressed 
receptors in TAM2 and reprogrammed the M2 
polarization to M1 by downregulating T790M 
mutation in epidermal growth factor receptor 
(EGFRT790M) [118]. This section has highlighted the 
potential of NP-based formulation to directly target 
the immune cell, such as TAM in the tumor 
microenvironment, which can effectively boost local 
and systemic antitumor immunity.  

Combination therapies 
The cancer relapse even after combination 

conventional therapies, such as surgery, radiotherapy, 
and chemotherapy leads to therapeutic failure. It is 
imperative to introduce alternative strategies to defeat 
cancer. The focus of alternative strategies should be 
on the stimulation of immune response, which will 
induce immunological memory to overcome the 
cancer relapse [13]. Damage-associated molecular 
patterns (DAMPs) are surface-exposed, released or 
secreted by dying/stressed cells. DAMPs, such as 
surface-exposed CRT, passively released HMGB1, 
secreted ATP, and heat-shock proteins that can act as 
either danger signals or adjuvant for the immune 
system to induce ICD in cancer cells [9, 16, 119, 120]. 
As cancer cells die, they release DAMPs that can act 
like a signal or combinatorial code to unlock various 
immune responses [121]. ICD inducers, including 
chemotherapeutic agents (anthracyclines and 
oxaliplatin) and photodynamic therapy (PDT), can 
trigger immunogenic apoptosis in cancer cells, where 
dendritic cells engulf their corpses and present 
tumor-specific antigen to T cells to provoke antitumor 
immune response [17].  

ICD can be induced by the generation of ROS 
and endoplasmic reticulum (ER) stress by instigating 
the danger signaling pathways. The stress-specific 
mechanisms are involved in releasing key DAMPs, 
such as CRT and ATP [16]. Therefore, PDT can induce 
ICD in cancer cells by generating ROS-based ER stress 
[122]. Anthracyclin-treated cancer cells can also 
induce ICD and elicit the antitumor immune response 
without any adjuvant. The cancer cells that are 
undergoing ICD can trigger the translocation of CRT 
to their cell surface, which ultimately leads to tumor 
antigen-specific cytotoxic T lymphocyte-mediated 
immune responses [123, 124]. Although the PDT and 
chemotherapy can initiate an antitumor immune 
response, the induced immune response is severely 
impaired by T cell exhaustion through the 
up-regulation of PD-1/ PD-L1. T cell exhaustion can 

be reversed by blocking immune checkpoint 
pathways (such as PD-1) [125, 126]. Immunotherapy 
with immune checkpoint blockade can be used to 
expand the frequency and functionality of 
tumor-specific T cells to potentiate antitumor efficacy 
[127, 128]. 

NP-based strategies can be applied to exploit the 
ICD-inducing properties of conventional therapies for 
improving the therapeutic potential of cancer 
immunotherapy. NP-based combination therapies, 
including photothermal therapy, photodynamic 
therapy, radiation therapy, and chemotherapy with 
immunotherapy improve the therapeutic 
performance by enabling the simultaneous delivery of 
various therapeutic molecules [20, 129-134].  

Wang et al. designed a versatile micelleplex, 
which could enhance the therapeutic potential by 
combing multiple functionalities, such as ultra- 
pH-sensitive diblock (PDPA), pheophorbide A 
photosensitizer (PPa), and siRNA. The conjugated 
amphiphilic polycation, e.g., 1,2-epoxytetradecane 
alkylated oligoethylenimine (OEI-C14) having an 
intrinsic binding affinity with siRNA and thereby 
ensured the endosomal escape of the siRNA by 
promoting proton sponge. PDPA-OEI-C14-PPa (POP) 
micelleplex was precisely activated in acidic pH (6.2) 
while keeping intact in extracellular 
microenvironment. The siRNA-PD-L1-conjugated 
micelleplexes (POP-PD-L1) effectively induced PD-L1 
blockade and thus rescued from immunosuppression 
by silencing PD-L1 expression on the tumor cells. The 
antitumor immune response was amplified by 
photodynamic therapy (PDT), where it effectively 
eradicated the tumor and distant metastasis in 
B16-F10 melanoma model by promoting cytokine 
secretion (TNF-α and IFN-γ) and the frequency of the 
tumor infiltrating lymphocytes (CD8+ and CD4+). 
The more apoptotic cancer death was observed after 
combination therapy than individual modalities and 
thus ultimately induced immunological memory 
owing to the presence of activated immune cells 
(Figure 9) [135].  

The doxorubicin-loaded lipoprotein–mimicking 
nanodiscs (sHDL-DOX) can exert antitumor efficacy 
by triggering ICD of cancer cells. Combination 
chemoimmunotherapy can sensitize tumor cells to 
immune checkpoint blockade and potentiate 
antitumor T cell-mediated responses. Elimination of 
established tumors (MC38 and CT26 colon carcinoma) 
in 80-88% of animals was achieved by delivering 
chemotherapeutic agents via nanodiscs. Survivors 
were protected against tumor relapse due to the 
induced antitumor memory [136]. ICD-inducing 
chemotherapeutic agent, including doxorubicin, 
oxaliplatin, and cisplatin were delivered by NP-based 
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formulations [137-139], which resulted in synergistic 
immunotherapy responses when combined with IDO 
inhibitor (indoximod) or immune checkpoint 
blockade [137, 138]. Various therapies, including 
chemo-PDT therapy, are not effective against 
metastasis; however, the combination of chemo-PDT 
therapy with checkpoint-blockade therapy can not 
only inhibit tumor growth but also exhibit promising 
results against tumor metastasis due to the reversal of 
T cell exhaustion. The chlorine e6 and 
doxorubicin-loaded hollow manganese dioxide nano 
platform (H-MnO2-PEG/C&D) can relieve tumor 
suppression whereas checkpoint-blockade (PD-L1 
blockade) promotes the higher TNF-α secretion and 
augmented CD4+ and CD8+ T cells-mediated 
immune response than chemo-PDT therapy [81]. For 
improving the performance of immunotherapy, Zhou 
et al. designed a nanoplatform by integrating 
PEGylated photosensitizer (PS) and OXA prodrug, 
which induced ICD and the phagocytosis of cancer 
cells via CD47 blockade. The combination of ICD 
induction and CD47 blockade improved DC 
maturation, T cell-mediated response, and antitumor 
immunity, which ultimately resulted in the regression 
of tumors, tumor metastasis, and prevention of tumor 
relapse. The inhibition of lymphatic metastasis in B16‐

F10 model was attributed to combination therapy 
(Figure 10) [140]. An obvious increase in DCs 
recruitment, tumor-infiltrating CTL (CD4+ and 
CD8+) as well as a significant decrease in Treg cells 
was observed when immunotherapy combined with 
PDT. Therefore, more than 90% of tumor regression 
was attributed to iron NP-based alleviated 
immunosuppression and T cells infiltration [82]. 

TLR agonists and checkpoint blockade strategies 
are combined with photothermal and radiotherapy to 
achieve effective therapeutic efficacy and 
immunological memory [141, 142]. The combination 
of NP-based sonodynamic therapy platform with 
checkpoint-blockade immunotherapy and immune 
adjuvant prevents tumor metastasis and induces 
antitumor and immune memory responses by 
provoking strong immune responses, including 
improved DCs maturation, infiltration of CD4+ and 
CD8+ lymphocytes, CD45+ leucocytes, and cytokine 
secretion [143]. Therefore, the combination of 
NP-based immunotherapy with other therapeutic 
regimens may unleash the potential of cancer 
therapies. However, the immense attention should be 
paid on a deeper understanding of mechanisms 
underlying the immune systems and NPs-mediated 
toxicity. 

 

 
Figure 9. Schematic Illustration of the acid-activatable micelleplexes for PD-L1 blockade-enhanced photodynamic cancer immunotherapy (a) Chemical structure of the 
acid-activatable POP micelleplexes that were co-loaded with PPa and siRNA; the micelleplexes dissociated at an acidic microenvironment that were attributed to the protonation 
of the of PDPA. (b) Schematic of POP-PD-L1 micelleplex mediated combined cancer immunotherapy. Upon PDT, the POP-PD-L1 micelleplexes generated ROS, which ultimately 
induced an adaptive immune response by provoking HSP70 and NF-κB pathways, triggered the secretion of the pro-inflammatory cytokine, and recruited tumor-infiltrating T 
cells. The antitumor immune response was further improved by RNAi of PD-L1. Adapted with permission from [135], 2016 American Chemical Society. 



Theranostics 2019, Vol. 9, Issue 26 
 

 
http://www.thno.org 

7996 

 
Figure 10. Schematic illustration of the prodrug vesicles for improved cancer immunotherapy by combing ICD induction and CD47 blockade. (a) Schematic design of the 
dual-responsive, e.g., acidity and MMP-2 prodrug vesicles. (b) Simplified mechanism of NP-mediated chemo-immunotherapy and CD47 blockade, which inhibited tumor growth, 
distant metastasis, and relapse. Adapted with permission from [140], copyright 2019 John Wiley and Sons. 

 

Conclusions and perspectives 
Cancer immunotherapy has shifted the 

paradigm by delineating an alternative treatment 
regimen in order to thwart the development of 
metastasis. The studies have bolstered the concept 
that immune cells may play a dual role either heroes 
or villains in TME. On the other hand, there is 
circumstantial evidence that engineered NPs can 
promote the recruitment of immune cells in the tumor 
and overcome the anergy of tumor-specific T cells via 
blockade of immunosuppressive pathways. Besides 
modulating the immune response in TME, NP-based 
programming of immune cells improves the 
antitumor efficacy by enabling precise and persistent 
CTLs response. Programming of the immune system 
with engineered NPs has emerged as an effective 
strategy to improve antitumor immune response. 
TAMs contribute to promote tumor progression by 
taming protective adaptive immunity. The 
repolarization of TAMs in the tumor environment is, 
therefore, urgent to peruse. It is envisaged that the 
nanoparticle-mediated interplay between TME and 
immune system will significantly impact the clinical 
performance of cancer immunotherapy. However, a 
deeper understanding of mechanisms underlying the 
immune system and safety profiles of nanoparticles is 
required to avoid immune-related toxicity.  

The non-persistent and autoimmune responses, 
lack of tumor-specific antigens and CTL, variation in 
checkpoint expression, and limited response to 
checkpoint blockade among patients are key 
challenges for cancer immunotherapy. The 
TAA-specific and persistence responses of CTL are 
crucial for inducing prolonged antitumor immunity. 
These limitations pose an urgent demand for 
combination strategies to simultaneously target 
immunostimulatory and immunosuppressive 
pathways to ensure effective therapeutic outcomes. 
The better understanding of the mechanisms 
underlying the tumor cells to evade immunity as well 
as to deleterious antitumor immune responses is 
required to defeat cancer. The acclaimed success of 
nanoparticle-based formulations in thwarting cancer 
is sometimes over exaggerated; however, we foresee a 
future in which defeat of tumor metastasis will be a 
mainstream practice.  

A quiet large number of NP-based platforms are 
currently being evaluated in clinical trials for cancer 
immunotherapy (Table 2). A challenge in these 
platforms, however, is that most of the NP-based 
formulations are currently in phase 1 or 2. A range of 
approaches to modulate the immune system have 
been discussed in this article. These approaches 
present several opportunities for clinical translation. 
Notwithstanding, the animal models are mostly used 
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to evaluate these strategies, making it challenging to 
translate the results from these models to humans. 
The choice of the humanized animal model may 
promote the translatability from preclinical studies to 
clinics. Choosing the correct nanocarriers is also 
crucial for nanomedicine-mediated cancer 
immunotherapy. For example, FDA-approved 
pharmaceutical excipients (e.g., lipid and specific 
polymers) are likely to get into the clinic faster than 
the unapproved materials. The biosafety and 
reproducibility of the nanovector formulation are also 
critical for the clinical translation of NPs-based cancer 
immunotherapy. When considering all of these issues, 
the survival rate in patients can be dramatically 
improved by broadening the spectra of cancer 
patients respond to immunotherapy. 

 

Table 2. Nanoparticle-based cancer immunotherapy in clinical 
trials 

Generic name Nanoparticle 
platform 

Cancer type Status Ref 

JVRS-100 Lipid NP Leukemia Phase 1 [144] 
DPX-Survivac Liposome Refractory diffuse large B-cell 

lymphoma 
Phase 2 [145] 

Lipovaxin-MM Liposome Metastatic melanoma Phase 1 [146] 
DPX-0907 Liposome Advanced stage breast, 

ovarian and prostate cancer 
Phase 1 [147] 

WDVAX PLGA Metastatic melanoma Phase 1 [148] 
CYT-6091 Colloidal gold Advanced solid tumors Phase 1 [149, 

150] 
IMF-001 NP complex Esophageal cancer Phase 1 [151, 

152] 
 

Abbreviations 
ICD: immunogenic cell death; CRT: calreticulin; 

HMGB1: high-mobility group box 1 protein; ATP: 
adenosine triphosphate; HSP: heat-shock protein; 
DCs: dendritic cells; TLR: toll-like receptor; HSP: 
heat-shock protein; IL: interleukin; IFN: interferon; 
TAA: tumor-associated antigen; ROS: reactive oxygen 
species; MHC: major histocompatibility complex; NK: 
natural killer; NPs: nanoparticles; TAMs: tumor 
associated macrophages; TME: tumor 
microenvironment; FASL: FAS ligand; (TRAIL): 
(TNF)-related apoptosis inducing ligand; Treg cells: 
regulatory T cells; MDSCs: myeloid-derived 
suppressor cells; TGFβ: transforming growth factor-β; 
IDO: indoleamine 2,3 dioxygenase; TNF: tumor 
necrosis factor; PD-L1: programmed death ligand-1; 
PD-1: programmed death protein-1; CTL: cytotoxic 
T-lymphocyte; CTLA-4: Cytotoxic T 
lymphocyte-associated antigen 4; MMP-2: matrix 
metalloproteinase-2; BCPN: binary cooperative 
prodrug nanoparticle; PDT: photodynamic therapy; 
OXA: oxaliplatin; PEG: polyethylene glycol; SIRPα: 
signal regulatory protein-α; APCs: antigen-presenting 
cells; HIF1-ɑ: hypoxia-inducible factor 1-ɑ; sHDL: 

high-density lipoprotein; Ag: antigen; CpG: 
cytosine-phosphate-guanosine oligonucleotides; 
cholesterol-modified CpG (Cho-CpG) PAMPs: 
pathogen-associated molecular patterns; PRR: pattern 
recognition receptors; CSS: cysteine-serine serine; EB: 
Evan blue; STAT3: signal transducer and activator of 
transcription3; shRNA: short hairpin RNA; MSRs: 
mesoporous silica rods; PEI: polyethyleneimine; 
OVA: ovalbumin; PLGA: pegylated 
poly(lactic-co-glycolic acid); STING: stimulator of 
interferon genes; CAR T: chimeric antigen receptor 
therapy; NLS: nuclear localization signals; MTAS: 
microtubule-associated sequences; (TCR): T cell 
receptor; NGs: nanogels; IL-15Sa: interleukin 15 
super-agonist; NCs: nanocapsules; NF-κB: nuclear 
factor-κB; ARG1: arginase-1; MRC1: mannose 
receptor-1; NOS2: nitric oxide synthase; CD: 
cyclodextrin; CLAN: cationic lipid-assisted 
nanoparticle; DAMPs: damage-associated molecular 
patterns; ER: endoplasmic reticulum; siRNA: small 
interfering RNA; PS: photosensitizer.  

Acknowledgements 
Financial support from the National Natural 

Science Foundation of China (31671024, 51873228, 
31622025 and 81521005), and CAS President’s 
International Fellowship Initiative Program 
(2019PB0023 to M.S.) is gratefully acknowledged. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Wang H, Mooney DJ. Biomaterial-assisted targeted modulation of immune 

cells in cancer treatment. Nat Mater. 2018; 17: 761-772. 
2. Riley RS, June CH, Langer R, Mitchell MJ. Delivery technologies for cancer 

immunotherapy. Nat Rev Drug Discov. 2019; 18: 175-196. 
3. Rosenberg SA. IL-2: the first effective immunotherapy for human cancer. J 

Immunol. 2014; 192: 5451-5458. 
4. Fukumura D, Kloepper J, Amoozgar Z, Duda DG, Jain RK. Enhancing cancer 

immunotherapy using antiangiogenics: opportunities and challenges. Nat Rev 
Clin Oncol. 2018; 15: 325-340. 

5. Galon J, Bruni D. Approaches to treat immune hot, altered and cold tumours 
with combination immunotherapies. Nat Rev Drug Discov. 2019; 18: 197-218. 

6. Li X, Wenes M, Romero P, Huang SC-C, Fendt S-M, Ho P-C. Navigating 
metabolic pathways to enhance antitumour immunity and immunotherapy. 
Nat Rev Clin Oncol. 2019; 16: 425-441. 

7. Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of age. 
Nature. 2011; 480: 480-489. 

8. Couzin-Frankel J. Cancer immunotherapy. Science. 2013; 342: 1432-1433. 
9. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic Cell Death in 

Cancer Therapy. Annu Rev Immunol. 2013; 31: 51-72. 
10. Spisek R, Charalambous A, Mazumder A, Vesole DH, Jagannath S, 

Dhodapkar MV. Bortezomib enhances dendritic cell (DC)-mediated induction 
of immunity to human myeloma via exposure of cell surface heat shock 
protein 90 on dying tumor cells: therapeutic implications. Blood. 2007; 109: 
4839-4845. 

11. Apetoh L, Ghiringhelli F, Tesniere A, Obeid M, Ortiz C, Criollo A, et al. 
Toll-like receptor 4-dependent contribution of the immune system to 
anticancer chemotherapy and radiotherapy. Nat Med. 2007; 13: 1050-1059. 

12. Apetoh L, Ghiringhelli F, Tesniere A, Criollo A, Ortiz C, Lidereau R, et al. The 
interaction between HMGB1 and TLR4 dictates the outcome of anticancer 
chemotherapy and radiotherapy. Immunol Rev. 2007; 220: 47-59. 

13. Zitvogel L, Apetoh L, Ghiringhelli F, Kroemer G. Immunological aspects of 
cancer chemotherapy. Nat Rev Immunol. 2008; 8: 59-73. 



Theranostics 2019, Vol. 9, Issue 26 
 

 
http://www.thno.org 

7998 

14. Boon T, Coulie PG, Eynde BJVd, Bruggen Pvd. Human T cell responses 
against melanoma. Annu Rev Immunol. 2006; 24: 175-208. 

15. Segal NH, Parsons DW, Peggs KS, Velculescu V, Kinzler KW, Vogelstein B, et 
al. Epitope landscape in breast and colorectal cancer. Cancer Res. 2008; 68: 
889-892. 

16. Krysko DV, Garg AD, Kaczmarek A, Krysko O, Agostinis P, Vandenabeele P. 
Immunogenic cell death and DAMPs in cancer therapy. Nat Rev Cancer. 2012; 
12: 860-875. 

17. Zitvogel L, Kepp O, Senovilla L, Menger L, Chaput N, Kroemer G. 
Immunogenic tumor cell death for optimal anticancer therapy: the calreticulin 
exposure pathway. Clin Cancer Res. 2010; 16: 3100-3114. 

18. Mohme M, Riethdorf S, Pantel K. Circulating and disseminated tumour cells - 
mechanisms of immune surveillance and escape. Nat Rev Clin Oncol. 2016; 14: 
155-167. 

19. Shao K, Singha S, Clemente-Casares X, Tsai S, Yang Y, Santamaria P. 
Nanoparticle-based immunotherapy for cancer. ACS Nano. 2015; 9: 16-30. 

20. Nam J, Son S, Park KS, Zou W, Shea LD, Moon JJ. Cancer nanomedicine for 
combination cancer immunotherapy. Nat Rev Mater. 2019; 4: 398-494. 

21. Shi Y, Lammers T. Combining nanomedicine and immunotherapy. Acc Chem 
Res. 2019; 52: 1543-1554. 

22. Sun Q, Barz M, De Geest BG, Diken M, Hennink WE, Kiessling F, et al. 
Nanomedicine and macroscale materials in immuno-oncology. Chem Soc Rev. 
2019; 48: 351-381. 

23. Weber JS, Mulé JJ. Cancer immunotherapy meets biomaterials. Nat Biotechnol. 
2015; 33: 44-45. 

24. Fan Y, Moon JJ. Nanoparticle drug delivery systems designed to improve 
cancer vaccines and immunotherapy. Vaccines. 2015; 3: 662-685. 

25. Irvine DJ, Hanson MC, Rakhra K, Tokatlian T. Synthetic nanoparticles for 
vaccines and immunotherapy. Chem Rev. 2015; 115: 11109-11146. 

26. Yin H, Kanasty RL, Eltoukhy AA, Vegas AJ, Dorkin JR, Anderson DG. 
Non-viral vectors for gene-based therapy. Nat Rev Genet. 2014; 15: 541-555. 

27. Gu L, Mooney DJ. Biomaterials and emerging anticancer therapeutics: 
engineering the microenvironment. Nat Rev Cancer. 2015; 16: 56-66. 

28. Wang W, Saeed M, Zhou Y, Yang L, Wang D, Yu H. Non‐viral gene delivery 
for cancer immunotherapy. J Gene Med. 2019: e3092. 

29. Crespo J, Sun H, Welling TH, Tian Z, Zou W. T cell anergy, exhaustion, 
senescence, and stemness in the tumor microenvironment. Curr Opin 
Immunol. 2013; 25: 214-221. 

30. Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor 
microenvironment. Science. 2015; 348: 74-80. 

31. Dunn GP, Old LJ, Schreiber RD. The three es of cancer immunoediting. Annu 
Rev Immunol. 2004; 22: 329-360. 

32. O’Donnell JS, Teng MWL, Smyth MJ. Cancer immunoediting and resistance to 
T cell-based immunotherapy. Nat Rev Clin Oncol. 2019; 16: 151-167. 

33. Wu AA, Drake V, Huang H-S, Chiu S, Zheng L. Reprogramming the tumor 
microenvironment: tumor-induced immunosuppressive factors paralyze T 
cells. OncoImmunology. 2015; 4: e1016700. 

34. Kitamura T, Qian B-Z, Pollard JW. Immune cell promotion of metastasis. Nat 
Rev Immunol. 2015; 15: 73-86. 

35. Grivennikov SI, Greten FR, Karin M. Immunity, inflammation, and cancer. 
Cell. 2010; 140: 883-899. 

36. Bauer CA, Kim EY, Marangoni F, Carrizosa E, Claudio NM, Mempel TR. 
Dynamic Treg interactions with intratumoral APCs promote local CTL 
dysfunction. J Clin Investig. 2014; 124: 2425-2440. 

37. Munn DH, Bronte V. Immune suppressive mechanisms in the tumor 
microenvironment. Curr Opin Immunol. 2016; 39: 1-6. 

38. Spicer JD, McDonald B, Cools-Lartigue JJ, Chow SC, Giannias B, Kubes P, et al. 
Neutrophils promote liver metastasis via mac-1-Mediated interactions with 
circulating tumor cells. Cancer Res. 2012; 72: 3919-3927. 

39. Mellor AL, Munn DH. Ido expression by dendritic cells: tolerance and 
tryptophan catabolism. Nat Rev Immunol. 2004; 4: 762-774. 

40. DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity and 
immunotherapy. Nat Rev Immunol. 2019; 19: 369-382. 

41. Waldhauer I, Steinle A. NK cells and cancer immunosurveillance. Oncogene. 
2008; 27: 5932-5943. 

42. Takeda K, Hayakawa Y, Smyth MJ, Kayagaki N, Yamaguchi N, Kakuta S, et al. 
Involvement of tumor necrosis factor-related apoptosis-inducing ligand in 
surveillance of tumor metastasis by liver natural killer cells. Nat Med. 2001; 7: 
94-100. 

43. Pantel K, Schlimok G, Kutter D, Schaller G, Genz T, Wiebecke B, et al. Frequent 
down-regulation of major histocompatibility class I antigen expression on 
individual micrometastatic carcinoma cells. Cancer Res. 1991; 51: 4712-4715. 

44. Paolino M, Choidas A, Wallner S, Pranjic B, Uribesalgo I, Loeser S, et al. The E3 
ligase Cbl-b and TAM receptors regulate cancer metastasis via natural killer 
cells. Nature. 2014; 507: 508-512. 

45. Kim R, Emi M, Tanabe K, Arihiro K. Tumor-driven evolution of 
immunosuppressive networks during malignant progression. Cancer Res. 
2006; 66: 5527-5536. 

46. Jaiswal S, Jamieson CH, Pang WW, Park CY, Chao MP, Majeti R, et al. CD47 is 
upregulated on circulating hematopoietic stem cells and leukemia cells to 
avoid phagocytosis. Cell. 2009; 138: 271-285. 

47. Kallergi G, Markomanolaki H, Giannoukaraki V, Papadaki MA, Strati A, 
Lianidou ES, et al. Hypoxia-inducible factor-1α and vascular endothelial 
growth factor expression in circulating tumor cells of breast cancer patients. 
Breast Cancer Res. 2009; 11: R84. 

48. Lewis C, Murdoch C. Macrophage responses to hypoxia: implications for 
tumor progression and anti-cancer therapies. Am J Clin Pathol. 2005; 167: 
627-635. 

49. Adams JL, Smothers J, Srinivasan R, Hoos A. Big opportunities for small 
molecules in immuno-oncology. Nat Rev Drug Discov. 2015; 14: 603-622. 

50. Holmgaard Rikke B, Zamarin D, Li Y, Gasmi B, Munn David H, Allison James 
P, et al. Tumor-expressed IDO recruits and activates MDSCs in a 
Treg-dependent manner. Cell Rep. 2015; 13: 412-424. 

51. Munn DH. Blocking IDO activity to enhance anti-tumor immunity. Front 
Biosci. 2012; 4: 734-745. 

52. Liu X, Shin N, Koblish HK, Yang G, Wang Q, Wang K, et al. Selective 
inhibition of IDO1 effectively regulates mediators of antitumor immunity. 
Blood. 2010; 115: 3520-3530. 

53. Wherry EJ. T cell exhaustion. Nat Immunol. 2011; 12: 492-499. 
54. Crawford A, Wherry EJ. The diversity of costimulatory and inhibitory 

receptor pathways and the regulation of antiviral T cell responses. Curr Opin 
Immunol. 2009; 21: 179-186. 

55. Virgin HW, Wherry EJ, Ahmed R. Redefining chronic viral infection. Cell. 
2009; 138: 30-50. 

56. Sharma P, Allison JP. The future of immune checkpoint therapy. Science. 2015; 
348: 56-61. 

57. Topalian SL, Drake CG, Pardoll DM. Targeting the PD-1/B7-H1 (PD-L1) 
pathway to activate anti-tumor immunity. Curr Opin Immunol. 2012; 24: 
207-212. 

58. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance 
and immunity. Annu Rev Immunol. 2008; 26: 677-704. 

59. Seiffert M. Checkpoint inhibition in the bone marrow. Nat Biomed Eng. 2018; 
2: 793-804. 

60. Webb ES, Liu P, Baleeiro R, Lemoine NR, Yuan M, Wang Y. Immune 
checkpoint inhibitors in cancer therapy. J Biomed. 2018; 32: 317-326. 

61. Fesnak AD, June CH, Levine BL. Engineered T cells: the promise and 
challenges of cancer immunotherapy. Nat Rev Cancer. 2016; 16: 566-581. 

62. Brown JA, Dorfman DM, Ma F-R, Sullivan EL, Munoz O, Wood CR, et al. 
Blockade of programmed death-1 ligands on dendritic cells enhances T cell 
activation and cytokine production. J Immunol. 2003; 170: 1257-1266. 

63. Rodig N, Ryan T, Allen JA, Pang H, Grabie N, Chernova T, et al. Endothelial 
expression of PD‐L1 and PD‐L2 down‐regulates CD8+ T cell activation and 
cytolysis. Eur J Immunol. 2003; 33: 3117-3126. 

64. Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. The function of programmed 
cell death 1 and its ligands in regulating autoimmunity and infection. Nat 
Immunol. 2007; 8: 239-245. 

65. Lu Y, Aimetti AA, Langer R, Gu Z. Bioresponsive materials. Nat Rev Mater. 
2017; 2: 16075. 

66. Wang Y, Shim MS, Levinson NS, Sung HW, Xia Y. Stimuli‐responsive 
materials for controlled release of theranostic agents. Adv Funct Mater. 2014; 
24: 4206-4220. 

67. Gulzar A, Xu J, Wang C, He F, Yang D, Gai S, et al. Tumour microenvironment 
responsive nanoconstructs for cancer theranostic. Nano Today. 2019;26:16-56 

68. Chen H, Zhang W, Zhu G, Xie J, Chen X. Rethinking cancer nanotheranostics. 
Nat Rev Mater. 2017; 2: 17024. 

69. Ji T, Zhao Y, Ding Y, Nie G. Using functional nanomaterials to target and 
regulate the tumor microenvironment: diagnostic and therapeutic 
applications. Adv Mater. 2013; 25: 3508-3525. 

70. Ruan H, Hu Q, Wen D, Chen Q, Chen G, Lu Y, et al. A dual-bioresponsive 
drug-delivery depot for combination of epigenetic modulation and immune 
checkpoint blockade. Adv Mater. 2019; 31: 1806957. 

71. Wang C, Ye Y, Hochu GM, Sadeghifar H, Gu Z. Enhanced cancer 
immunotherapy by microneedle patch-assisted delivery of anti-PD1 antibody. 
Nano Lett. 2016; 16: 2334-2340. 

72. Cheng K, Ding Y, Zhao Y, Ye S, Zhao X, Zhang Y, et al. Sequentially 
responsive therapeutic peptide assembling nanoparticles for dual-targeted 
cancer immunotherapy. Nano Lett. 2018; 18: 3250-3258. 

73. Chen Y, Xia R, Huang Y, Zhao W, Li J, Zhang X, et al. An immunostimulatory 
dual-functional nanocarrier that improves cancer immunochemotherapy. Nat 
Commun. 2016; 7: 13443. 

74. Lu K, He C, Guo N, Chan C, Ni K, Lan G, et al. Low-dose X-ray 
radiotherapy-radiodynamic therapy via nanoscale metal-organic frameworks 
enhances checkpoint blockade immunotherapy. Nat Biomed Eng. 2018; 2: 
600-610. 

75. Feng B, Zhou F, Hou B, Wang D, Wang T, Fu Y, et al. Binary cooperative 
prodrug nanoparticles improve immunotherapy by synergistically 
modulating immune tumor microenvironment. Adv Mater. 2018; 30: 1803001. 

76. Liu X, Pu Y, Cron K, Deng L, Kline J, Frazier WA, et al. CD47 blockade triggers 
T cell-mediated destruction of immunogenic tumors. Nat Med. 2015; 21: 
1209-1215. 

77. Vonderheide RH. CD47 blockade as another immune checkpoint therapy for 
cancer. Nat Med. 2015; 21: 1122-1123. 

78. Majeti R, Chao MP, Alizadeh AA, Pang WW, Jaiswal S, Gibbs KD, et al. CD47 
is an adverse prognostic factor and therapeutic antibody target on human 
acute myeloid leukemia stem cells. Cell. 2009; 138: 286-299. 

79. Lee EJ, Nam G-H, Lee NK, Kih M, Koh E, Kim YK, et al. 
Nanocage-therapeutics prevailing phagocytosis and immunogenic cell death 
awakens immunity against cancer. Adv Mater. 2018; 30: 1705581. 



Theranostics 2019, Vol. 9, Issue 26 
 

 
http://www.thno.org 

7999 

80. Chen Q, Wang C, Zhang X, Chen G, Hu Q, Li H, et al. In situ sprayed 
bioresponsive immunotherapeutic gel for post-surgical cancer treatment. Nat 
Nanotechnol. 2019; 14: 89-97. 

81. Yang G, Xu L, Chao Y, Xu J, Sun X, Wu Y, et al. Hollow MnO2 as a 
tumor-microenvironment-responsive biodegradable nano-platform for 
combination therapy favoring antitumor immune responses. Nat Commun. 
2017; 8: 902. 

82. Lan G, Ni K, Xu Z, Veroneau SS, Song Y, Lin W. Nanoscale metal-organic 
framework overcomes hypoxia for photodynamic therapy primed cancer 
immunotherapy. J Am Chem Soc. 2018; 140: 5670-5673. 

83. Kuai R, Ochyl LJ, Bahjat KS, Schwendeman A, Moon JJ. Designer vaccine 
nanodiscs for personalized cancer immunotherapy. Nat Mater. 2016; 16: 
489-496. 

84. Hubbell JA, Thomas SN, Swartz MA. Materials engineering for 
immunomodulation. Nature. 2009; 462: 449-460. 

85. Reddy ST, van der Vlies AJ, Simeoni E, Angeli V, Randolph GJ, O'Neil CP, et 
al. Exploiting lymphatic transport and complement activation in nanoparticle 
vaccines. Nat Biotechnol. 2007; 25: 1159-1164. 

86. de Titta A, Ballester M, Julier Z, Nembrini C, Jeanbart L, van der Vlies AJ, et al. 
Nanoparticle conjugation of CpG enhances adjuvancy for cellular immunity 
and memory recall at low dose. Proc Natl Acad Sci. 2013; 110: 19902. 

87. Schudel A, Francis DM, Thomas SN. Material design for lymph node drug 
delivery. Nat Rev Mater. 2019; 4: 415-428. 

88. Liu H, Moynihan KD, Zheng Y, Szeto GL, Li AV, Huang B, et al. 
Structure-based programming of lymph-node targeting in molecular vaccines. 
Nature. 2014; 507: 519-522. 

89. Zhu G, Lynn GM, Jacobson O, Chen K, Liu Y, Zhang H, et al. 
Albumin/vaccine nanocomplexes that assemble in vivo for combination cancer 
immunotherapy. Nat Commun. 2017; 8: 1954. 

90. Zhu G, Mei L, Vishwasrao HD, Jacobson O, Wang Z, Liu Y, et al. Intertwining 
DNA-RNA nanocapsules loaded with tumor neoantigens as synergistic 
nanovaccines for cancer immunotherapy. Nat Commun. 2017; 8: 1482. 

91. Luo M, Wang H, Wang Z, Cai H, Lu Z, Li Y, et al. A STING-activating 
nanovaccine for cancer immunotherapy. Nat Nanotechnol. 2017; 12: 648-654. 

92. Shae D, Becker KW, Christov P, Yun DS, Lytton-Jean AKR, Sevimli S, et al. 
Endosomolytic polymersomes increase the activity of cyclic dinucleotide 
STING agonists to enhance cancer immunotherapy. Nat Nanotechnol. 2019; 
14: 269-278. 

93. Fan Y, Kuai R, Xu Y, Ochyl LJ, Irvine DJ, Moon JJ. Immunogenic cell death 
amplified by co-localized adjuvant delivery for cancer immunotherapy. Nano 
Lett. 2017; 17: 7387-7393. 

94. Kranz LM, Diken M, Haas H, Kreiter S, Loquai C, Reuter KC, et al. Systemic 
RNA delivery to dendritic cells exploits antiviral defence for cancer 
immunotherapy. Nature. 2016; 534: 396-401. 

95. Kim J, Li WA, Choi Y, Lewin SA, Verbeke CS, Dranoff G, et al. Injectable, 
spontaneously assembling, inorganic scaffolds modulate immune cells in vivo 
and increase vaccine efficacy. Nat Biotechnol. 2014; 33: 64-72. 

96. Li AW, Sobral MC, Badrinath S, Choi Y, Graveline A, Stafford AG, et al. A 
facile approach to enhance antigen response for personalized cancer 
vaccination. Nat Mater. 2018; 17: 528-534. 

97. Cho N-H, Cheong T-C, Min JH, Wu JH, Lee SJ, Kim D, et al. A multifunctional 
core–shell nanoparticle for dendritic cell-based cancer immunotherapy. Nat 
Nanotechnol. 2011; 6: 675-682. 

98. Mottas I, Bekdemir A, Cereghetti A, Spagnuolo L, Yang Y-SS, Müller M, et al. 
Amphiphilic nanoparticle delivery enhances the anticancer efficacy of a TLR7 
ligand via local immune activation. Biomaterials. 2019; 190-191: 111-120. 

99. Cruz LJ, Rosalia RA, Kleinovink JW, Rueda F, Löwik CWGM, Ossendorp F. 
Targeting nanoparticles to CD40, DEC-205 or CD11c molecules on dendritic 
cells for efficient CD8+ T cell response: A comparative study. J Control 
Release. 2014; 192: 209-218. 

100. Choi B, Moon H, Hong SJ, Shin C, Do Y, Ryu S, et al. Effective delivery of 
antigen-encapsulin nanoparticle fusions to dendritic cells leads to 
antigen-specific cytotoxic T cell activation and tumor rejection. ACS Nano. 
2016; 10: 7339-7350. 

101. Keller S, Wilson JT, Patilea GI, Kern HB, Convertine AJ, Stayton PS. Neutral 
polymer micelle carriers with pH-responsive, endosome-releasing activity 
modulate antigen trafficking to enhance CD8+ T cell responses. J Control 
Release. 2014; 191: 24-33. 

102. Waldmann TA. Immunotherapy: past, present and future. Nat Med. 2003; 9: 
269-277. 

103. Dudley ME, Rosenberg SA. Adoptive-cell-transfer therapy for the treatment of 
patients with cancer. Nat Rev Cancer. 2003; 3: 666-675. 

104. Barrett DM, Singh N, Porter DL, Grupp SA, June CH. Chimeric antigen 
receptor therapy for cancer. Annu Rev Med. 2014; 65: 333-347. 

105. Smith TT, Stephan SB, Moffett HF, McKnight LE, Ji W, Reiman D, et al. In situ 
programming of leukaemia-specific T cells using synthetic DNA nanocarriers. 
Nat Nanotechnol. 2017; 12: 813-820. 

106. Tang L, Zheng Y, Melo MB, Mabardi L, Castaño AP, Xie Y-Q, et al. Enhancing 
T cell therapy through TCR-signaling-responsive nanoparticle drug delivery. 
Nat Biotechnol. 2018; 36: 707-716. 

107. Zheng Y, Stephan MT, Gai SA, Abraham W, Shearer A, Irvine DJ. In vivo 
targeting of adoptively transferred T-cells with antibody- and 
cytokine-conjugated liposomes. J Control Release. 2013; 172: 426-435. 

108. Schmid D, Park CG, Hartl CA, Subedi N, Cartwright AN, Puerto RB, et al. T 
cell-targeting nanoparticles focus delivery of immunotherapy to improve 
antitumor immunity. Nat Commun. 2017; 8: 1747. 

109. Huang B, Abraham WD, Zheng Y, Bustamante López SC, Luo SS, Irvine DJ. 
Active targeting of chemotherapy to disseminated tumors using 
nanoparticle-carrying T cells. Sci Transl Med. 2015; 7: 291ra94. 

110. Tsai S, Santamaria P. MHC class II polymorphisms, autoreactive T-cells, and 
autoimmunity. Front Immunol. 2013; 4: 00321. 

111. Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumour-associated 
macrophages as treatment targets in oncology. Nat Rev Clin Oncol. 2017; 14: 
399-416. 

112. Mantovani A. Reflections on immunological nomenclature: in praise of 
imperfection. Nat Immunol. 2016; 17: 215-216. 

113. Ivashkiv LB. IFNγ: signalling, epigenetics and roles in immunity, metabolism, 
disease and cancer immunotherapy. Nat Rev Immunol. 2018; 18: 545-558. 

114. Rodell CB, Arlauckas SP, Cuccarese MF, Garris CS, Li R, Ahmed MS, et al. 
TLR7/8-agonist-loaded nanoparticles promote the polarization of 
tumour-associated macrophages to enhance cancer immunotherapy. Nat 
Biomed Eng. 2018; 2: 578-588. 

115. Zanganeh S, Hutter G, Spitler R, Lenkov O, Mahmoudi M, Shaw A, et al. Iron 
oxide nanoparticles inhibit tumour growth by inducing pro-inflammatory 
macrophage polarization in tumour tissues. Nat Nanotechnol. 2016; 11: 
986-994. 

116. Xu C, Lu Z, Luo Y, Liu Y, Cao Z, Shen S, et al. Targeting of NLRP3 
inflammasome with gene editing for the amelioration of inflammatory 
diseases. Nat Commun. 2018; 9: 4092. 

117. Conde J, Bao C, Tan Y, Cui D, Edelman ER, Azevedo HS, et al. Dual targeted 
immunotherapy via in vivo delivery of biohybrid RNAi-peptide nanoparticles 
to tumor-associated macrophages and cancer cells. Adv Funct Mater. 2015; 25: 
4183-4194. 

118. Peng H, Chen B, Huang W, Tang Y, Jiang Y, Zhang W, et al. Reprogramming 
tumor-associated macrophages to reverse EGFRT790M resistance by 
dual-targeting codelivery of gefitinib/vorinostat. Nano Lett. 2017; 17: 
7684-7690. 

119. Rock KL, Hearn A, Chen C-J, Shi Y. Natural endogenous adjuvants. Springer 
Semin Immunopathol. 2005; 26: 231-246. 

120. Gallucci S, Lolkema M, Matzinger P. Natural adjuvants: endogenous 
activators of dendritic cells. Nat Med. 1999; 5: 1249-1255. 

121. Zitvogel L, Kepp O, Kroemer G. Decoding cell death signals in inflammation 
and immunity. Cell. 2010; 140: 798-804. 

122. Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Ferreira GB, Marysael T, et 
al. A novel pathway combining calreticulin exposure and ATP secretion in 
immunogenic cancer cell death. EMBO J. 2012; 31: 1062-1079. 

123. Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini J-L, et al. 
Calreticulin exposure dictates the immunogenicity of cancer cell death. Nat 
Med. 2007; 13: 54-61. 

124. Casares N, Pequignot MO, Tesniere A, Ghiringhelli F, Roux S, Chaput N, et al. 
Caspase-dependent immunogenicity of doxorubicin-induced tumor cell 
death. J Exp Med. 2005; 202: 1691-1701. 

125. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al. 
Restoring function in exhausted CD8 T cells during chronic viral infection. 
Nature. 2006; 439: 682-687. 

126. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. 
Nat Rev Cancer. 2012; 12: 252-264. 

127. Hu Q, Sun W, Wang J, Ruan H, Zhang X, Ye Y, et al. Conjugation of 
haematopoietic stem cells and platelets decorated with anti-PD-1 antibodies 
augments anti-leukaemia efficacy. Nat Biomed Eng. 2018; 2: 831-840. 

128. Zhang X, Wang C, Wang J, Hu Q, Langworthy B, Ye Y, et al. PD-1 blockade 
cellular vesicles for cancer immunotherapy. Adv Mater. 2018; 30: 1707112. 

129. Smyth MJ, Ngiow SF, Ribas A, Teng MWL. Combination cancer 
immunotherapies tailored to the tumour microenvironment. Nat Rev Clin 
Oncol. 2015; 13: 143-158. 

130. Kuai R, Yuan W, Son S, Nam J, Xu Y, Fan Y, et al. Elimination of established 
tumors with nanodisc-based combination chemoimmunotherapy. Sci Adv. 
2018; 4: eaao1736. 

131. Gotwals P, Cameron S, Cipolletta D, Cremasco V, Crystal A, Hewes B, et al. 
Prospects for combining targeted and conventional cancer therapy with 
immunotherapy. Nat Rev Cancer. 2017; 17: 286-301. 

132. Soto-Pantoja DR, Terabe M, Ghosh A, Ridnour LA, DeGraff WG, Wink DA, et 
al. CD47 in the tumor microenvironment limits cooperation between 
antitumor T-cell immunity and radiotherapy. Cancer Res. 2014; 74: 6771-6783. 

133. Duan X, Chan C, Han W, Guo N, Weichselbaum RR, Lin W. 
Immunostimulatory nanomedicines synergize with checkpoint blockade 
immunotherapy to eradicate colorectal tumors. Nat Commun. 2019; 10: 1899. 

134. Chen Q, Hu Q, Dukhovlinova E, Chen G, Ahn S, Wang C, et al. Photothermal 
therapy promotes tumor infiltration and antitumor activity of CAR-T cells. 
Adv Mater. 2019; 31: 1900192. 

135. Wang D, Wang T, Liu J, Yu H, Jiao S, Feng B, et al. Acid-activatable versatile 
micelleplexes for PD-L1 blockade-enhanced cancer photodynamic 
immunotherapy. Nano Lett. 2016; 16: 5503-5513. 

136. Kuai R, Yuan W, Son S, Nam J, Xu Y, Fan Y, et al. Elimination of established 
tumors with nanodisc-based combination chemoimmunotherapy. Sci Adv. 
2018; 4: eaao1736. 

137. Lu J, Liu X, Liao Y-P, Wang X, Ahmed A, Jiang W, et al. Breast cancer 
chemo-immunotherapy through liposomal delivery of an immunogenic cell 



Theranostics 2019, Vol. 9, Issue 26 
 

 
http://www.thno.org 

8000 

death stimulus plus interference in the IDO-1 pathway. ACS Nano. 2018; 12: 
11041-11061. 

138. Lu J, Liu X, Liao Y-P, Salazar F, Sun B, Jiang W, et al. Nano-enabled pancreas 
cancer immunotherapy using immunogenic cell death and reversing 
immunosuppression. Nat Commun. 2017; 8: 1811. 

139. Lu Y, Wang Y, Miao L, Haynes M, Xiang G, Huang L. Exploiting in situ 
antigen generation and immune modulation to enhance chemotherapy 
response in advanced melanoma: A combination nanomedicine approach. 
Cancer Lett. 2016; 379: 32-38. 

140. Zhou F, Feng B, Yu H, Wang D, Wang T, Ma Y, et al. Tumor 
microenvironment-activatable prodrug vesicles for nanoenabled cancer 
chemoimmunotherapy combining immunogenic cell death induction and 
CD47 blockade. Adv Mater. 2019; 31: 1805888. 

141. Chen Q, Xu L, Liang C, Wang C, Peng R, Liu Z. Photothermal therapy with 
immune-adjuvant nanoparticles together with checkpoint blockade for 
effective cancer immunotherapy. Nat Commun. 2016; 7: 13193. 

142. Chao Y, Xu L, Liang C, Feng L, Xu J, Dong Z, et al. Combined local 
immunostimulatory radioisotope therapy and systemic immune checkpoint 
blockade imparts potent antitumour responses. Nat Biomed Eng. 2018; 2: 
611-621. 

143. Yue W, Chen L, Yu L, Zhou B, Yin H, Ren W, et al. Checkpoint blockade and 
nanosonosensitizer-augmented noninvasive sonodynamic therapy 
combination reduces tumour growth and metastases in mice. Nat Commun. 
2019; 10: 2025. 

144. National Library of Medicine, JVRS-100 for the treatment of patients with 
relapsed or refractory leukemia. ClinicalTrials.gov. 2019. https://clinicaltrials. 
gov/ct2/show/NCT00860522 

145. National Library of Medicine, DPX-survivac and checkpoint inhibitor in 
DLBCL (SPiReL). ClinicalTrials.gov. 2019. https://clinicaltrials.gov/ct2/ 
show/NCT03349450 

146. National Library of Medicine, Safety study of a liposomal vaccine to treat 
malignant melanoma. ClinicalTrials.gov. 2012. https://clinicaltrials.gov/ct2/ 
show/NCT01052142 

147. National Library of Medicine, A phase I safety study of a cancer vaccine to 
treat HLA-A2 positive advanced stage ovarian, breast and prostate cancer. 
ClinicalTrials.gov. 2015. https://clinicaltrials.gov/ct2/show/NCT01095848 

148. US National Library of Medicine, Dendritic cell activating scaffold in 
melanoma. ClinicalTrials.gov. 2017. https://clinicaltrialsgov/show/nct0175 
3089. 

149. Libutti SK, Paciotti GF, Byrnes AA, Alexander HR, Gannon WE, Walker M, et 
al. Phase I and pharmacokinetic studies of CYT-6091, a novel PEGylated 
colloidal gold-rhTNF nanomedicine. Clin Cancer Res. 2010; 16: 6139-6149. 

150. National Library of Medicine, TNF-bound colloidal gold in treating patients 
with advanced solid tumors. ClinicalTrials.gov. 2012. https://clinicaltrials. 
gov/ct2/show/NCT00356980 

151. National Library of Medicine. Safety study of a recombinant protein vaccine to 
treat esophageal cancer. ClinicalTrials.gov. 2013; https://clinicaltrials. 
gov/ct2/show/NCT01003808 

152. Kageyama S, Wada H, Muro K, Niwa Y, Ueda S, Miyata H, et al. 
Dose-dependent effects of NY-ESO-1 protein vaccine complexed with 
cholesteryl pullulan (CHP-NY-ESO-1) on immune responses and survival 
benefits of esophageal cancer patients. J Transl Med. 2013; 11: 246. 


