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Tumor immune microenvironment modulation-
based drug delivery strategies for cancer
immunotherapy

Shuyan Han,? Keqing Huang,? Zhipeng Gu*® and Jun Wu (& *?

The past years have witnessed promising clinical feedback for anti-cancer immunotherapies, which have
become one of the hot research topics; however, they are limited by poor delivery kinetics, narrow patient
response profiles, and systemic side effects. To the best of our knowledge, the development of cancer is
highly associated with the immune system, especially the tumor immune microenvironment (TIME). Based
on the comprehensive understanding of the complexity and diversity of TIME, drug delivery strategies
focused on the modulation of TIME can be of great significance for directing and improving cancer immu-
notherapy. This review highlights the TIME modulation in cancer immunotherapy and summarizes the ver-
satile TIME modulation-based cancer immunotherapeutic strategies, medicative principles and accessory
biotechniques for further clinical transformation. Remarkably, the recent advances of cancer immunothera-
peutic drug delivery systems and future prospects of TIME modulation-based drug delivery systems for
much more controlled and precise cancer immunotherapy will be emphatically discussed.

cancer survivors. Tumor-promoting inflammation and the
suppression of antitumor immunity are gradually being rea-

Cancer is one of the major diseases threatening public health
worldwide although some advanced early diagnosis and clini-
cal treatments have significantly increased the number of
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lized as the impetus of cancer genesis and progression.’
Thus, cancer immunotherapy is now developing as the fourth
most important cancer therapy modality after surgery, radio-
therapy and chemotherapy for precise and efficient cancer
treatment.” Different from conventional cancer treatment
strategies to directly suppress the malignant growth of tumor
cells, cancer immunotherapy intends to actively or passively
impact the immune system for attacking and finally eliminat-
ing targeting cancer cells through natural innate or adaptive
mechanisms.® Several strategies and techniques for cancer
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immunotherapy have already emerged and gradually become
mature, mainly involving the following aspects: (1) appli-
cations of immunomodulatory molecules or engineered
immune cells, typically some cytokines or chemokines and
modified immune cells (such as CAR-T cells).%® These
exogenous factors and cells can be equipped with the ability
to participate in and control the immune environment to
achieve immunotherapy. (2) Stimulations from immune
drugs (such as antigen and adjuvant-derived cancer vaccines)
to reactivate self-regulation of the immune system.® Cancer
immunotherapy aims to manage and operate the body’s own
immune system to target tumor sites and eradicate cancer
cells without large physical trauma and normal tissue
destruction. Besides, clinical trials for systematic diseases or
metastatic cancers have also been developed, proving the
attractive potential of immunotherapy.”

Despite the many remarkable advantages accompanied
with satisfactory therapeutic efficacy achieved, there still exist
clinical failures and obstacles in cancer immunotherapy. For
example, the delivery kinetics is limited and thus, countless
patients with different tumor types have experienced minimal
or even no clinical success.® Therefore, the comprehensive
understanding of diversity, variety and complexity of the
tumor immune microenvironment (TIME) and the relation-
ship between its regulatory mechanism and treatment
modality is of great significance. Compared to the general
tumor microenvironment (TME)-responsive tumor targeting
therapy, it is supposed that profound TIME-modulatory strat-
egies focusing more on the immune conditions within the
patient’s tumor are able to enhance the therapeutic effect of
cancer immunotherapy to a greater extent. The ultimate
purpose of tumor immunotherapy directed at TIME modu-
lation is to deliberately achieve optimized immune attack or
defence towards cancerous sites based on delivering tra-
ditional immunotherapeutic agents, improving the bio-
availability of immune drugs and reducing various side
effects in immunotherapy, thus overcoming the dilemma of
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clinical cancer treatment tolerance caused by immunosup-
pression and immune escape in the TIME. A variety of bio-
material-derived drug delivery systems have shown unpre-
cedented potency in TIME control and tumor immunother-
apy due to their excellent physiochemical and biological
characteristics. With the assistance of biomaterial supports,
pharmaceuticals can be readily targeted to the TIME and gain
protection by carrier materials for beneficial immune regu-
lation.® Moreover, diverse drug delivery systems with tunable
physiochemical properties (e.g. size, shape, and surface per-
formance) or multiple functions can also be exquisitely
designed and constructed to promote inhibitory or stimu-
latory actions towards the immune system and even generate
synergistic effects for combined cancer immunotherapy.'®"!
The last few years have witnessed a variety of efficient and
multifunctional TIME modulation-based drug delivery
systems for immunotherapy based on different adminis-
tration methods, and subsequently developed with distinct
therapeutic trial achievements."”

This review will briefly introduce the TIME first to show
the importance of the TIME towards cancer immunotherapy.
In the past decades, a series of promising target sites in
TIME and relevant immune regulation mechanisms have
been discovered and explored, establishing a solid foun-
dation for rationality and feasibility of cancer immunother-
apy. The second section will summarize the versatile TIME
modulation-based cancer immunotherapeutic strategies,
medicative principles and accessory biotechniques sub-
sequently designed or invented together with higher speci-
ficity and lower biotoxicity for further clinical transformation.
Finally, the recent advances of cancer immunotherapeutic
drug delivery systems will be categorized into mainly nano-
scale and microscale carriers with some macroscale systems
mentioned. Finally, the prospects and future concern of
TIME modulation-based drug delivery systems for much more
controlled and precise cancer immunotherapy will be high-
lighted and discussed (Fig. 1).
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Fig. 1 Overview of the biomaterials for TIME modulation-based immu-
notherapy and the cycle of cancer and immunity.

Tumor immune microenvironment

As a major scientific breakthrough over the years, tumor
immunotherapy has become the most promising cancer treat-
ment."”> However, clinical studies have shown that a large
number of patients are not sensitive to immunotherapy, which
has been proved to be related to the heterogeneity of the
TME." In the process of tumor development, the TME inter-
acting with tumor cells can lead to the immune tolerance of
tumors, thus affecting the clinical effect of immunotherapy
and becoming the focus of cancer research."® Besides tumor
cells, the TME consists of immune cells, cancer-associated
fibroblasts (CAFs), extracellular matrix (ECM) and signaling
molecules, which can be roughly divided into nonimmune
components and immune components. The immune com-
ponents are mainly based on different types of immune cells
and constitute the TIME."® In this section, the typical immune
cells existing in the TIME, the classification of TIME and the
functions and significance of TIME modulation are discussed.

Typical cellular components of TIME

In the TIME, the immune cells infiltrate and secrete inflamma-
tory cytokines, forming the highly heterogeneous inflamma-
tory microenvironment. The components of immune cells are
complex and diverse, including T lymphocytes and B lympho-
cytes from the adaptive immune system, as well as macro-
phages, natural killer (NK) cells and dendritic cells (DCs)
belonging to the innate immune system.

T lymphocytes. T cells play a pivotal role in the immune
response as a crucial type of lymphocyte developed in the
thymus gland with various immune-associated functions. The
primed CD8+ T cells with the cardinal interactions among
DCs, NK cells and CD4+ T cells can be activated to form
effector cytotoxic T lymphocytes (CTLs), which can release
granules or induct Fas ligand (FasL)-mediated apoptosis to kill
cancer cells with the presence of major histocompatibility
complex (MHC) class I molecules.'” However, by the regulatory
cells recruitment, such as regulatory T cells (Tregs), and the
production of molecules such as interleukin (IL)-10 and trans-
forming growth factor-f (TGF-B) to suppress antitumor T cell
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responses, tumors can escape detection, and thus lead to an
immunosuppressive microenvironment and destroy the T cell
responses.'® 2% Remarkably, as a subset of CD4+ T lympho-
cytes, Tregs with the expression of IL-2 receptor (CD25), cyto-
toxic T lymphocyte antigen-4 (CTLA-4), and forkhead Box P3
(Foxp3), can lead to immunosuppression by inhibiting the pro-
liferation and differentiation of T cells, blocking antigen pres-
entation and even directly mediating the death of targeted
cells.>* By enhancing co-inhibitory molecules or immune
checkpoints on T cells, such as CTLA-4 and programmed cell
death-1 (PD-1), T-cell response modulation can even be ben-
eficial to tumor growth.>**® Recent research focused on block-
ing T cell exhaustion, enhancing the specific immune
responses of T cells, reversing these changes and preventing
naive CD4+ T cells from being recruited to tumor sites and
transformed into induced Tregs (iTregs).>* "

Macrophages. Macrophages infiltrate inflamed tissues and
are developed from bone marrow mononuclear precursor,
which move to various tissues and are activated by stimulation
signals into different subsets with different functions.’**?
Remarkably, macrophages recruited by local tumors, which are
often referred to tumor-associated macrophages (TAMs) and
provide functionalities similar to M2 macrophages, can con-
tribute to the malignant progression of tumors.>® TAMs can
secrete factors such as basic fibroblast growth factor (bFGF),
vascular endothelial growth factor A (VEGF-A), urokinase-type
plasminogen activator (uPA) and adrenomedullin (ADM), bene-
fiting tumor angiogenesis, invasion and metastasis.>**® The
interaction between TAMs and tumor cells form a vicious
cycle, accelerating tumor metastasis.’” Increasing clinical
studies have confirmed that the poor prognosis in cancer
patients may be associated with TAM infiltration.**™*°
However, in view of the anti-tumor immune function of
M1 macrophages and the plasticity of macrophages, reversing
the transformation of TAM from M2 to M1 phenotype has
great potential for enhancing tumor immunotherapy.*™** In
addition, blocking the recruitment of TAMs in tumors can also
be expected to become a new target for future tumor
treatment.

Other cells. With their fantastic as ability antigen presenting
cells, DCs have been recognized as a key factor in antitumor
immunity.***> DCs can sample the microenvironment to
provide antigens and co-stimulatory signals for the adaptive
immune system.*® However, DCs possess large defects, which
may even contribute to tumor immune suppression, although
they have good potential to promote antitumor responses.*”"*®
As cytotoxic immune cells, NK cells with a complex pattern of
receptors kill a broad range of cancer cells, together with the
release  of cytotoxic perforin and  granzymes.**"?
Unfortunately, tumor cells can also downregulate NK cells,
activate receptors and shed NK cell activating ligands
(NKARLS) to develop immune evasion, which are also associ-
ated with tumor metastasis.”* Myeloid-derived suppressor cells
(MDSCs) are a group of cells with immunosuppressive func-
tions, including myeloid progenitor cells and immature
myeloid cells, which can inhibit T cell responses.>® A variety of
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cytokines produced by tumor cells can induce proliferation
and mediate the immunosuppressive effects of MDSCs, such
as selective cyclooxygenase-2 (COX2), IL-6, granulocyte macro-
phage colony stimulating factor (GM-CSF), and VEGE.>®*
Studies have also found that MDSCs can secrete IL-1f and
tumor necrosis factor-o (TNF-a) to promote tumor cell prolifer-
ation by activating the mammalian target of the rapamycin
(mTOR) signaling pathway.®>®® Mast cells (MCs), as immune
cells derived from bone marrow hematopoietic progenitor
cells, are widely distributed in the human body.®**® MCs
under pathological conditions release a variety of growth
factors such as fibroblast growth factor-2 (FGF-2), VEGF and
TGF-p to promote tumor angiogenesis, affecting tumor inva-
sion and metastasis.®” Studies have confirmed that tumor cells
expressing stem cell factor (SCF) can recruit MCs to the
primary tumor site and promote the development of early
stage tumor by releasing regulatory factors such as matrix
metalloproteinase 9 (MMP9) and VEGF.*® Remarkably, MCs
can also interact with MDSCs to enhance the immunosuppres-
sion of MDSCs and synergistically release cytokines such as
IL-6, 1L-13, TNF-o and macrophage inflammatory protein la
(MIP-1a).°>”° In addition, the cells in TIME possess cell-cell
interactions with not only tumor cells but also cells such as
CAFs found around the tumor sites, which can promote the
growth and of tumor cells by various
mechanisms.”*

invasiveness

Classification of TIME

Thus far, with the development of immunotherapy, a lot of
work has been focused on the measurement of TIME and a
large amount of information collected, making the classifi-
cation of TIME possible.”>””® Overall, the TIME can be broadly
classified into three types based on the immune infiltrate com-
position and the inflammatory response”’”””® (Fig. 2).
Infiltrated-excluded TIMEs (I-E TIME). I-E TIMEs refer to
the TIMEs with a large number of immune cells but lack of
CTLs infiltrating into the core site of the tumor.”*®" CTLs are
mainly localized along the margin of tumor cells or stuck in
fibrotic nests, expressing less activation markers GZMB (GRZB)
IFNG.*' Meanwhile, Ly6Clo F4/80 TAMs can be observed along
the tumor margins and be deemed to have an effect on pre-
venting CTL from infiltrating into the core site of the tumor.*?
Tumors with I-E TIMEs are considered to be in a state of
immunological ignorance with poor immunogenicity, which is
immunologically ‘cold’ tumors, suggesting by the lack
expression of activation-marker and exclusion of CTL infiltra-
tion.** Thus far, I-E TIMEs have been frequently found in
various epithelial cancers, such as melanoma, pancreatic
ductal adenocarcinoma, and colorectal carcinoma.?**
Infiltrated-inflamed TIME (I-I TIME). Oppositely, immuno-
logically ‘hot’ tumors with high infiltration of CTLs are
referred to as infiltrated-inflamed TIMEs.*® The tumor cells
express the immune-dampening PD-1 ligand PD-L1, while the
infiltrated CTLs express PD-1.*” For example, patients with
microsatellite instability-high (MSI-H), a subset of colorectal
cancer (CRC), have prominently higher responses to immune
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Fig. 2 Tumor microenvironment (TME) and the classes of tumor
immune microenvironment (TIME) including infiltrated-excluded TIME
(I-E TIME), infiltrated-inflamed TIME (I-I TIME) and TIME with tertiary
lymphoid structures (TLS-TIME).

checkpoint blockers (ICBs) than those with microsatellite
instability low (MSI-L) or microsatellite stable (MSS) since the
tumors of MSI-H possess nonsynonymous single-nucleotide
polymorphisms in a higher rate, resulting in an increase in the
number of tumor-infiltrating PD-1+ CTLs and neoepitopes.”’

TIME with tertiary lymphoid structures (TLS-TIME). As a
subclass of I-1 TIMEs, TLS-TIMEs can be characterized by ter-
tiary lymphoid structures (TLSs) as significant histological evi-
dence.®® The cellular composition of lymphoid aggregates in
TLS-TIMEs is similar to that in lymph nodes (LNs). TLSs in
TLS-TIMEs contain lymphocytes including conventional T
cells, Treg cells, B cells and DCs, and tend to a positive progno-
sis most of the time.*”°° TLSs are mostly observed at the
margin or stroma of invasive tumors, and are considered as
sites for immune activation.”® The TLS-TIMEs usually form
with the efforts of enhanced inflammation, such as treatment
with autologous tumor vaccines.

Functions and significance of TIME modulation

The TIME classification represents the immune composition
and status in the tumor. Thus, determining which anti-tumor
immunodeficiency is dominant in each patient can play a key
role in clinical cancer treatment. The in-depth study of the
TIME development and the relationship between TIME and
tumors, monitoring the characteristic changes in the TIME
and identifying specific relevant indicators in TIME modu-
lation can benefit the early detection of tumors, the choice of
treatment strategies and even prognosis analysis for
patients.”””°> Moreover, the classifications of TIME can
enhance the understanding of how mutation load, oncogenes,
and different tumor types affect the establishment and main-
tenance of specific immune compositions. Obviously, using

This journal is © The Royal Society of Chemistry 2020
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the same strategy for all cancer patients will be inefficient,
expensive and wasteful. For example, targeting a local immu-
nosuppressive pathway such as the B7 homolog 1 (B7-H1)/PD-1
pathway as a monotherapy in a patient with a cancer that lacks
immune infiltration may be meaningless. Further investigation
of TIME can help to develop new immune targets and give
appropriate medication strategies for patient with specific
TIME types, even resetting TIME, from the initial highly inhibi-
tory TIME to a highly active site of inflammation, or normal-
ized the immunization in the tumor site, thereby effectively
treating cancer.

At the same time, increasing studies indicate that the
current studies of inferring the state of T cells or macrophages
with only one or two proteins will likely miss important infor-
mation.”® For a better guiding significance with TIME in
cancer treatment, it is necessary to conduct more in-depth and
comprehensive monitoring of the dynamic changes of each
component in the TIME and a thorough investigation of the
interaction between the TIME component and other tumor-
associated components. At the same time, due to the impor-
tance of TIME components and immune biomarkers in deter-
mining prognosis and response to treatment, TIME and
immune scores should be included in the part of clinical
assessment, which may bring significant breakthroughs in
cancer treatment.”

Drug or drug delivery systems
participating in TIME modulation
Immunotherapy drugs for TIME modulation

Immunotherapy has established new paradigms for the man-
agement and treatment of diseases, leading to lots of break-
throughs in clinic, especially for cancer treatment. The key of
immunotherapy is to take advantage of the immune micro-
environment to eliminate diseased cells or protect healthy
cells through numerous coordinated pathways, resulting in
enhanced or normalized immune responses, thus curing the
disease and rebuilding tissues.”® Cancer immunotherapy is a
form of emerging cancer treatment that takes advantage of
the immune system to prevent and eliminate cancer. Different
types of cancer immunotherapy, including targeted anti-
bodies, cancer vaccines, adoptive cell transfer (ACT), tumor-
infecting viruses, checkpoint inhibitors, cytokines, and adju-
vants, focus on the different parts of TIME, following the
same goal to eliminate cancer.”®®® Immunomodulators are
molecules acting on a pathway to regulate the activity of the
immune system. The immunomodulators can be broadly
classified into four categories: checkpoint inhibitors, cyto-
kines, agonists, and adjuvants. The role of checkpoint inhibi-
tors is to block immune checkpoints, referred to the
“braking” of the immune system, which are often manipu-
lated by tumors to suppress the immune response and protect
tumor tissues.”® Thus, checkpoint inhibitors can unleash new
immune responses and enhance existing responses to
promote the elimination of cancer cells. For example, the
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PD-1/PD-L1 immunological checkpoint pathway can shut
down T cells that target cancer, while a checkpoint inhibitor
blocking the PD-1/PD-L1 pathway can reflash T cells to elimin-
ate cancer cells. The checkpoint inhibitors are probably the
most widely known and most successful immunomodulators
ever developed.'”™'°® Targeted antibodies are a form of
cancer immunotherapy that can destroy cancer cell activity
and regulate the TIME to target and eliminate cancer cells.®”
Once antibodies bind to cancer cells, they destroy pathways
that are important for tumor cells, such as those that allow
tumor cells to grow uncontrollably. These antibodies can also
regulate related immune cells in the TIME to eliminate cancer
cells. Targeting antibodies can be divided into three types:
monoclonal antibodies (mAbs), antibody-drug conjugates
(ADCs), and bispecific antibodies.'®”"'*® The first bispecific
antibody, binatumomab, was approved by the FDA in 2014 for
a subgroup of leukemia patients. Blinatumomab is known as
the bispecific T cell conjugate (BiTE) because it is designed to
bind cancer cells as well as T cells, which can make T cells
move close to cancer cells and subsequently eliminate cancer
cells.""" Cancer vaccines can enhance the recognition of
tumor cells by relevant immune cells at the TIME, and thus
increase the elimination of tumor cells."**'"* The cancer vac-
cines developed thus far can be divided into preventive cancer
vaccines, therapeutic cancer vaccines and personalized neoan-
tigen vaccines. Preventive vaccines play an important role in
reducing the risk of infection. For example, cervical cancer
and head and neck cancer can be caused by human papillo-
mavirus (HPV), while liver cancer can be caused by the hepa-
titis B virus or HBV. Several vaccines have been developed to
prevent HBV and HPV infection, and thus prevent related
cancers.'*''? The therapeutic cancer vaccine, sipuleucel-T
vaccine, was developed and approved by the FDA in 2010 for
the treatment of patients with advanced prostate cancer.''”
Meanwhile, adoptive cell therapy (or cell immunotherapy) is
become a promising treatment that eliminates cancer by
increasing the amount or enhancing the anti-cancer ability of
natural immune cells."*>'*" Adoptive cell therapies are pri-
marily involved in tumor-infiltrating lymphocyte (TIL) therapy,
engineered T cell receptor (TCR) therapy, CAR-T cell therapy,
and NK cell therapy.'*""*° Moreover, oncolytic virus therapy is
an immunotherapy that uses a virus to infect and destroy
cancer cells."*" The FDA approved the first oncolytic virus
immunotherapy to treat melanoma in 2015."*> The various
cancer immunotherapies and related drugs for various cancer
types can be found in Table 1.

Despite these advances, immunotherapy used in clinic is
still limited to a small number of diseases with off-target tox-
icity, unpredictable efficacy and lack of durability."*®> These
challenges make improving the existing immunotherapy by
gene editing, cell manufacturing, and materials engineering
necessary.”> Among them, a specific drug delivery system
combined with proper designed materials and biotechniques
can be one of most effective and economical options to
improve the effectiveness of cancer immunotherapy with
promising potential for further clinical transformation.*>
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Drug delivery systems for TIME modulation

A variety of drug delivery platforms have been developed to
take advantage of the characteristics and overcome the
deficiencies of immunotherapeutic drugs, including nano-
particles (NPs), implants, biomaterial- and cell-based plat-
forms, for better therapeutic effect. Drug delivery vehicles can
help to solve the problem of drug delivery and off-target side
effects in various immunotherapies, expanding immunomodu-
lation, integrating the synergy of different molecules, and
helping with homing and manipulating immune cells.

Different drug delivery strategies can be used with different
cancer immunotherapy strategies for the optimal therapeutic
effect.’*® For immunomodulators, biomaterial scaffolds can
load cytokines, antigens and adjuvants to recruit and sub-
sequently program specific cells. For porous biomaterial
scaffolds, a good balance between pore size suitable for drug
loading and cell interaction, release kinetics of immunomodu-
lators, and degradability of biomaterial scaffolds is important.
Among the numerous drug delivery platforms, nanomaterials
improve the stability, pharmacokinetics, and tumor accumu-
lation of checkpoint inhibitors, potentially leading to an
enhanced anti-tumor effect with reduced systemic side effects.
Meanwhile, delivery systems with different nanomaterials can
also be beneficial to the therapeutic effect of traditional
chemotherapy, radiation therapy and even combination thera-
pies besides checkpoint block therapy. In the case of cancer
vaccines, the drug accumulation in LNs can be enhanced in
the presence of nanomaterials, which can also improve CTL
and humoral responses by delivering them to DCs with con-
trolled release. For nanomaterials as vehicles, their compo-
sition, size and even surface properties are important. With
ideal nanomaterials, cancer vaccines will exhibit excellent bio-
compatibility with proper stability, optimal accumulation and
retention in LN, as well as effective DC uptake. For adoptive
cell therapy, biological materials are often used to accelerate
cell proliferation and improve cell viability to minimize treat-
ment time and save cost, while maintaining or even enhan-
cing T cell functionality. Meanwhile, the same cancer immu-
notherapy strategy can be performed with different drug
delivery strategies, leading to different therapeutic effects.
For example, designing nanoparticles to directly target
cancer surface receptors can improve the retention of nano-
particles in tumors, while local delivery using injectable
materials or implantable scaffolds can achieve higher drug
accumulation.™”

Different routes of administration also affect the ultimate
therapeutic efficacy, which require consideration of not only
the TIME in the tumor, but also the actual operability and con-
vertibility. Even in the same delivery strategy, the type of
material, the size of the drug carrier, and the surface physico-
chemical characteristics (surface structure, charged charge,
etc.) can have effects on the delivery of the drugs.

Overall, nanoscale materials are expected to improve the
mechanisms by which immunomodulatory payloads are tar-
geted and infiltrated into specific tissues. Microscale materials
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can promote the transport mediated by artificial antigen pre-
senting cells. Meanwhile, macroscale materials tend to form
an artificial microenvironment that promotes the infiltration
of cells and immunotherapeutic drugs to exert therapeutic
effects. Moreover, the same material may show different
immunomodulatory effects at different sizes. For example,
polycaprolactone (PCL), a types of synthetic polyester, can be
naturally degraded via ester bond hydrolysis under physiologi-
cal conditions.”*® PCL with nanoporous features has been
proved to increase the in vivo inflammation in fiber cap-
sules.”® Study also shown that PCL with a small nanoparticle
size can lead to the increased expression of IL-10 and IL-12 in
macrophages, while larger PCL particles do not.'*®* Meanwhile,
poly(lactic-co-glycolic acid) (PLGA) is a biodegradable polymer
with mechanical strength and biocompatibility is widely used
as a drug delivery material."*® However, the by-products of
PLGA degradation (lactic acid and glycolic acid) reduce the pH
of surrounding tissues and cause pro-inflammatory effects.
PLGA microparticles have been proven to up-regulate TNF-a
and IL-1p in macrophages, indicating a pro-inflammatory state,
while PLGA nanoparticles do not induce any of these
effects."*" Furthermore, the molecular weight of a material
also affects its immune response of materials. For example,
DCs treated with low molecular weight (MW) PLGA nano-
particles would be in an immunosuppressive phenotype, pre-
sumably caused by the release of immunosuppressive lactic
acid."** Hyaluronic acid (HA) is a particulate coating material
widely utilized in cancer treatment due to its capability to
target CDs. HA possesses immunomodulatory effects, which
largely depend on the MW. At high MW (>1000 kDa), HA has
an anti-inflammatory effect, whereas at a low MW (<10 kDa),
HA can be pro-inflammatory.’** Remarkably, at the time of
injury, HA with high MW is broken down to HA with low MW,
which tends to activate the innate immune response.
Meanwhile, the same material with different concentrations
sometimes lead to different immune responses. For example,
carbon nanotubes (CNTs), as allotropes of carbon, possess
anti-inflammatory effects, but in some cases lead to pro-
inflammatory effects.'** Macrophages treated with low concen-
trations of graphene oxide NPs showed the increased
expression of IL-6, CCL3, CCL4 and CCL5. However, at high
concentrations, the same NPs were found to produce
cytotoxicity.'*

For the materials used in drug delivery systems, various
researches have focused on how they improve the biodistribu-
tion (e.g., cycle time, tissue homing and tissue penetration),
sustainability (e.g., degradation properties and stability of
materials), and efficacy (e.g., their interaction with TIME and
their synergy with cancer immunotherapeutic drugs) of
drugs. The main materials currently used in preclinical
studies, especially those that are intrinsically activated or
inhibited by the immune system, have been initially investi-
gated to better function in drug delivery systems."®” In the
next part, a few latest advanced biomaterials-based TIME-
modulation immunotherapeutic systems will be profiled and
summarized.
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Drug delivery platforms for TIME
modulation-based cancer
immunotherapy

The implementation of personalized strategies for delivering
immune-related drugs including specific molecules or cells
strongly depends on the elaborate design of supporting
systems together with the development and appropriate appli-
cations of proper techniques. Biomaterials-based drug delivery
platforms with the capacity of efficient loading, targeted deliv-
ery and successful release of drugs have achieved increasingly
outstanding success in the preclinical period of TIME modu-
lation-based cancer immunotherapy.'*® Since a myriad of com-
plicated biomolecular, cellular and physical processes are
broadly experienced during tumorigenesis and its further
development, drug loading systems ranging from nanoscale
and microscale to macroscale exhibit unique own character-
istics. For example, nanoscale biomaterials have the capability
of size-dependent passive targeting towards tumor tissues and
promoting the permeation of loading immunomodulators,
and with further surface modification and shape transform-
ation, nanoscale particles can be endowed with specific
responsibility suitable for TIME command. Also, microscale
biomaterials are at a similar scale to influence or even serve as
artificial antigen-presenting cells to facilitate self-immunity,
macroscale biomaterials can be made into somatic cells,
which can straightforwardly produce various shapes or for-
mations, constructing biomimetic matrices locally or even
in situ to govern the sophisticated tumor sites."*”

More importantly, biomaterials-based pharmaceutical
agent delivery systems are easily tunable in the aspects invol-
ving components, shapes, elasticity, surface charges and
chemical groups, inner structures, etc. for mastering TIME
modulation. Over the recent few years, increasing superb
immunotherapy formations have been reported from certain
responsive to dual sensitive systems, from individual treating
strategies to combination immunotherapies, and from separ-
ate treatment to versatile theranostic integration. Also, many
different administration routes have been proposed for more
convenient, accurate and friendly cancer immunotherapy. In
this part, some typical drug carrying techniques and methods
applied in TIME modulation-based cancer immunotherapy
will be itemized and introduced, including their research pro-
gress, superiorities and remaining challenges.

Nanocarrier strategies for immunotherapy drug delivery

The prosperous development of nanotechnology offers more
possibilities and opportunities for nanomedicine in cancer
immunotherapy. The conventional drug nanocarriers used in
practical drug delivery hugely depend on nanoscale biomater-
ials, which are materials at the scale from 1 to about 200 nm,
and can be broadly applied in cancer diagnosis and therapy.'*®
These materials with good biocompatibility and low cyto-
toxicity can prolong the drug blood retention and circulation
time, protect payloads against rapid metabolization, selectively
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Fig. 3 Nanomaterial-based platforms and strategies for cancer
immunotherapies.

target tumor sites and promote their specific penetration and
distribution."**""** Moreover, nanomaterials are easily armed
with tailored physiochemical properties and desirable features
based on their own components and structures,'>® functional
groups, size and shape, and chemical bonds or surface modifi-
cation,”* enriching the applications in the field of tumor
theranostics.'®**® Therefore, this set of materials accounts for
the largest part in the field of immune biomaterials research.
Nevertheless, some rigid challenges and obstacles still exist,
which need to be settled. For instance, immune-related toxici-
ties may emerge due to the lack of specificity in immunomo-
dulatory agents such as checkpoint inhibitors in which the
nanocarriers play a role as a guide and guard. However, nano-
carriers sometimes have negative functions either underlying
off-target effects generating nano toxicity or intrinsic character-
istics activating the self-immune response and subsequent
attack.™ In this context, a series of specific nanomaterial-
derived treatment strategies have been developed for efficient
immunotherapy and their preclinical success encouragingly
drives the clinical transformation of immune nanomedicine.
This section will be divided into several parts based on the
types of nanocarriers and list some of the innovative works
with their design principles and advancements made in the
design of nanomaterials for cancer immunotherapy (Fig. 3).

Nanoparticles/nanogels. NPs are one of the most common
nano modalities widely investigated.'®® In this part, the NPs
mainly refer to organic particles. According to the formation
and structure of NPs, two main pillars of NPs, namely organic
NPs (e.g. polymeric NPs and cationic lipid assemblies) and
nanogels (e.g. synthetic polymers and natural biomacro-
molecules™®), have attracted great interest to be explored for
the abovementioned different strategies for better applications
in cancer immunotherapy.'®°

Conventional immunostimulatory or immunosuppressive
therapies are dependent on the efficient delivery and effective
function of exogenous antigens and adjuvants or antibodies.
The applications of nanovaccines are one of the primary
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branches. Increasing attention is focused on the positive co-
delivery of antigens and adjuvants and improvement in
sufficient immune response with the assistance of the NP
systems. Linhua Zhang et al. fabricated novel lipid-polymer
hybrid nanoparticles from PCL-PEG-PCL polymers and cat-
ionic lipid DOTAP with DSPE-PEG-mannose loading both OVA
and TLR 7/8 and TLR 4 dual agonists."'®* Multifunctional nano
cancer vaccines can promote remarkable DCs targeting and
maturity, and benefit the trafficking to secondary lymphoid
organs, inducing more antigen-specific CD8+ T cells.

The delivery or stimulation of immune checkpoint inhibi-
tors for prompting ICB therapy based on NPs also plays an
important role in cancer immunotherapy. Ni Zhang et al. con-
structed PEG and peptide surface-modified PLGA NPs loading
anti PD-1 antibody (aPD-1), iron oxide and perfluoropentane
(PFP) for combined photothermal immunotherapy. The PTT-
induced immunogenicity and aPD-1-supported immune
checkpoint blockade synergistically increased the tumor-
specific immune response via CD8+ T cell infiltration and T
cells immune reinvigoration in TIME."®*

As mentioned above, TIME modulations hugely rely on
immune cells. Due to DC maturation, T cell activation and
TAM repolarization, MDSC modulation may become an
alternative for cancer immunotherapy. Zhe Wang synthesized
a type of c-RGD-decorated conjugated polymer for combined
photothermal immunotherapy.’®® PTT-induced TAAs release
enhanced T cell activation and cytokine secretion and trig-
gered the proinflammatory polarization of TAMs for more
efficient antitumor immunity.

Besides the previous classical spherical NPs, numerous
other unique nano shapes have received certain attention to
be used under these TIME modulation strategies, including
nanostructures containing nanocages, nanoclusters, nanocrys-
tals, nanocubes, nanodiscs, nanorings, nanorods, nanowires
and nanoworms since size and shape specificity can reveal dis-
tinctive functions or effects. For example, one synergetic multi-
functional nanocomposite was developed with multiple com-
ponents added to the nanocarriers by Qiujun Qiu and co-
workers.'®* Sialic acid-stearic acid conjugate modified nano-
composites were designed to selectively deliver the irreversible
Bruton’s tyrosine kinase (BTK) inhibitor Ibrutinib to TAMs.
Huu Thuy Trang Duong and coworkers, in a different way, fab-
ricated pH-sensitive copolymeric nanocubes for co-delivering
the chemotherapeutic drug DOX and antigen OVA for che-
moimmunotherapy.'®® Kuai Rui and coworkers developed
nanodiscs imitating high-density lipoprotein for efficiently car-
rying both antigen peptides and adjuvants.'®® Together with
aPD-1 and anti-CTLA-4(aCD47) therapy, the nanodiscs can give
rise to more exhaustive tumor elimination.

Encouragingly, some bioactive molecules themselves are
able to self-assemble into immunomodulatory agents, partici-
pating in the immune activation in TIME. With the assembly
of multi-components, the nanostructures can act as both
therapeutic vehicles and treatment drugs. Yuchuan Yuan and
coworkers reported a type of carrier-free nanocrystal aggregate
from indomethacin, a COX-2 inhibitor, and PTX by forceful
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intermolecular interactions strengthening the combined che-
moimmunotherapy.’®” Qian Chen and coworkers directly gen-
erated ROS-induced protein nanocomplexes for the controlled
release of aCD47 and aPD-1, which could reverse the immuno-
suppressive circumstances by specific TME stimulation.'®®
Jinrong Peng and coworkers developed photo-chemo-immune
tri-modality therapy by assembling drugs, dyes and peptides
together for optimum tumor suppression.’®® Another nanoc-
age was designed by Wenjun Shan and coworkers via the hepa-
titis B core protein (HBc) with OVA antigen conjugated on the
surface.’”® The engineered OVA-HBc nanocages loaded with
the chemotherapy agent PTX realized enhanced combination
cancer therapy.

Additionally, the exploration of the relationship among size
effects, properties and antitumor functions of nanomaterials
has gradually aroused wider interest. Thus, a comprehensive
study will be helpful for providing future guidelines to design
TIME-targeted cancer immunotherapy systems; however, there
are still not enough many related studies. In-depth rod-shape
scale effect research was reported by Xiupeng Wang and co-
workers.'”" The hydroxyapatite nanorods coupled with anti-
gens with lengths ranging from 100 nm to 10 pm were all
investigated, presenting marked antitumor immune responses
on account of the different modes. The shorter length proved
to enhance the cellular uptake of antigens by APCs, DC matu-
ration and lymph node target activating T cells, and the longer
length was shown to prolong antigen retention and DC
accumulation and antigen presentation to prime the T-cell
immunity. Eventually, the nanorods with a length of 500 nm
possessed the optimal immune response for antitumor
treatment.

Nanogels, as hydrophilic nanocarriers, exhibit high biocom-
patibility and flexibility, and thus have become one of the
most significant nanovehicles for drug delivery. They can be
made from natural biomaterials such as polysaccharides, pep-
tides, and nucleic acids and synthetic polymers such as PEG
or PNIPAM and their composites.

Ce Wang et al. fabricated amphiphilic galactosyl dextran-
retinal (GDR) nanogels with hydrazone bond-based pH-sensi-
tivity and galactosylation-based DC-targetability.'”> The GDR
nanogels could provoke retinoic acid receptor (RAR) signaling
to accelerate DC maturation and antigen release and then
promote MHC I antigen presentation to activate antitumor
immunity. The pH-triggered lysosome rupture directly upregu-
lated the intracellular ROS level, facilitating antigen cross pres-
entation. Therefore, the self-adjuvanted multifunctional
immunotherapeutic carriers delayed tumor development,
showing favorable tumor treating efficacy. Dandan Li and part-
ners utilized cationic dextran to construct vaccine nanogels.'”?
The disulfide bonds are conjugated in the gel network to elicit
the redox-responsive release of the entrapped antigen OVA and
adjuvant. The antigen-induced tumor-specific immunity and
prolonged survival in mice.

A type of pH-degradable polymeric nanogel was developed
by Lutz Nuhn et al. with the intention to passively diffuse the
TLR 7/8 agonist imidazoquinoline toward lymph node activat-
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ing superior antibody and T-cell immune response.'”* The
research showed that the novel nanogels provide a potential
platform for small-molecule TLR agonist delivery. Another suc-
cessful trial was carried out by Xudong Zhang and co-workers,
who selected PNIPAM nanogels to co-deliver autophagy inhibi-
tors (chloroquine) and DOX, limiting breast cancer to a great
extent.'””

Furthermore, Qian Chen et al. recently described a brand
new sprayed bioresponsive gel for postoperative treatments."”®
aCD47 antibodies were loaded in the inorganic calcium car-
bonate (CaCO;) NPs and then fully encapsulated in the fibrin
gels, which can be fast formed during synchronous spraying
and mixing of fibrinogen with aCD47@CaCO; NPs or throm-
bin. The host innate and adaptive immune systems could be
actively aroused for overall postsurgical cancer therapy.

Countless novel strategies and biomaterials have emerged
for improving TIME-modulatory cancer immunotherapy.
Table 2 briefly summarizes and lists the latest advanced NP
systems derived from different biomaterials and based on per-
sonalized therapeutic strategies.

Liposomes/micelles. Nanocapsules refer to core-shell struc-
tural particles self-assembled from amphiphilic biomaterials,
in which lipid-derived vesicular particles are representatives.
Spherical lipid monolayer vesicles are named micelles and the
bilayer ones are well known as liposomes. As nanoscale par-
ticles, liposomes/micelles also encounter many biological
obstacles during in vivo circulation and some of them such as
immunogenicity, inflammatory or allergy responses, phagocy-
tosis and blood clearance can even have adverse immune
effects, hindering vesicular functionalization. However, their
major merits have been validated, for instance, their amphi-
philic regions enable the transport of high payloads of hydro-
phobic or hydrophilic drugs, protect agents inside from harsh
environments and directly or indirectly join in immunomodu-
lation, and their structures are biomimetically similar to cell
membranes, thus considerable works based on liposomes and
micelles in cancer immunotherapy are still emerging.'””

Han Young Kim and co-coworkers prepared a class of lipo-
somes embedded with lipid adjuvants for immunotherapy and
coated with a photosensitizer (KillerRed, KR)-embedded
cancer cell membrane (CCM) for synergistic photodynamic
therapy."”® The CCM with higher affinity to homotypic cancer
cells caused the lipocomplex to targeting tumors, inducing
stronger immunoregulation. In the tumor-bearing mice
model, the functionalized liposomes successfully prohibited
the tumor development and lung metastasis in the infant
period. Another folate acid(FA)-modified matrix, metallopro-
tease-2-responsive DOX-loaded liposome, was synthesized by
Caifeng Deng et al., which could achieve the dual target of
cancer cells and M2-tumor associated macrophages (M2-
TAMSs), resulting in immunogenic cell death (ICD)."”® With the
CpG combined therapy, this liposomal tumor vaccine could
significantly maturate the DCs and activate the systematic T
cells immune response.

Other innovative liposomes aim to modulate the TIME
using indirect approaches, but not acting as immune
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members straightway. Boyang Zhou with workmates con-
structed a new immune cell-recruiting liposome, which could
enrich the immunocytes infiltration in the tumor site by
antigen fragment generations and heat shock protein 70
exposure.'® FA-decorated NaHCOs-encapsulated liposomal
systems will break out when CO, generates under the acidic
TME to provide enough tumor antigens. The sufficient assem-
bly of activated immune cells in the tumor could provide anti-
PD-1 therapy with more effective antitumor outcomes.
Similarly, Chao Liang et al. proposed a liposomal delivery strat-
egy of internal radioisotope therapy (RIT) to reach the auxiliary
purpose of improving second-wave cancer therapies including
ICB immunotherapy.'®" One of the nanosystems showed that
the designed iodine-131-labeled albumin-encapsulated lipo-
somes have the capability to elevate the tumor-specific uptake
of anti-PD-L1 therapeutic agents through enhanced tumor vas-
culature permeability and finally yield excellent synergistic
treating effects. Also, Yanzuo Chen, under analogical tactics,
chose to promote NPs vascular penetration to increase the
local dose of cytotoxic drugs in the immunosuppressive TME
for optimized cancer immunotherapy.'®>

The architecture of the liposomes mimicking cell mem-
branes inspired Xue Liu and other researchers to design engin-
eered cell-membrane-derived nanovesicles displaying full-
length mAbs as arrows selectively targeting TAMs.'®? As bio-
compatible nanoplatforms, nanovesicles transport cargos
including cytotoxic agents, immunomodulators, and others
for the goal of surveilling and regulating the TIME. The appli-
cations of co-delivering both immune drugs and other che-
motherapeutic or gene drugs or photosensitive or imaging
agents will make combined cancer therapy be realized to
further facilitate immunotherapy. The immunotherapeutic
strategy depending on antibody-dependent cell-mediated cyto-
toxicity based on this nanovesicle has been evaluated, showing
outstanding thorough tumor eradication.

Nanovesicles can be also made from amphiphilic materials
containing polymers and protein. Zhuoya Wan with group
members developed a polymeric prodrug delivery micelle with
pendent indoximod, an indoleamine 2,3-dioxygenase (IDO)
inhibitor, to burst immune suppression and the cargo of DOX
to generate ICD."®* The dual functions realized, DOX-induced
ICD and indoximod clearance, gave rise to an increase in the
intra-tumoral infiltration of CD8+ T cells, less immunosup-
pressive Tregs and more IFN-c-secretion. The breast cancer
model verified that the DOX/POEG-b-PVBIND micelles remark-
ably improved the overall antitumor immunity. Alternatively,
Fangyuan Zhou'® utilized a polymeric nanovehicle co-deliver-
ing the oxaliplatin (OXA) prodrug and PEGylated photosensiti-
zer together with CD47 blockade. ICD and CD47 blockade cor-
porately brake the primary and abscopal tumors progression,
prevent tumor metastasis and recurrence, which guarantee
chemoimmunotherapy as a promising candidate for cancer
therapy.

Dendrimers. Dendrimers are highly regular polymers
endowed with reduplicative branched structures and plentiful
cavities. They can be accurately controlled in volume, size,
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chemical functional groups, multivalent surfaces and mole-
cular weight at the molecular level. The cavities naturally built
in the dendritic architecture allow dendrimers to physically
entrap or chemically conjugate pharmaceutical payloads (e.g.,
genes, vaccines and antibodies) for immunotherapy with high
efficacy. The well-defined repeating construction is beneficial
to not only exponentially amplify immunogens for human vac-
cines and simultanesouly improve the immunogenicity of
small antigenic substances, but also remarkably enhance the
immune-targeting intensity.>%®

The naked poly(amidoamine) (PAMAM) as the paradigm, is
a representative of the dendrimer family owning intrinsic
immunomodulatory capability, which can be positively applies
in tumor immunotherapy.?®®>'® Pirouz Daftarian and co-
workers further modified the fifth generation (G5)-PAMAM
dendrimers with MHC II-targeting peptides on the surface to
construct DNA nanovaccines.>'’ The DNA-peptide-dendrimer
complexes significantly improved the APC targeting, immuno-
genicity and transfection efficiency of naked plasmid DNA,
making them more suitable for application in immunotherapy.

Kuo-Ching Sheng et al. synthesized an innovative immune
promoter based on mannosylated dendrimer ovalbumin
(MDO) augmenting the binding avidity to DCs.*** The immu-
nogenicity of MDO induced DC maturation in the lymph node,
potentiated the antigen cross presentation and subsequently
initiated the T cell immune response, which makes the man-
nosylated dendrimer a potential cancer vaccine delivery plat-
form. Carlo Pifferi and workmates designed glycosylated cyclo-
peptide dendric scaffolds grafted with Tn and TF antigen ana-
logues to serve as tumor-associated carbohydrate antigens
(TACA)-based antitumor vaccines.”** The nanocarriers can be
recognized as cancer-related antigens to perform active
immunological availability.

Inorganic nanoplatforms. The inorganic TIME-modulation
nanosystems can be mainly classified into metal NPs, meso-
porous silica NPs and carbon-based nanostructures. Inorganic
nanomaterials generally have their own structural mor-
phologies with intrinsic properties broadening their perform-
ances in biological and nanomedical applications. In addition
to their role as constituents for drug delivery, different in-
organic nanostructures are also likely to be photosensitizers,
photothermal conversion agents, magnetic response sensors,
and contrast agents, providing much more possibility to
achieve synergistic immunotherapy or theranostic applications
with the combination of photodynamic therapy, photothermal
therapy, photoacoustic imaging, etc.

Iron-based NPs and gold NPs are two representative metal
NPs. The magnetic response (magnetic targeting and imaging)
of iron NPs enriches the practice of cancer immunotherapy.
Xiaoli Liu and coworkers synthesized a ferrimagnetic nanor-
ing, which will preclude tumor metastasis immunologically
initiated by appropriate magnetic hyperthermia.>'* Another
instance is the magnetic nanoclusters armed with aPD-1 pre-
pared by Weidong Nie and coworkers.”’> The synergistic
therapy was implemented through superparamagnetism mag-
netically recruiting activated T cells and MRI guidance-based
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anti-PD-1 immune blockade. Gold NPs, as a TIME-modulation
nanocarrier, have more obvious size and shape effects impact-
ing the immunomodulatory capacity. Besides, they enable
photoacoustics, optical imaging and photothermal therapy to
be realized. Gold NPs are certainly pluripotent platforms for
advanced cancer immunotherapy, and many effective trials
have already been published. For instance, Rakeshchandra
R. Meka et al. reported mannose-mimicking shikimoyl ligand
(SL) conjugated gold NPs loading melanoma antigen (MART1)
encoded DNA.>'® The DNA transfection of DCs for genetic
immunization will induce an anti-melanoma immune
response for immunotherapy.

Carbon-based nanostructures include graphene or gra-
phene oxide nanosheets, carbon nanotubes, and carbon dots.
Mengmeng Yan and coworkers engineered graphene oxide-
based nanosheets with both IDO and PD-L1 inhibiters.>'” The
multi-combined therapy of PTT, IDO inhibition and PD-L1
blockade powerfully achieved antitumor effects via evoking
multiple pathways. Also, antigen-loaded aluminum oxyhydrox-
ide-modified graphene oxide nanosheets were constructed by
Xiaoli Wang and coworkers as a cancer vaccine holding both
antigens and adjuvants.”'®

Other novel inorganic nanoplatforms are still being inno-
vated worldwide. For example, Linnan Yang and coworkers
developed a novel nanoplatform with layered double hydrox-
ides loading miR155 for TAMs repolarization to modulate
TIME.”" Hanh Thuy Nguyen and coworkers established core-
shell nanocomposites equipped with black phosphorus for
photoimmunotherapy combined with additional photosensiti-
zers or imaging agents, which enable the further perfection of
diagnosis and treatment integration.>”° Prashant Sharma and
coworkers creatively built nanoscale and microscale combined
vehicles. Cancer antigens could be loaded in the poly(i-lactide)
microfibers together with the growth of ZnO nanowires for pro-
moting tumor-specific immune attack.***

Other drug delivery systems in nanomedicine. Some bio-
mimetic or biological derivative NPs, such as virus-like NPs,
virus-derived or cell-derived NPs open the door for nano
immunotherapy. On the one hand, these pseudo-biological
particles can imitate natural organisms to camouflage and
maintain themselves for prolonged and stable circulation; on
the other hand, their own side effects and immunogenicity
should also be considered for better security. The engineered
red blood cells (RBCs) are one of the most mature and popular
selections. Eliran Moshe Reuven et al. generated engineered
aGal knockout RBCs for N-glycolylneuraminic acid (Neu5Gc)
TACA target, which presented a remarkable anti-Neu5Ge IgG
immune response against Neu5Ge-positive tumors.>*?

Over the years, many TIME-modulation-related cells, such
as immune cells (e.g. macrophages and DCs)**® and direct
cancer cells,'®*'°? have been artificially reprogrammed or used
membranes as carriers and stimulating antigens, developing
another approach for specific individual immunotherapy.

Moreover, many organic-inorganic hybrid composites such
as metal-organic frameworks (MOFs) or multiple combi-
nations have been gradually emerged in enhanced and multi-

This journal is © The Royal Society of Chemistry 2020
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functional cancer immunotherapy. Aiming to further provoke
enhanced tumor necrosis, increasing combined therapeutic
strategies together with some other synergistic treating agents
have been developed and observed. One of the hybrid compo-
sites derived from both DCs and murine mammary carci-
noma tumor (4T1) cells, fused cytomembranes and por-
phyrin-based Zr-MOFs, was designed by Wenlong Liu and co-
workers.>** The external coating from DCs and tumor cell
fused cytomembranes maintained cancer antigens and
immunological co-stimulatory molecules, which could target
the tumor sites and stimulate TIME modulation. The inner
MOFs acted as photosensitizers for PDT to produce ROS,
inducing ICD, DCs maturation and T cell immunity. The
unique system enlightens the future cancer treatment design
for total elimination of both primary and distant metastasis
tumors.

Microcarrier strategies for immunotherapy drug delivery

Microscale biomaterials open another new avenue for cancer
immunotherapy.”*® Acting as a type of potential artificial
antigen presenting cell (aAPC), microscale carriers have a
mimetic size of pathogens and abilities to be engineered with
pathogen-like features to promote the activities of immune
cells, especially the expansion of T cells population for strongly
enhancing the immunotherapeutic results. As is known, the
property of particle size greatly influences the behaviour of
drug delivery systems in vivo. Indeed, it is still controversial
among some researches about the optimum particulate size
range that can both activate high-efficiency and durable
immune responses and avoid size effect-originating side
effects in biosafety. In addition, the active binding to living
cells may challenge the circulation stability and specific biodis-
tribution, which also need some extra attention. Thus far, mul-
tifarious types of microcapsules manufacturing methods and
techniques have been implemented providing more chances
for optimizing the micro immunotherapeutic strategies.

Herein, in this section, several novel types of corresponding
published works will be surveyed and summarized about the
preparation, mechanisms and treatment effects of microscale
systems used for immunotherapy (Fig. 4).

Immunomodulators
encapsulation o 2
°

Targeting delivery
) system

Artificial antigen
presenting cells

Conjugation to @
adoptive immune cells

Fig. 4 Microscale material-based strategies for cancer immunotherapy.
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Microparticles. Particle size effects can have a great influ-
ence on the immunotherapeutic efficiency, but the practical
in vivo immune response is also impacted by systematic
elements, including the types, delivery modes and adminis-
tration routes of immunomodulators. Microparticles (MPs) as
major drugs delivery systems can be made from a large source
of biocompatible and biodegradable natural or synthetic
polymers.

PLGA-based polymeric MPs also have potential to activate
or exacerbate the immune response for tumor
eradication. A. K. Kosmides et al. developed a PLGA-based
aAPC.?*® The aAPC-based tumor antigen-specific immune acti-
vation combined with aPD-1 mAb checkpoint inhibitors stimu-
lated sufficient IFN-y secretion for suppressing tumor cells.
Natural polysaccharides such as chitosan, alginate, heparin
and dextran have been applied in TIME immunoregulation.
Rebekah Watkins-Schulz and colleagues described a type of
biodegradable acetylated dextran (Ace-DEX) MP for STING-tar-
geted immunotherapy.””” The MPs facilitated overcoming the
bottleneck of pathogen-associated molecular pattern-associ-
ated intracellular delivery. NK cells and CD8+ T cells accumu-
late for early anti-tumor immunity and successful trials have
been carried out in the model of triple negative breast cancer.
Also, Fatemeh S. Majedi and coworkers employed microflui-
dics approaches to prepare alginate-heparin (Alg-Hep) MPs for
the controlled release of IL-2 to improve the growth of effector
T cells in TIME, which is a new idea for TIME modulation.>?®

Inorganic MPs play a significant role in immunotherapeutic
drug delivery also. Tarek R. Fadel and coworkers proposed a
carbon nanotube-polymer micro-composite with a high
surface area for addressing the issue of T cell proliferation.**
A large number of cytotoxic T cells is a favorable driving factor
for valid cancer immunotherapy. Mesoporous silicon MPs
were another choice explored by Motao Zhu and coworkers.**°
B16 melanoma derived-tyrosinase related protein 2 (TRP2)
peptide as antigens and TLR agonists as adjuvants were co-
encapsulated inside the same MPs, constituting a cancer
vaccine against melanoma. Lien Lybaert and coworkers gener-
ated a personalized immune-modulating tumor vaccination by
entrapping cancer cell lysate within porous CaCO; MPs with
TLR agonists binding on the surface.?®' All these novel MPs
were proven to undergo efficient tumor-specific immune
responses.

Microcapsules. The similar size of microscale carriers and
individual cells indicates a feasible way to engineer mamma-
lian cells into desirable microcarriers. Living cells such as
RBCs, platelets, leukocytes and stem cells have been evaluated
as immunomodulatory agent delivery systems. In 2017, Wang
Chao and coworkers anchored anti-PD-L1 on the surface of
platelets.>*> The results showed that the recurrence and meta-
stasis of post-surgical cancer were prevented with high efficacy.
Subsequently, Quanyin Hu and coworkers further conjugated
exterior anti-PD-1-decorated platelets to the haematopoietic
stem cells (HSCs) with the intrinsic ability to enhance anti-leu-
kaemia  efficacy.”®  The  pioneering  HSC-platelet-
aPD-1 microcapsules migrated to the bone marrow to home
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HSCs and release aPD-1, locally generating prominent syner-
gistic myeloid leukaemia curative effects.

Layer-by-layer (LbL) assembly microcapsules are usually
produced by sequential deposition of compounds onto a tem-
plate and then decomposition or direct deposition onto tem-
plate particles, including inorganic CaCO; or SiO,, polystyrene
polymers and even living cells. Xiaoli Wang and coworkers
constructed the microcapsules with tumor cells as tem-
plates.>** Epigallocatechin-3-gallate (EGCG), an active polyphe-
nol in green tea, and Al(ur) were selected as the ligand and ion,
respectively. The EGCG-Al(m) coordination outer layer signifi-
cantly prompted the internalization of MPs by DCs, which will
enhance the effects of cancer vaccines.

Other microscale carriers for immunotherapy. The shape
and structures of microscale immunomodulatory systems can
be dramatically engineered to obtain specific properties or per-
sonalized applications. The studies by Garapaty and
Champion indicated that the tunable physical properties of
microscale rods and ellipsoids could tailor macrophage activi-
ties in comparation with MPs.>*

Recently, microfibers, which are typically made by electro-
spinning with high processability, have been developed. Using
the PLA fibers reported by Hyun Mu Shin and partners as an
example,”®® the designed protein G-immobilized cytokine-
loaded PLA fibers appeared to be injectable into tumor sites
for durably reinvigorating T cell activity, which gives an
optional solution to address the current issues confronted in
cytokine-based immunotherapy. There are many other types of
microscale carriers still being exploited.

Some macroscale carrier strategies for immunotherapy drug
delivery

Macroscale carrier biomaterials are generally regarded as
materials with a 3D scale greater than 1 mm?®. Compared to
nano and micro biomaterials, these biocompatible bulk deliv-
ery vehicles display biomimetic performances analogous to
organism tissues. Which can be applied more suitably to sur-
rounding physiological environments and they can even poss-
ibly act as synthetic immune tissues (e.g., artificial LNs) for
immune cell expansion. In addition, it is easier for macro-
scale materials to localize at the interesting lesion space and
realize spatiotemporally controlled administration mecha-
nisms, alleviating the occurrence of systematic toxicity and
realizing immunotherapy in situ. Also, their macroscale
counterparts are also candidates as imperative substrates,
where a larger amount of immunocytes can be encapsulated
inside for proliferation, growth and activation, offering an
alternative for the localized co-delivery of both immune cells
and immunomodulatory agents.>®” However, there also exist
some leftover issues for practical clinical uses concerned with
the adjustment of moderate stiffness and brittleness, shape
and volume sensitivity, viscoelasticity-dependent move and
flow or in situ orientation, which demand more endeavours to
be addressed. In this section, we introduce some design strat-
egies consisting of biomaterial components, comprehensive
properties, delivery and immunomodulation mechanisms of

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Macroscale material-based carriers and strategies for cancer
immunotherapies.

updated macroscale equipment applied in cancer immu-
notherapy (Fig. 5).

Porous scaffolds and hydrogels. Porous scaffolds and hydro-
gels are two types of fundamental biomimetic matrices as
macroscale drug delivery tools. Many natural or synthetic, and
organic or inorganic biocompatible materials have been corro-
borated as potential scaffolds and hydrogel biomaterials with
immunotherapeutic value in favor of bioactive agent loading
and immune cell infiltration, for example, a vast majority of
crude biomacromolecules involving polysaccharides (e.g., algi-
nate,>*® chitosan,”*® HA,>***"! and cyclodextrin®*?), peptides
and proteins (e.g., polypeptides,®***** fibrin,>*®> and col-
lagen®*®) and nucleic acids,**” and synthetic polymers contain-
ing for example poly(vinyl alcohol)(PVA),>*® PEG,>****° PLGA
and poly(lactic-co-glycolide)(PLG),>>' and some inorganic
materials such as mesoporous silica.

In the past few years, besides the strategies of assembling
antigens of DNA, peptides and protein with various adjuvants
as cancer vaccines or inhibitors delivery as ICB therapy or
other chemical agents co-encapsulation for combined therapy,
immune cells, especially the most extensively applied CAR-T
cells, cytotoxic T cells and DCs, have been managed to be
loaded in scaffolds or hydrogels used for expansion and deliv-
ery for action.

Hathaichanok Phuengkham et al. attempted to design an
implantable porous matrix via collagen and HA cross-linkages
to carry gemcitabine (GEM) as a myeloid-derived suppressor
cell (MDSC)-depleting agent, successfully suppressing postsur-
gical breast tumor recurrence and lung metastasis at the surgi-
cal site in 4T1 mouse models.>> Another injectable poly(i-
valine) hydrogel prepared by Huijuan Song et al. was investi-
gated as a cancer vaccine for the co-delivery of antigens and

5
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TLR 3 agonists.>®® This self-assembly polypeptide hydrogel
provoked DCs and evoked cytotoxic T cells invasion to destroy
the melanoma. Chao Wang et al. formed an ROS-inspired
hydrogel using PVA as the polymeric matrix with an ROS-labile
linker.>® The hydrogels could be constructed in situ at the
tumor site and locally released GEM and anti-PD-L1 through
ROS-stimulated biodegradation of the hydrogels.*®* Further,
Xinyu Ye et al reported combined HA-Pluronic
F-127 hydrogels.”>® The thermosensitive hydrogels contained
surgically removed tumor cell membrane-coated black phos-
phorus quantum dots with GM-CSF and lipopolysaccharide
(LPS). Together with anti-PD-1 therapy, the hydrogels as prom-
ising cancer vaccines enabled combined photothermal therapy
and immunotherapy.

As a pioneering cell cultivating promoter, a biomimetic
APC system based on mesoporous silica microrod-supported
fluid lipid bilayers was developed by Alexander S Cheung et al.,
which revealed high primary T cell ex vivo expansion, nearly
the same as the xenograft lymphoma model.>*® The primary
mouse and human T cells had greater polyclonal proliferation
under sufficient anti-CD3, anti-CD28, and IL-2 and more
efficient cytotoxic T-cell subpopulations increase after a single
stimulation compared to commercial products or monocyte-
derived DCs. Additionally, Pengxiang Yang et al. generated a
novel peptide nanofibrous hydrogel holding tumor antigens,
aPD-1 antibodies, and DCs.*®” This nodule could heavily
amplify the antitumor immune response from many aspects
for optimal immunotherapy.

Microneedle patches. The entire skin serves as the first line
of defense in the natural immune system for human bodies
and is one of the most active organs for immunomodulation,
providing immunocytes and immunomodulators with an
appropriate habitat.>®® Hence, transdermal immunomodula-
tory drug delivery becomes one of the feasible administration
methods with the advantages of less trauma, easier manoeuvr-
ability and friendly patient compliance. Microneedle (MN)
patches, in the last several years, have attracted wide attention
as a drug delivery platform. Many different types of MN
patches contain coated MN, dissolvable MN, degradable MN,
and some intelligent bioresponsive MN patches, which can
incorporate various drugs for local or systemic delivery and
immunomodulation.>®® Thus, MN patches are developing as
optional tools for cancer immunotherapy, in particular for
superficial cancer such as malignant melanoma.

Zhen Gu and coworkers designed a series of biocompatible
HA-derived microneedle patches applied for transdermally
delivering immunomodulators. In 2016, Chao Wang et al. gen-
erated MN patches made from HA coupled with pH-responsive
dextran NPs.**® The immune checkpoint inhibitors aPD1 and
GOx were embedded inside the MNs. The acidic TME aggra-
vated by the alteration from glucose to gluconic acid will
degrade the NPs to release aPD1. As a potential administration
strategy for synergistic therapy, similar vehicles were sub-
sequently decorated with the IDO inhibitor, 1-methyl-pL-trypto-
phan (1-MT), by Yanqi Ye et al. to load immunotherapeutic
aPD1.%°! In the B16F10 melanoma animal model, the T cells

Nanoscale, 2020, 12, 413-436 | 429


https://doi.org/10.1039/c9nr08086d

Published on 26 November 2019. Downloaded by Y unnan University on 8/23/2025 5:34:09 PM.

Review

immunity was enhanced vigorously, relieving the immunosup-
pression in the TIME. In 2017, Yanqi Ye et al. prepared HA-
based devices with B16F10 whole tumor lysate mixed with
melanin and GM-CSF as adjuvants.”®®> The intradermal MN
patches could sharply promote melanin-mediated spatiotem-
poral photo-responsive immunotherapy via both in situ heat
damage and recruited T cell aggressivity. Besides, increasingly
more efforts are being place in the preclinical studies and
clinical transformations of other MNs systems for more
serious tumors.

Others. Other macroscale carriers such as cryogels
3D-printed networks>®>?%¢ can also possibly provide structural
and biochemical supporting matrices for surrounding mole-
cules and cells as ECM analogue scaffolds, which are now con-
firmed as valuable drug delivery or cell culture systems in the
realm of TIME-modulation oncology medicine.

263,264 4 q

Conclusions and prospects

TIME modulation-based cancer immunotherapy has exhibited
exciting therapeutic potential in the cancer therapy. In this
review, we introduced some representative immunocytes and
factors in TIME and their importance towards TIME modu-
lation. We surveyed and outlined several different TIME modu-
lation-based cancer immunotherapeutic strategies for guiding
the innovation and design of biomaterial-derived immunosti-
mulatory systems. Also, we focused on a few latest achieve-
ments for TIME regulation and highlighted their advance-
ments and promising potentials in cancer immunotherapy.
Considering the data obtained from both preclinical studies
and clinical trials, cancer immunotherapy deserves certain
attention in the struggle against cancer. Thus far, dozens of
immunotherapies, including cancer vaccines, immune check-
point inhibitors and engineered cells, have earned the
approval of the FDA.

Biomaterials and biotechnology from the nanoscale to
macroscale significantly break the restriction in immunother-
apy. As drug delivery robots, natural and synthetic biomaterials
delivery systems will require the transport, protection, delivery,
release and actions of the immunomodulatory payloads. The
properties of biomaterial devices such as components, size,
shape, charge and surface decoration can be controlled to
improve prolonged stability, efficient delivery, desirable phar-
macokinetics, specific biodistribution, sensitive response and
little systemic adverse effects of immunomodulators.
Furthermore, smart and multifunctional mono and further
combinatorial strategies have arisen one by one based on bio-
materials. Besides the combination of various subsets of TIME
modulation regimens such as ICB therapy, ACT therapy and
cancer vaccines, synergistic cancer therapies and theranostic
integrations also intend to create more manifold opportunities
for successfully and precisely arousing defence mechanisms in
immunosuppressive TIME.

Despite the significant strides of immunotherapy,
accumulating evidence still suggest many underlying flaws
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and risks of cancer immunotherapy. Among them, the most
serious challenge is its limited clinical efficacy, which mainly
manifests as follows. Firstly, for cancers, there are no dra-
matically effective immunotherapeutic guidelines for solid
tumors due to both the poor accessibility to tumor sites and
the immunosuppression of TIME. Secondly, for immu-
notherapies, the modest patient response rate and the poten-
tial toxic effects are still two major barriers for their clinical
applications. For example, the contribution of cancer vac-
cines may be restricted by host immunosuppression, exhaus-
tion of activated T cells and incoordination of the expansion
between immune cells and tumor cells. As another example,
excessive combination immunotherapy may cause negative
effects and extra ineffective costs. Finally, for patients, immu-
notherapy responses and results vary with every patient
because of the individual heterogeneity, only a minority of
whom enjoy satisfactory outcomes. In conclusion, more con-
tributions are urgently needed to overcome the clinical trans-
formations of cancer immunotherapy.

For cancer immunotherapy nowadays, some practical draw-
backs require further improvements and some potentials
demand better developments for addressing the obstacles in
clinical cancer immunotherapy as follows:

(1) The conversion of immunosuppressive cold TIME into
immunocompetent hot TIME is the essence of cancer immu-
notherapy. According, the comprehensive grasp of complex
networks in the TIME and tumor heterogeneity including
genetic, phenotypic, epigenetic, and transcriptomic diversity
establishes a solid foundation. The distinctions of tumors
contain not only individual specificities but each developing
stage during cancerization. The identification and collection
of periodical immunotherapeutic biomarkers and related path-
ways can be standardized into protocols for instructing the use
of immunomodulatory medicines, boosting targeted cancer
immunotherapy.

(2) The precise optimal doses, administration routes and
sequences, and schedules of mono or combined immunother-
apy should be fully studied for minimum side effects and
maximum therapeutic outcomes to accommodate the person-
alized heterogeneity of patients. The quick and accurate sense
of timing is pivotal for the immune response, which should be
investigated in more detail. Besides, the intensity of cancer
immunotherapy, especially combined immunotherapy should
be carefully harnessed in the aspect of both treatment and
cytotoxicity to achieve higher therapeutic efficacy in different
cancer patients.

(3) Biomaterials are applied for immunomodulatory agent
delivery and partial immunomodulation. The determination of
material components and properties, in vivo behaviours and
fate, intracellular functions or interactions with cells, and
intrinsic and systematic immunogenicity is a requisite for the
design of superior systems and options. Thus far, there is
scarce knowledge on how the cascade of responses and fluctu-
ation processes followed by the former one or two factors
change. The interplay between biomaterials and organisms
still remains a mystery.
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(4) Cancer immunotherapy usually presents excellent pre-
clinical outcomes but fails to be successfully applied in clinic.
One of the most influential reasons may be the heterogeneity
between in vitro cells and animal models, animals and cancer
patients. Thus, more elaborate in vivo models are extraordi-
narily required for establishing more vivid TIME for basic
research.

(5) Finally, clinical transformation of immunotherapy
cannot be separated from multidisciplinary cooperation. The
advanced techniques and apparatus including high-through-
put genomic and proteomic technologies, gene sequencing
chips, protein microarrays combined with computer science
for big data analysis and library collection should be entirely
integrated into the realm of immune theranostic evolvement.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We sincerely acknowledge the funding from National Science
and Technology Major Project of the Ministry of Science
and Technology of China (2018ZX10301402), Key International
(Regional) Joint Research Program of China (5181001045),
Guangdong Innovative and Entrepreneurial Research
Team Program (20135086 and 2016ZT06S029), and the
Science and Technology Planning Project of Shenzhen
(JCY_]20170307141438157).

Notes and references

1 P. N. Kelly, Science, 2018, 359, 1345-1345.

2 R. L. Siegel, K. D. Miller and A. Jemal, CA Cancer J. Clin.,
2019, 69, 7-34.

3 C. W. Simpkins, Science, 2018, 362, 1254-1254.

4 A. Salmaninejad, S. F. Valilou, A. G. Shabgah, S. Aslani,
M. Alimardani, A. Pasdar and A. Sahebkar, J. Cell Physiol.,
2019, 234, 16824-16837.

5 S. Kim, S. B. Shah, P. L. Graney and A. Singh, Nat. Rev.
Mater., 2019, 4, 355-378.

6 E. A. Watkins and J. A. Hubbell, Nat. Rev. Mater., 2019, 4,
350-352.

7 L. E. Hendriks and B. Besse, Nature, 2018, 558, 376-377.

8 K. D. Miller, L. Nogueira, A. B. Mariotto, J. H. Rowland,
K. R. Yabroff, C. M. Alfano, A. Jemal, J. L. Kramer and
R. L. Siegel, CA Cancer J. Clin., 2019, 1-23.

9 M. S. Goldberg, Nat. Rev. Cancer, 2019, 19, 587-602.

10 J. Nam, S. Son, K. S. Park, W. Zou, L. D. Shea and
J. J. Moon, Nat. Rev. Mater., 2019, 4, 398-414.

11 C. D. Phung, H. T. Nguyen, T. H. Tran, H.-G. Choi,
C. S. Yong and J. O. Kim, J. Controlled Release, 2019, 294,
114-130.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

12 E. Hong and M. A. Dobrovolskaia, Adv. Drug Delivery Rev.,
2019, 141, 3-22.

13 S. Farkona, E. P. Diamandis and I. M. Blasutig, BMC Med.,
2016, 14, 73-73.

14 P. A. Ascierto, L. H. Butterfield, S. Demaria, R. L. Ferris,
G. J. Freeman, R. S. Lo, A. Mantovani, P. Nathan,
O. Hamid, K. Politi and I. Puzanov, J. Immunother. Cancer,
2019, 7, 221-221.

15 M. Wang, J. Zhao, L. Zhang, F. Wei, Y. Lian, Y. Wu,
Z. Gong, S. Zhang, J. Zhou, K. Cao, X. Li, W. Xiong, G. Li,
Z. Zeng and C. Guo, J. Cancer, 2017, 8, 761-773.

16 J. Koury, M. Lucero, C. Cato, L. Chang, ]. Geiger,
D. Henry, J. Hernandez, F. Hung, P. Kaur, G. Teskey and
A. Tran, J. Immunol. Res., 2018, 2018, 9585614.

17 X.-N. Xu, M. A. Purbhoo, N. Chen, ]J. Mongkolsapaya,
J. H. Cox, U.-C. Meier, S. Tafuro, P. R. Dunbar, A. K. Sewell
and C. S. Hourigan, Immunity, 2001, 14, 591-602.

18 M. B. Kastan and J. Bartek, Nature, 2004, 432, 316.

19 J. A. Joyce and D. T. Fearon, Science, 2015, 348, 74-80.

20 L. Yang, Y. Pang and H. L. Moses, Trends Immunol., 2010,
31, 220-227.

21 S. Sakaguchi, Nat. Immunol., 2005, 6, 345.

22 X. Zhang, S. Kelaria, J. Kerstetter and ]. Wang,
J. Gastrointest. Oncol., 2015, 6, 307.

23 M. Beyer and J. L. Schultze, Blood, 2006, 108, 804-811.

24 T. Enokida and H. Nishikawa, Immunotherapy, 2017, 9,
623-627.

25 J. M. Taube, A. Klein, J. R. Brahmer, H. Xu, X. Pan,
J. H. Kim, L. Chen, D. M. Pardoll, S. L. Topalian and
R. A. Anders, Clin. Cancer Res., 2014, 20, 5064-5074.

26 Y. Iwai, M. Ishida, Y. Tanaka, T. Okazaki, T. Honjo and
N. Minato, Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 12293—
12297.

27 E.]J. Wherry, Nat. Immunol., 2011, 12, 492.

28 Y. Jiang, Y. Li and B. Zhu, Cell Death Dis., 2015, 6,
e1792.

29 A. O. Kamphorst, A. Wieland, T. Nasti, S. Yang, R. Zhang,
D. L. Barber, B. T. Konieczny, C. Z. Daugherty, L. Koenig
and K. Yu, Science, 2017, 355, 1423-1427.

30 S. L. Topalian, C. G. Drake and D. M. Pardoll, Cancer Cell,
2015, 27, 450-461.

31 D. O. Adeegbe and H. Nishikawa, Front. Immunol., 2013, 4,
190.

32 F. Geissmann, M. G. Manz, S. Jung, M. H. Sieweke,
M. Merad and K. Ley, Science, 2010, 327, 656-661.

33 K. Huang, J. Hou, Z. Gu and ]J. Wu, ACS Biomater. Sci.
Eng., 2019, 5, 5384-5391.

34 A. Mantovani, S. Sozzani, M. Locati, P. Allavena and
A. Sica, Trends Immunol., 2002, 23, 549-555.

35 J. Kzhyshkowska, V. Riabov, A. Gudima, N. Wang,
A. Orekhov and A. Mickley, Front. Physiol., 2014, 5, 75.

36 S. Linder, Trends Cell Biol., 2007, 17, 107-117.

37 J. Condeelis and J. W. Pollard, Cell, 2006, 124, 263-266.

38 Q.-w. Zhang, L. Liu, C.-y. Gong, H.-s. Shi, Y.-h. Zeng,
X.-z. Wang, Y.-w. Zhao and Y.-q. Wei, PLoS One, 2012, 7,
€50946.

Nanoscale, 2020, 12, 413-436 | 431


https://doi.org/10.1039/c9nr08086d

Published on 26 November 2019. Downloaded by Y unnan University on 8/23/2025 5:34:09 PM.

Review

39

40

41

42

43

44

45

46
47

48

49

50

51

52

53

54

55

56

57
58

59

60

61

62

63

64
65

432

C. Medrek, F. Pontén, K. Jirstrom and K. Leandersson,
BMC Cancer, 2012, 12, 306.

C. Steidl, T. Lee, S. P. Shah, P. Farinha, G. Han, T. Nayar,
A. Delaney, S. J. Jones, J. Igbal and D. D. Weisenburger, N.
Engl. J. Med., 2010, 362, 875-885.

A. Sica, Exp. Oncol., 2010, 32, 153-158.

G. Genard, S. Lucas and C. Michiels, Front. Immunol.,
2017, 8, 828.

M. Kortylewski, M. Kujawski, T. Wang, S. Wei, S. Zhang,
S. Pilon-Thomas, G. Niu, H. Kay, ]J. Mulé and W. G. Kerr,
Nat. Med., 2005, 11, 1314.

Y. Ma, G. V. Shurin, Z. Peiyuan and M. R. Shurin,
J. Cancer, 2013, 4, 36.

D. Swafford and S. Manicassamy, Discov. Med., 2015, 19,
303.

R. W. Tindle, Nat. Rev. Cancer, 2002, 2, 59.

C. Mu, J. Huang, Y. Chen, C. Chen and X. Zhang, Med.
Oncol., 2011, 28, 682-688.

L. Corrales, V. Matson, B. Flood, S. Spranger and
T. F. Gajewski, Cell Res., 2017, 27, 96.

S. Lorenzo-Herrero, A. Lopez-Soto, C. Sordo-Bahamonde,
A. Gonzalez-Rodriguez, M. Vitale and S. Gonzalez,
Cancers, 2019, 11, 29.

U. ]J. E. Seidel, P. Schlegel and P. Lang, Front. Immunol.,
2013, 4, 76.

T. Sutlu and E. Alici, J. Intern. Med., 2009, 266, 154-
181.

J. B. Stavenhagen, S. Gorlatov, N. Tuaillon, C. T. Rankin,
H. Li, S. Burke, L. Huang, S. Johnson, E. Bonvini and
S. Koenig, Cancer Res., 2007, 67, 8882-8890.

G. Wang, J. Zhao, J. Liu, Y. Huang, J. Zhong and W. Tang,
Int. Immunopharmacol., 2007, 7, 864-870.

K. Takeda, Y. Hayakawa, M. ]J. Smyth, N. Kayagaki,
N. Yamaguchi, S. Kakuta, Y. Iwakura, H. Yagita and
K. Okumura, Nat. Med., 2001, 7, 94.

A. Sevko and V. Umansky, J. Cancer, 2013, 4, 3.

E. P. Chen and E. M. Smyth, Prostaglandins Other Lipid
Mediators, 2011, 96, 14-20.

T. Zhao, C. Yan and H. Du, Oncotarget, 2016, 7, 61121.

M. Thorn, P. Guha, M. Cunetta, N. Espat, G. Miller,
R. Junghans and S. Katz, Cancer Gene Ther., 2016, 23, 188.
M. Kujawski, M. Kortylewski, H. Lee, A. Herrmann, H. Kay
and H. Yu, J. Clin. Invest., 2008, 118, 3367-3377.

N. Obermajer, J. L. Wong, R. P. Edwards, K. Odunsi,
K. Moysich and P. Kalinski, Immunol. Invest., 2012, 41,
635-657.

P. Qu, W. C. Shelley, M. C. Yoder, L. Wu, H. Du and
C. Yan, Am. J. Pathol., 2010, 176, 2394-2404.

J. Xie, B. Liu, J. Chen, Y. Xu, H. Zhan, F. Yang, W. Li and
X. Zhou, Biochem. Biophys. Res. Commun., 2018, 495, 546-
552.

A. Dumont, C. de Rosny, S. Perrey, H. Berger, A. Fluckiger,
T. Muller, J.-P. P. de Barros, L. Pichon, A. Hichami and
C. Thomas, Cell Death Dis., 2019, 10, 485.

J- Kalesnikoff and S. J. Galli, Nat. Immunol., 2008, 9, 1215.
C. Noli and A. Miolo, Vet. Dermatol., 2001, 12, 303-313.

| Nanoscale, 2020, 12, 413-436

66

67

68
69

70

71

72

73

74

75

76

77

78

79

80

81

82

83
84

85

86
87
88

89

View Article Online

Nanoscale

S. A. Eming, T. Krieg and J. M. Davidson, J. Invest.
Dermatol., 2007, 127, 514-525.

E. Crivellato, B. Nico and D. Ribatti, Cancer Lett., 2008,
269, 1-6.

K. Norrby, APMIS, 2002, 110, 355-371.

L. Danelli, B. Frossi and C. E. Pucillo, Oncolmmunology,
2015, 4, €1001232.

S. A. Oldford and J. S. Marshall, Mol. Immunol., 2015, 63,
113-124.

F. Xing, J. Saidou and K. Watabe, Front. Biosci., 2010, 15,
166.

F. Petitprez, C. Sun, L. Lacroix, C. Sauteés-Fridman, A. De
Reynieés and W. H. Fridman, Front. Oncol., 2018, 8, 390.

D. Aran, Z. Hu and A. J. Butte, Genome Biol., 2017, 18, 220.
F. Finotello and Z. Trajanoski, Cancer Immunol.
Immunother., 2018, 67, 1031-1040.

J. Galon, B. Mlecnik, G. Bindea, H. K. Angell, A. Berger,
C. Lagorce, A. Lugli, I. Zlobec, A. Hartmann and
C. Bifulco, J. Pathol., 2014, 232, 199-209.

J. Galon, F. Pages, F. M. Marincola, H. K. Angell,
M. Thurin, A. Lugli, 1. Zlobec, A. Berger, C. Bifulco and
G. Botti, J. Transl. Med., 2012, 10, 205.

M. Binnewies, E. W. Roberts, K. Kersten, V. Chan,
D. F. Fearon, M. Merad, L. M. Coussens, D. 1. Gabrilovich,
S. Ostrand-Rosenberg and C. C. Hedrick, Nat. Med., 2018,
24, 541.

T. F. Gajewski, H. Schreiber and Y. Fu, Nat. Immunol.,
2013, 14, 1014.

R. F. Sweis, S. Spranger, R. Bao, G. P. Paner, W. M. Stadler,
G. Steinberg and T. F. Gajewski, Cancer Immunol. Res.,
2016, 4, 563-568.

G. L. Beatty, R. Winograd, R. A. Evans, K. B. Long,
S. L. Luque, J. W. Lee, C. Clendenin, W. L. Gladney,
D. M. Knoblock and P. D. Guirnalda, Gastroenterology,
2015, 149, 201-210.

M. K. Donkor, A. Sarkar, P. A. Savage, R. A. Franklin,
L. K. Johnson, A. A. Jungbluth, J. P. Allison and M. O. Li,
Immunity, 2011, 35, 123-134.

R. A. Evans, M. S. Diamond, A. ]J. Rech, T. Chao,
M. W. Richardson, J. H. Lin, D. L. Bajor, K. T. Byrne,
B. Z. Stanger and J. L. Riley, JCI Insight, 2016, 1, e88328.

S. Spranger, Int. Immunol., 2016, 28, 383-391.

B. Mlecnik, G. Bindea, H. K. Angell, P. Maby, M. Angelova,
D. Tougeron, S. E. Church, L. Lafontaine, M. Fischer and
T. Fredriksen, Immunity, 2016, 44, 698-711.

R. S. Herbst, J. C. Soria, M. Kowanetz, G. D. Fine,
O. Hamid, M. S. Gordon, J. A. Sosman, D. F. McDermott,
J. D. Powderly and S. N. Gettinger, Nature, 2014, 515, 563.

S. M. Vareki, J. Immunother. Cancer, 2018, 6, 157.

J. B. Haanen, Cell, 2017, 170, 1055-1056.

C. Sautes-Fridman, M. Lawand, N. A. Giraldo, H. Kaplon,
C. Germain, W. H. Fridman and M.-C. Dieu-Nosjean,
Front. Immunol., 2016, 7, 407.

S. Finkin, D. Yuan, I. Stein, K. Taniguchi, A. Weber,
K. Unger, J. L. Browning, N. Goossens, S. Nakagawa and
G. Gunasekaran, Nat. Immunol., 2015, 16, 1235.

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9nr08086d

Published on 26 November 2019. Downloaded by Y unnan University on 8/23/2025 5:34:09 PM.

Nanoscale

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

This

K. Neyt, F. Perros, C. H. GeurtsvanKessel, H. Hammad
and B. N. Lambrecht, Trends Immunol., 2012, 33, 297-
305.

E. R. Lutz, A. A. Wu, E. Bigelow, R. Sharma, G. Mo,
K. Soares, S. Solt, A. Dorman, A. Wamwea and A. Yager,
Cancer Immunol. Res., 2014, 2, 616-631.

Y. Lavin, S. Kobayashi, A. Leader, E.-A. D. Amir,
N. Elefant, C. Bigenwald, R. Remark, R. Sweeney,
C. D. Becker, J. H. Levine, K. Meinhof, A. Chow, S. Kim-
Shulze, A. Wolf, C. Medaglia, H. Li, J. A. Rytlewski,
R. O. Emerson, A. Solovyov, B. D. Greenbaum, C. Sanders,
M. Vignali, M. B. Beasley, R. Flores, S. Gnjatic, D. Pe’er,
A. Rahman, I. Amit and M. Merad, Cell, 2017, 169, 750—
765.

S. Chevrier, ]J. H. Levine, V. R. T. Zanotelli, K. Silina,
D. Schulz, M. Bacac, C. H. Ries, L. Ailles, M. A. S. Jewett
and H. Moch, Cell, 2017, 169, 736-749.

Y. Jiang, J. Xie, Z. Han, W. Liu, S. Xi, L. Huang, W. Huang,
T. Lin, L. Zhao and Y. Hu, Clin. Cancer Res., 2018, 24,
5574-5584.

J. Couzin-Frankel, Science, 2013, 342, 1432-1433.

M. Vanneman and G. Dranoff, Nat. Rev. Cancer, 2012, 12,
237.

I. Mellman, G. Coukos and G. Dranoff, Nature, 2011, 480,
480.

L. A. Pikor, ]J. C. Bell and J.-S. Diallo, Trends Cancer, 2015,
1, 266-277.

J. villadolid and A. Amin, Transl. Lung Cancer Res., 2015,
4, 560.

K. M. Mahoney, G. J. Freeman and D. F. McDermott, Clin.
Ther., 2015, 37, 764-782.

T. Chen, A. Razak, P. Bedard, L. Siu and A. Hansen, Ann.
Oncol., 2015, 26, 1824-1829.

C. K. Lee, J. Man, S. Lord, W. Cooper, M. Links, V. Gebski,
R. S. Herbst, R. J. Gralla, T. Mok and ]. C. Yang, JAMA
Oncol., 2018, 4, 210-216.

J. Tang, J. X. Yu, V. M. Hubbard-Lucey, S. T. Neftelinov,
J. P. Hodge and Y. Lin, Nat. Rev. Drug Discovery, 2018, 17,
854-855.

P. Berraondo, M. F. Sanmamed, M. C. Ochoa,
I. Etxeberria, M. A. Aznar, ]. L. Pérez-Gracia,
M. E. Rodriguez-Ruiz, M. Ponz-Sarvise, E. Castaiiéon and
1. Melero, Br. J. Cancer, 2019, 120, 6-15.

S. Shirjang, N. Alizadeh, B. Mansoori, A. Mahmoodpoor,
H. S. Kafil, M. Hojjat-Farsangi and M. Yousefi, J. Cell
Biochem., 2019, 120, 8863-8883.

J. Moskovitz, J. Moy and R. L. Ferris, Curr. Oncol. Rep.,
2018, 20, 22.

A. M. Scott, J. D. Wolchok and L. J. Old, Nat. Rev. Cancer,
2012, 12, 278.

G. P. Adams and L. M. Weiner, Nat. Biotechnol., 2005, 23,
1147.

A. Thomas, B. A. Teicher and R. Hassan, Lancet Oncol.,
2016, 17, €254-262.

R. Lameris, R. C. de Bruin, F. L. Schneiders, P. M. van
Bergen en Henegouwen, H. M. Verheul, T. D. de Gruijl

journal is © The Royal Society of Chemistry 2020

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132
133

134

135

136

View Article Online

Review

and H. J. van der Vliet, Crit. Rev. Oncol. Hematol., 2014,
92, 153-165.

J. Wu, J. Fu, M. Zhang and D. Liu, J. Hematol. Oncol.,
2015, 8, 104.

E. Jager, D. Jager and A. Knuth, Curr. Opin. Immunol.,
2002, 14, 178-182.

B. Goldman and L. DeFrancesco, Nat. Biotechnol., 2009,
27, 129.

Immunotherapy: impacting all cancers, https:/www.
cancerresearch.org, (accessed September 2019).

A. Ramezani and A. Aghakhani, HPV Infections: Diagnosis,
Prevention, and Treatment, 2018, p. 170.

P. Le Vu, J. Vadakekolathu, H. Nicholls, D. Christensen,
L. Durrant, A. Pockley and S. McArdle, Eur. J. Cancer,
2018, 92, S18.

R. A. Madan and J. L. Gulley, Expert Rev. Vaccines, 2011,
10, 141-150.

G. P. Linette and B. M. Carreno, Trends Mol. Med., 2017,
23, 869-871.

P. A. Ott, Z. Hu, D. B. Keskin, S. A. Shukla, J. Sun,
D. J. Bozym, W. Zhang, A. Luoma, A. Giobbie-Hurder and
L. Peter, Nature, 2017, 547, 217.

K. Q. Tran, J. Zhou, K. H. Durflinger, M. M. Langhan,
T. E. Shelton, J. R. Wunderlich, P. F. Robbins,
S. A. Rosenberg and M. E. Dudley, J. Immunother., 2008,
31, 742.

S. A. Rosenberg and M. E. Dudley, Curr. Opin. Immunol.,
2009, 21, 233-240.

S. A. Rosenberg, N. P. Restifo, J. C. Yang, R. A. Morgan
and M. E. Dudley, Nat. Rev. Cancer, 2008, 8, 299.

C. H. June, J. Clin. Invest., 2007, 117, 1466-1476.

C. H. June, R. S. OConnor, O. U. Kawalekar,
S. Ghassemi and M. C. Milone, Science, 2018, 359, 1361—
1365.

R. A. Morgan, M. E. Dudley and S. A. Rosenberg, Cancer J.,
2010, 16, 336.

T. S. Park, S. A. Rosenberg and R. A. Morgan, Trends
Biotechnol., 2011, 29, 550-557.

C. E. Brown and C. L. Mackall, Nat. Rev. Immunol., 2019,
19, 73.

A. Yip and R. M. Webster, Nat. Rev. Drug Discovery, 2018,
17, 161-162.

M. Cheng, Y. Chen, W. Xiao, R. Sun and Z. Tian, Cell. Mol.
Immunol., 2013, 10, 230.

V. Bachanova and J. S. Miller, Crit. Rev. Oncog., 2014, 19,
133-141.

H. Fukuhara, Y. Ino and T. Todo, Cancer Sci., 2016, 107,
1373-1379.

E. Dolgin, Nat. Rev. Drug Discovery, 2015, 14, 369-371.

L. Spain, S. Diem and J. Larkin, Cancer Treat. Rev., 2016,
44, 51-60.

K. E. Pauken, M. Dougan, N. R. Rose, A. H. Lichtman and
A. H. Sharpe, Trends Immunol., 2019, 40, 511-523.

R. S. Riley, C. H. June, R. Langer and M. J. Mitchell, Nat.
Rev. Drug Discovery, 2019, 18, 175-196.

H. Wang and D. J. Mooney, Nat. Mater., 2018, 17, 761-772.

Nanoscale, 2020, 12, 413-436 | 433


https://doi.org/10.1039/c9nr08086d

Published on 26 November 2019. Downloaded by Y unnan University on 8/23/2025 5:34:09 PM.

Review

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

C. W. Shields IV, L. L. Wang, M. A. Evans and
S. Mitragotri, Adv. Mater., 2019, 1901633.

J. Padmanabhan and T. R. Kyriakides, Wiley Interdiscip.
Rev.: Nanomed. Nanobiotechnol., 2015, 7, 355-370.

K. M. Ainslie, S. L. Tao, K. C. Popat, H. Daniels, V. Hardev,
C. A. Grimes and T. A. Desai, J. Biomed. Mater. Res., Part A,
2009, 91, 647-655.

H. K. Makadia and S. ]. Siegel, Polymers, 2011, 3, 1377-1397.
J. Park and ]J. E. Babensee, Acta Biomater., 2012, 8, 3606—
3617.

R. P. Allen, A. Bolandparvaz, J. A. Ma, V. A. Manickam and
J. S. Lewis, ACS Biomater. Sci. Eng., 2018, 4, 900-918.

J. E. Rayahin, J. S. Buhrman, Y. Zhang, T. J. Koh and
R. A. Gemeinhart, ACS Biomater. Sci. Eng., 2015, 1, 481-493.
A. V. Tkach, G. V. Shurin, M. R. Shurin, E. R. Kisin,
A. R. Murray, S. H. Young, A. Star, B. Fadeel, V. E. Kagan
and A. A. Shvedova, ACS Nano, 2011, 5, 5755-5762.

K. Lategan, H. Alghadi, M. Bayati, M. de Cortalezzi and
E. Pool, Nanomaterials, 2018, 8, 125.

H. Phuengkham, L. Ren, I. W. Shin and Y. T. Lim, Adv.
Mater., 2019, 31, 1803322.

P. Huang, X. Wang, X. Liang, J. Yang, C. Zhang, D. Kong
and W. Wang, Acta Biomater., 2019, 85, 1-26.

Z. Chen, Z. Wang and Z. Gu, Acc. Chem. Res., 2019, 52,
1255-1264.

Y. Shi and T. Lammers, Acc. Chem. Res., 2019, 52, 1543-1554.
Y. Zhao, H. Chen, X. Chen, G. Hollett, Z. Gu, J. Wu and
X. Liu, Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol.,
2017, 9, e1469.

X. Y. Zhang, S. H. Zhang, Y. Kang, K. Q. Huang, Z. P. Gu
and J. Wu, Curr. Drug Metab., 2018, 19, 750-758.

J. F. Zhang, L. Y. Wang, X. R. You, T. Z. Xian, J. Wu and
J. Pang, Curr. Top. Med. Chem., 2019, 19, 57-73.

X. You, Z. Gu, J. Huang, Y. Mang, C.-C. Chu and J. Wu,
Acta Biomater., 2018, 74, 180-191.

L. Cai, Z. Gu, J. Zhong, D. Wen, G. Chen, L. He, J. Wu and
Z. Gu, Drug Discovery Today, 2018, 23, 1126-1138.

Y. Li, X. Li, F. Zhou, A. Doughty, A. R. Hoover,
R. E. Nordquist and W. R. Chen, Cancer Lett., 2019, 442,
429-438.

X. You, Y. Kang, G. Hollett, X. Chen, W. Zhao, Z. Gu and
J. Wu, J. Mater. Chem. B, 2016, 4, 7779-7792.

J. Liu, R. Zhang and Z. P. Xu, Small, 2019, 1900262, DOI:
10.1002/smll.201900262.

M. Yu, J. Wu, J. Shi and O. C. Farokhzad, J. Controlled
Release, 2016, 240, 24-37.

Z. Song, X. Chen, X. You, K. Huang, A. Dhinakar, Z. Gu
and J. Wu, Biomater. Sci., 2017, 5, 2369-2380.

X. Duan, C. Chan and W. Lin, Angew. Chem., Int. Ed.,
2019, 58, 670-680.

L. Zhang, S. Wu, Y. Qin, F. Fan, Z. Zhang, C. Huang, W. Ji,
L. Lu, C. Wang, H. Sun, X. Leng, D. Kong and D. Zhu,
Nano Lett., 2019, 19, 4237-4249.

N. Zhang, J. Song, Y. Liu, M. Liu, L. Zhang, D. Sheng,
L. Deng, H. Yi, M. Wu, Y. Zheng, Z. Wang and Z. Yang,
J. Controlled Release, 2019, 306, 15-28.

434 | Nanoscale, 2020, 12, 413-436

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

View Article Online

Nanoscale

Z. Wang, B. Guo, E. Middha, Z. Huang, Q. Hu, Z. Fu and
B. Liu, ACS Appl. Mater. Interfaces, 2019, 11, 11167-
11176.

Q. Qiu, C. Li, Y. Song, T. Shi, X. Luo, H. Zhang, L. Hu,
X. Yan, H. Zheng, M. Liu, M. Liu, M. Liu, S. Yang, X. Liu,
G. Chen and Y. Deng, Acta Biomater., 2019, 92, 184-195.
H. T. T. Duong, T. Thambi, Y. Yin, J. E. Lee, Y. K. Seo,
J. H. Jeong and D. S. Lee, ACS Appl. Mater. Interfaces, 2019,
11, 13058-13068.

R. Kuai, L. J. Ochyl, K. S. Bahjat, A. Schwendeman and
J.J. Moon, Nat. Mater., 2017, 16, 489-496.

C. Zhang, L. Long, Y. Xiong, C. Wang, C. Peng, Y. Yuan,
Z. Liu, Y. Lin, Y. Jia, X. Zhou and X. Li, ACS Appl. Mater.
Interfaces, 2019, 11, 9872-9883.

Q. Chen, G. Chen, J. Chen, J. Shen, X. Zhang, ]J. Wang,
A. Chan and Z. Gu, Nano Lett., 2019, 19, 4879-4889.

J. Peng, Q. Yang, Y. Xiao, K. Shi, Q. Liu, Y. Hao, F. Yang,
R. Han and Z. Qian, Adv. Funct. Mater., 2019, 29, 1900004.
W. Shan, H. Zheng, G. Fu, C. Liu, Z. Li, Y. Ye, J. Zhao,
D. Xu, L. Sun, X. Wang, X. L. Chen, S. Bi, L. Ren and
G. Fu, Nano Lett., 2019, 19, 1719-1727.

X. Wang, S. Thara, X. Li, A. Ito, Y. Sogo, Y. Watanabe,
A. Yamazaki, N. M. Tsuji and T. Ohno, ACS Nano, 2019,
13, 7705-7715.

C. Wang, P. Li, L. L. Liu, H. Pan, H. C. Li, L. T. Cai and
Y. F. Ma, Biomaterials, 2016, 79, 88-100.

D. D. Li, F. L. Sun, M. Bourajjaj, Y. N. Chen, E. H. Pieters,
J. Chen, J. B. van den Dikkenberg, B. Lou,
M. G. M. Camps, F. Ossendorp, W. E. Hennink,
T. Vermonden and C. F. van Nostrum, Nanoscale, 2016, 8,
19592-19604.

L. Nuhn, N. Vanparijs, A. De Beuckelaer, L. Lybaert,
G. Verstraete, K. Deswarte, S. Lienenklaus, N. M. Shukla,
A. C. D. Salyer, B. N. Lambrecht, J. Grooten, S. A. David,
S. De Koker and B. G. De Geest, Proc. Natl Acad.
Sci. U. S. A., 2016, 113, 8098-8103.

X. D. Zhang, X. Liang, J. J. Gu, D. F. Chang, J. X. Zhang,
Z. W. Chen, Y. Q. Ye, C. Wang, W. Tao, X. W. Zeng, G. Liu,
Y. J. Zhang, L. Mei and Z. Gu, Nanoscale, 2017, 9, 150-163.
Q. Chen, C. Wang, X. Zhang, G. Chen, Q. Hu, H. Li,
J. Wang, D. Wen, Y. Zhang, Y. Lu, G. Yang, C. Jiang,
J. Wang, G. Dotti and Z. Gu, Nat. Nanotechnol., 2019, 14,
89-97.

F. Zahednezhad, M. Saadat, H. Valizadeh, P. Zakeri-Milani
and B. Baradaran, J. Controlled Release, 2019, 305, 194—
209.

H. Y. Kim, M. Kang, Y. W. Choo, S. H. Go, S. P. Kwon,
S. Y. Song, H. S. Sohn, J. Hong and B. S. Kim, Nano Lett.,
2019, 19, 5185-5193.

C. Deng, Q. Zhang, M. Jia, J. Zhao, X. Sun, T. Gong and
Z. Zhang, Adv. Sci., 2019, 6, 1801868.

B. Zhou, Q. Jiang, X. Xiao, X. Xu, Y. Xu, Y. Kong,
W. Zhang, Y. Zeng, X. Liu and B. Luo, Nanoscale, 2019, 11,
7996-8011.

C. Liang, Y. Chao, X. Yi, J. Xu, L. Feng, Q. Zhao, K. Yang
and Z. Liu, Biomaterials, 2019, 197, 368-379.

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9nr08086d

Published on 26 November 2019. Downloaded by Y unnan University on 8/23/2025 5:34:09 PM.

Nanoscale

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

This

Y. Chen, W. Song, L. Shen, N. Qiu, M. Hu, Y. Liu, Q. Liu
and L. Huang, ACS Nano, 2019, 13, 1751-1763.

X. Liu, C. Liu, Z. Zheng, S. Chen, X. Pang, X. Xiang,
J. Tang, E. Ren, Y. Chen, M. You, X. Wang, X. Chen,
W. Luo, G. Liu and N. Xia, Adv. Mater., 2019, 31, 1808294.

Z. Wan, ]J. Sun, J. Xu, P. Moharil, J. Chen, J. Xu, J. Zhu,
J. Li, Y. Huang, P. Xu, X. Ma, W. Xie, B. Lu and S. Li, Acta
Biomater., 2019, 90, 300-313.

F. Zhou, B. Feng, H. Yu, D. Wang, T. Wang, Y. Ma,
S. Wang and Y. Li, Adv. Mater., 2019, 31, 1805888.

X. Yu, L. Chen, ]J. Liu, B. Dai, G. Xu, G. Shen, Q. Luo and
Z. Zhang, Nat. Commun., 2019, 10, 574.

G. Erel-Akbaba, L. A. Carvalho, T. Tian, M. Zinter,
H. Akbaba, P. J. Obeid, E. A. Chiocca, R. Weissleder,
A. G. Kantarci and B. A. Tannous, ACS Nano, 2019, 13,
4028-4040.

X. Duan, C. Chan, W. Han, N. Guo, R. R. Weichselbaum
and W. Lin, Nat. Commun., 2019, 10, 1899.

H. Wang, Y. Tang, Y. Fang, M. Zhang, H. Wang, Z. He,
B. Wang, Q. Xu and Y. Huang, Nano Lett., 2019, 19, 2935-
2944.

X. Dong, J. Liang, A. Yang, Z. Qian, D. Kong and F. Lv, ACS
Appl. Mater. Interfaces, 2019, 11, 4876-4888.

M. Wu, X. Liu, H. Bai, L. Lai, Q. Chen, G. Huang, B. Liu
and G. Tang, ACS Appl. Mater. Interfaces, 2019, 11, 9850—
9859.

C. B. Rodell, S. P. Arlauckas, M. F. Cuccarese, C. S. Garris,
R. Ahmed, R. H. Kohler, M. J. Pittet and R. Weissleder,
Nat. Biomed. Eng., 2018, 2, 578-588.

J. Qi, W. S. Li, K. Lu, F. Y. Jin, D. Liu, X. Xu, X. Wang,
X. Kang, W. Wang, G. Shu, F. Han, X. Y. Ying, J. You, J. Ji
and Y. Z. Du, Nano Lett., 2019, 19, 4949-4959.

Q. Chen, J. Chen, Z. Yang, J. Xu, L. Xu, C. Liang, X. Han
and Z. Liu, Adv. Mater., 2019, 31, 1802228.

J. Jin, B. Krishnamachary, J. D. Barnett, S. Chatterjee,
D. Chang, Y. Mironchik, F. Wildes, E. M. ]Jaffee,
S. Nimmagadda and Z. M. Bhujwalla, ACS Appl. Mater.
Interfaces, 2019, 11, 7850-7861.

T. Wang, J. Zhang, T. Hou, X. Yin and N. Zhang,
Nanoscale, 2019, 11, 13934-13946.

X. Liu, B. Wang, Y. Li, Y. Hu, X. Li, T. Yu, Y. Ju, T. Sun,
X. Gao and Y. Wei, ACS Cent. Sci., 2019, 5, 277-289.

Y. X. Zhang, Y. Y. Zhao, J. Shen, X. Sun, Y. Liu,
H. Liu, Y. Wang and J. Wang, Nano Lett., 2019, 19, 2774-
2783.

P. Zhou, ]J. Qin, C. Zhou, G. Wan, Y. Liu, M. Zhang,
X. Yang, N. Zhang and Y. Wang, Biomaterials, 2019, 195,
86-99.

Y. Guo, Y. Ran, Z. Wang, J. Cheng, Y. Cao, C. Yang, F. Liu
and H. Ran, Biomaterials, 2019, 219, 119370.

W. Yang, G. Zhu, S. Wang, G. Yu, Z. Yang, L. Lin, Z. Zhou,
Y. Liu, Y. Dai, F. Zhang, Z. Shen, Y. Liu, Z. He, J. Lau,
G. Niu, D. O. Kiesewetter, S. Hu and X. Chen, ACS Nano,
2019, 13, 3083-3094.

C. Lee, L. Jose, K. Shim, S. S. A. An, S. Jang, J. K. Song,
J. O.Jin and H. J. Paik, Nanoscale, 2019, 11, 13878-13884.

journal is © The Royal Society of Chemistry 2020

203

204

205

206

207

208
209

210

211

212

213

214

215

216

217

218

219

220

221

222

View Article Online

Review

W. Xie, W. W. Deng, M. Zan, L. Rao, G. T. Yu, D. M. Zhu,
W. T. Wu, B. Chen, L. W. Ji, L. Chen, K. Liu, S. S. Guo,
H. M. Huang, W. F. Zhang, X. Zhao, Y. Yuan, W. Dong,
Z.]. Sun and W. Liu, ACS Nano, 2019, 13, 2849-2857.

M. Wang, J. Song, F. Zhou, A. R. Hoover, C. Murray,
B. Zhou, L. Wang, J. Qu and W. R. Chen, Adv. Sci., 2019, 6,
1802157.

I. Mottas, A. Bekdemir, A. Cereghetti, L. Spagnuolo,
Y. S. S. Yang, M. Mueller, D. ]J. Irvine, F. Stellacci and
C. Bourquin, Biomaterials, 2019, 190, 111-120.

Q. Chen, L. Liu, Y. Lu, X. Chen, Y. Zhang, W. Zhou,
Q. Guo, C. Li, Y. Zhang, Y. Zhang, D. Liang, T. Sun and
C. Jiang, Adv. Sci., 2019, 6, 1802134.

Y. Chao, G. Chen, C. Liang, J. Xu, Z. Dong, X. Han,
C. Wang and Z. Liu, Nano Lett., 2019, 19, 4287-4296.

S. Svenson, Chem. Soc. Rev., 2015, 44, 4131-4144.

1. Durocher and D. Girard, Inflammation Res., 2016, 65,
745-755.

S. Fruchon and R. Poupot, Nanomaterials, 2017, 7, 251.

P. Daftarian, A. E. Kaifer, W. Li, B. B. Blomberg, D. Frasca,
F. Roth, R. Chowdhury, E. A. Berg, ]J. B. Fishman,
H. A. Al Sayegh, P. Blackwelder, L. Inverardi, V. L. Perez,
V. Lemmon and P. Serafini, Cancer Res., 2011, 71, 7452-
7462.

K. C. Sheng, M. Kalkanidis, D. S. Pouniotis, S. Esparon,
C. K. Tang, V. Apostolopoulos and G. A. Pietersz,
Eur. J. Immunol., 2008, 38, 424-436.

C. Pifferi, B. Thomas, D. Goyard, N. Berthet and
O. Renaudet, Chem. — Eur. J., 2017, 23, 16283-16296.

X. Liu, J. Zheng, W. Sun, X. Zhao, Y. Li, N. Gong, Y. Wang,
X. Ma, T. Zhang, L. Y. Zhao, Y. Hou, Z. Wu, Y. Du,
H. Fan, J. Tian and X. J. Liang, ACS Nano, 2019, 13, 8811-
8825.

W. Nie, W. Wei, L. Zuo, C. Ly, F. Zhang, G. H. Lu, F. Li,
G. Wu, L. L. Huang, X. Xi and H. Y. Xie, ACS Nano, 2019,
13, 1469-1478.

R. R. Meka, S. Mukherjee, C. R. Patra and A. Chaudhuri,
Nanoscale, 2019, 11, 7931-7943.

M. Yan, Y. Liu, X. Zhu, X. Wang, L. Liu, H. Sun, C. Wang,
D. Kong and G. Ma, ACS Appl. Mater. Interfaces, 2019, 11,
1876-1885.

X. Wang, F. Cao, M. Yan, Y. Liu, X. Zhu, H. Sun and
G. Ma, Acta Biomater., 2019, 83, 390-399.

L. Yang, J. Sun, Q. Liu, R. Zhu, Q. Yang, ]. Hua,
L. Zheng, K. Li, S. Wang and A. Li, Adv. Sci., 2019, 6,
1802012.

H. T. Nguyen, J. H. Byeon, C. D. Phung, L. M. Pham,
S. K. Ku, C. S. Yong and J. O. Kim, ACS Appl. Mater.
Interfaces, 2019, 11, 24959-24970.

P. Sharma, J. B. Shin, B. C. Park, J. W. Lee, S. W. Byun,
N. Y. Jang, Y. J. Kim, Y. Kim, Y. K. Kim and N. H. Cho,
Nanoscale, 2019, 11, 4591-4600.

E. M. Reuven, S. L. Ben-Arye, H. Yu, R. Duchi, A. Perota,
S. Conchon, S. B. Abramovitch, J. P. Soulillou, C. Galli,
X. Chen and V. Padler-Karavani, ACS Nano, 2019, 13,
2936-2947.

Nanoscale, 2020,12, 413-436 | 435


https://doi.org/10.1039/c9nr08086d

Published on 26 November 2019. Downloaded by Y unnan University on 8/23/2025 5:34:09 PM.

Review

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

C. X. Li, Y. Zhang, X. Dong, L. Zhang, M. D. Liu, B. Li,
M. K. Zhang, J. Feng and X. Z. Zhang, Adv. Mater., 2019,
31, 1807211.

W. L. Liu, M. Z. Zou, T. Liu, J. Y. Zeng, X. Li, W. Y. Yu,
C. X. Li, J. J. Ye, W. Song, J. Feng and X. Z. Zhang, Adv.
Mater., 2019, 31, 1900499.

Y. Mi, C. T. Hagan, B. G. Vincent and A. Z. Wang, Adv.
Sci., 2019, 6, 1801847.

A. K. Kosmides, R. A. Meyer, J. W. Hickey, K. Aje,
K. N. Cheung, J. J. Green and J. P. Schneck, Biomaterials,
2017, 118, 16-26.

R. Watkins-Schulz, P. Tiet, M. D. Gallovic, R. D. Junkins,
C. Batty, E. M. Bachelder, K. M. Ainslie and J. P. Y. Ting,
Biomaterials, 2019, 205, 94-105.

F. S. Majedi, M. M. Hasani-Sadrabadi, Y. Kidani,
T. J. Thauland, A. Moshaverinia, M. ]. Butte,
S. J. Bensinger and L. S. Bouchard, Adv. Mater., 2018, 30,
1703178.

T. R. Fadel, F. A. Sharp, N. Vudattu, R. Ragheb, J. Garyu,
D. Kim, E. Hong, N. Li, G. L. Haller, L. D. Pfefferle,
S. Justesen, K. C. Herold and T. M. Fahmy, Nat.
Nanotechnol., 2014, 9, 639-647.

M. Zhu, X. Ding, R. Zhao, X. Liu, H. Shen, C. Cai,
M. Ferrari, H. Y. Wang and R. F. Wang, J. Controlled
Release, 2018, 272, 72-82.

L. Lybaert, K. A. Ryu, L. Nuhn, R. De Rycke, O. De Wever,
A. C. Chon, A. P. Esser-Kahn and B. G. De Geest, Chem.
Mater., 2017, 29, 4209-4217.

C. Wang, W. Sun, Y. Ye, Q. Hu, H. N. Bomba and Z. Gu,
Nat. Biomed. Eng., 2017, 1, 0011.

Q. Hu, W. Sun, J. Wang, H. Ruan, X. Zhang, Y. Ye, S. Shen,
C. Wang, W. Lu, K. Cheng, G. Dotti, ]J. F. Zeidner, J. Wang
and Z. Gu, Nat Biomed Eng., 2018, 2, 831-840.

X. Wang, J. Liang, C. Zhang, G. Ma, C. Wang and D. Kong,
Chem. Commun., 2019, 55, 1568-1571.

A. Garapaty and ]J. A. Champion, Bioeng. Transl. Med.,
2017, 2, 92-101.

H. M. Shin, Y. Ju, G. Kim, J. W. Lee, M. W. Seo, J. H. Sim,
J. Yang, S. Noh, J. Kim and H.-R. Kim, Adv. Funct. Mater.,
2019, 29, 1808361.

M. O. Dellacherie, B. R. Seo and D. ]J. Mooney, Nat. Rev.
Mater., 2019, 4, 379-397.

T. T. Smith, H. F. Moffett, S. B. Stephan, C. F. Opel,
A. G. Dumigan, X. Jiang, V. G. Pillarisetty, S. P. S. Pillai,
K. D. Wittrup and M. T. Stephan, J. Clin. Invest., 2017, 127,
2176-2191.

A. Monette, C. Ceccaldi, E. Assaad, S. Lerouge and
R. Lapointe, Biomaterials, 2016, 75, 237-249.

J. W. Hickey, Y. Dong, ]J. W. Chung, S. F. Salathe,
H. C. Pruitt, X. Li, C. Chang, A. K. Fraser, C. A. Bessell,
A. J. Ewald, S. Gerecht, H.-Q. Mao and J. P. Schneck, Adv.
Mater., 2019, 31, 1807359.

C. G. Park, C. A. Hartl, D. Schmid, E. M. Carmona, H.-J. Kim
and M. S. Goldberg, Sci. Transl. Med., 2018, 10, eaar1916.

X. Dong, J. Liang, A. Yang, Z. Qian, D. Kong and F. Lv,
Biomaterials, 2019, 209, 111-125.

436 | Nanoscale, 2020, 12, 413-436

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

View Article Online

Nanoscale

D. G. Leach, N. Dharmaraj, S. L. Piotrowski, T. L. Lopez-
Silva, Y. L. Lei, A. G. Sikora, S. Young and J. D. Hartgerink,
Biomaterials, 2018, 163, 67-75.

T. Wang, D. Wang, H. Yu, B. Feng, F. Zhou, H. Zhang,
L. Zhou, S. Jiao and Y. Li, Nat. Commun., 2018, 9, 1532.

V. Verma, Y. Kim, M. C. Lee, J. T. Lee, S. Cho, I. K. Park,
J. J. Min, J. J. Lee, S. E. Lee and ]J. H. Rhee, Oncotarget,
2016, 7, 39894-39906.

J. D. Malcor, V. Juskaite, D. Gavriilidou, E. J. Hunter,
N. Davidenko, S. Hamaia, S. Sinha, R. E. Cameron,
S. M. Best, B. Leitinger and R. W. Farndale, Biomaterials,
2018, 182, 21-34.

J. Lee, Q. V. Le, G. Yang and Y. K. Oh, Biomaterials, 2019,
218, 119359.

H. Ruan, Q. Hu, D. Wen, Q. Chen, G. Chen, Y. Lu, J. Wang,
H. Cheng, W. Lu and Z. Gu, Adv. Mater., 2019, 31, 1806957.
Z. Meng, X. Zhou, ]J. Xu, X. Han, Z. Dong, H. Wang,
Y. Zhang, J. She, L. Xu, C. Wang and Z. Liu, Adv. Mater.,
2019, 31, €1900927.

S. Yu, C. Wang, J. Yu, J. Wang, Y. Lu, Y. Zhang, X. Zhang,
Q. Hu, W. Sun, C. He, X. Chen and Z. Gu, Adv. Mater.,
2018, 30, €1801527.

J. Weiden, J. Tel and C. G. Figdor, Nat. Rev. Immunol.,
2018, 18, 212-219.

H. Phuengkham, C. Song, S. H. Um and Y. T. Lim, Adv.
Mater., 2018, 30, e1706719.

H. Song, P. Huang, J. Niu, G. Shi, C. Zhang, D. Kong and
W. Wang, Biomaterials, 2018, 159, 119-129.

C. Wang, J. Wang, X. Zhang, S. Yu, D. Wen, Q. Huy, Y. Ye,
H. Bomba, X. Hu, Z. Liu, G. Dotti and Z. Gu, Sci. Transl.
Med., 2018, 10, eaan3682.

X. Ye, X. Liang, Q. Chen, Q. Miao, X. Chen, X. Zhang and
L. Mei, ACS Nano, 2019, 13, 2956-2968.

A. S. Cheung, D. K. Y. Zhang, S. T. Koshy and
D. J. Mooney, Nat. Biotechnol., 2018, 36, 160-169.

P. Yang, H. Song, Y. Qin, P. Huang, C. Zhang, D. Kong
and W. Wang, Nano Lett., 2018, 18, 4377-4385.

Z. Zhao, A. Ukidve, A. Dasgupta and S. Mitragotri, Adv.
Drug Delivery Rev., 2018, 127, 3-19.

Y. Ye, J. Yu, D. Wen, A. R. Kahkoska and Z. Gu, Adv. Drug
Delivery Rev., 2018, 127, 106-118.

C. Wang, Y. Ye, G. M. Hochu, H. Sadeghifar and Z. Gu,
Nano Lett., 2016, 16, 2334-2340.

Y. Ye, J. Wang, Q. Hu, G. M. Hochu, H. Xin, C. Wang and
Z. Gu, ACS Nano, 2016, 10, 8956-8963.

Y. Q. Ye, C. Wang, X. D. Zhang, Q. Y. Hu, Y. Q. Zhang,
Q. Liu, D. Wen, ]J. Milligan, A. Bellotti, L. Huang, G. Dotti
and Z. Gu, Sci. Immunol., 2017, 2, eaan5692.

K. R. Hixon, T. Lu and S. A. Sell, Acta Biomater., 2017, 62,
29-41.

S. T. Koshy, D. K. Y. Zhang, J. M. Grolman, A. G. Stafford
and D. J. Mooney, Acta Biomater., 2018, 65, 36-43.

M. ]J. Lerman, J. Lembong, G. Gillen and J. P. Fisher, Appl.
Phys. Rev., 2018, 5, 041109.

L. Valot, J. Martinez, A. Mehdi and G. Subra, Chem. Soc.
Rev., 2019, 48, 4049-4086.

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9nr08086d

	Button 1: 


