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ARTICLE INFO ABSTRACT
Keywords: The tumor development and metastasis are closely related to the structure and function of the tumor microen-
Nanoparticles vironment (TME). Recently, TME modulation strategies have attracted much attention in cancer immunotherapy.
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Despite the preliminary success of immunotherapeutic agents, their therapeutic effects have been restricted by
the limited retention time of drugs in TME. Compared with traditional delivery systems, nanoparticles with
unique physical properties and elaborate design can efficiently penetrate TME and specifically deliver to the
major components in TME. In this review, we briefly introduce the substitutes of TME including dendritic cells,
macrophages, fibroblasts, tumor vasculature, tumor-draining lymph nodes and hypoxic state, then review
various nanoparticles targeting these components and their applications in tumor therapy. In addition, nano-
particles could be combined with other therapies, including chemotherapy, radiotherapy, and photodynamic
therapy, however, the nanoplatform delivery system may not be effective in all types of tumors due to the
heterogeneity of different tumors and individuals. The changes of TME at various stages during tumor devel-
opment are required to be further elucidated so that more individualized nanoplatforms could be designed.

Abbreviations: Ab, antibodies; AC-NPs, antigen-capturing nanoparticles; Ag, antigen; ANG2, angiopoietin-2; APCs, antigen-presenting cells; AuNCs, gold
nanocages; AuNPs, gold nanoparticles; a-SMA, alpha-smooth muscle actin; BBB, blood-brain barrier; Bcl-2, B-cell lymphoma 2; BTK, Bruton’s tyrosine kinase; CaCOs3,
calcium carbonate; CAR-T, Chimeric antigen receptor-modified T-cell therapy; CAFs, cancer associated fibroblasts; CAP, cleavable amphiphilic peptide; CCL, che-
moattractant chemokines ligand; ¢DCs, conventional dendritic cells; CTL, cytotoxic T lymphocytes; CTLA4, cytotoxic lymphocyte antigen 4; DCs, dendritic cells;
DMMA, 2,3-dimethylmaleic anhydrid; DMXAA, 5,6-dimethylxanthenone-4-acetic acid; DSF/Cu, disulfiram/copper; ECM, extracellular matrix; EGFR, epidermal
growth factor receptor; EMT, epithelial-mesenchymal transition; EPG, egg phosphatidylglycerol; EPR, enhanced permeability and retention; FDA, the Food and Drug
Administration; FAP, fibroblast activation protein; HA, hyaluronic acid; HB-GFs, heparin-binding growth factors; HIF, hypoxia-inducible factor; HPMA, N-(2-
hydroxypropyl) methacrylamide; HSA, human serum albumin; IBR, Ibrutinib; IFP, interstitial fluid pressure; IL, interleukin; LMWH, low molecular weight heparin;
LPS, lipopolysaccharide; IFN-y, interferon-y; M2NP, M2-like TAM dual-targeting nanoparticle; MCMC, mannosylated carboxymethyl chitosan; MDSCs, myeloid-
derived suppressor cells; melittin-NP, melittin-lipid nanoparticle; MnO,, manganese dioxide; MPs, microparticles; NF-kB, nuclear factor kB; NK, nature killer; nMOFs,
nanoscale metal-organic frameworks; NO, nitric oxide; NPs, nanoparticles; ODN, oligodeoxynucleotides; PD-1, programmed cell death protein 1; PDT, photodynamic
therapy; PFC, perfluorocarbon; PHDs, prolyl hydroxylases; PLGA, poly(lactic-co-glycolic acid); PS, photosensitizer; PSCs, pancreatic stellate cells; PTX, paclitaxel;
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homology domain 2; TIM-3, T cell immunoglobulin domain and mucin domain-3; TLR, Toll-like receptor; TME, tumor microenvironment; TNF-a, tumor necrosis
factor alpha; Tregs, regulatory T cells; UPS-NP, ultra-pH-sensitive nanoparticle; VEGF, vascular endothelial growth factor; VDA, vasculature disrupting agent.
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1. Introduction

Tumor microenvironment (TME) consists of various cells (including
immune cells , fibroblasts, endothelial cells, inflammatory cells and
lymphocytes), extracellular matrix (ECM), vasculature and chemokines
[1-3]. The immune cells mediate innate and adaptive immune re-
sponses. Innate immune cells including macrophages and dendritic cells
(DCs) are both pro- and anti-tumorigenic depending on complex
cross-talk and different chemokines in TME. The adaptive immune sys-
tem activated by innate immune cells can specifically attack tumor cells
and is regarded as most effective for tumor eradication. The activated
fibroblasts in TME, known as cancer-associated fibroblasts (CAFs),
construct the structure of microenvironment by synthesizing a large
proportion of ECM in TME and have a significant impact on tumor
progression and tumor therapy [4]. The TME is characterized by the
aberrant tumor vasculature with abnormal appearance and function,
which results in a hypoxic state. Moreover, hypoxia in TME can alter the
function of the normal microenvironment, promote tumor progression,
and restrict therapeutic effects. Therefore, the interactions between
tumor cells and the components in TME affect tumor progression and
metastasis as well as the therapeutic effect. It has been demonstrated
that TME has a profound influence on drug penetration and function and
is associated with drug resistance and low response rates. To this end,
modulation of TME has attracted much attention among researchers
interested in cancer immunotherapy [5,6].

The TME modulation strategies targeting extracellular ligand-
receptor interactions and downstream pathways can improve thera-
peutic efficacy and achieve durable responses [7,8]. The
TME-modulated agents including a cytotoxic lymphocyte antigen 4
(CTLA4) antagonist plerixafor [9], an anti-interleukin-6 monoclonal
antibody siltuximab [10], an antibody to chemoattractant chemokines
ligand 2 (CCL 2) carlumab, and a novel selective antagonist of a4p1 and
a4p7 integrins natalizumab [11] have shown preliminary success in
tumor therapy. Moreover, the Food and Drug Administration (FDA) has
granted accelerated approval to pembrolizumab, an inhibitory antibody
that targets the immune-checkpoint receptor programmed cell death
protein 1 (PD-1) in May 2017 [12], however, some patients do not
benefit from these drugs. In addition, many patients have experienced
severe adverse events, including gastrointestinal, hematologic and
endocrine disorders, arthritis, rash, neuropathy, and acute kidney injury
[13-15]. Chimeric antigen receptor-modified T-cell therapy (CAR-T)
against CD19 has been proved to be effective in treating acute
lymphoblastic leukemia, however, it has so far shown limited thera-
peutic effects in melanoma [16] and non-small-cell lung cancer [17] and
adverse events have been reported.

In comparison with these drugs, nanoparticles can prolong retention
time and achieve targeted delivery, thus reducing toxicity. Moreover,
nanoparticles could change the immunosuppressive environment in
TME by targeting the major components of TME. The distorted blood
vessels in TME and rapid growth of tumor cells directly result in hyp-
oxia, which leads to immunosuppression in TME by accumulating
immunosuppressive cells including regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs) and secreting immunosup-
pressive factors, such as vascular endothelial growth factor (VEGF) and
transforming growth factor p (TGF-B). These substitutes inhibit the
functions of DCs, transfer macrophages to the pro-tumorigenic M2
phenotype and lead to abnormal fibrosis. Nanoparticles with specific
design can target these components in TME and transform the immu-
nosuppressive TME to an immunosupportive state, thus promoting the
efficacy of cancer immunotherapy. Nanoparticles have been extensively
designed as drug delivery systems [18]. They can be passively delivered
to tumor tissue and prolong the retention time of carried drugs. Owing to
the enhanced permeability and retention (EPR) effect they tend to
accumulate in tumor much more than in normal tissue because of the
leaky tumor vasculature and damaged lymphatic drainage [19,20]. On
the other hand, modification of their structures can further enhance
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their efficacy and compatibility. Conjugating with specific ligands,
nanoparticles achieve targeted delivery to TME as well as modulate the
TME, thus enhancing therapeutic efficacy [21-23]. Nanoplatforms
could combine with other therapies by carrying various drugs.
Numerous nanostructures with different compositions, sizes, shapes,
and functions have been developed [24]. Several nanodrugs, such as
Doxil [25] and Abraxane [26], have been approved by the FDA for
clinical use. In this review, we summarized the current targeted delivery
of nanoparticles to the components in TME. We briefly introduce the
major components of TME including DCs, macrophages, fibroblasts,
tumor vasculature, tumor-draining lymph nodes (tdLNs) and the hyp-
oxic state, then review various nanoparticles targeting these compo-
nents and their applications in tumor therapy.

2. Targeting dendritic cells

DCs derived from bone marrow are the most powerful antigen-
presenting cells (APCs) [27]. They could be found in blood, but once
activated, they migrate to lymph nodes where they interact with T cells.
They are the center of immune responses, linking innate and adaptive
immunity. They recognize endogenous and exogenous proteins, and
degrade them into small pieces, and then present them on the cell sur-
face to naive T cells, thus initiating and modulating adaptive immunity
(Fig. 1). Conventional DCs (cDCs), one subset of the DC lineage, are
thought to be closely associated with tumor development, which inter-
nalize tumor-associated antigens and deliver them to draining lymph
nodes [28], activating immunity against tumor. However, a number of
molecules found in TME as well as hypoxic environment and lactic acid
inhibit the functions of c¢DCs [29,30]. Nanoparticles conjugated with
specific ligands could target DCs and modulate their activation and
maturation (Table 1).

Nanoparticles specific to CD40, CD11c, mannose receptor, Fc re-
ceptor or CD205 on DCs have been reported and all resulted in enhanced
immune responses compared with non-specific delivery [31-33]. To
determine which cell surface marker is the optimal target, Cruz et al.
designed pegylated poly(lactic-co-glycolic acid) (PLGA) nanoparticles
loaded with ovalbumin and Toll-like receptor (TLR) 3 and 7 ligands
[34]. Decorated with specific antibodies these particles can target
different cell surface molecules on DCs, respectively, including CD40,
DEC-205, and CD1lc. Among them, nanoparticle targeted to CD40
achieved the highest binding and uptake capacity and the maximum
production of interleukin-12 (IL-12) in vitro. However, no significant
difference was observed in T cell proliferation in the in vivo assays. It
seems that the targeted molecules only exerted a slight influence,
whereas the presence of TLR ligands had a significant effect on T cell
responses.

Several studies focused on the potency of nanoparticles encapsu-
lating DC-activating molecules to activate and maturate DCs. Liu et al.
used a lipid-coated calcium phosphate nanoparticle to deliver specific
tumor antigen BRAFV600E peptide to DCs via antigen presentation.
These lipid bilayers can efficiently penetrate physical barriers and pre-
vent the degradation and aggregation of cargo-drugs. The results
showed that nanoparticles significantly increased antigen-specific T cell
responses and interferon-y (IFN-y) production. After treatment 20% of
mice achieved tumor-free survival [35]. In another study Guo et al.
designed an erythrocyte membrane-enveloped nanoplatform modified
with antigenic peptide (hgpl10025-33), TLR4 agonist, and mannose
[36]. The erythrocyte membrane might be a desirable option for its
convenient isolation and biocompatibility. Remarkably, the erythrocyte
membrane also acts as an adjuvant and forms a “depot effect” at the
administration site, thereby prolonging the exposure time of antigens.
With mannose binding to its receptor on DCs, this nanoparticle effi-
ciently activates DCs and significantly inhibits tumor growth. Apart
from extra addition of adjuvants in the nanocomplex, studies have
discovered that some nanoparticles themselves exhibit immunomodu-
latory activity. A recent study has reported that synthesized ultra-small
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Fe304 nanoparticles used as nano-immunopotentiators in combination
with ovalbumin could promote the maturation of DCs and the following
immune responses [37]. Notably, it was found for the first time that this
Fe3O4 nanoparticle not only served as a delivery system but also
participated in immunotherapy. This inherent immunomodulatory
property of FesO4 might be attractive in cancer immunotherapy. How-
ever, the immune responses initiated by one antigen are limited. A
broader spectrum of tumor antigens is required. Min et al. utilized
antigen-capturing nanoparticles (AC-NPs) which could capture
tumor-derived protein antigens (TDPA) by a variety of mechanisms,
including ionic interactions, covalent interactions and noncovalent
hydrophobic-hydrophobic interactions. These TDPA-bound AC-NPs
efficiently targeted DCs and then induced more robust CD8" cell re-
sponses, achieving 20% cure rate in melanoma models compared with
0% in controls [38]. Different from traditional immunotherapy of
delivering one or several specific antigens, AC-NPs capture a variety of
tumor antigens, therefore magnifying therapeutic effects and reducing
the effect of tumor heterogeneity on cancer immunotherapy.

In addition to their influence on DC function, nanoparticles have
more value. As a natural tracer, nanoparticles could reflect their location
and migration in real-time, indicating the association between the more
robust anti-tumor responses and the accumulation of nanoparticles.
Gold nanocages (AuNCs) with unique optical properties have been
applied in photoacoustic bioimaging and luminescence imaging. Liang
et al. encapsulated AuNCs and CD11c, a common biomarker on DCs,
within liposomes. These nanoparticles can be directly delivered to DCs
and document this process in real-time by in vivo noninvasive fluores-
cence and photoacoustic bioimaging. The results have shown a signifi-
cant accumulation in lymph nodes within 1 h and a maximum value at
12 h [39]. They then evaluated the levels of CD86, one of the differen-
tiation proteins expressed on mature DCs, and CD107a expressed on
activated cytotoxic CD8" T cells. After injection of AuNCs, elevated
levels of DC maturation and T cell activation were observed. This study
revealed the value of AuNCs in immunotherapy and in vivo tracking.

Given the crucial role of DCs as the most powerful APC in immunity,
great efforts have been devoted to the development of DC-targeted
therapy. The cancer vaccines which deliver antigens to enhance anti-
tumor immunity have attracted increasing attention in recent years.
The major type of cancer vaccines is a cell-based vaccine which is time-
consuming, expensive, and bears potential risks due to autoimmunity.
The development of nanomedicine seems to provide a better option.
With their tailored properties, nanoparticles can specifically deliver
antigens or adjuvants to DCs, preventing their degradation and pro-
moting the efficient activation of DCs. However, the therapeutic efficacy
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Fig. 1. The role of DCs and the function of NPs in the
tumor immunity. In response to endogenous and
exogenous antigens DCs activate and maturate. They
recognize these antigens and degrade them, then
present them on the cell surface to naive T cells. The
T cells become activated and transform to CTLs. The
CTLs can attack tumor cells via direct killing or IFN-y
dependent pathways. (1) NPs modified with antigens
and adjuvants specifically deliver antigens to DCs, (2)
and promote DCs maturation and CTL activation by
antigen presentation or the assistance of adjuvants.
DCs present antigen fragments to naive T cells. The
CD4" and CD8" T cells become activated, undergo
clonal expansion, and acquire cytotoxic abilities or
helper functions (such as IFN-y secretion). The addi-
tion of TLR ligands in NPs induces strong immune
responses. Apart from extra addition of adjuvants in
nanocomplex, Fe30,4 NPs as
immunopotentiators could promote the maturation
of dendritic cells and immune responses; Abbrevia-
tions: Ag, antigen; DCs, dendritic cells; CTL, cytotoxic
T lymphocyte; IFN-y, interferon-y; NPs, nanoparticles.

nano-

of nanomedicine largely depends on proper carriers and antigens.
Additionally, the variation of DC subsets (e.g., plasmacytoid or myeloid)
has not been fully elucidated. So more extensive studies are needed to
illuminate the most appropriate design of nanoparticles and the func-
tions of different DC subsets before they can be translated to clinical
practice.

3. Targeting tumor-associated macrophages

Macrophages are differentiated cells of the mononuclear phagocyte
system and play an important role in homeostasis, wound healing, tissue
regeneration, and immunity. Their main function is phagocytosis such
that they could engulf and digest foreign substances, cell debris, and
other substances that could not be recognized as normal cells [40-42].
After exposure to different signals, macrophages undergo polarized
activation. In response to IFN-y and lipopolysaccharide (LPS), macro-
phages transform to classically activated (M1) macrophages and secrete
high levels of IL-12, inhibiting tumor development. Alternative (M2)
activated macrophages following exposure to IL-4 or IL-13 produce
IL-10, promoting tissue repair, wound healing, and tumor growth
[43-46]. Given these two activated states, macrophages are regarded as
“a double-edged sword” with both pro-tumor and anti-tumor ability [47,
48]. Tumor-associated macrophages (TAMs), a major component in
TME, activate anti-tumor immunity at the tumor initiation stage, how-
ever, once the tumor is established, they contribute to tumor angio-
genesis and immune suppression as well as tumor invasion and
metastasis [49]. This discrepancy might be due to the plasticity nature of
macrophages that, in response to the changes in microenvironment
during tumor development (e.g., hypoxic state), the TAMs undergo a
transition of polarized states from M1 to M2 (Fig. 2) [50,51]. Reprog-
ramming the polarization of TAMs could therefore influence the func-
tions of TAMs and has attracted great attention. Nanoparticles which
can specifically deliver drugs to TAMs and modulate their polarized
states might be an effective method in cancer immunotherapy (Table 1).

Several studies have investigated the applications of nanoparticles in
modulating TAM polarization. Iron oxide nanoparticles have been
approved for treating iron deficiency by the FDA. Zanganeh et al.
discovered their off-labeled uses that they can induce a phenotypic
transition from M2 towards M1 and inhibit tumor growth [52]. Iron
oxides repolarize M2 to M1 and induce the Fenton reaction which can
generate ROS and promote the apoptosis of tumor cells. The apoptotic
tumor cells induce M1 polarization, which forms a feedback loop pro-
ducing a large amount of nitric oxide (NO) and tumor necrosis factor
alpha (TNF-a). After injection of ferumoxytol nanoparticles, an 11-fold
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Table 1
Summary of the application of nanoparticles.
Target NP Diameter Mechanism Animal model Cell lines Ref
DC PLGA NPs loaded with ovalbumin and TLR 186.6 + target CD40, DEC-205, CD11c on DCs WT C57BL/6 mice, Albino B6, Ly5.1/ WT C57BL/6 or CD40 KO BMDCs [34]
3 and 7 ligands 9.0-242.3 +£ 9.0 CD45.1, transgenic OT-I/Thy1.1/CD45.2,
nm transgenic OT-II/Ly5.1/CD45.1 mice
DC lipid-coated calcium phosphate NPs 30 nm antigen presentation female C57BL/6 mice (6-8 weeks old) murine BRAF-mutant melanoma cell line [35]
delivered specific tumor antigen BPD6
BRAFV600E peptide
DC erythrocyte membrane-enveloped PLGA 131.3 £ 0.6 nm - antigen presentation adult C57BL/6 mice murine melanoma cell line BI6F10 [36]
NPs 149.2 4+ 0.6 nm (syngeneic with C57BL/6) and DC2.4 cells
DC ultra-small Fe304 NPs loaded with 20-40 nm Fe304 NPs as adjuvants promote DC female C57BL/6 mice (4-6 weeks old) BMDCs from C57BL/6 mice and B16-F10 [371
ovalbumin activation melanoma cell line
DC antigen-capturing NPs / antigen presentation female C57BL/6 mice (6-8 weeks old) B16-F10 and 4T1 cell lines [38]
DC liposomes-coated gold nanocages modified 59 + 5 nm target CD11c on DCs female C57BL/6 mice (6-8 weeks old) C57BL/6 (C57) mice bone marrow [39]
with DCs specific antibody aCD11c for
targeted delivery of adjuvant and
melanoma antigen peptide TRP2
TAM ferumoxytol NPs 30 nm iron oxides attract macrophages and female FVB/N mice (8-10 weeks old) MMTV-PyMT mammary cancer cells, [52]
repolarize M2 to M1 MDA-MB-468 human breast carcinoma
cells, HT1080 human fibrosarcoma cells,
RAW264.7 macrophages, human dermal
fibroblasts and human umbilical vein
endothelial cells
TAM nano-Fe304 CpG-loaded liposomes with a / iron oxides attract macrophages and female C57BL/6 mice (6 weeks old) B16F10 or CT26 cells [53]
cancer cell membrane-derived antigenic repolarize M2 to M1
microparticles
TAM albumin NPs modified with dual ligands, a less than 135 nm target SPARC and mannose receptors on male Balb/c nude mice (4-5 weeks old), U87 glioma cells, murine glioma cell line [54]
transferrin receptor-binding peptide T12 TAM2 male C57BL/6 mice (4-5 weeks old), and GL261
and mannose male Sprague Dawley rats (220 g)
TAM a dual-targeting system composed of 145 + 9-210 + target mannose receptors and CD44 / J774A.1 cells and MCF-7 cells [55]
MCMC/HA for macrophage targeting and 5nm receptors
protamine sulfate for ODN complexation
TAM NK cell-membrane-decorated NPs 85 + 1.2 nm NK cell membranes could induce or female BALB/c mice (6 weeks old, 18-22 MCF-10A, HepG2, A549, MCF-7, 4T1, and [56]
enhance pro-inflammatory M1- g) NK-92 cells line
macrophages polarization
TAM M2-like TAM dual-targeting NP loaded 18 nm The anti-colony stimulating factor-1 female C57BL/6 mice (8-12 weeks old) 1d1A7 and 1d1A(mSR-B1) cell lines and [571
with anti-colony stimulating factor-1 receptor siRNA specifically block M2 B16F10 cells
receptor siRNA survival signals
TAM NPs consisting of amphiphilic egg 30.3+3.1nm target Siglec-1 on TAMs male Kunming mice (6-7 weeks; 18-22 g) RAW264.7 macrophage and S180 murine [59]
phosphatidylglycerol, sialic acid and and Wistar rats (7-8 weeks; 180-220 g) sarcoma cell lines
ibrutinib
TAM photosensitizer-loaded upconversion 38 + 3nm HA could reprogram the polarization of / RAW264.7 cells and B16F10 cells [60]
nanocrystals nanoconjugate by integrating pro-tumor M2-type TAMs to anti-tumor
MnO; nanosheets and HA biopolymer M1-type
CAF redox-active polymer-coated cerium oxide 5 nm inhibit myofibroblast formation CD-1 mice (8 weeks old) human dermal fibroblasts and squamous [73]
NPs cancer cells (SCL-1)
CAF Fe304 NPs 65 nm inhibit myofibroblast formation / human dermal fibroblasts and squamous [74]
cancer cells (SCL-1)
CAF a superparamagnetic iron oxide NP 60 nm relaxin-2 inhibits PSC differentiation by male CB17 SCID mice (6 weeks old) primary human pancreatic stellate cells, [751
modified with relaxin-2 inhibiting pSmad2 signaling pathway Panc-1 cancer cells
CAF cleavable amphiphilic peptide 58.5 + 4.2-75.8 could be specifically cleaved by fibroblast male BALB/c nude mice (6 weeks age, PF179T-CAF cells [76]
+ 5.2 nm activation protein-o expressed on 16-18 g)
fibroblasts
CAF navitoclax-loaded nanoliposomes 90.76 + 2.36 nm navitoclax specifically induces apoptosis of female BALB/c nude mice human hepatic stellate cell line LX-2, [77]
modified with peptide FH CAFs mouse fibroblast cell line NIH/3T3
CAF 12 nm female C57BL/6 mice 4T1 murine breast cancer cell line [79]

(continued on next page)
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Table 1 (continued)

Target NP Diameter Mechanism Animal model Cell lines Ref
a ferritin-NP modified with a fibroblast- NP modified with a fibroblast-activation
activation protein-specific single chain protein-specific single chain variable
variable fragment fragment
tumor vasculature a polymeric NP system encapsulating 70-80 nm codelivery of EGFR inhibitor erlotinib and syngeneic FVB female mice R7 murine breast cancer cell line [93]
erlotinib and doxorubicin doxorubicin
tumor vasculature a lipid derivative NP modified with anti- 152.6 &+ 3.1 nm LMWH inhibits the binding of VEGF to Institute of Cancer Research (ICR) mice human hepatoma cells and primary human [95]
angiogenic agents (LMWH and their receptors on endothelial cells and umbilical vein endothelial cells
gemcitabine) and cytotoxic drugs blocks the VEGF signaling pathway
paclitaxel
tumor vasculature PLGA NPs loaded with VDA-DMXAA and 194 £+ 50 nm disrupt the tumor vasculature female C57BL/6 (H-2b) mice (5-6 weeks B16-F10 murine melanoma cell line [97]
TLR 7/8 agonist-gardiquimod old)
tumor vasculature copper chelator polymer NP loaded with 200 nm copper can stimulate endothelial cell female BALB/c mice (5-6 weeks old) normal lung epithelial BEAS-2B cells and [100]
resiquimod proliferation and migration breast cancer MCF-7, MDA-MB-231 and
4T1 cells
tdLN carboxylated polystyrene NP loaded with 0.02-2 pm lymphatic drainage of antigens H-2Kb C57BL/6 mice (6-8 weeks old) OVA-expressing EG7 cells [106]
antigens
tdLN immunologically inert NP with a synthetic 60 nm lymphatic drainage of antigens female BALB/c mice (6-12 weeks old) CT26 cells [107]
long peptide antigen within hydrogel of
cholesteryl pullulan
tdLN NP loaded with TAA and TLR9 ligand CpG 30 nm lymphatic drainage of antigens E.G7-OVA or B16-F10 tumor-bearing mice E.G7-OVA (CRL-2113), EL-4 (TIB-39), and [110]
DNA B16-F10 (CRL-6475) cells
tdLN PLGA NPs encapsulating TLR 7/8 agonists 210 £ 12 nm migrate to draining lymph node female C57BL/6 mice (6-8 weeks old) and ovalbumin expressing murine melanoma [111]
female Balb/c mice (7-8 weeks old) cell line B16F10-OVA, Murine bladder
cancer cell line MB49
tdLN biomimetic “artificial necroptotic cancer 31 nm lymphatic drainage of TAA C57BL/6 mice (8-10 weeks old) BMDCs from C57BL/6 mice [114]
cell” system consisting of cancer
membrane proteins, HSP70 peptide and
the phosphate calcium core
tdLN a melittin-lipid NP 10-20 nm lymphatic drainage of the whole-tumor female C57BL/6 mice (6-8 weeks old) B16F10 cell line and E0771 cell line [115]
antigens released from tumor cells which
are destroyed by melittin
hypoxia albumin-MnO, NPs 50 nm H,0; released oxygen nude mice bearing subcutaneous 4T1 4T1 murine breast cancer cell line [125]
tumors
hypoxia MnO,, particles loaded with chlorine e6 3.94 nm H,0, released oxygen female Balb/c mice (6-8 weeks old) 4T1 murine breast cancer cell line [126]
and doxorubicin
hypoxia hypoxia-responsive mesoporous silica 90 nm transform in hypoxic conditions B16.F1-bearing mouse allograft model ovalbumin-expressing melanoma cell line, [127]
nanostructure B16.Mo5
hypoxia a nanoscale red-blood-cell system by 20 nm PFC can load large amounts of oxygen and female nude mice 4T1 murine breast cancer cell line and [130]
encapsulating PFC within PLGA release oxygen in situ CT26 murine colon cancer cell line
hypoxia PFC-loaded hollow Bi,Se; NP 35nm PFC can load large amounts of oxygen and Balb/c mice murine breast cancer 4T1 cells and human [131]
release oxygen in situ epithelial carcinoma HeLa cells
hypoxia polyethylene glycol stabilized PFC nano- 150 nm PFC gradually released oxygen Balb/c mice murine breast cancer 4T1 cells [133]
droplets with TaOx NPs
hypoxia gold-manganese oxide NPs / the levels of HIF-1a decreased male Swiss albino mice (6-8 weeks old; 20 / [141]
+2g)
hypoxia an amino-functionalized nanogel with 122 nm pH-responsive charge conversion Balb/c-nu mice MDA-MB-435s cells [148]
DMMA
hypoxia Mn?*-doped upconversion NPs 20 nm pH-responsive charge conversion female Balb/c mice 4T1 murine breast cancer cells and HeLa [151]
human epithelial carcinoma cells
hypoxia N-(2-hydroxypropyl) methacrylamide 55 nm pH-responsive size reduction HeLa tumor-bearing mice HelLa cells [153]

polymer-based nanovehicle

0 32 3unx W

AbbreviationsDC, dendritic cells; TAM, tumor-associated macrophages; CAF, cancer associated fibroblast; tdLN, tumor-draining lymph nodes; PLGA, poly(lactic-co-glycolic acid); TLR, Toll-like receptor; ODN, oligo-
deoxynucleotides; BBB,blood-brain barrier; MCMC, mannosylated carboxymethyl chitosan; HA, hyaluronan; HSA, human serum albumin; PTX, paclitaxel; VDA, vasculature disrupting agent; SPARC, secreted protein
acidic and rich in cysteine; DMXXA, 5,6-dimethylxanthenone-4-acetic acid; TAA, tumor-associated antigens; HIF, hypoxia-inducible factor, NP, nanoparticle; DMMA, 2,3-dimethylmaleic anhydrid; LMWH, low molecular
weight heparin; PFC, perfluorocarbon; siRNA, small interfering RNA.
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increase in hydrogen peroxide and a 16-fold increase in hydroxyl radical
production were observed, and the levels of M1-related biomarkers
TNF-o and CD86 significantly increased, whereas the levels of
M2-related CD206 and IL-10 decreased. It suggested that ferumoxytol
had a cytotoxic effect which depends on M1 polarization. The
anti-tumor effect was also confirmed in animal studies. This study
demonstrated that iron oxide could inhibit tumor growth and metastasis
in a TAM-dependent manner. In another study nano-Fe3O4 CpG-loaded
liposomes (Lipo) with a cancer cell membrane-derived antigenic mi-
croparticles (MPs) which share surface markers with tumor cells have
been developed [53]. This Fe304/MPs-CpG/Lipo nanoplatform presents
an immunomodulator, tumor antigens, and an immunostimulatory
adjuvant in one vehicle and achieves maximal anti-tumor immunity.
The MPs with a variety of tumor antigens promote APC maturation and
activate more T cells. Consistent with previous studies, Fe3O4 can
reprogram M2 TAMs to the M1 phenotype based on the Fenton reaction,
thus this nanostructure has partially changed the immuno-suppressive
TME to immuno-supportive and transformed a “cold” tumor into a
“hot” tumor. The Fe304/MPs-CpG/Lipo-treated group exhibited a
2.55-fold and a 3.84-fold increase in CD4" and CD8™ T cell proliferation
in the spleen compared with the control group, respectively. The median
survival time of C57BL/6 mice has shown a 4-fold increase after treat-
ment. The preliminary success in mammary and lung cancer stimulated
the application of nanoparticles in other tumors, however, their func-
tions have been restricted in brain tumors because of the blood-brain
barrier (BBB). To overcome this difficulty, Zhao et al. developed a
“three-bird-one-stone” delivery system which simultaneously targeted
the transferrin receptors (TfRs) and the albumin-binding receptor (e.g.,
secreted protein acidic and rich in cysteine (SPARC)) expressed on the
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Fig. 2. The role of TAMs and the function of NPs in
the tumor immunity. In response to IFN-y and LPS,
TAMs transform to TAM1 phenotype and secrete high
levels of IL-12, inhibiting tumor development. After
exposure to IL-4 or IL-13 TAMs undergo the transition
to TAM2 and produce IL-10, promoting tumor
growth. In the hypoxic state in TME, TAM1 can
repolarize to TAM2, which contributes to the immu-
nosuppressive environment in TME. (1) NPs modified
with HA, iron oxides or regorafenib can reprogram
TAMs activities from TAM2 to TAM1 polarization. HA
modulates the activation states of TAM by binding to
CD44 on TAMs and activation of TLR4 pathways. Iron
oxides attract macrophages and promote macrophage
recruitment. After exposure to NPs, TAMs upregulate
M1-related CD86 and TNF-a markers, and reduce the
levels of M2-related IL-10 and CD206 markers. Iron
oxides repolarize M2 to M1 and induce the Fenton
reaction which can generate ROS and promote the
apoptosis of tumor cells. The apoptotic tumor cells
induce M1 polarization, which forms a feedback loop.
The expression of TIE2, the receptor of ANG2, has
been detected on TAM2. Regorafenib, an oral multi-
kinase inhibitor, reduces TAM accumulation by
ANG2/TIE2 blockade and modulates TAM polariza-
tion. (2) In addition, NPs can directly inhibit the
survival and function of TAM2 by delivering siRNA or
IBR. The anti-colony stimulating factor-1 receptor
siRNA could specifically block M2 survival signals.
IBR, an irreversible BTK inhibitor, can diminish the
contribution of TAMs to tumorigenesis, thus reversing
the immunosuppression established by TAMs.; Ab-
breviations: ANG2, angiopoietin-2; HA, hyaluronic
acid; IFN-y, interferon-y; IBR, ibrutinib; IL, inter-
leukin; LPS, lipopolysaccharide; NPs, nanoparticles;
TAMs, tumor-associated macrophages; TIE2, tyrosine
kinase with immunoglobulin and epidermal growth
factor homology domain 2; TLR, toll-like receptor;
TME, tumor microenvironment.

tumor

BBB, the SPARC, and TfRs on the glioma cells, and the SPARC and
mannose receptors on macrophages [54]. This nanoparticle can pass
through the BBB via TfRs and SPARC, then it targets M2 by binding to
the SPARC and mannose receptors. This complex contains disulfir-
am/copper (DSF/Cu) complex and regorafenib, an oral multi-kinase
inhibitor. After penetration through BBB and targeted delivery to M2,
regorafenib modulates TAM polarization and DSF/Cu as a chemo-
therapy agent kills cancer cells and releases tumor-associated antigens,
in this way magnifying the effect of immunotherapy. The in vivo studies
have shown prolonged survival time compared with control groups.
After treatment the transition from M2 to M1, as well as Treg suppres-
sion and enhanced cytotoxic T lymphocyte (CTL) activation, was
observed, suggesting its underlying mechanisms. This dual-targeting
delivery system has shown preliminary success. In another study, He
et al. constructed dual-targeting nanoparticles modified with man-
nosylated carboxymethyl chitosan and hyaluronan and the results have
shown better delivery efficacy and higher immune responses [55]. To
further enhance their delivery efficacy and reduce the toxicity of
nanoparticles, Deng et al. prepared nature killer (NK) membrane
cloaked photosensitizer-loaded nanoparticles. The NK membrane en-
ables this nanoparticle to induce or enhance M1 polarization and has
unique properties such as prolonged retention time and low toxicity
[56].

Apart from modulation of TAM polarization, another strategy is to
inhibit the survival and function of TAMs. Qian et al. designed a novel
M2-like TAM dual-targeting nanoparticle (M2NP) containing a scav-
enger receptor B type 1 and M2pep (an M2 macrophage binding peptide)
[57]. Loaded with anti-colony stimulating factor-1 receptor small
interfering RNA (siRNA) on the M2NP, this nanocomplex has shown
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high affinity for TAMs than for other macrophages and specifically
blocks M2 survival signals. After administration of the M2NP, 52% of
M2 macrophages have been eliminated, accompanied by decreased
tumor sizes and increased survival rates. Moreover, increased levels of
immunostimulatory cytokines (IFN-y and IL-12) and reduced immuno-
suppressive cytokines (TGF-f and IL-10) have been observed. The results
have suggested the potential value of molecular-targeted cancer
immunotherapy. In addition, nanoparticles can deliver small-molecule
drugs to inhibit TAM function. Bruton’s tyrosine kinase (BTK) is over-
expressed on TAMs and promotes tumor progression, angiogenesis, and
immunosuppression [58]. Ibrutinib (IBR), an irreversible BTK inhibitor,
can diminish the contribution of TAMs to tumorigenesis, thus reversing
the immunosuppression established by TAMs. Therefore, IBR has shown
great potentials in cancer immunotherapy. However, as a small mole-
cule, IBR is rapidly excreted by the kidneys, which restricts its efficacy.
An efficient drug delivery system is required. Qiu et al. developed a
nanoplatform consisting of amphiphilic egg phosphatidylglycerol
(EPG), sialic acid (SA) and IBR (SA/IBR/EPG) [59]. With its amphiphilic
EPG structure, this nanoparticle has high IBR binding capacity and
prolonged circulation time. The SA has a high affinity for Siglec-1 which
is overexpressed on TAMs. After injection, the SA/IBR/EPG nanoparticle
was preferentially delivered IBR to TAMs through ligand-receptor
binding and regulated anti-tumor immunity. The results have shown
an increase in immunosupportive cytokines and a decline in tumor
volume.

Nanoparticles can be combined with other therapies to magnify
therapeutic effects and reduce toxicity. The studies of Zhao et al.
mentioned above used nanoparticles to specifically deliver a cytotoxic
drug to macrophages and the results have shown a successful combi-
nation of immunotherapy with chemotherapy [54]. In another study,
nanoparticles have shown their value in photodynamic therapy (PDT).
The anti-tumor effect of PDT which relies on photosensitizer (PS) agents
and tissue oxygen to produce reactive oxygen species (ROS) has been
greatly restricted by the hypoxic microenvironment. Ai et al. con-
structed a nanoplatform modified with PS, integrating manganese di-
oxide (MnO3) nanosheets and hyaluronic acid (HA) [60]. MnO; could
react with the overproduced H,02 in TME to produce large amounts of
oxygen, thus enhancing therapeutic effect of PDT. Moreover, thanks to
the HA this nanoparticle achieves TAM-targeted delivery and repro-
grams TAMs from an M2 to an M1 phenotype, inhibiting tumor relapse
after PDT therapy. These studies suggested that with delicate design
nanoparticles, when used as a carrier, could combine immunotherapy
with other therapeutic methods to achieve better outcomes.

Nanomedicine overcomes the obstacles of traditional TAM-targeted
therapies (e.g., nucleic acids and peptides), including short circulation
time, non-specific delivery and poor drug solubility [61,62]. Nonethe-
less, the origin and nature of TAMs remain unclear. Different macro-
phages, such as M1 or M2 phenotypes, locally proliferating or
systemically recruited TAMs, coexist in TME. The complex origin of
TAMs restricts the therapeutic efficacy, especially when using a strategy
aimed at inhibition of TAM survival. Moreover, despite some surface
markers on TAMs having been employed for the development of nano-
particles, they are also present on other cells. For example, mannose
receptor is also expressed on DCs [59,63]. However, with deeper un-
derstanding of TAMs, nanomedicine will bring new insights to cancer
immunotherapy.

4. Targeting cancer-associated fibroblasts

Fibroblasts regulate the structure and function of normal tissue by
synthesizing ECM and accelerate tissue repair [64]. Fibroblasts remain
constantly activated in cancer tissue where “wounds do not heal” and
these “activated” fibroblasts have been termed CAFs. They are the main
components of tumor stroma and play a crucial role in tumor progres-
sion and invasion with overexpressed levels of VEGF, alpha-smooth
muscle actin (a-SMA) and other pro-angiogenic factors that could
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promote tumor angiogenesis [65-70]. The increased expression of these
molecules was observed in almost all solid tumors but not in normal
tissue. CAFs produce the main components of ECM, including type I,
type III, and type V collagen and fibronectin. As the efficacy of tradi-
tional anti-tumor drugs, such as chemotherapeutic or immunomodula-
tory agents, has been restricted by the ECM barriers which limit the
diffusion of drugs [71], CAF-targeted nanoparticles used in remodeling
TME have attracted great attention (Table 1).

Extensive efforts have been devoted to the investigation of CAFs as a
potential therapeutic target. The first strategy is to regulate the forma-
tion of CAFs. Myofibroblasts, modulated fibroblasts that are character-
ized by their function of collagen contraction, could produce pro-
invasive molecules, promoting tumor invasion. Their formation relies
on TGF-p1 which initiates the ROS-dependent expression of a-SMA and
could be inhibited by antioxidants [72]. Alili et al. developed cerium
oxide nanoparticles (nanoceria) to injure tumor cells directly as well as
inhibit myofibroblast formation [73]. With Ce4+, nanoceria exerts
pro-oxidant effects. It can increase intracellular ROS and attack tumor
cells. Remarkably, the concentrations of nanoceria are non-toxic for
normal stromal cells, whereas they are toxic for tumor cells. Nanoceria
has shown unique properties such that, at non-toxic concentration, it
prevents the TGF-pl-initiated and ROS-triggered formation of myofi-
broblasts, thereby achieving CAF-targeted delivery. Reduced levels of
a-SMA expression were observed after injection of nanoceria, evincing
the inhibition of fibroblast-to-myofibroblast transition. Then they eval-
uated the effect of nanoceria on tumor invasive ability and the
nanoceria-treated group showed a 70% decrease in invasive capacity of
tumor cells. The results suggested nanoceria had dual functions in
cancer immunotherapy. Furthermore, they wondered whether the Fe304
nanoparticle, which has been reported to have cytotoxic effect on
mammalian cells, could be another therapeutic agent [74], so they
evaluated its influence on tumor and normal squamous cells. According
to in vitro studies, although Fe3O4 nanoparticles could decrease myofi-
broblast formation by reducing the expression of a-SMA and generating
ROS, they had a pro-invasive effect on squamous cells and may not be an
appropriate approach to tumor therapy. Pancreatic stellate cells (PSCs)
are the precursors of CAFs in pancreatic ductal adenocarcinoma.
Mardhian et al. designed a superparamagnetic iron oxide nanoparticle
modified with relaxin-2 [75]. Relaxin-2 inhibits TGF-p-induced PSC
differentiation by inhibiting pSmad2 signaling pathway. With relaxin-2,
this nanoparticle achieves targeted delivery and significant anti-tumor
effects in pancreatic tumor. Another strategy is using cytotoxic drugs
to destroy CAFs. Ji et al. developed nanoparticles with a cleavable
amphiphilic peptide (CAP) which could be specifically cleaved by
fibroblast activation protein (FAP) expressed on fibroblasts. In aqueous
solutions CAP monomers easily self-assembled due to their amphiphilic
properties, whereas in TME cleaved by FAP on CAFs they quickly
dissembled and released chemotherapeutic drugs, specifically killing
CAFs. This nanostructure with rapid enzymatic reaction could enhance
penetration distance and provide an efficient drug delivery system [76].
In another study a CAF-targeted nanoliposome encapsulating navitoclax
was developed [77]. It further linked with peptide FH, which binds to
tenascin C, a protein mainly expressed on CAFs. Navitoclax specifically
induces apoptosis of CAFs. After treatment, the percentages of CAFs
were 18% compared to 77% in controls. However, as certain subsets of
CAFs at certain stages of tumor progression are anti-tumorigenic [68],
complete eradication of CAFs may not be an ideal option.

Furthermore, several studies combine CAF-targeted therapy with
PDT. FAP which is overexpressed on CAFs has been thought to be a
promising target. Therefore, anti-FAP antibody and its humanized
version sibrotuzumab were investigated in clinical setting. However,
after preliminary studies, researchers found that the expression of FAP in
normal tissue could not be neglected [78]. The treatment of sibrotuzu-
mab has severe side effects. A more specific CAF-targeted delivery
approach is required. Zhen et al. developed a ferritin-nanoparticle
modified with a fibroblast-activation protein-specific single-chain
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variable fragment (scFv) and a PS [79]. With the scFv and PS this
nanoparticle can selectively home to CAFs and eradicate CAFs by
photo-irradiation. This nanoparticle-based photo-immunotherapy nav-
igates photodynamic injury to CAFs and enhances T cell infiltration.
Further studies demonstrated that this CAF-eradication therapy pro-
moted penetration of nanoparticles and other drugs [80]. Compared
with conventional PDT which often uses unspecific PS, nanomedicine
with unique properties can not only achieve simultaneous targeted de-
livery of two or more therapeutic drugs, but also magnify the effects of
immunotherapy and PDT.

Despite the evidence of CAFs acting as a barrier hindering anti-tumor
therapy, recent studies have revealed that, under certain circumstances,
certain subsets of CAFs have anti-tumor effects. Similar to TAMs, recent
studies have suggested quiescent fibroblasts might differentiate into
cancer-restraining (F1 subtype) and cancer-promoting (F2 subtype)
CAFs [81], which depends on the stage of tumorigenesis. Notably, it has
been found that the same pathway could have opposite functions during
tumor development, therefore precise modulation instead of complete
depletion of CAFs might be a more appropriate strategy.

5. Modulating tumor vasculature

Tumor vasculature has an abnormal appearance and impaired
functions [82]. The hypoxia in TME induces continued production of
pro-angiogenic molecules, such as VEGF and TGF-f [83-86]. The
imbalance between the pro-angiogenic and anti-angiogenic factors re-
sults in rapid but aberrant tumor vessel formation. These vessels are
tortuous, unevenly distributed, and have increased permeability due to
the detachment of pericytes which normally surround the endothelial
cells [87,88]. The increased permeability results in the leakiness of
proteins from vessels and thus increases interstitial fluid pressure (IFP)
in TME [89]. The elevated IFP compresses blood vessels and exacerbates
the hypoxic state thus creating a vicious cycle. Therefore aberrant
vasculature contributes greatly to the abnormality of TME. In addition,
the dysfunctional vessels restrict the infiltration of immune cells as well
as the efficient delivery of nanoparticles and therapeutic drugs [90].

The abnormal vasculature in TME obstructs the efficacy of tumor
therapy, so vascular normalization strategies might be a promising so-
lution. However, the therapeutic effects of anti-angiogenic therapy have
been obstructed by acquired resistance of the endothelium towards anti-
angiogenic drugs, for example, anti-VEGF therapy. After treatment
tumor cells increase the expression of other pro-angiogenic cytokines,
compensating for the inhibitory effects. Based on the hypothesis of
Rakesh K. Jain, anti-angiogenic therapy only transiently reverses
abnormal vessels, but does not simply destroy them. This transient
vasculature normalization was termed the “normalization window” [91,
92], which differs between various tumor types and tumor states. As the
main purpose of these vascular normalization strategies is to promote
other anti-tumor therapies, the “normalization window” is vital for
anti-tumor therapies. However, it is difficult in clinical practice to seize
the therapeutic window with precision. Nanoparticles, as an effective
drug delivery platform, can simultaneously deliver anti-angiogenic
drugs and other anti-tumor drugs to achieve optimal anti-tumor thera-
peutic effects, obviating the need to identify the therapeutic window.
Zhou et al. developed a polymeric nanoparticle system encapsulating
epidermal growth factor receptor (EGFR) inhibitor erlotinib and doxo-
rubicin. This nanoplatform targets tumor tissue via the EPR effect and
achieves a slow but sustained release of doxorubicin with the assistance
of erlotinib [93]. Treatment of anti-angiogenic drugs significantly
magnifies the effects of nanomedicine and chemotherapy [93,94].
Nanoparticles have significant advantages over traditional delivery
systems with improved drug stability, reduced non-specific toxicity and
high drug loading capacity. Du et al. developed a lipid derivative
nanoparticle modified with anti-angiogenic agents (low molecular
weight heparin (LMWH) and gemcitabine (Gem)) and cytotoxic drugs
paclitaxel [95]. LMWH inhibits the binding of VEGF to its receptors on

1980

Bioactive Materials 6 (2021) 1973-1987

endothelial cells and blocks the VEGF signaling pathway. Gem can
promote the normalization of tumor vessels in a metronomic manner, i.
e., administration of a low dose at a high frequency. After injection this
nanoplatform degraded in acidic TME and efficiently released Gem and
paclitaxel. Increased flow perfusion could be observed. The fluorescence
microscopic evaluation of tumor sections showed that in
nanoparticle-treated group the abnormal tumor blood vessels have
become regular during the normalization window. These vessels then
degraded and the density of blood vessels significantly decreased. A
recent study implied that, compared with anti-angiogenesis alone,
normalizing tumor vasculature and ECM simultaneously further
enhanced the efficacy of nanomedicine [96].

Apart from VEGF inhibitor, vasculature disrupting agents (VDAs) are
another class of drugs, which can disrupt existing tumor blood vessels,
leading to necrosis in the center of solid tumors because of reduced
blood supply. However, tumor cells in the periphery of solid tumors
where the influence of VDAs is limited could survive and migrate. This
drawback would be overcome when VDAs were combined with immu-
notherapy which can modulate the TME in the periphery of tumor. Seth
et al. designed PLGA nanoparticles loaded with VDA 5,6-dimethylxan-
thenone-4-acetic acid (DMXAA) and TLR7/8 agonist-gardiquimod
[97]. DMXAA can induce apoptosis of endothelial cells by TNF-a
mediated pathways [98]. Although both DMXAA and gardiquimod are
non-toxic to tumor cells, they have synergistic effects on tumor sup-
pression with gardiquimod activating immune responses through
MyD88 and nuclear factor kB (NF-kB) pathways and DMXAA releasing
necrotic particles, which as tumor antigens, magnify immune reactions.
The in vivo studies in a melanoma model have shown vasculature
disruption and increased APC, achieving 63.6% of the survival rate
compared with monotherapy of PLGA (18.1%) and DMXAA (9%). The
results revealed the value of this combinational therapy in treating solid
tumors. In addition, previous studies have demonstrated that copper
contributes to angiogenesis by promoting migration and invasion of
endothelial cells [99]. Zhou et al. used a copper chelator polymer to
construct nanoparticles loaded with resiquimod, a TLR7 and TLR8
agonist [100]. This system combined anti-angiogenesis with immuno-
therapy and had a synergistic anti-tumor effect in breast cancer mice
with smaller tumor size and slower tumor growth.

However, several issues must be addressed in anti-angiogenic ther-
apy. On the one hand, the development of anti-angiogenic drugs re-
quires a deep understanding of the mechanisms of tumor angiogenesis.
Therefore, more studies investigating the detailed mechanisms in
different tumor types at different periods during tumor progression are
needed. On the other hand, to achieve uniform distribution of nano-
particles in solid tumors remains an obstacle in nanomedicine. Notably,
nanomedicine itself benefits from anti-angiogenesis therapy, so the
combination of nanoparticles, anti-angiogenic drugs, and cytotoxic
drugs might be an ideal option.

6. Targeting tumor-draining lymph nodes

TdLNs are the first site of metastasis and abound with immunosup-
pressive factors, including Tregs and MDSCs [101-103]. TdLNs are
immuno-privileged where APCs and T cells are tolerized, contributed to
the immune escape of tumor [104]. Although they are immunosup-
pressive, they experience antigen priming during lymphatic drainage of
tumor-associated antigens (TAAs). Infiltrated with both tumor immune
suppressor and effector cells, tdLNs have a crucial role in generating and
regulating tumor-related immune responses (Fig. 3) [105]. Apart from
conventional surgical removal of tdLNs (sentinel lymph nodes), modu-
lation of their functions in tumor progression has aroused increasing
attention. As for nanomedicine, nanoparticles have been developed for
specific delivery to tdLNs and promote anti-tumor immune responses
(Table 1).

Particle size is closely associated with the lymphatic drainage of
nanoparticles and therapeutic efficacy of nanomedicine. Large particles
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could be trapped by ECM, prohibiting their further penetration. Small
particles, however, rapidly diffusing out of lymph nodes, have limited
effect on immune responses. Fifis et al. compared the effect of different
nanoparticles with sizes ranging from 0.02 to 2 pm on T cell activation.
Among them, solid core nano-beads conjugated with antigens with a
diameter of 40-50 nm have achieved 2 to 10-fold stronger responses
than other particles, producing high levels of IFN-y and antibodies
[106]. Muraoka et al. used an immunologically inert nanoparticle with a
synthetic long peptide antigen within hydrogel of cholesteryl pullulan,
with a diameter of 60 nm. It could be delivered to tdLNs via lymphatic
flow and engulfed by medullary macrophages without detection of other
immune cells. These macrophages then efficiently activated CD8" T cells
in the presence of TLRs. With high specificity, this immunologically
stealth nanoparticle provides a new strategy for development of a tumor
vaccine [107]. Similarly, the study of Kang et al. showed that the
optimal size of gold nanoparticles was 10-22 nm to induce maximum
immune responses [108]. Based on these studies, we conclude that
nanoparticles of medium size (10-100 nm) might be desirable. Small
particles (<10 nm) are subject to kidney clearance, whereas large par-
ticles (>100 nm) stimulate the reticuloendothelial system, thus rapidly
cleared by the immune system [109].

The applications of nanoparticles as anticancer vaccines in tumor
treatment have been extensively studied. These nanoparticles modified
with TAAs can target tdLNs by lymphatic drainage. TdLNs are immu-
nosuppressive but primed of TAAs. Jeanbart et al. wondered whether
vaccines targeting tdLNs would be more effective than targeting naive
non-tumor-draining lymph nodes [110]. They compared these two ap-
proaches in lymphoma and melanoma models. The results showed that,
although tdLNs are immunosuppressive, targeting tdLN vaccine could
induce a stronger immune reaction in response to TAAs in both models.
More CD8" T cells and a lower tumor volume were observed in groups
with TAAs delivered to tdLNs. These nanoparticles could promote CD8 ™"
T cell responses both locally and systemically and modulate the immu-
nosuppressive state in tdLNs by reducing the MDSCs and Tregs. There-
fore the antigen priming effect in tdLNs outweighs the
immunosuppression of tdLNs, suggesting the value of tdLNs as a target
in cancer immunotherapy. In addition, Kim et al. discovered that PLGA
nanoparticle loaded with TLR7/8 agonists can efficiently migrate to
tdLNs and trigger DC expansion and activation. After treatment the total
number of DCs and CD8" T cells increased 3-fold and 4.5-fold,
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Fig. 3. Graphic illustration of tdLNs and the function
of NPs in the tumor immunity. TdLNs abound with
both immunosupportive factors (e.g., DCs, T cells and
B cells) and immunosuppressive factors (e.g., Tregs,
MDSCs). TAAs are delivered to tdLNs via lymphatic
drainage. DCs recognize these antigens and present
them to T cells. The T cells produce IFN-y and activate
B cells to generate antibodies. These factors collec-
tively contribute to anti-tumor immunity. MDSCs and
Tregs inhibit the activation and function of T cells. (1)
NPs encapsulating TAAs efficiently target tdLNs via
lymphatic drainage. NPs with a medium size (10-100
nm) achieve maximum efficacy. (2) These TAAs then
activate DCs and significantly promote the following
T cell responses by antigen presentation or adjuvants.
The addition of TLR ligands in NPs significantly pro-
motes immune responses. (3) In addition, NPs with
CpG, the TLR9 ligand, can reduce the number of
MDSCs and Tregs. After exposure of CpG, DCs which
express TLR9 produce proinflammatory cytokines and
promote differentiation of MDSCs, blocking the inhi-
bition of MDSCs on T cell proliferation.; Abbrevia-
tions: Ab, antibodies; IFN-y, interferon-y; tdLNs,
tumor-draining lymph nodes; TAAs, tumor-
associated antigens; DCs, dendritic cells; MDSCs,
myeloid-derived suppressor cells; TLR, Toll-like re-
ceptor; Tregs, regulatory T cells; NPs, nanoparticles.

respectively. This robust and specific immune activation results in sig-
nificant prophylactic and therapeutic efficacy. The nanoparticle inhibits
primary and secondary tumor growth in melanoma and renal cell car-
cinoma models. Remarkably, this nanoparticle vaccine could reduce
systemic metastasis by inducing protective immunity [111]. Decorated
with TAAs, the cancer vaccine strategies achieve targeted delivery to
tdLNs and have shown promising results. However, the available TAAs,
the key components of vaccine, are limited for most cancers [112,113].
A specific TAA only induces limited immune responses and adjuvants
are needed to realize desirable outcomes, so a broad spectrum of TAAs is
required. Kang et al. designed a biomimetic “artificial necroptotic cancer
cell” system consisting of cancer membrane proteins, HSP70 peptide,
and a phosphate calcium core [114]. The cancer membrane proteins
present a wide range of TAAs, reducing immune escape of tumor cells.
Simultaneous delivery of TAAs and adjuvants to lymph nodes promotes
DC maturation and antigen presentation, activates NK cells, and induces
stronger cell immunity. This nanoplatform has shown prolonged reten-
tion time in tdLNs, enabling gradual and sustained release of TAAs. After
administration to mice B160VA melanoma models, the number of
metastasis nodules was reduced by 77%. Significantly, when combined
with checkpoint inhibitors anti-PD-1 it was declined by 89%, exhibited
significant tumor regression. Therefore this biomimetic nano-vaccine
has unique advantages and has shown a synergistic effect in combina-
tion with checkpoint inhibitors. In a recent study vaccines based on
whole-cell tumor antigens have been proposed [115]. Yu et al. devel-
oped a melittin-lipid nanoparticle (melittin-NP) without extra TAAs.
Melittin can destroy cell membrane and release the whole-tumor anti-
gens. With an optimal size of 20 nm, the melittin-NP was easily drained
to tdLNs, where it can exert its maximum immunomodulatory effect.
The results showed a 3.6-fold increase in CD8" T cell responses, along
with an inhibition rate of 95% and 92% in primary and distant tumor
growth, respectively. The whole-tumor antigens provide more antigenic
epitopes to generate a wide range of anti-tumor immunity.

7. Modulating hypoxic condition

The rapid growth of tumor cells and the distorted blood vessels result
in insufficient oxygen supply. The insufficient oxygenation in TME leads
to a hypoxic state which triggers a cascade of events that contribute to
tumor angiogenesis, tumor growth, and metastasis. Hypoxia induces
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immunosuppression in TME by upregulating expression of CCL22 and
CCL28 and accumulating MDSCs and Tregs [116-118]. Hypoxia also
facilitates the conversion of macrophages to pro-tumorigenic phenotype
M2 [119]. In addition, hypoxia promotes the secretion of immunosup-
pressive factors, such as VEGF and TGF-, and the expression of immune
checkpoint molecules such as PDL1 on tumor cells as well as T cell
immunoglobulin domain and mucin domain-3 (TIM-3) and CTLA4 on
MDSCs, TAMs, and Tregs [120-122]. Furthermore, the elevated levels of
anaerobic metabolites, such as adenosine and lactate, impair the func-
tions of CTL by affecting the production of IFN-y (Fig. 4) [123]. Apart
from immunosuppression, hypoxia is also responsible for therapeutic
resistance, especially to photodynamic therapy and radiotherapy, in
which the oxygen molecule is essential for tumor cell eradication [124].

Many studies have applied nanoparticles to relieve the hypoxic state
in combination with other therapies, including chemotherapy, photo-
dynamic therapy, and radiotherapy. Chen et al. designed pH/H20> dual-
responsive nanoparticles using albumin-coated MnO,. When pene-
trating the tumor, MnO,, reacted with HoO5 and H' to produce oxygen.
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By relieving the hypoxic state, they enhanced the therapeutic effects of
chemotherapy and photodynamic therapy [125]. Yang et al. fabricated
hollow MnO,, particles loaded with a PS chlorine e6 and a chemotherapy
drug doxorubicin [126]. Reacting with HoO», this nanoshell degraded in
an acidic environment and released oxygen and drugs. This nanoplat-
form can serve as an effective PDT agent even in the hypoxic state and
modulate the immunosuppressive TME by increasing CTL infiltration
and TNF-a excretion. This combinational therapy has shown to be most
effective compared with monotherapy in both in vivo and in vitro studies.
Similarly, Im et al. developed a hypoxia-responsive mesoporous silica
nanostructure that could transform under hypoxic conditions releasing
photodynamic agents, thereby promoting its penetration and magni-
fying the efficacy of photodynamic therapy [127]. In addition, nano-
particles can also enhance the efficacy of radiotherapy which is
restricted by limited energy accumulation within tumor sites and
hypoxia-associated resistance [128,129]. Apart from in-situ oxygen
generation, several studies used nanoparticles to deliver oxygen to TME
to relieve hypoxia [130,131]. Gao et al. designed a nanoscale

Fig. 4. The effect of hypoxia and the role of NPs in
tumor immunity. The hypoxic state in TME contrib-
utes to the immunosuppression in TME in multiple
ways. First, the elevated levels of anaerobic metabo-
lites, such as adenosine and lactate, impair the func-
tions of CTL by affecting the production of IFN-y.
Second, hypoxia promotes the accumulation of
immunosuppressive cells, such as MDSCs and Tregs,
and also facilitates the conversion of macrophages
from anti-tumorigenic phenotype TAM1 to pro-
tumorigenic TAM2. Finally, hypoxia promotes the
secretion of immunosuppressive factors, such as TGF-
p and VEGF. TGF-f is a crucial factor in the transition
of fibroblasts to CAF. VEGF promotes tumor angio-
genesis. The excessive production of VEGF leads to
the imbalance between the pro-angiogenic and anti-
angiogenic factors, which results in rapid but aber-
rant tumor vessel formation, further exacerbating the
hypoxic state in TME. (1) NPs modified with MnO,
react with H,O5 in TME and produce sufficient oxy-
gen. (2) Another strategy is that NPs loaded with
oxygen directly release oxygen in TME. PFC with
extremely high oxygen solubility has the ability to
load large amounts of oxygen. NPs encapsulating PFC
exhibit high oxygen binding capacity and release
oxygen in situ. (3) In addition, NPs with Ce** or RLX
can inhibit the formation of CAF. Ce*" prevents the
TGF-pl-initiated and ROS-triggered formation of
myofibroblasts which produce pro-invasive molecules
promoting tumor invasion. RLX inhibits the differen-
tiation of pancreatic stellate cells, the precursors of
CAFs, by inhibiting pSmad2 signaling pathway. (4)
NPs also can deliver cytotoxic drugs (such as
chemotherapeutic drugs or navitoclax) to directly
attack CAFs. Navitoclax, an inhibitor of Bcl-2, induces
apoptosis of CAFs. (5) NPs regulate abnormal tumor
vasculature by delivering VEGF inhibitor or VDA. The
VEGF inhibitor can suppress the binding of VEGF to
their receptors on endothelial cells and block the
VEGF signaling pathway, inhibiting tumor angiogen-
esis. VDAs disrupt existing tumor blood vessels by the
induction of endothelial cells apoptosis mediated by
TNFa.; Abbreviations: Bcl-2, B-cell lymphoma 2;
CAFs, cancer-associated fibroblasts; TAMs, tumor-
associated macrophages; CTL, cytotoxic T lympho-
cytes; VEGF, vascular endothelial growth factor;
MDSCs, myeloid-derived suppressor cells; TGF-f1,
transforming growth factor f1; TME, tumor micro-
environment; TNF-a, tumor necrosis factor alpha;
Tregs, regulatory T cells; NPs, nanoparticles; VDA,
vasculature disrupting agent; RLX, relaxin-2.
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red-blood-cell (RBC) system by encapsulating perfluorocarbon (PFC)
within PLGA, which is further coated with an RBC membrane [130].
PFC, with its extremely high oxygen solubility, can be loaded with large
amounts of oxygen. This nanoparticle exhibits a high oxygen binding
capacity and prolonged retention time. Due to its much smaller size, it
could easily leak from blood vessels and penetrate solid tumors where it
releases oxygen and reduces hypoxia in TME. This RBC-mimic system
has utilized the inherent ability of PFC, however, the release of oxygen
by diffusion alone may not be enough [132]. Song et al. developed a
PFC-loaded hollow BisSe3 nanoparticle. BisSes, an effective photo-
thermal agent, generates heat upon exposure to near-infrared laser
irradiation and the heat then increases the release of oxygen. This
nanoplatform realized efficient oxygen supply when exposed to
near-infrared irradiation [131]. In another study they developed poly-
ethylene glycol stabilized PFC nano-droplets with TaOx nanoparticles
[133]. PFC could gradually release oxygen destroying the hypoxic
environment, whereas TaOx nanoparticles, as a radiotherapy sensitizer
could absorb X-rays and concentrate energy within the tumors to attack
tumor cells. The tumor oxygenation increased 3-fold after injection of
nanoparticles and smaller hypoxic areas were found. Using this nano-
particle radiotherapy with lower radiation energy can achieve desirable
therapeutic effects with lower toxicity. Nanoparticles are also applied in
combination with PDT to enhance therapeutic effects, for example,
nanoscale metal-organic frameworks (nMOFs). The porous and ordered
structure of nMOFs with high-Z elements averts self-quenching of PS and
allows a higher probability for the secondary photons to interact with
other metal clusters, significantly enhancing the therapeutic effect of
PDT [134-137]. Nanoparticles used for TME modulation are non-toxic
by themselves, so their application in modulating TME to enhance the
therapeutic effects of other existing cancer therapies might be a better
option.

The change of the hypoxic state also affects other components in
TME. Hypoxia-inducible factor (HIF) which is secreted by TAMs is a key
molecule in signaling pathways and plays a critical role in maintaining
the hypoxic state and stimulating pro-tumorigenic events [138]. HIF is a
heterodimer with an Oj-regulated o subunit and a constitutively
expressed B subunit. In normoxic conditions, the HIF-la subunit is
widely expressed and degraded by O2 and iron-dependent enzymes
prolyl hydroxylases (PHDs) through the proteasomal pathway. However
in hypoxic conditions, as the iron compound bound to PHDs is chelated
and oxidized by ROS and NO, PHDs become inactive and thus HIF-1a
accumulates in TME [139,140]. After injection of a gold-manganese
oxide nanoparticle, the level of HIF-1a was shown to be significantly
decreased, indicating its potential in relieving hypoxia. The decline in
the levels of TNF-a and IL-10 along with the increase in IL-12 suggested
the improved TME might repolarize macrophages to M1 [141]. This
implied that nanoparticles might be able to transform the immunosup-
pressive TME to an immunosupportive state by relieving hypoxia.

The hypoxic environment promotes glycolysis which produces a
significant amount of lactate and results in an acidic microenvironment
(pH 6.5-6.8). This small pH drop is enough to change the properties of
the functional groups, among which the most liable groups including
tertiary amine-, histidine- and sulfonamide-containing groups. In addi-
tion, the changes in pH might destroy the pH-sensitive linkages and
change their structures [142]. These nanoparticles are inactivated in
blood circulation but once triggered by the acidic environment, they
promptly convert to an activated state and release drugs. These
pH-responsive drug delivery systems have been widely investigated and
have shown preliminary success in enhancing therapeutic effects and
reducing drug resistance [143-146]. Notably, in a recent study an
ultra-pH-sensitive nanoparticle (UPS-NP) has been developed. The
UPS-NP responds to a minor pH change (<0.3 pH units) and exhibits an
“all-or-nothing™ protonation cooperativity during micelle assembly or
disassembly. This unique property enables instant and pH-triggered
drug release in acidic sites, such as TME [147]. Therefore nano-
particles with delicate design respond to the pH change in TME and
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achieve specific tumor therapy and tumor detection.

It has been found that positively charged nanoparticles are more
easily internalized due to the negatively charged cell membrane,
whereas they often experience more rapid clearance owing to stronger
interactions with serum. Du et al. designed an amino-functionalized
nanogel with negative-to-positive charge conversion property [148].
This nanogel remains stable under neutral and alkali conditions, but at
acidic pH the amide bond is immediately cleaved and the nanogel ex-
poses positively charged amino groups. This charge conversion pro-
motes the internalization of nanoparticles and drug delivery. The
following studies also indicated this charge conversion system enhanced
the cellular uptake of nanoparticles in tumor cells [149,150]. Similarly,
Wang et al. designed upconversion nanoparticles with charge conver-
sion in response to change in pH. At pH 6.8 they obtained a positive
surface charge, which could promote cellular uptake of the nano-
particles and enhance the PDT efficacy [151]. In addition,
pH-responsive size-switchable or dissociable nanoparticles were devel-
oped [152,153]. The diameter of nanoparticles was found to be closely
associated with their blood circulation time and the depth of penetration
in tumor tissue. Small nanocargos could efficiently diffuse into tumor,
whereas they tend to be rapidly excreted by the kidneys, so the
size-switchable nanoparticles might be an ideal option. Li et al. devel-
oped N-(2-hydroxypropyl) methacrylamide (HPMA) polymer-based
nanovehicles which realized stepwise size reduction in response to the
change in pH to deliver chemotherapeutic drugs to the nucleus [153].
Apart from organic nanoparticles, the inorganic nanostructures also
seem promising. Recent studies have shown that calcium carbonate
(CaCOs) nanoparticles are sensitive to slight pH change and are capable
of drug loading [154-156]. In addition, amorphous iron nanoparticles
can induce the Fenton reaction with Hy05 at weakly acidic pH and
produce hydroxyl groups to attack tumor cells [157,158]. One of the
major advantages of nanoparticles is that they can be delicately
designed to optimize their size, charge or material to meet different
requirements during drug delivery.

8. Conclusions and perspectives

In recent years, the rapid development of nanomedicine has offered
new insights to cancer immunotherapy. Nanoparticles have yielded
advantages over traditional drug delivery systems. First, the most
obvious advantage of nanoparticles is their tunability such that they can
be designed to various sizes, shapes and functions. They can be modified
with targeting molecules or loaded with various drugs, thus achieving
targeted delivery and simultaneous delivery of therapeutic agents.
Second, they tend to accumulate in tumor much more than in normal
tissue because of the leaky tumor vasculature and damaged lymphatic
drainage, i.e., the EPR effect, which significantly increases the accu-
mulation of drugs in tumor and reduces off-target effects. Finally, the
release of drugs at a precise place during a precise period is required
considering the complexity of TME during tumor development. With
unique properties, nanoparticles can protect the degradation or aggre-
gation of drugs and in response to specific stimuli (e.g., pH, hypoxia, or
H,05) they release drugs in a spatio-temporal manner. In this review we
summarized how nanoparticles act as an efficient drug delivery system
when modified with various ligands that could specifically target com-
ponents in TME, including DCs, macrophages, fibroblasts, tumor
vasculature, tdLNs and the hypoxic state. Moreover, nanoparticles could
influence the aberrant structures and functions of TME, thus reducing
the development of drug resistance and magnifying the therapeutic ef-
fects of chemotherapy, radiotherapy, and photodynamic therapy.

There are, however, several challenges to be faced en route to the
translation of nanomedicine to clinical practice. First, the limitations of
nanoparticles in cancer immunotherapy are largely attributed to the
limited knowledge of immune network during tumorigenesis. The innate
and adaptive immunity consists a complex network, so the influence of
depletion or inhibition of one component on the whole network remains
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unclear. Especially for those targeted therapies, the inhibition of one or
several components might be compensated by upregulation of other
pathways. Second, there are individual variations in the therapeutic
effects of nanomedicine. Considering the heterogeneity of the structure
in different tumors, the responses of different tumors to the same ther-
apy are quite different, mainly due to the different tumor vasculature. In
addition, there are several concerns about the potential risks of nano-
particles. First, the major concern is the potential immunogenicity.
Nanoparticles themselves can be antigenic. The immune responses to-
wards nanoparticles would accelerate their clearance, thus limiting their
efficacy. Moreover, robust activation of immunity can result in serious
complications, such as hemolysis and thrombogenesis [159]. Second,
the TME-modulation strategies which partially change the structure of
TME and reverse the immunosuppressive microenvironment to an
immunosupportive one incur potential risks related to promotion of
tumor metastasis, so the long-term effects of TME-modulation strategy
should be further investigated. Finally, the current toxicity assays for
nanoparticles are immature. Given the fact that the physico-chemical
properties of nanoparticles could change upon reaction with other bio-
logical substances in body, their final forms should be carefully evalu-
ated. Therefore, great efforts are still needed to optimize the size, shape,
ligands, and other properties and to assess the potential risks of nano-
particles before they can be translated to clinical practice. With deeper
knowledge of cancer immunology and nanomedicine, nanoparticles will
revolutionize cancer immunotherapy in the near future.
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