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Immunotherapy has emerged as an effective strategy for the prevention

and treatment of a variety of diseases, including cancer, infectious diseases,
inflammatory diseases, and autoimmune diseases. Immunomodulatory
nanosystems can readily improve the therapeutic effects and simultaneously
overcome many obstacles facing the treatment method, such as inadequate
immune stimulation, off-target side effects, and bioactivity loss of immune
agents during circulation. In recent years, researchers have continuously
developed nanomaterials with new structures, properties, and functions.
This Review provides the most recent advances of nanotechnology for
immunostimulation and immunosuppression. In cancer immunotherapy,
nanosystems play an essential role in immune cell activation and tumor
microenvironment modulation, as well as combination with other antitumor
approaches. In infectious diseases, many encouraging outcomes from

using nanomaterial vaccines against viral and bacterial infections have been
reported. In addition, nanoparticles also potentiate the effects of immunosup-

successful pathogens have developed a
range of effective mechanisms to evade
immune clearance by inhibiting phago-
cytosis, blocking antigen presentation,
or directly killing immune cells.”l Worse
still, cancer cells can alter the tumor
microenvironment (TME) into a highly
immunosuppressive state by recruiting
immunosuppressive immune cells and
by expressing a series of inhibitory

cytokines, enzymes, and checkpoint
molecules, thus facilitating tumor
immune evasion.’) These barriers

undoubtedly hinder the efficiency and
intensity of the immune responses.
On the contrary, aberrant activation of
immune cells can arouse uncontrolled
inflammation and cause inflamma-

pressive immune cells for the treatment of inflammatory and autoimmune
diseases. Finally, the challenges and prospects of applying nanotechnology to

modulate immunotherapy are discussed.

1. Introduction

Our immune system is able to protect us from a variety
of illnesses based on a process termed “immune surveil-
lance.”M Theoretically, viruses, bacteria, and cancer cells
can be rapidly identified as alien antigens and eliminated
by immune cells. However, the disturbing reality is that
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tory diseases, autoimmune diseases, or
allergic diseases.! Abnormal inflamma-
tion can also lead to transplant rejection
and hinder tissue and organ regenera-
tion.’l Therapy interventions are neces-
sary to maintain the homeostasis and
function of the immune system.

The concept of treating a disease by activating or suppressing
immune system is referred to as immunotherapy. In the treat-
ment of cancer and infectious diseases, immunostimulatory
therapy should be used for the activation of immune response to
detect and eliminate non-self-antigens, and to establish memory
effects for these diseases. On the contrary, for overactive
immune response in diseases like atherosclerosis, rheumatoid
arthritis (RA), diabetes, obesity, and transplantation, immuno-
suppressive therapy is needed to downregulate immune reac-
tion and generate certain immune tolerance (Scheme 1). Our
immune environment can be regulated by a variety of immune
cells, cytokines, and enzymes, which can be investigated to
properly control and prevent immune-related disorders or
illnesses. Many immunotherapeutic methods have achieved
impressive outcomes in treating various diseases,® but perfor-
mances of immunoregulatory agents can be negatively affected
by poor solubility, high immune-mediated toxicity, and loss of
bioactivity after long circulation.”]

Encouragingly, nanotechnology is in a position to solve the
existing problems, and thereby achieves the desired therapeutic
effect. Studies have shown that the nanoplatforms manifest
numerous advantageous properties, including 1) codelivery
of antigens and adjuvants to the same antigen presenting
cells (APCs) or intracellular compartments;® 2) prolonged
halflives of bioactive cargo molecules by avoiding degrada-
tion by enzymes during blood circulation;® 3) increased accu-
mulation in tumor tissues through size-dependent enhanced
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permeability and retention (EPR) effect;!%!2 4) surface modi-
fication for targeting toward specific tissues or cells;!'>14
5) stimuli-sensitive behavior for safe trafficking and intelligent
drug release;!">"17! 6) higher tolerant dosages of drugs due to less
accumulation at off-target organs and tissues;®! 7) surface cou-
pling of both antigens and costimulatory molecules to engineer
artificial APCs (aAPCs) for potent T cell activation;[!%! 8) diversi-
fied drug delivery routes, such as intranasal administration or
subcutaneous delivery by microneedle patch;®2%21l 9) intrinsic
immunomodulatory functions of engineered nanoparticles.l?%23!

To date, researchers have synthesized nanoparticles with
diverse structures and biological functions for drug delivery.
Some of the most frequently explored nanosystems are
polymer nanoparticles,?#®! liposomes,?®?7] micelles, 83
nanogels,'*3132  gold nanoparticles (Au NPs),?*3* and
carbon nanomaterials.’®) These nanoplatforms have shown
phenomenal capabilities in assisting immunostimulatory or
immunosuppressive regulation by targeted delivery and stim-
uli-responsive controlled release of antigens, adjuvants, and
immunoregulatory agents (Scheme 1). The aAPCs and nano-
particles with other functions are also engineered for diverse
purposes. One strategy to improve the localization of encap-
sulated cargoes in target tissues or cells is chemical modifica-
tion of nanoparticles with targeting moieties. For example,
nanomaterials decorated with DEC-205 antibody (Ab), CD40
Ab, CD11c Ab, or mannose can be preferentially internalized
by dendritic cells (DCs) through receptor-mediated endocy-
tosis.36-38] Similarly, folate, lectins, and CD44 are utilized for
recognition by corresponding receptors overexpressed on mac-
rophages.?**!l Surface coupling of CD3 Ab or tLypl peptide
has shown increased uptake by T cells and regulatory T cells
(Tregs), respectively.*>*3] Besides, nanoplatforms consisting
of dextran or dextran sulfate have intrinsic targeting property
toward macrophages.*#*! More recently, through a method
termed “albumin hitchhiking,” nanoparticles with albumin-
binding domains are capable of draining to lymph node
(LN).[*¢l Additionally, researchers have paid more attention to
the specific functionalization of nanoparticles in the treatment
of a wide range of diseases, where nanoparticles perform as a
main constituent rather than a delivery vehicle.

Specially, in tumor immunotherapy, stimuli-responsive
nanomaterials are engineered in order to maintain structural
integrity in serum and facilitate specific payload release in
TME.¥=5% The internal and external stimuli-responsive strat-
egies (pH,I'*>173 reduction,>°*>3 enzymes, 120 light,7~>
heat, 3! and reactive oxygen species (ROS)?) are involved in
nanoparticle design and have achieved improved antitumor
effects. In addition, other antitumor molecules and agents
can be coloaded into these nanoplatforms for combinational
therapy with synergistic effect.

Collectively, the structure and functional characteristics of
nanoparticles have a great modulatory impact on immuno-
therapeutic efficiency. Herein, we highlight the recent develop-
ment of nanosystems in improving immune stimulation and
immunosuppression. Different modalities of nanomaterial-
incorporated strategies in enhancing tumor immunotherapy
and combining immunotherapy with other antitumor therapies
are specifically discussed. We also outline the nanoparticle-
based immunomodulation toward virus and bacterial infection,

Adv. Sci. 2019, 6, 1900101 1900101 (2 of 39)

www.advancedscience.com

Xiangru Feng is a Ph.D.
student in the Changchun
Institute of Applied
Chemistry, Chinese Academy
of Sciences, and the
University of Science and
Technology of China. She
received her B.S. degree from
the Shenyang Agricultural
University in 2010 and
obtained her M.S. degree
from the Jilin University in
2013. Her research interest is focused on polymer nano-
particles for controlled drug delivery and immunotherapy.

Jianxun Ding is an associate
professor in the Changchun
Institute of Applied Chemistry
(CIAC), Chinese Academy of
Sciences (CAS). He received
his B.S. degree from the
University of Science and
Technology of China (USTC)
in 2007 and obtained his
Ph.D. degree in the CIAC,
CAS, in 2013 under the
supervision of Prof. Xuesi
Chen. His research focuses on (1) synthesis of functional
biodegradable polymers, (2) development of smart polymer
platforms for controlled drug delivery, (3) exploitation

of polymer-based adjuvants for immunotherapy, and (4)
preparation of polymer scaffolds for regenerative medicine.

autoimmune diseases, and other inflammatory disorders. The
future prospects and challenges in this field are also predicted.

2. Nanoparticles for Immunostimulation

2.1. Immunomodulatory Nanoparticles for Cancer Treatment

In the past few decades, immunotherapy has become a fast-
growing approach to treat cancer.l'?1122l Unlike chemotherapy,
radiotherapy, and surgery, it aims to activate immune cells to
detect and eradicate tumor cells. In this way, the side effects
toward normal organs and tissues can be significantly reduced.
Moreover, immunotherapeutic strategy also provides long-term
protection against tumor relapse by inducing immunological
memory.l'23712] Lately, immune checkpoint blockade therapy
targeting cytotoxic T-lymphocyte antigen 4 (CTLA-4), pro-
grammed cell death 1 (PD-1), or programmed cell death ligand
1 (PD-L1) has raised wide attention in relieving the negative
regulation over T cells.'?°) Adoptive cell transfer (ACT) espe-
cially chimeric antigen receptor (CAR)-T cell therapy using ex
vivo expanded and genetically engineered T cells for antigen-
specific tumor therapy, was also approved recently by U.S. Food
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Scheme 1. Engineering of immunostimulatory nanoparticles and immunosuppressive nanoparticles based on functional nanoplatforms, and their
applications in treatment of various diseases by regulating immune-related cells, cytokines, and enzymes.

and Drug Administration (FDA) for B-cell and non-Hodgkin
lymphoma therapy.'”] Based on the fascinating advancement,
cancer immunotherapy efficacy can be further improved with
the assistance of nanotechnology. However, immunothera-
peutic methods are limited in the treatment of solid tumors
owing to highly immunosuppressive TME as well as abnormal
extracellular matrix. More seriously, the “off-target” effects of
the immune-modulatory agents can cause damage to normal
tissues and cells.

Nanotechnology improves the therapeutic efficacy of cancer
immunotherapy mainly through three aspects: 1) protection of
antigens and adjuvants, especially in the case of nucleic acid;
2) efficient delivery to APCs and initiation of potent tumor
antigen-specific immune response; 3) reprogramming of TME
to resume immune surveillance. Until now, a large number of
nanoparticle-based delivery systems aiming at the modulation of
immune cells have been developed for cancer treatment, 12812
and some of them have come into various clinical trial stages
(Table 1).1301311 These clinical researches confirmed their
great therapeutic potential as antitumor agents. For example,
in a phase II clinical trial (NCT00157209), non-small-cell lung
cancer (NSCLC) patients vaccinated with tecemotide (L-BLP25)
containing immunoadjuvant monophosphoryl lipid A and a
synthetic mucin 1 (MUC1) lipopeptide, showed an enhanced
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three-year survival of 49% compared with 27% in patients
that received the best supportive care only.”] To achieve pre-
cise and controlled drug delivery, smart nanoparticles with
more complex structures and specific drug release properties
are also being produced according to the hallmarks of TME,
such as weak acidic pH (6.5-6.8), high level of glutathione and
hydrogen peroxide (H,0,), and disorder of proteinases produc-
tion, such as matrix metalloproteinase-2 (MMP-2).>6:126,132-134)
In this section, we overview the recent developments in the use
of engineered nanoparticles to enhance cancer immunotherapy.
As a booming research area, the combination therapy with
chemotherapy, phototherapy, or radiotherapy is also discussed.
Nanoparticle-based immunomodulatory systems for cancer
immunotherapy were listed in Table 2.

2.1.1. Cancer Immunotherapy

Nanoparticles for Activation of Antigen Presenting Cells: In
initiation of protective immune response, APCs play an irre-
placeable role in catching, processing, and presenting anti-
gens to T cells. The antigen presenting efficiency can be
significantly improved by adjuvants, including toll-like receptor
(TLR) 4 agonist lipopolysaccharide (LPS), TLR7/8 agonist

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Nanoparticle-based immunomodulatory systems for cancer immunotherapy.

www.advancedscience.com

Nanoparticle Payload Targeting Stimuli-sensitivity Reference
APC activation PLGA NP Imidazoquinoline-based TLR7/8 - - [9]
agonist
HDL-mimicking nanodisc Patient-derived neoantigen and - - [135]
cholesterol-modified CpG
PLGA NP OVA, Pam3Csk4, and Poly(1:C) CD40 on DCs - [136]
Chitosan nanoparticle Cell lysate from B16 melanoma Mannose receptor on DCs - [38]
Lipo-CpG micelle CpG Albumin hitchhiking - [137]
YPGA-based CNNP OVA and poly(I:C) - - [138]
PLGA-based AC-NP - - - [139]
mBiNE CRT HER-2 on tumor cells - [140]
T cell activation DMAEMA, PAA, and butyl OVA - pH [134]
methacrylate
polyPAA OVA - pH [133]
CNT MHC1 peptide, anti-CD28, and PLGA - - [147]
NPs encapsulating IL-2 and magnetite
Magnetic nanocluster MHC1-OVA, anti-CD28, and leukocyte Magnetic navigation - [128]
membrane fragments
PD-1 receptor-expressing NV - - - [142]
PEG-PLA NP CTLA-4 siRNA - - [143]
Platelet-derived microparticle Anti-PD-L1 Ab - - [144]
PEG-PLGA NP Anti-PD-1 Ab and aOX40 - - [145]
Super-paramagnetic iron oxide Anti-PD-L1 Ab, anti-CD3/anti-CD28 Magnetic navigation - [129]
nanoparticle Ab, fucoidan, and dextran
Regulation of TME PLGA NP core with lipid shell Imatinib Nrp1 receptor on Tregs - [43]
CDNP consisting of CD and lysine R848 - - [146]
NV derived from type 1 macrophage - - - [147]
Carboxyl-functionalied and aminofunc- - - - [148]
tionalized polystyrene nanoparticle
Super-paramagnetic iron oxide - - - [149]
Ferumoxytol - - - [150]
HDL NP - Scavenger receptor B1 on - [157]
MDSCs
PEGylated LNC ImGem - - [152]
LPH NP HMGAT siRNA Sigma receptor on tumor - [153]
cells
LCP NP TGF-B siRNA, tumor antigen, and CpG - - [154]
PEG-PLGA NP SD-208 PD-Ton T cells - [155]
Nanoparticle assembled from DEAP molecule, PD-L1 antagonist, NGL919, - pH and MMP-2 [56]
and a substrate peptide of MMP-2
Combination with NDP based on cationic liposome  CpG and mitoxantrone-induced DTC - - [26]
chemotherapy and HA
PECylated OXA prodrug and homodimer of NLG919 - pH and reduction [126]
MSNP DOX, ATRA, and IL-2 - - [156]
PTX derivative - - [157]
Netrophil-based cationic liposome PTX - - [158]
PEI-PLGA NP R300 and DOX - MMP-2 [159]
Combination with Chitosan-coated hollow CuS NP CpG - - [57]
phototherapy
PLGA NP Indocyanine green and imiquimod - - [58]

Adv. Sci. 2019, 6, 1900101
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Nanoparticle Payload Targeting Stimuli-sensitivity Reference

PLGA NPs APP and HAuNS - - [33]

Chimeric peptide PpIX-TMT - - Caspase [160]

Hollow silica nanoparticle Catalase and Ce6 Mitochondria pH [161]

PEG-PLGA NP Indocyanine green, titanium dioxide, Mannose receptor on TAM pH [162]

and NH4HCO;

Combination with PEG-modified liposome Catalase and H,0, - - [27]
radiotherapy

MnO, NP ACF - ROS [163]

PLGA-based AC-NP - - - [139]

PLGA NP Catalase and imiquimod - - [164]

Triple combination Au NR DOX and CpG - NIR [165]

therapy
PDA-coated SGNP - - - 34]

imiquimod and imidazoquinoline, TLRY agonist cytosine-
guanine oligodeoxynucleotide (CpG), TLR3 agonist polyino-
sine-polycytidylic acid (poly(I:C)), stimulator of interferon
(IFN) genes agonist cyclic dinucleotides, and nature-derived
adjuvants, such as pullulan and chitosan.'%¢-1%8] [n this pro-
cess, nanomaterials show advantageous function in coencap-
sulation and simultaneous release of antigens and adjuvants,
which is fundamental for APC-mediated T cell response.!'®”!
They also protect the payload from being rapidly removed at
the injection site. Recently, the advances in the nanotechnology
have encouraged the exploration of a surge of nanomaterials
for the activation and maturation of APCs. At present, lipo-
some is the most favorable material of immunotherapeutic
nanosystems in clinical application due to neglectable tox-
icity and immunogenicity, including tecemotide, Lipo-MERIT,
iscomatrix, Lipovaxin MM, etc. (Table 1). Besides liposome,
several other nanomaterials have also been proved safe in
human body. For example, Oncoquest-L, a cancer vaccine
under phase II clinical trial (NCT02194751) is manufactured
from an extract of patient’s own cancer cells and IL-2 deliv-
ered by proteoliposome. Two cholesteryl pullulan-based cancer
vaccines, CHP-NY-ESO-1 and CHP-HER2, aroused antigen-
specific immune response against NY-ESO-1 and HER2 at the
presence of OK-432 adjuvant in esophageal cancer patients
(NCT00291473).76]

Nanoparticles with appropriate diameters (<500 nm) were
liable to be internalized by DCs.'’") TLR7/8 agonists deliv-
ered in poly(lactic-co-glycolic acid) nanoparticles (PLGA NPs)
were easily accumulated and retained in draining LNs and
were potent in boosting DC activation.[”) Codelivery of patient-
derived neoantigen and cholesterol-modified CpG in a syn-
thesized high-density lipoprotein (HDL)-based immunothera-
peutic nanodiscs strongly promoted APC maturation and
elicited robust T cell response.**] The immature DCs incu-
bated with HDL-antigen/CpG showed increased cell uptake
that lasted for as long as 48 h, while those cultured with free
antigen and CpG only showed marginal antigen presentation
at 6 and 24 h.

The strength of CD8+ T cell response is mainly dependent
on the adequate delivery of nanoparticles to APCs. In order to

Adv. Sci. 2019, 6, 1900101 1900101 (10 of 39)

achieve targeted delivery of antigens and/or adjuvants, nano-
particles are decorated with diverse targeting ligands or Abs
on the surface.'”!] As a DC-targeting tumor vaccine in phase I
trial stage (NCT01052142), Lipovaxin MM contains melanoma
cell-derived antigens, human IFN-y, and an Ab fragment tar-
geting DC-specific intercellular adhesion molecule-3-grabbing
nonintegrin. Lipovaxin-MM showed effective DC-targeting
property in vitro and well tolerance in metastatic melanoma
patients, which makes it a promising platform for immuno-
therapeutic applications.®] In a study by Rosalia et al., protein
antigens and two adjuvants (a TLR2 agonist and a TLR3 ago-
nist) were encapsulated in PLGA NPs, with CD40 Ab coupling
to the surface.'*] The CD40 Ab specifically bound to CD40
that was abundantly expressed on DCs. The CD40 Ab-coupled
nanoparticles showed fourfold higher internalization in DCs in
draining LN than nanoparticles without CD40 targeting ligand.
Mannose is another commonly used targeting moiety for rec-
ognition of mannose receptor on DCs.['”? Chitosan nanopar-
ticles conjugated by mannose (Man-NPs) were developed for
delivery of B16 melanoma tumor cell lysate.8! After incuba-
tion with Man-NPs, the bone marrow-derived DCs manifested
elevated expression of CD80, CD86, and CD40, indicating
enhanced DC maturation. In addition, a larger amount of Man-
NPs migrated to the inguinal LN and remained detectable after
24 h. This migratory advantage of Man-NPs might be the result
of both active and passive targeting effects. PLGA NPs coated
by B16 melanoma cell membrane were decorated with man-
nose for targeted delivery of imiquimod.’”] After intradermal
administration, the nanoparticles showed effective migration
to draining LNs and stimulated intense immune responses.

In 2002, Tsopelas and Sutton found that serum albumins
could trace to LN and accumulate in APCs.[*%! Later, the strategy
named “albumin hitchhiking” approach was successfully used
to deliver an albumin binding domain-decorated amphiphilic
vaccine to LNs.'3] Based on the fact that albumin was capable
of transporting fatty acid, Liu et al. conjugated CpG with diacyl
lipid to form lipo-CpG micelles. Lipo-CpG migrated along with
endogenous albumin and achieved eightfold higher accumu-
lation in draining LN than soluble CpG after subcutaneous
injection.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Separated delivery of antigen and adjuvant via YPGA NPs for effective anticancer immunotherapy. A) Synthetic process of CNNPs. B) Near-
infrared (NIR) fluorescence image of IR800-labeled CNNP-OVA and IR800-labeled soluble OVA at different time points after injection through footpad
of mice. The axillary LN was circled. Mean fluorescence intensity (MFI) was calculated. C) Histological evaluation of LNs at 24 h after coadministration
of CNNP-OVA-FITC and CNNP-IC-rodamine B. D) Tumor volume and E) survival curve of vaccinated mice after tumor challenge. Reproduced with

permission.['3 Copyright 2017, Elsevier.

Kim et al. presented a different theory that separate delivery
of antigens and adjuvants might be a competitive strategy in
tumor immunotherapy (Figure 1).11*8] One reason was that anti-
gens and adjuvants had different chemical properties, and thus
required varied encapsulating materials. On the other hand,
it was more practical and reproducible to control the loading
amount of each component in isolated delivery systems. One
major challenge, however, was to ensure the payloads were
colocated to the same site of cells. To test this assumption, they
conjugated poly(y-glutamic acid) nanoparticles (YPGA NPs)
with cholesterol-NH, into cationic cholesterol-NH, nanoparti-
cles (CNNPs) for loading of anionic model antigen ovalbumin
(CNNP-OVA) or adjuvant poly(I:C) (CNNP-IC).'73174 The

Adv. Sci. 2019, 6, 1900101 1900101 (11 of 39)

OVA-loaded nanoparticles were internalized by APCs within
24 h, and the signal of CNNP-IC overlapped with that of CNNP-
OVA after simultaneous injection. Subcutaneous injection of
CNNP-OVA and CNNP-IC either before or after tumor chal-
lenge could arouse specific CD8+ T cell response and dramati-
cally suppression of tumor growth.

Nanomaterials, such as PLGA, iron oxide nanoparticles,
virus-like particle (VLP), and conjugated polymers, could
enhance the cell uptake by APCs and stimulate immune
response.[%175-1771 A VLP-based vaccine, Melan-A VLP, was
used to treat stage III-IV malignant melanoma in a phase II
clinical trial (NCT00651703).°4 The Melan-A VLP vaccine con-
sisted of a protein shell derived from bacteriophage Qbeta, CpG,

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and a peptide antigen from melanoma cells. 76% of patients
generated more than two-fold increase in antigen-specific T cell
response. In some other occasions, the nanoparticle can also
be engineered as an essential constituent component of the
final product with the purpose of facilitating the exposure of
tumor antigens to host’s immune system. In 2017, Min et al.
presented a fascinating idea that nanoparticles could “capture”
tumor-derived protein antigens on the surface and transport
them to APCs.3% They prepared PLGA NPs modified with
varied chemical groups and found that these antigen-capturing
nanoparticles (AC-NPs) successfully captured the tumor-spe-
cific neoantigens as well as histone proteins and alarmins,
indicating great potential to arouse strong antitumor immune
response. After injection into irradiated tumors, the AC-NPs
efficiently trafficked to the adjacent tumor-draining LNs and
enhanced the antigen presentation to APCs and the activation
of CD8+ T cells. One superiority of this strategy was that it
could capture tumor antigens in a patient-specific manner and
provided a possible way of personalized cancer vaccine.

Calreticulin (CRT), a prophagocytic protein, can interact with
low-density lipoprotein receptor-related protein 1 on APCs to
trigger the CRT-mediated phagocytosis and promote the activa-
tion of APCs.[7817%] Based on this theory, Yuan et al. developed
a multivalent bi-specific nanobioconjugate engager (mBiNE)
for targeted immune-mediated cancer treatment.1*% A colloidal
nanoparticle core was used as substrates to conjugate CRT and
a targeting moiety for specific tumor cell recognition. The CRT
on the mBiNE recruited professional APCs to induce cancer-
cell clearance and promote antigen processing and presenta-
tion. In this way, mBiNE effectively killed tumor cells through
both innate and adaptive immune responses.

Nanoparticles for T Cell Activation: The presentation of tumor
antigens with the participation of major histocompatibility com-
plex I (MHCI) molecules is pivotal for the activation of CD8+
T cell response, which is mainly responsible for recognition
of endogenous cytosolic antigens and elimination of infected
or cancer cells.'8 A process named cross-presentation allows
presentation of exogenous antigen via MHCI pathway, where
antigens escape from endosome, get processed by cytosolic pro-
teasome, and then form epitope-MHCI complex before being
presented to CD8+ T cells.'81:182] To protect tumor antigens
from degradation by endosome, considerable nanoparticle-
based delivery systems have been developed to escape the
endosome for cytosolic antigen release.['83-18]

Keller et al. synthesized an endosome-releasing polymer
micelle consisting of a neutral hydrophilic corona segment for
conjugation of model antigen OVA, and a pH-responsive core
containing dimethylaminoethyl methacrylate (DMAEMA), pro-
pylacrylic acid (PAA), and butyl methacrylate.!34 When the
antigen-loaded micelles entered endosomal compartments, the
acid environment protonated the carboxylate residues of PAA
and increased the positive charge in DMAEMA residues. This
change led to a transition of hydrophilic conformation to hydro-
phobic polycation, and then mediated endosomal membrane
disruption.!3+18%1 The authors found that a majority of OVA
delivered by pH-responsive micelles was able to retain within
DC cells in vitro for nearly 1.5 h, while non-pH-responsive
micelles showed more than 60% antigen exocytosis in 15 min.
Mice immunized with endosome-escaping conjugate showed
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a higher level of antigen-specific CD8+ T cells and remark-
ably improved CD8+ T cell response. More recently, Qiu et al.
utilized endosome-destabilizing polymer polyPAA, featuring
pH-sensitive activity and endosomal membrane destabilizing
property to deliver OVA peptide antigen.['** The polyPAA/pep-
tide nanoplexes showed extended retention in DC2.4 cells and
enhanced presentation on MHCI. This was because polyplex
platform kept sustained antigen release by providing an intra-
cellular reservoir and increased the interaction of MHC on DCs
and T cell receptor (TCR) on T cells. Intranasal administration
of nanoplexes with T cells activator elicited increased CD8+ T
cell response and inhibited lung metastases of B16 melanoma.

Another strategy circumvents the necessity of endo-
some escaping and achieves effective T cells activation and
tumor eradication by engineering aAPCs based on modifi-
cation of nanosized particles, including magnetic beads,'®]
liposomes,['®8] polymer nanoparticles,’”) and paramagnetic
nanoparticles.® The aAPCs basically contain two signals for
T cell activation, that is, MHCI-antigen complex and a costim-
ulatory signal, such as anti-CD28 and anti-CD3 Abs.[190191]
They can be either intravenously injected in vivo or used in
ACT ex vivo. For example, a PLGA-based aAPC was synthe-
sized by functionalization with MHCI-tumor antigen peptide
and anti-CD28 monoclonal Ab.'* The dosage of aAPCs was
positively related with the proliferation of antigen specific
CD8+ T cells. The advantages of the treatment were also
manifested by delayed tumor growth and prolonged survival
time. Fadel et al. engineered carbon nanotube (CNT)-polymer
composite as aAPCs containing MHC1 peptide, anti-CD28,
and PLGA NPs encapsulated with interleukin-2 (IL-2) and
magnetite.'*!] Incubation with CNT aAPCs significantly
increased the generation of CD8+ T cells, equivalent to the
effect of 1000-fold less soluble IL-2. After the CNTs were
magnetically separated, a large number of activated CD8+ T
cells were transferred to B16 tumor-bearing mice via peritu-
moral injection and significantly suppressed tumor growth.
Given that the loss of natural membrane functions in aAPCs
might interfere with T cell activation, Zhang et al. conjugated
MHC1-OVA and anti-CD28 to azide-modified leukocyte mem-
brane fragments and then coated them onto magnetic nano-
clusters.['?8] The reinfused CD8+ T cells could be visually
monitored by using magnetic resonance imaging (MRI), and
the accumulation at tumor tissue could be manipulated with
the assistance of magnetic field.

The immune checkpoint pathways play an important role
in preventing the activation of T cells. Until now, a CTLA-4
Ab (ipilimumab), a PD-L1 Ab (atezolizumab), and two PD-1
Abs (nivolumab and pembrolizumab) have been approved by
FDA.["271%] Nanoparticles used for delivery of immune check-
point inhibitors have also shown great antitumor ability in a
variety of malignancies. PD-1 receptor-conjugated nanovesi-
cles (NVs) were capable of binding PD-Ll-expressing tumor
cells to block the PD-1/PD-L1 axis and successfully inhibited
the growth of B16F10 melanoma (Figure 2).'*2l In this study,
Zhang et al. engineered a mammalian cell line that stably
expressed PD-1 receptor on the membrane and then prepared
NVs that displayed PD-1 receptor. PD-1 NVs manifested longer
circulation time in blood as well as more intensive aggregation
in tumor tissue compared with free NVs. Moreover, PD-1 NVs
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Figure 2. PD-1 blockade NVs for melanoma immunotherapy. A) Schematic illustration of preparation process of PD-1 NVs. B) DsRed-PD-1 NVs and
Cy5.5-labeled NVs bound with B16F10 cell membrane after incubation for 2 h. WGA Alexa-Fluor 488 dye highlighted cell membrane. C) Fluorescence
of Cy5.5-labeled free NVs and PD-1 NVs after intravenous injection. D) Distribution of PD-1 NVs and free NVs shown by in vivo imagine system (IVIS).
E) B16F10 tumor growth curves and F) survival rates of the mice in different groups. Reproduced with permission.[*2l Copyright 2018, John Wiley & Sons.

drastically suppressed the tumor growth of mice in comparison
with free anti-PD-L1 Ab, and the survival time of mice was also
prolonged. In another study, CTLA-4 small interfering RNA
(siRNA) was loaded into poly(ethylene glycol)-block-poly(D,L-
lactide) (PEG-PLA) nanoparticles.’] The nanoplatform
effectively delivered siRNA into T cells and downregulated
the level of CTLA-4. Systemic administration of this nanoplat-
form evidently enhanced CD4+ T cells and CD8+ T cells, and
decreased the ratio of Tregs. After surgical resection of tumor,
the circulating tumor cells are a major cause of cancer recur-
rence. Worse still, the platelets migrating to the inflamed site
would harbor TME with increased expression of PD-L1 on
tumor cells. To enhance the delivery efficacy of anti-PD-L1
Ab at surgical bed, Wang et al. conjugated anti-PD-L1 Abs to
the surface of platelets, which transported to residue tumors
and generated platelet-derived microparticles at activation
before releasing anti-PD-L1 Abs.'* This treatment managed
to stimulate the proliferation of CD8+ T cells and reverse the
immunosuppressive TME. Moreover, in both melanoma and
breast carcinoma models, the tumor recurrence was avoided,
and the survival of mice was also prolonged.

Adv. Sci. 2019, 6, 1900101 1900101 (13 of 39)

The combination of immune checkpoint inhibitor with T cell
agonist is a promising method that synergizes the blockade of
T cells immunosuppression and activation of T cells. A dual
immunotherapy nanoparticle (DINP) conjugating anti-PD-1 Ab
and T cells agonist antitumor necrosis factor receptor super-
family member 4 (aOX40) was developed to ensure that T cells
could simultaneously bind the two agents.*’] The DINP signif-
icantly elevated the rate of T cell activation and showed superior
antitumor effect in B16F10 melanoma model and 4T1 breast
cancer model compared with treatment with the two free anti-
bodies. In order to enhance the localization of nanoparticles at
tumors, Chiang et al. synthesized fucoidan and dextran-based
super-paramagnetic iron oxide nanoparticles functionalized
with anti-PD-L1 Ab and anti-CD3/anti-CD28 Ab on the sur-
face.l'?l With magnetic navigation, higher tumor accumulation
of nanoparticles was achieved and off-target effect was evidently
averted. The findings demonstrated great potential of com-
bining immune checkpoint inhibitors with T cell activators as
therapeutic nanomedicine.

Nanoparticles for Regulation of Tumor Microenvironment:
The antitumor immunotherapy is adversely affected by the
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immunosuppressive TME due to the presence of Tregs,
tumor-associated macrophages (TAMs), and myeloid-derived
suppressor cells (MDSCs), along with cytokines or enzymes,
including transforming growth factor (TGF)-B, IL-10,
indoleamine 2,3-dioxygenase (IDO), etc.>'81%] Regulating the
TME by interfering the undesired cells or molecules can be a
practical method to promote the anticancer immunity. Until
recently, many immunotherapies targeting TME have gained
intriguing results.[**>% The combination of nanotechnology
with tumor immunotherapy can be particularly suitable for
further improvement in cancer treatment. For example, nano-
particles with targeting ligands are capable of increasing drug
accumulation in TME and even increasing internalization
by specific immune cell type, thereby overcoming potential
systemic hazard and enhancing drug efficiency.¥! Therapeu-
tics conjugated to nanoparticles could also be transferred to
deeper tumor tissue and achieved better efficacy because free
form of the agents may only aggregate at the superficial area
of tumors.l'® In some cases, biomimetic nanoparticle platforms
are designed to perform intrinsic regulatory effect toward
immunosuppressive cells.'’]

Tregs prevent the immune response in TME by hindering
APC function and suppressing T cell proliferation and activa-
tion.1981%9] Angiogenetic factors, including vascular endothe-
lial growth factor-A (VEGF-A) secreted by Tregs, even help to
promote tumor progression.?% It was found that specifically
depleting the CD25-expressing Tregs in TME could stimu-
late the activation of CD8+ T cells and inhibit tumor progres-
sion.[?!l In one study, hybrid nanoparticles consisting of PLGA
core and lipid shell were synthesized for encapsulation of
imatinib, a tyrosine kinase inhibitor that disturbs Treg prolifer-
ation.[*3] Then a targeted peptide tLyp1 was conjugated onto the
nanoparticle for targeted binding to Nrpl receptor expressed
on most Tregs. The tLypl-modified nanoparticles were rapidly
internalized into Tregs instead of tumor cells or CD8+ T cells,
which led to stronger antitumor effect toward B16 tumors in
comparison with nanoparticles without Treg-targeting peptide.

TAMs have the tendency of polarizing to M2 type at the pres-
ence of IL-10 and TGF-f. High ratio of M2/M1 would in turn
further raise the level of these immunosuppressive cytokines and
at the same time downregulate the proinflammatory cytokines,
such as IL-18 and tumor necrosis factor-o (TNF-).202203] [n
addition, M2 macrophages also hamper the function of DCs
and CD8+ T cells, and promote the expression of VEGF for
tumor angiogenesis.242%] Since M1 macrophages maintain the
antigen-presentation ability and positive regulation of proinflam-
matory cytokines, multiple researches attempted to decrease the
M2/M1 ratio by repolarizing M2 to M1 macrophages.[?%%l

R848, a dual TLR7/8 agonist, could drive the re-education
of TAMs into M1 phenotype at nanomolar concentration
(Figure 3).'*¢) Succinyl-B-cyclodextrin (CD) and lysine was
cross-linked into cyclodextrin nanoparticles (CDNPs) via amide
bond, and CDNP was subsequently loaded with R848 through
host-guest interaction. CDNP had preferential accumulation
at tumors and draining LN. After intravenous injection, CDNP
rapidly travelled to the vascular near the tumors within 1 h
and internalized into TAMs in 24 h. Administration of CDNP-
R848 in mice not only enhanced the uptake of R848 by TAMs
but also promoted re-education of TMAs to M1 phenotype,
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characterized by elevated IL-12 expression. In addition, CDNP-
R848 treatment also suppressed tumor growth and assisted
anti-PD-1 therapy.

Exposure to specifically engineered nanoparticles without
encapsulation of payload could also lead to reprogramming
of immunosuppressive macrophages. It was reported that the
macrophage-derived exosomes promoted the adaptive immune
response.l'””] The exogenous exosomes secreted by M1 or M2
macrophages were able to stimulate the differentiation of naive
macrophages into the corresponding type. M1 exosome could
function as an effective adjuvant that triggered CD8+ T cell
immunity. Inspired by this finding, Choo et al. acquired NVs
derived from type 1 macrophages (M1NVs).'¥] After treat-
ment with MINVs for 24 h, M2 macrophages showed evident
polarization to M1 type characterized by increased expression
of M1 marker CD86 and decreased expression of M2 marker
CD206. In addition, M1NVs in combination with anti-PD-L1 Ab
therapy significantly improved the ratio of CD8+ T cells/Tregs
and reduced tumor progression in CT26 tumor-bearing mice
model.

Apart from exosome-mimetic NVs, carboxyl-functionalized
and amino-functionalized polystyrene nanoparticles also inhib-
ited the polarization toward M2 phenotype.l'*8] Similarly, super-
paramagnetic iron oxide nanoparticles were proved to hamper
the transition from M1 to M2 TAMs accompanied by decreased
expression of IL-10 and reduced phagocytic activity toward
Streptococcus pneumoniae.l'*) In 2016, Zanganeh et al. discov-
ered the antitumor effect of ferumoxytol, which was originally
approved by the FDA for treatment of iron deficiency.l'>%
Ferumoxytol managed to suppress the growth of MMTV-PyMT
breast tumor and inhibit liver metastasis mainly by inducing
macrophage polarization to M1 type.

MDSCs are another critical cell type in TME that are related
to angiogenesis, tumor progression, and metastasis.[207-208]
MDSCs elevated the expression of anti-inflammatory cytokines
and IDO, leading to Treg activation and antigen-specific T cell
suppression.?®! Therefore, nanomedicine aiming at elimi-
nating MDSCs could improve cancer immunotherapy. For
example, based on the fact that the interaction between HDLs
and scavenger receptor B1 expressed on the MDSCs could
generate antitumor response, HDL-like nanoparticles that
mimicked nature HDLs were synthesized and showed higher
binding ability to scavenger receptor B1.21021 Treatment with
HDL NPs significantly minimized the activity of MDSCs and
exerted phenomenal antitumor effect characterized by reduced
tumor size and metastasis, and prolonged survival time.>!
Suzuki et al. found that chemotherapy drug gemcitabine
posed a specific inhibition on MDSCs without causing dam-
ages to T cells or natural killer (NK) cells.?!?] PEGylated lipid
nanocapsules (LNCs) containing lauroyl-modified gemcitabine
(ImGem) were developed for targeting depletion of mono-
cytic MDSCs."2 A low dose of ImGem-LNC was sufficient to
induce remarkable decrease of monocytic MDSCs both in the
spleen and tumor. This suppressive effect could sustain for a
period of 48 h, much longer than free ImGem. Furthermore,
injection of ImGem-LNCs 24 h before ACT treatment provided
a more suitable microenvironment for T cell proliferation,
which facilitated the activation of CD8+ T cells and drastically
improved the survival rate of mice. It was reported that the

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

125 -
S 1004 o
g
o 751 2
= .
o 50 o
z
D )
O 25- » .
0 ﬁmﬁﬂ@

S S DO B Fs© S P
ndLN tdLN | Heart | Muscle «0& @’&{;@“ (\&’\96&@ :{b(\ée; R Q\’%
D E F
3004
o X
L < 200
o B o
O o ® 100
N @ .
sg € ol
5° =
=z -100
F L R ®
FF & LT o
&< ?‘qu?ﬁb
101 | ERREN ® NS
CDNP  TAM  Tumor cells L

Figure 3. R848-loaded nanoparticles improved cancer immunotherapy by regulating the polarization of TAMs. A) Preparation of CDNPs by cross-
linking CD with lysine and loading of R848 through host-guest interaction. B) Fluorescence imaging of CDNP accumulation in the tumor and organs
at 24 h after administration. C) Quantified distribution of CDNP. D) Uptake of CDNPs by TAMs in tumor bearing mice detected by confocal laser
scanning microscopy (CLSM) at (a,b) 60 min or (c,d) 24 h postinjection. Scale bars: 10 um (b, d, expanded). E) Quantification of IL-12 in TAMs within
tumors at 24 h after different administrations. F) Change of individual tumor area at day 8 after treatment with distinct formulations. Reproduced with

permission.['*l Copyright 2018, Springer Nature.

high-mobility group protein A1 (HMGA1) could stimulate the
expression of cyclooxygenase-2, an influential factor for the
production of MDSCs.2132141 HMGA1 also causes tumor
progression by activating Wnt signaling pathway.?’’! The
siRNA that knocked down HMGA1 (siHMGAI) expression
was loaded in a liposome-protamine-hyaluronic acid (LPH)-
siHMGA1 nanosystem, which was decorated with a targeting
moiety on the surface for specific recognition of sigma receptor
on CT26-FL3 cells.>3 In the highly metastatic colon cancer
model, treatment with siHMGA1 NPs significantly increased
the frequency of DCs and CD3+CD45+ T cells and reduced the
number of MDSCs. In addition, the expression of IL-10 and
TGF-f3 was both suppressed, while proinflammatory cytokines,
such as IFN-y, TNF-q, and IL-12a, showed elevated expression
levels. The combination therapy of LPH-siHMGA1 and PD-L1
blockade effectively inhibited tumor growth and nearly doubled
the survival time of individual treatment groups.

TGF-J promotes tumor progression by suppressing CD8+ T
cells activation, inhibiting DC and NK cell function, and most
importantly, assisting the proliferation of Tregs.?'®l Xu et al.
reported that a lipid-calcium-phosphate nanoparticle (LCP NP)-
based vaccine that consisted of tumor antigen and CpG failed
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to elicit effective immune response in late stage B16F10 mela-
noma, mainly due to the increased expression of TGF-B.1°4 In
this regard, they delivered TGF-f siRNA in a LPH nanoplatform
to tumor tissue, which significantly reduced the number of
Tregs and boosted CD8+ T cell response. The silencing of
TGF-B amplified the immune stimulatory effect of LCP vac-
cine without inducing systemic toxicity. In another study, a
TGF-f inhibitor SD-208 was targeted to the cells of interest to
restore the immune cell activation.'>®) PEG-PLGA NPs were
prepared and conjugated with anti-PD-1 on the surface for spe-
cific binding to PD-1-expressing T cells. Delivery of SD-208 by
PD-1-targeting nanoparticles in vivo induced significant tumor
inhibition and longer mouse survival time while combination of
free anti-PD-1 and SD-208 achieved minimal effect. The thera-
peutic effect of TGF-f inhibitor-loaded anti-PD-1 NP was equiv-
alent to one logarithm higher dose of each drug in soluble form.

IDO is expressed by numerous cancers, and high level of
IDO is related to accelerated tumor development and metas-
tasis.? Tt is a critical enzyme that degrades L-tryptophan (Tip)
into L-kynurenine (Kyn). The depletion of Trp hurdles T cell
activation, and the production of Kyn promotes Tregs activation
and MDSCs infiltration.?!7-218] Cheng et al. developed a pH- and
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MMP-2-sensitive nanosized delivery platform for simultaneous
inhibition of IDO and PD-L1.°® They synthesized an amphi-
philic peptide, including a 3-diethylaminopropyl isothiocy-
anate (DEAP) molecule, a substrate peptide of MMP-2, and a
PD-L1 antagonist, for assembly with IDO inhibitor NLG919.
When entering the acid niche in tumor cells, the protonated
DEAP molecule caused unconsolidation of nanoparticle, and
high level of MMP-2 triggered the rapture of substrate peptide,
leading to complete disruption of nanoparticle and instant drug
release. The precisely controlled drug delivery method potently
inhibited the conversion of Try to Kyn and promoted T cell
replication. The treatment also delayed tumor growth without
causing overt toxicity.

2.1.2. Combination of Immunotherapy and Traditional
Managements

Lots of studies showed that the combination of immunotherapy
with other anticancer approaches, such as chemotherapy,
phototherapy, and radiotherapy, exerted synergistic effect and
greatly improved the therapeutic efficacy against a wide range
of malignancies.['3%219-22l Chemotherapeutic agents or the
external interventions (light and radiation) not only directly
exterminate tumors but also participate in the immune process
by inducing immunogenic cell death (ICD) of tumor cells.??2

The concept of ICD proposed in recent years demonstrates
that dying tumor cells (DTCs) can generate a mass of antigens
and increase the generation of damage associated molecular
patterns (DAMPs), such as adenosine triphosphate, CRT, heat
shock proteins, and high mobility group box-1.22l DAMPs pro-
vide “eat me” signals for antigen recognition and phagocytosis
by DCs and trigger activation of adaptive immune response.l??
More importantly, ICD-derived tumor antigens can be manip-
ulated by immune system and pose threat to abscopal and
metastatic tumors, referred to as “abscopal effect.”13%22] For
example, the AC-NPs could bind to tumor-derived antigens
after radiotherapy and present them to DCs.['3%] The secondary
tumor, which was protected from radiation also, showed
delayed tumor growth, indicating systemic immune response.
The AC-NPs approach also had synergistic effect with anti-
PD-1 regimen, illustrated by enhanced tumor suppression
and improved survival rate. To date, a growing number of suc-
cessful attempts have revealed the potential of combining ICD
inducer with other immunotherapeutic drugs.

Combination with Chemotherapy: Chemotherapy is a pre-
dominant therapeutic regimen in clinic, but the application
is severely hampered by its notorious side effects and tumor
recurrence.??®) Chemotherapy combined with immunotherapy
can well relieve the toxicities and also improve its treatment
effect. In the chemoimmunotherapy, low dose chemotherapy
is capable of inducing ICD of tumor cells and leading to
tumor antigen release, so severe side effects are averted. At
the same time, immunoregulatory agents provide a preferable
environment to ensure the highly efficient antigen presen-
tation and the activation of APCs and cytotoxic T cells.[?”]
Many studies that encapsulate the chemo/immunotherapeutic
agents in nanosized drug delivery systems have turned out
successful [26:126:228]
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For example, the TLR9 agonist CpG was loaded into a nan-
odepot platform (NDP) composed of cationic liposomes and
thiolated hyaluronic acid (HA).?®) The CpG-NDP was then
conjugated onto the surface of immunogenic DTCs, induced
by mitoxantrone, an anthracenedione antitumor agent. Experi-
ment on B16F10 mice model showed that DTC-CpG-NDP
vaccination significantly stimulated the generation of tumor
antigen-specific CD8+ T cells and strongly protected against
melanoma challenge.

ICD can also be induced upon the administration of chemo-
therapeutic agents in vivo. Simultaneous administration of ICD
inducers and immunomodulatory agents remodels the TME
and significantly amplifies the antitumor efficacy. Recently, a
binary prodrug nanoparticle was constructed from an acid and
reduction dual-sensitive PEGylated oxaliplatin (OXA) prodrug
and a reduction-responsive NLG919 prodrug (Figure 4).120 At
the acid pH of TME, PEG corona was cleaved and nanoparticle
surface switched to positive charge for deeper penetration and
increased cell uptake. Then OXA prodrug and NLG919 prodrug
were safely activated in the reduction environment of TME.
The stimuli-sensitive nanosystem-based treatment drastically
inhibited the primary tumor growth and lung metastasis of 4T1
tumor. In another study, doxorubicin (DOX), all-trans retinoic
acid (ATRA), and IL-2 were codelivered in the biodegradable
hollow mesoporous silica nanoparticle (MSNP) to treat B16F10
melanoma.’®® ATRA induces differentiation of MDSCs into
matured DCs and macrophages, and IL-2 stimulates the pro-
liferation and activation of CD8+ T cells.l??! In this combina-
tional treatment strategy, a reduced dosage of DOX (2.5 mg
kg1, lower than conventional injection dose of 5 mg kg™!) was
able to generate adequate immunogenic tumor peptide anti-
gens, so the systemic toxicity was minimized. This nanopar-
ticle platform significantly suppressed tumor growth and lung
metastasis of melanoma, and also exhibited excellent safety.

A portion of traditional chemotherapeutics unexpectedly
pose an immunoregulatory effect on immune cells. For
example, the chemotherapeutic drug paclitaxel (PTX) exerts a
modulatory effect on the macrophage polarization to M1 phe-
notype at low concentrations.'>”} Unlike free PTX, NP-PTX
could be efficiently endocytosed by macrophages and stimulate
macrophage polarization in a dose-dependent manner without
causing obvious toxicity to immune cells. Although the mecha-
nism underlying this phenomenon was not clear, it presented
an unconventional strategy to research into the immunomodu-
latory function of chemotherapeutics.

Researchers have also explored the immunomodula-
tory effect of nanomaterial to improve the therapeutic effi-
cacy of encapsulated drugs. For example, nanoparticles can
be engineered for targeting delivery of drugs to tumor cells
depending on the immune environment. Xue et al. encapsu-
lated PTX-loading cationic liposomes into neutrophils, which
intrinsically penetrate the glioma site and migrate along the
chemotactic gradient of inflammatory factors.>®! Intravenous
injection of the neutrophil-based nanoparticle formulation
delivered PTX into inflamed brain after surgery and effectively
prevented glioma recurrence. In addition, TME could also be
remodeled for favorable drug delivery efficiency. The tumor-
associated platelets protect the integrity of tumor blood ves-
sels and hamper the accumulation of nanomedicines at tumor
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Figure 4. Prodrug nanoparticles containing OXA and NLG919 improved immunotherapy by dual modulation of tumor immune microenvironment.
A) Self-assembly of ASPN from stimuli-responsive OXA prodrug and NLG919 prodrug. B) Schematic illustration of synergistic antitumor effect from

activated CD8+ T cells and suppressed Tregs. C) H&E staining of lung metastasis in 4T1 tumor-bearing mice at the end of study. D) Survival curve of
4T1 tumor-bearing mice during therapy. Reproduced with permission.['?8l Copyright 2018, John Wiley and Sons.

site.l230231 To increase the perfusion and retention of drug-
loaded nanoparticles, Li et al. developed a dual drug delivery
system containing a polymer core of polyetherimide (PEI)-
(PLGA), that was loaded with antiplatelet Ab R300, chemo-
therapeutics DOX, and a shell layer with MMP-2-sensitive pep-
tides.[">”] Depletion of platelets created openings in the tumor
vessels for easier entrance of the drug-loaded core nanoparti-
cles. With increased DOX accumulation at tumor tissue, the
tumor progression and metastasis of 4T1 breast tumor were
considerably suppressed. Collectively, nanoparticles can be
modified or engineered according to specific clinical situation

of certain tumor types. The aforementioned nanoparticle-based

delivery systems are also applicable for delivery of a variety of
anticancer drugs, molecular targeted drugs, and anti-inflam-
matory drugs.

Combination with Phototherapy: Phototherapy is an efficient
tumor treatment method based on the manipulation of NIR
with a wavelength ranging from 650 to 1350 nm.?3? The two
most important forms of phototherapy for cancer treatment are
photothermal therapy (PTT) and photodynamic therapy (PDT).
Photothermal agents used in PTT convert NIR to thermal
energy. Through increasing the temperature of targeted region,
PTT induces necrosis of tumor cells and causes ablation of
tumor with little invasion to nearby tissues.?33l PDT employs
photosensitizers to initiate photochemical reaction at certain
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wavelength of light. It requires the existence of abundant
oxygen to provoke the release of cytotoxic ROS, such as singlet
oxygen (10,) and H,0,.234
Recently, it has been found that apart from direct cytotoxicity

toward tumor cells, phototherapy can also stimulate ICD of
tumor cells and release DAMPs in TME, thus inducing anti-
tumor immune response.?3>23% According to this theory, Guo
et al. engineered a chitosan-coated hollow CuS NP encapsu-
lating CpG, which achieved effective tumor ablation mainly
through three levels.’”) First, the primary tumor was largely
eradicated by photothermal effect under NIR radiation. Second,

the tumor antigens originated from disrupted cancer cells

were presented to CD8+ T cells by APCs and aroused systemic

tumor-specific cytotoxicity, eliciting suppression toward the

distant unirradiated tumors. Third, the CpG in nanoparticles

was drained to LN and internalized by DCs, which further
boosted the antigen-presentation efficiency. The synergy of
phototherapy and immunotherapy endows superior therapeutic
effect compared with single treatment.

Notably, this method can be especially beneficial for inhi-
bition of metastatic tumors, because metastatic tumors are
usually located deep beneath the skin where light is not able to
penetrate. For example, encapsulation of indocyanine green, a
photothermal agent, and imiquimod into PLGA NP showed effi-
cient in situ tumor inhibition upon NIR laser.”® A combination
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Figure 5. Smart nanoreactor enhanced antitumor effect to both primary and distant tumors by combination of PDT with PD-L1 blockade. A) Synthetic
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tion in primary tumors after treatments. E) Tumor growth curve for nonirradiated tumors. Reproduced with permission.['®! Copyright 2018, American

Chemical Society.

therapy with CTLA-4 blockade for Treg suppression further
eradicated tumor residues and reduced lung metastasis. More
recently, Luo et al. reported a combination therapeutic platform
that encapsulated anti-PD-1 peptide (APP) and hollow gold
nanoshell (HAuNS) into PLGA NPs.?3l Under NIR irradiation,
the HAuNS generated PTT effect in tumor site and simul-
taneously released APP. In a triple-cell system containing T
cells, DCs, and 4T1 cells, mixed cells incubated with HAuNS-
and APP-loaded PLGA NPs plus CpG under laser irradiation
secreted a significantly higher level of IFN-y and TNF-a than
soluble CpG and APP, indicating stronger T cell proliferation
and activation. Combining PTT with CpG treatment showed the
most potent antitumor effect against untreated distant tumors
and metastatic tumors in the lung. This was because the tumor
antigens produced by NIR laser and adjuvant CpG stimulated
the maturation of DCs, activating T cell-mediated immune
response and arousing systemic immunity.

Versatile nanoplatforms have been continuously developed
for targeted delivery of phototherapy agents to tumor cells
or cell organelles in order to optimize tumor-specific ablation
and minimize the side effects. Song et al. designed a nano-
particle formed by photosensitizer PpIX and IDO inhibitor
1-methyl-Trp (IMT), connected by a caspase-sensitive peptide
sequence.'%% After accumulation at tumor site via the EPR
effect, PpIX—1MT NPs generated ROS under the light irradia-
tion, rapidly killing tumor cells and producing tumor antigens.
Simultaneously, the elevated production of caspase-3 in apop-
tosis tumor cells liberated IMT to block the IDO pathway and
averted the immunosuppressive TME. This platform could not
only significantly suppress the primary tumor growth of CT26-
bearing mice, but also effectively eradicate the metastatic tumor
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in the lung. In another study, Yang et al. developed a charge-
convertible and mitochondria-targeting smart nanoreactor for
combination of PDT and immune checkpoint blockade therapy
(Figure 5).'l Catalase, a H,0,-sensitive enzyme, and a pho-
tosensitizer Ce6 were loaded into a hollow silica nanoplatform
as nanoreactor. The nanoparticle was further decorated with a
molecule specifically targeting mitochondria, (3-carboxypropyl)
triphenylphosphonium bromide, and a surface coating of PEG,
yielding a pH-responsive polymer nanoplatform DPEG. The
polymer exhibited positive charge in acid TME that improved
the local retention and the uptake by tumor cells. Afterward, the
catalase- and Ce6-loaded nanoparticles were drawn to mitochon-
dria through targeting pathway. Under external NIR, the nano-
reactor released catalase and decomposed the abundant H,0,
in tumor cells into oxygen for 'O, production, which enhanced
PDT effect. Since mitochondria is a ROS-sensitive organelle,
10, can mediate cell apoptosis in the early stage of PDT.® In
a 4T1 tumor model, nanoreactor synergized with anti-PD-L1 Ab
showed elevated antitumor effect and upregulated CD8+ T cell
infiltration. Most interestingly, the mice also showed delayed
progression in nonirradiated distant tumors, due to the sys-
temic immune response.

In addition to providing a source of tumor antigens,
phototherapy could also participate in immunoregulatory
therapy through other mechanisms. Shi et al. found that the
intracellular photogeneration of ROS was able to regulate the
reprogramming of TAMs toward M1 phenotype.'®4 They
synthesized endosome-escaping and TAM-targeting PEG-PLGA
NPs for encapsulation of photosensitizers with NH,HCOj3. The
nanoparticles entered macrophages through mannose-medi-
ated endocytosis, and then the acid environment of endosome
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elicited the production of CO, and NH; from NH,HCOj3, which
rapidly damaged the endosome membrane and facilitated the
release of photosensitizers into cytoplasm. Of note, ROS gen-
erated at 808 nm laser radiation could rapidly switch M2 TAM
to M1 type indicated by increased level of M1 marker induc-
ible nitric oxide synthase (iNOS) and cytokine IL-12, as well as
decreased expression of M2 marker CD206 and lowered level of
IL-10. Moreover, the antigen presentation property of TAMs was
restored and the CD8+ T cell response was also enhanced.

Additionally, the ICD induced by phototherapy is tunable
by adjusting NIR to maximize the therapeutic effect. In other
words, it is not necessary to follow “more is better” pattern in
tumor eradication. For example, Sweeney et al. discovered a
thermal “window” of ICD in Prussian blue nanoparticle-based
PTT treatment of neuroblastoma, confirming that there was an
optimal temperature range and thermal dose window to gen-
erate the most efficient ICD.[*¥"] Although higher temperature
induced by higher dosage of PTT agent positively contributed to
more efficient local tumor suppression, the immune response
elicited by ICD had the greatest impact on the elimination of
disseminated tumors. In this study, mice showed the highest
survival rate after inoculation with Neuro2a cells that endured
optimal thermal dose determined in vitro.

Combination with Radiotherapy: lonizing radiation is con-
sidered to be an effective local cancer therapy that induces
direct cell death by causing DNA damage, cell membrane
and organelles dysfunction, and disorder of gene and protein
expression.?38 Interestingly, the irradiated tumor cells go
through ICD that is featured by increased tumor antigen quan-
tity and release of DAMPs, permitting the activation of APCs
and damage of abscopal tumor cells through T cell-mediated
immune response.?*” This abscopal effect is reported to
assist in eradication of metastatic tumors outside the radia-
tion region.?*% In this regard, abscopal effect of radiotherapy
can be hopefully boosted in combination with immunotherapy.
However, on the downside, radiotherapy can also exacerbate the
immune energy in TME by stimulating the expression of immu-
nosuppressive cytokines TGF-f and IL-10, and recruiting M2
TAMs and Tregs to the radiated site.?%02*1] This phenomenon
was reported to be related to the hypoxia condition accompa-
nied by rapid oxygen consumption and ROS production during
radiotherapy.?*!l Hypoxia also helps prevent DNA damage and
promote VEGFA production, leading to high tumor recurrence
rate after radiotherapy.?*®l To this end, Song et al. developed a
PEG-modified liposome to separately encapsulate catalase and
H,0, to acquire self-supplied oxygen.[”! The catalase-nanopar-
ticle and H,0,-NP were intravenously injected into mice suc-
cessively at an interval of 4 h to enhance tumor oxygenation,
which offered long-lasting effect to reduce the decomposition
of endogenous H,0,, thus relieving the hypoxia burden in
TME. Upon X-ray irradiation, this treatment method evidently
stimulated the TAM transition toward M1 type and lowered
the secretion of IL-10. The CTLA-4 checkpoint inhibition
remarkably improved the level of CD8+ T cell infiltration and
downregulated the Tregs ratio in TME. The synergistic radioim-
munotherapy achieved significantly enhanced antitumor effect
with alleviated hypoxia condition. In another study, catalase and
imiquimod were coloaded into PLGA NPs to combine tumor
hypoxia relief with robust immune response in TME.['®4] The
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authors developed core-shell PLGA NPs by classical double
emulsion method where catalase was encapsulated inside the
hydrophilic core and imiquimod was loaded into the shell.
Under local X-ray radiation, catalase rapidly reversed hypoxia
condition and alleviated immunosuppressive TME. At the same
time, tumor antigens from dying tumor cells were captured
by imiquimod-activated APCs and triggered robust antitumor
immune response against both primary and secondary tumors.
Furthermore, a combination with CTLA-4 blockade completely
eliminated primary CT26 colorectal tumors, and also drastically
improved the abscopal effect by increasing cytotoxic lympho-
cyte (CTL) infiltration in distant tumors.

To explore another way to relieve tumor hypoxia, Meng et al.
conjugated a potent inhibitor of hypoxia inducible factor-1
(HIE-1), acriflavine (ACF), to MnO, NP via a ROS-responsive
bond for radiation therapy (Figure 6).1'% At the reaction with
overexpressed H,0, in TME, MnO, was released and gen-
erated oxygen molecules to relieve hypoxia and promoted
radiation sensitization. Additionally, Mn?* could be used to
guide radiation therapy through MRI. In the meantime, ACF
could hamper the formation of HIF-1, which was respon-
sible for tumor resistance to radiation and upregulated VEGF
secretion. More importantly, HIF-1 was also involved in
hypoxia-dependent PD-L1 gene transcription. The researchers
established a mice model bearing primary and abscopal CT26
tumors, and only primary tumor was given radiation therapy.
It was observed that PD-L1 level in both tumors was notably
decreased, leading to enhanced cytotoxic T cell activation and
IFN-y production, and tumor mass was significantly reduced.
Similar effect was observed in a 4T1 metastatic tumor model,
where ACF-MnO, NP dominated other treatments with free
ACF or without ACF.

Triple Combination Therapy: Combination therapy strategy is
able to synergize the therapeutic effects of more than two treat-
ment mechanisms in one nanosystem, thus further improving
the antitumor outcomes. For example, NIR-responsive gold
nanorods (NRs) were produced as a deliver vehicle for DOX
and CpG.1"%! The self-complementary CpG was assembled into
Y shape and immobilized onto gold NRs. DOX, carrying flat
aromatic rings and positive charge, was subsequently interca-
lated into CpG molecules. Upon NIR irradiation at 808 nm,
DOX and CpG were controllably released at the tumor site. It
was found that the accumulation of DOX in tumor was mark-
edly increased compared with free DOX. CpG rapidly activated
APCs and promoted the release of proinflammatory cytokines
TNF-a and IL-6. This photo-chemo-immuno-nanoplatform
resulted in evidently enhanced antitumor efficacy against H22
hepatoma without causing significant weight loss.

Nam et al. demonstrated that chemo-phototherapy alone was
competent to elicit immune activation in local TME and ampli-
fied antitumor immunity against disseminated and metastatic
tumors (Figure 7).34 In this study, they developed polydopamine
(PDA)-coated spiky gold nanoparticles (SGNPs) with anisotropic
morphology and large surface area, both of which were important
parameters for high photothermal efficiency. PDA coating func-
tioned as a passivation layer to reduce thermal diffusion and shape
reconstruction. After intratumoral injection, tumor debris derived
from a single round of PTT synergized with ICD of tumor cells
induced by sub-therapeutic dose of DOX (1.36 mg kg!) markedly
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Figure 6. ROS-responsive nanoplatform for enhanced radiation therapy and abscopal effect. A) Mechanism of ACF-MnO, NPs eliminating primary
and abscopal tumors by tumor oxygenation and HIF-1 dysfunction. B) Immunofluorescence images of primary tumor slices stained with PD-L1 Ab.
C,D) Tumor volume changes of C) primary and D) distant tumors in CT26 mice model. E) Primary tumor growth in 4T1-bearing mice after different
treatments. Reproduced with permission.'®3l Copyright 2018, American Chemical Society.

increased the infiltration of antigen-specific CD8+ T cells and NK
cells in TME. This treatment achieved complete tumor regres-
sion in both local and untreated contralateral tumors in a CT26
colorectal cancer model. Besides, tumor re-challenge was success-
fully rejected on account of the immunological memory.

2.2. Immunomodulatory Nanoparticles against
Infectious Diseases

Many attractive characteristics of nanoparticles in cancer immu-
notherapy are also applicable to prevent or resist bacteria or
virus infections, such as human immunodeficiency virus (HIV),
influenza, encephalitis, hepatitis, Ebola, pneumonia, etc.[21:244-248]
In the prevention of these diseases, anti-infective vaccines
used specific antigenic components instead of whole microbes
in order to increase immune efficiency. However, these anti-
gens are more easily degraded by enzymes and eliminated in
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blood circulation. Moreover, they usually require the assistance
of adjuvants to effectively activate immune systems. Addition-
ally, DNA vaccines also show great potential in recent years,
but their usage in clinical practice is limited by poor safety and
low efficiency. Nanotechnology offers a possibility for a new
generation of anti-infective vaccines. At present, virosome and
liposome-based nanovaccines against infectious diseases have
shown good efficacy in human body (Table 1). Until now, two
nanoparticle-based vaccines, Inflexal V and Epaxal, have been
approved by FDA for the prevention of malaria, influenza, and
hepatitis A.2*! With suitable sizes, nanoparticles could deliver
antigens and adjuvants to immune cells by either encapsulation
or surface conjugation. Nanoparticles are also engineered as
reservoir for slow release of antigens to increase the exposure
to APCs. As for DNA vaccine, nanoparticles provide a nonviral
delivery strategy that transport genetic material in a site-specific
manner. Numerous evidences have confirmed the encouraging
effects of nanotechnology-based vaccine formulations against
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Figure 7. Chemo-photothermal therapy potentiated antitumor immunity against primary and metastatic tumors. A) Synthesis of SGNPs with PDA
coating. B-E) Frequencies of antigen-specific CD8+ T cells and NK cells in tumor-infiltrating LN in B,C) primary tumors and D,E) contralateral tumors.
F,G) Tumor volume curve of F) treated primary tumors and G) untreated contralateral tumors. Reproduced with permission.}¥ Copyright 2018,

Springer Nature.

infectious diseases, which benefit from improved delivery
efficiency, convenient nanoparticle engineering, and intrinsic
adjuvant function.”> Immunomodulatory systems that use
nanoparticles for prevention and treatment of infectious
diseases are listed in Table 3.

2.2.1. Nanoparticle Vaccine for HIV

HIV causes acquired immunodeficiency syndrome by infecting
and destroying the host’s immune cells, including CD4+ T
cells and macrophages.?®3l Although highly active antiret-
roviral therapy has been proved effective in stabilizing the
symptoms and extending patients’ survival time, it requires a
lifetime medication and treatment interruption will result in
uncontrolled viral rebound.?*Y Moreover, long-term treatment
can also develop a variety of side effects, including lipodys-
trophy, hyperlipidemia, and damage to the liver and immune
system.[2%%] Worse still, the HIV virus could only be reduced but
not completely removed from infected patients. Scientists have
suggested that HIV vaccine might be a new hope to eliminate
virus by boosting immune response. However, the immunity
generated by neutralizing Abs targeting HIV envelope glyco-
proteins is far from satisfactory.2%®! In this case, nanomaterials
can enhance the therapeutic effect of HIV vaccine as adju-
vants or carriers. For example, silver nanoparticles (Ag NPs)
and polyvinylpyrrolidone (PVP) both have immunostimula-
tion property, and nanosilver also has intrinsic HIV inhibition
effect. Silver NRs modified with PVP and PEG on the surface
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evidently enhanced the IgG response and T cell proliferation
against HIV.?!I The authors had a preference for NRs but not
nanospheres mainly due to safety consideration. They found the
uptake of silver NRs by host cells was lower than that of nano-
spheres, indicating less toxicity. In another study, HIV DNA
vaccine was delivered in nanofiber prepared by self-assembly
from an immune active peptidic precursor NMe in vitro with
addition of alkaline phosphatase (ALP).?>2 It showed that the
HIV DNA compressed in a compact nanofiber structure was
more effectively internalized by APCs. Besides, the nanofiber
itself as adjuvant enhanced antigen-specific T cell response and
maturation of B cells. However, this method was rather incon-
venient because nanofibers had to be prepared every time before
vaccination. Later on, in order to simplify this approach by omit-
ting the require for exogenous ALP, they mixed DNA vaccine
and NMe together with ALP before injection to mice.?*?! In this
way, the vaccine-loaded nanofibers could be formed in situ and
had the same immunological effect as those formed in vitro.
Nanoparticles wrapped with membranes of natural cells,
including red blood cells (RBCs), bacteria, platelets, cancer
cells, etc., have exhibited cell-mimicking properties.?%”] Simi-
larly, T cell-membrane-coated nanoparticles resemble parent
cells in surface antigens like CD4 receptor, which combines
to HIV envelope glycoproteins gp120 and initiates virus entry
and fusion. Based on this hypothesis, CD4+ T cell-derived
plasma membrane was coated onto PLGA cores as a decoy
with selective binding ability to gp120 on HIV.23! In this way,
the membrane-functionalized nanoparticles neutralized virus
and prohibited gp120-induced attack to host cells. In addition
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Table 3. Nanoparticle-based immunomodulatory systems against infectious diseases.

Nanoparticle Payload Targeting Reference
Vaccine for HIV Ag NR modified with PVP and PEG - - [251]
Nanofiber self-assembled from NMe HIV DNA - [252]
Nanofiber self-assembled from a mixture of NMe, HIV DNA, and ALP - [246]
PLGA NP core coated with CD4+ T cell plasma - Gp120 on HIV [253]
membrane
LNC attached with HIV-specific CTL IL-15 superagonist Antigen on HIV-infected cells [254]
Glycosylated HIV antigen nanoparticle - [255]
Vaccine for influenza Gold NR Low-molecular-weight poly(I:C) - 8]
Two-layer protein nanocluster assembled from 3HMG - [256]
Protein nanoparticle of 4M2e coated with stalk domain of HMG - [247]
NPep core and 4M2e coating layer - [257]
YPGA/chitosan nanogel - [248]
Vaccine for bacteria Au NP Flagellin - [258]
infection
Au NP loaded with capsular polysaccharide T-helper peptide OVA - [245]
antigens
RBC membrane-coated PLGA NP o-hemolysin - [259,260]
RBC membrane-coated PLGA NP Virulence factors from hSP - [261]
Au NP coated with OMV from bacteria - [262]
Vaccine for other infectious Plasmonic Au NP DNA plasmid of hepatitis C virus - [244]
diseases
PLGA-PLL/YPGA NP Ebola DNA vaccine - [21]
MDNP consisting of dendrimer and lipid-PEG Replicon mRNA - [22]

to CD4+ T cells, CTLs with complete function were also
engineered to conjugate immunomodulatory agents-loaded
nanoparticles for targeted drug delivery.”>¥ In this study, the
HIV-specific CTLs were attached to LNCs encapsulating IL-15
superagonist. CTLs recognized the antigens expressed on the
surface of infected cells and initiated perforin-mediated cytotox-
icity, which led to membrane destruction of both HIV-infected
cells and LNCs, followed by the release of IL-15 agonist. This
LNC-based vaccine showed an excellent antiviral effect in a
mouse model of HIV.

New vaccines made of nanoparticulate HIV immunogens
were also developed and showed enhanced B cell, T cell, and
germinal center responses, as well as increased generation of
neutralizing Abs.[?%® Tokatlian et al. discovered that glycosylated
HIV antigen nanoparticles were more likely to aggregate in
germinal centers and triggered Ab responses compared with
monomers.?>’] The mechanism was associated with mannose-
binding lectin-mediated innate immune recognition and dense
arrays of immunogen glycan. Their work might reverse the
conventional option that dense envelope glycan would impair
Ab response and present a new theory for vaccine design.

2.2.2. Nanoparticle Vaccine for Influenza

The development of influenza vaccine has made a great pro-
gress since the HIN1 influenza pandemic during 2009-2010.
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Current vaccines are effective in preventing both seasonal
and pandemic influenza infections.?*) However, due to the
constant shifty nature of influenza virus antigens, it is still a
major challenge for timely control of this infectious disease.
The nanomaterial-based vaccine provides opportunities for
a novel generation version to enhance immune protection
against influenza viruses.[?’%

The immunogenicity of vaccine can be drastically enhanced
by delivering adjuvants and antigens via nanoparticles.?’!]
Studies have highlighted the benefits of organizing immu-
nomodulatory adjuvants onto Au NPs to enhance cell uptake
and improve immune activity in cancer immunotherapy.l’2l
Inspired by this finding, Tazaki et al. immobilized low-
molecular-weight poly(I:C) onto gold NRs and inoculated them
into mice together with influenza virus antigen hemagglutinin
(HMG) through intranasal administration.’] Compared with
the current standard subcutaneous or intramuscular vaccina-
tion methods, intranasal administration can be a competitive
way because of its simulation to mucosal immune response
and needle-free injection, but it has a higher requirement for
adjuvant activity. In this study, the gold NR-poly(I:C) achieved
improved adjuvanticity by eliciting strong mucosal IgA Ab
activity against viral infection even at low antigen doses.

Compared with soluble antigens, the antigens loaded in
nanoparticle can be more easily recognized and internalized
by APCs and stimulate their maturation.[? In addition, nano-
particles as an antigen reservoir maintain certain immunogen
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Figure 8. Double-layered polypeptide nanoparticles induced potent protection against influenza. A) Schematic illustration of core nanoparticle
fabrication and double-layered nanoparticle formation. B) Evaluation of M2e 1gG binding ability to p09M2e, VtnM2e, and SHM2e. C-E) Examination
of splenocyte cytokine secretion, including C) IFN-y, D) IL-4, and E) IL-2. F) Survival rate of immunized mice challenged with H5N1 virus. Reproduced

with permission.[”l Copyright 2018, National Academy of Sciences.

concentration in the draining LNs for a longer time than sol-
uble antigen. In one study, the trimeric form of HMG (3HMG)
from H7N9 virus was assembled into nanoclusters before being
cross-linked with an extra 3HMG layer on the surface.?*®l The
two-layer protein nanocluster not only multiplied the immuno-
genicity of HMG, but also achieved prolonged and continuous
release of antigenic proteins into immune cells. The results
demonstrated that mice after intramuscular immunization
showed increased serum level of HMG-specific IgG, which
protected them from later challenge with live H7N9 virus. In
another study, Deng et al. isolated the stalk domain of HMG,
which was more conservative than head domain, to envelope a
protein nanoparticle core desolvated from four tandem copies
of matrix protein 2 ectodomain (4M2e, a conservative amino
acid segment of influenza A virus) from four different species
to broaden the protection range.**’] The nanoparticle core
showed strong immunogenicity and the coating layer mim-
icked the size and surface antigens of influenza virus. It was
found the layered protein nanoparticles elicited Ab-dependent
immune protection against HIN1 and H3N2.

Later this year, the same group of researchers developed a
peptide-only double-layered nanoparticles based on a nucleopro-
tein peptide (NPep) core derived from H3N2 strain and 4M2e
coating layer for skin vaccination by dissolvable microneedle
patch (Figure 8).2%7l Mice immunized with NPep/4M2e via
intramuscular injection showed potent IgG response against
M2e and strong cellular response with elevated IFN-y, IL-4,
and IL-2 levels. The M2e Ab had cross-reactivity with other
M2e peptides of HIN1 (p09M2e), H5N1 (VinM2e), and H7N9
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(SHM2e), which was further proved by that nanoparticle vac-
cination successfully protected mice from intranasal challenge
of H5N1 virus. It was shown that microneedle patch achieved
comparable immune protection as intramuscular injection.
The microneedle patch was a promising vaccine route due to
its convenience and painless self-administration, as well as its
ability to boost immunity through the abundant amounts of
APCs in the skin tissues.

Some studies take advantage of the intrinsic adjuvant prop-
erties of nanoparticles in vaccination. For example, yPGA/
chitosan nanogel was used as adjuvant for pandemic H1N1
influenza vaccine.?*! Mice vaccinated with HIN1 antigen and
YPGA/chitosan nanogel showed a higher level of IgG titers
and H1N1-specific CTL, revealing that yPGA/chitosan nanogel
was a more potent adjuvant than aluminum compound, a
well-known vaccine adjuvant in human. The same result was
duplicated in a ferret model. yYPGA/chitosan vaccine effec-
tively protected ferrets from intranasal administration of HIN1
virus. In addition, it also induced long-term virus-specific T cell
memory and exerted heterosubtypic protection against H3N2
virus infection.

2.2.3. Nanoparticle Vaccine for Bacteria Infection
At the approach of post-antibiotic era, multiple adverse effects
and antibiotic resistance have become a serious alarm for

antibiotic usage against bacteria infection.?”3] In this regard,
antibacterial vaccines hold promises to reduce exposure
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to antibiotics and in the meantime manage bacteria infec-
tion.[?”# Nevertheless, the development of effective antibacterial
vaccines is still a tricky task due to the highly complex pro-
tein compositions of microbes and their defense mechanisms
to evade host immune surveillance.?””] The nanomaterial-
based vaccines have been introduced to activate host immune
response for effective bacteria defense.

Nanoparticles, including inorganic nanoparticles and
polymer nanoparticles, as efficient delivery vehicles have
shown effective immunization in bacteria-infection defense.
Au NPs are preferable for nanovaccine preparation due to
good biocompatibility, simple synthetic process, and most
importantly, the adjuvant activity.’’”¢! For example, Au NPs
conjugated with flagellin of Pseudomonas aeruginosa performed
comparable titers of antiflagellin antibodies as flagellin formu-
lated in Freund’s adjuvant.?*®! In another study, Vetro et al.
designed a glycoconjugate nanoparticle vaccine that modified
Au NPs with pneumococcal capsular polysaccharide antigens,
which were important component in current commercial vac-
cine and also essential in the infection of pneumococcus.**!
A glucose derivative was added as inner component of Au
NPs to increase the water solubility, and a T-helper peptide
OVA was loaded onto the Au NP as well. This glycoconju-
gate vaccine triggered potent and specific IgG Ab-dependent
immune response against S. pneumonia in mice. Many other
researches have highlighted the enhanced anti-infection out-
come by using nanotechnology for delivery of antigen and/
or adjuvants.?’>?77-279 In the following part, we will put
more emphasis on discussing the design and application of
surface-modified biomimetic nanoparticles as vaccine against
bacterial infection. The nanoparticle platforms engineered
with intrinsic toxin neutralizing ability and immune-potenti-
ating ability have superior properties compared to traditional
methods on account of improved safety and more efficient
toxin- or antigen-specific elimination.

Pore-forming toxins (PFTs), as an important virulence factor,
could damage normal cells by forming pores in cell mem-
branes. Numerous researches proved that elimination of PFTs
had therapeutic effect on a variety of pathogens, including
Staphylococcus aureus,?81 Escherichia coli,?8! Listeria monocy-
togenes,18%] etc. On the basis of these findings, Hu et al. fused
RBC membrane vesicles onto PLGA NPs to form a toxin nano-
sponge because RBC membrane could absorb and neutralize a
wide range of PFTs with high affinity.?8}] In the meantime, the
PLGA core guaranteed the stability of RBC membrane shell
and extended the circulation time for prolonged elimination of
toxins in the bloodstream. This PLGA NP-based nanosponge
remarkably neutralized staphylococcal o-hemolysin, a model
PFT, and diverted it away from intended target cells followed by
metabolism through ingestion by hepatic macrophages. This
method significantly reduced hepatotoxicity of o-hemolysin
and prolonged survival time of toxin-challenged mice. Later,
the broad-spectrum detoxification ability of PLGA-RBC mem-
brane nanosponge was confirmed by rapid absorption and
neutralization of four PFTs, that was, melittin, o-hemolysin
of methicillin-resistant S. aureus (MRSA), listeriolysin O of
L. monocytogenes, and streptolysin O of Group A Streptococcus,
indicating that this nanoparticle-based formulation provided
potential therapy against various bacterial infections caused
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by PFTs.[284 Despite excellent antibiotic efficiency, the coating
of cell membrane onto PLGA NP might be complicated and
membrane protein can be denatured during this process. To
address this problem, He et al. fused RBC membrane with
PEGylated artificial lipid membranes to facilitate extrusion
through polycarbonate membrane and also protect the compo-
nents on cell membranes, thereby the detoxification capacity of
RBC membrane was maintained. The treatment could effec-
tively protect mice from the damage induced by a model PFT
o-hemolysin.

Additionally, the PFT was also a routinely used candidate
as vaccine to activate the immune system. However, the tradi-
tional protein denaturation method could reduce the vaccine
potency and safety of toxoid. By using nanotechnology, the RBC
membrane-coated nanoparticle system was mixed with staphy-
lococcal a-hemolysin into nanotoxoid.?>”! The nanotoxoid neu-
tralized the toxin's virulence without disrupting its structural
integrity. Compared with heat-treated toxin vaccination, the
nanotoxoid exhibited improved immunogenicity and stronger
protection to immunized mice. Later on, the vaccination
efficacy of this RBS membrane and o-hemolysin-containing
nanotoxoid was examined in a mouse model of MRSA.[?6%
The antivirulence nanoparticle vaccination elicited strong and
durable antigen response against a-hemolysin, and alleviated
both superficial damage and MRSA invasiveness. Different
from antibiotics, nanotoxid does not directly target the elimi-
nation of single bacterium but aim to disturb the interaction
between pathogen and host by neutralizing the harmful tox-
oids, so this method is less likely to develop resistance.*8]

More recently, vaccination approaches that utilize more
than one kind of virulence have been proposed and exerted
enhanced performance, given that various toxins participate in
the pathogenesis of bacteria infection. To this end, RBC mem-
brane vesicles were coated onto PLGA NPs as nanosponges
to entrap a wide range of virulence factors from hemolytic
secreted protein (hSP) fraction of MRSA (Figure 9).261l The
pathogen-specific virulence factors delivered in nanotoxoid-
hSP elicited virulence-specific antigens in the vaccinated mice,
which effectively neutralized the toxicity caused by MRSA chal-
lenge. This phenomenon could attribute to the high concen-
tration of germinal center marker GL-7 in the draining LN,
representing promoted proliferation of B cells and accordingly
stronger B cell immune response.

Apart from RBC membrane vesicles, bacterial outer mem-
brane vesicles (OMVs) are another favorable option in the
construction of biomimetic nanoparticle platforms. It was
reported that OMVs were capable of inducing intense humoral
responses in protection against bacterial infection mainly
owing to the presence of plentiful immunogenic antigens and
pathogen-associated molecular patterns, which increased the
secretion of proinflammatory cytokines and promoted the acti-
vation of DCs.?86287] For example, Gao et al. collected OMVs
secreted by E. coli and wrapped them onto the surface of Au
NPs.[262] After subcutaneous injection, the OMV-NPs migrated
to the nearby draining LN and rapidly induced the activation of
DCs. Compared with treatment of OMVs, OMV-NP vaccination
generated stronger T cell and B cell immune response that pro-
tected mice from bacteria challenge, confirming a synergistic
effect of bacteria membrane and Au NPs.
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Figure 9. Antivirulence vaccination against bacteria infection via in situ
capture of bacterial toxins. A) Fabrication process of nanotoxoid carrying
pathogen-specific virulence factors and its protection against toxic effect.
B) Fluorescence imaging of B220 (green), IgD (blue), and GL-7 (red) in
draining LN at different magnifications. C) Multivalent Ab responses in
mice vaccinated with different formulations. Reproduced with permis-
sion.[28" Copyright 2017, John Wiley and Sons.

2.2.4. Nanoparticle Vaccine for Other Infectious Diseases

The development of DNA vaccination is a critical improvement
in medicine. However, in spite of low cost and rapid manufac-
ture of DNA vaccination, its inferior stability and insufficient
immunogenicity have limited the application in the prevention
and treatment of various infectious diseases. Nanotechnology
provides a new possibility in engineering DNA vaccine-loaded
nanoparticle platforms for controlled and targeted delivery to
certain cells. Draz et al. reported a DNA vaccination against
model hepatitis C virus by using electrically oscillating plas-
monic Au NPs.2*1 The plasmonic Au NPs can be activated
by certain electric pulsing to facilitate pore-forming in nearby
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cell membrane and increase membrane permeability for DNA
transfection. In this case, the DNA vaccine uptake by myo-
cytes was significantly magnified after coadministration of free
DNA plasmid and Au NPs in mice, allowing for more efficient
expression of encoded genes. Moreover, in consideration of the
low electric field needed in this process, cell destruction or lysis
could be avoided.

The Ebola virus outbroke in West Africa in 2014 was a det-
rimental health threat with a mortality rate of more than 50%.
In face of current obstacles in DNA vaccine, Yang et al. synthe-
sized cationic PLGA—poly(L-lysine)/yPGA (PLGA-PLL/yPGA)
NPs coated with Ebola DNA vaccine on the surface and immu-
nized mice by using microneedle patches made of water sol-
uble poly(vinyl alcohol).2) The DNA vaccine delivery formula-
tion achieved increased immunogenicity and stronger immune
response.

Unlike DNA-based vaccines, nonretroviral RNA vaccines are
free from the risk of integration into patient’'s genome. It was
reported that replicon mRNA could achieve sustained translation
and amplification of encoded protein. Chahal et al. developed a
modified dendrimer nanoparticle (MDNP) vaccine consisting of
a cationic and ionizable dendrimer, a lipid-PEG segment, and a
self-replicating antigenic RNA.?2 This formulation elicited both
Ab secretion and antigen-specific CTL response to protect against
lethal dose of pathogen. Interestingly, by encapsulating different
RNAs encoding various antigens, the MDNP vaccine could
be applied to prevent several virus challenges, such as HIN1
influenza, Ebola virus, Toxoplasma gondii, and Zika virus.l2%!

3. Nanoparticles for Inmunosuppression

In addition to the capability to improve proinflammatory
immune response, nanoparticle platforms are also envisioned
to promote immune tolerance against chronic or acute inflam-
mations, autoimmune diseases, transplant rejection, and
allergies. Contrary to cancer and infections that invade human
body on account of insufficient immune reaction, these dis-
eases result from inappropriate overreaction of immune
system to self-antigens, allogenic antigens in transplantation,
or environmental factors.’! Given that immunostimulation of
nanotechnology has gained much attention, monitoring immu-
nosuppressive properties of nanomaterials is equally important
in relieving immune-mediated burdens. Immunosuppressive
drugs, mostly small molecules, have shown improved thera-
peutic efficiency in recent years. However, long-term treatment
with immunosuppressant can lead to severe systemic toxicity
or immunodeficiency.?®! Many immunosuppressive agents,
such as methotrexate, rapamycin, and dexamethasone, are
hydrophobic drugs and have limited bioactivity. These agents
are randomly and extensively distributed in the body after
administration, thereby leading to severe side effects to off-
target tissues and causing damage to the liver, muscle, and gas-
trointestinal tract.2?02%1 Anti-inflammatory cytokines, such as
IL-4, have been widely studied in the treatment of various auto-
immune diseases.[?””l However, their short half-life determines
high-dose administration and inevitable systemic toxicity.l??!
Therapeutic delivery of microRNA (miRNA) for symptom
control can be also challenging due to limited potency, low
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Table 4. Nanoparticle-based immunomodulatory systems for immunosuppression.

Nanoparticle Payload Targeting Stimuli-sensitivity Reference

Modulation of Nanoparticle self-assembled from Methotrexate Scavenger receptor on - [45]

macrophages dextran sulfate-5-cholanic acid macrophages
HA-NP CD44 and TLR4 on macrophages - [295]
Dextran—dexamethasone prodrug Lectin and scavenger receptor on Esterase [44]

macrophages
Au NP IL-4 - - [296]
MSNP IL-4 - - [297]
MTC cross-linked with miRNA-146b Mannose receptor on BMDMs - [298]
Silica nanoparticle conjugated - Mannose receptor on BMDMs - [299]

with KGM
RGD-coated Au NP protected by a magnetic nanocage - - [300]
Modulation of Tregs Au NP Hyperforin - - [301]
Au NP Hexapeptide - - [302]
PLGA NP Protein or peptide antigens and rapamycin - - [303]
PLA-PLGA NP PLP and rapamycin - - [304]
Porous silicon nanoparticle Rapamycin and OVA peptide CD11con DCs - [36]
PLGA NP Anti-CD3 Ab PNAd on HEV - [42]
PLGA NP Diabetogenic peptide - - [305]
Iron oxide nanoparticle T1D-relevant peptide-MHC class | complexe - - [306]
Iron oxide nanoparticle Diabetogenic antigen peptide-MHC class Il - - [307]
complex

PLGA NP IL-2 and TGF-8 Biotin on CD4+ T cells - [308]

stability, and lack of targeting.’] Nanotechnology overcomes
the current shortcomings of immunosuppressive agents
through multiple aspects, such as providing protection against
degradation, prolonging circulation, and facilitating immune
cell-targeting delivery.?*!l Nanoparticle itself can also be engi-
neered into immunomodulatory component and nanoparticles
delivering antigen-MHC complex can expand antigen-specific
Tregs to control inflammation disorders. In this section, we
will discuss the approaches of inducing immune tolerance
against overactive immune response by regulating two essen-
tial cell types, macrophages and Tregs. The nanoparticle-based
immunomodulatory systems for immunosuppression were
listed in Table 4.

3.1. Modulation of Macrophages

As discussed above, M1 macrophages as a typical APC per-
form antigen presentation and proinflammatory effect in anti-
tumor therapy. On the contrary, M2 is a prohealing phenotype
that assists in anti-inflammation process and tissue repair
by enhancing the secretion of 1L-10, TGF-B, and VEGF.B%
Transition of M1 and M2 phenotypes is associated with the
initiation and progression of inflammatory diseases, infec-
tion, atherosclerosis, obesity, diabetes, asthma, and sepsis.1¥
Many nanoparticle platforms have been developed to reduce
proinflammatory macrophages or regulate macrophage polari-

zation for treatment of dysfunctional macrophage-associated
diseases [4#4295311,312]
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Activated macrophages are reckoned to participate in the
inflammation and pathogenesis of RA. Varieties of nano-
particle carriers have been adopted in targeted delivery of
anti-inflammatory drugs to inflamed sites through selective
combination with molecules overexpressed on the surface
of activated macrophages, such as folate receptor, scavenger
receptor, and CD44 receptor.?**! In a study by Heo et al.,
nanoparticle self-assembled from dextran sulfate-58-cholanic
acid was designed for targeted delivery of antiarthritis drug
methotrexate to collagen-induced arthritis (CIA) mice based on
the specific interaction between dextran sulfate and scavenger
receptor. ] After intravenous injection, the nanoparticles could
aggregate at the inflamed joints of CIA mice and the accumu-
lation maximized at 12 h after injection. The targeted therapy
gained much better anti-inflammatory effect compared with
free methotrexate, characterized by better clinical scores and
lower paw thickness.

Macrophages are also important propagators in atheroscle-
rotic plaques. In order to alleviate atherosclerosis-associated
inflammation, polymerized HA NPs were prepared for specific
targeting through interacting with receptors, such as CD44 and
TLR4 expressed on macrophages.??*”! The polymerized HA was
associated with phagocytosis inhibition and anti-inflammatory
effects, contrary to angiogenesis and inflammation-stimulatory
ability of low-molecular weight HA.B*314 HA-NPs showed
higher internalization by proinflammatory macrophages than
by anti-inflammatory phenotype in vitro. Moreover, HA-NPs
treatment effectively decreased immune cell infiltration in a
rabbit model of atherosclerosis.
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Obesity increases the M1 macrophage infiltration in adi-
pose tissue and promotes the secretion of pro-inflammatory
cytokines, such as TNF-¢ and IL-6, which lead to high risk of
glucose intolerance and insulin resistance.’'”] Ma et al. synthe-
sized a nanosized dextran—dexamethasone prodrug that was
linked through an esterase-sensitive ester bond.*¥ Dexametha-
sone is an anti-inflammatory drug against M1 macrophage and
has shown therapeutic effect in obesity and diabetic patients,
while dextran can selectively bind to lectins and scavenger
receptors on macrophages. It was found that, after regional
peritoneal administration, the dextran—-dexamethasone conju-
gate specifically accumulated at visceral adipose tissue, then
entered macrophages via the receptor-mediated pathway, and
was finally cleaved by intracellular esterase. A single dose of
dexamethasone prodrug administrated to obese mice achieved
a trend of lower levels of TNF-¢, IL-6, and monocyte chemoat-
tractant protein-1, a typical chemoattractants of macrophage,
in adipose tissues. This targeted delivery of anti-inflammatory
drugs was a promising method to prevent the occurrence of
obesity comorbidities, including type 2 diabetes, heart disease,
and stroke.

In tissue injury or infection, acute M1 response is necessary
to eliminate the invading pathogens, whereas uncontrolled and
prolonged activation of M1 macrophage or imbalanced M1/M2
ratio can lead to tissue damage or bad regeneration.? [L-4 is a
potent inflammation-inhibitory cytokine that induces the transi-
tion of M1 macrophage to M2 state. It has been widely used in
the treatment of autoimmune disease and chronic skin inflam-
mation.?9231 In order to overcome the drawbacks of IL-4,
such as short half-life and off-target side effects, Raimondo and
Mooney conjugated IL-4 onto Au NPs to treat ischemic skeletal
muscle injury.?*® IL-4-Au NP injection induced more evident
skew toward M2 macrophage and more significant decrease
of M1 type in comparison with bolus IL-4 in a mouse model,
leading to functional muscle improvement and muscle regen-
eration. In another study, MSNPs with 30 nm extra-large pores
were produced to deliver IL-4 at a high loading content.l?’]
Researchers found that IL-4-MSNPs were preferably engulfed
by phagocytic cells, including macrophages, DCs, neutrophils,
and monocytes, but did not arouse migration or proliferation of
inflammatory cells. Most importantly, M2 macrophage polari-
zation could be efficiently induced in vitro and in vivo without
obvious ROS production, and the effect of M1 phenotype was
also suppressed.

Inflammatory bowel disease (IBD) is featured by dysregu-
lation of macrophages and impaired mucosal repair.?'’! In a
study by Deng et al., the mannose-modified trimethyl chitosan
(MTC) was cross-linked with miRNA-146b via ionic interaction
to produce nanoparticles for selective endocytosis by intestinal
macrophages in treatment of ulcerative colitis.?*® Previous
study found the enhanced expression of miRNA-146b inhibited
the orientation to M1 macrophage and suppressed inflamma-
tion in an IL-10-dependent manner.?1831% The in vitro exami-
nation suggested that bone marrow-derived macrophages
(BMDMs) treated with miRNA-146b exhibited M2 phenotype
and elevated IL-10 expression, which stimulated epithelial
cell proliferation. After oral administration of miRNA-146b
nanoparticles, the dextran sodium sulfate-induced colitis mice
showed drastic body weight recovery, and rapid restoration
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of colonic epithelial cells and gut barrier integrity. In another
study, Gan et al. presented an interesting hypothesis that man-
nose receptor clustering on macrophages might lead to polari-
zation to M2 phenotype.l?*’ To this end, they conjugated konjac
glucomannan (KGM), a ligand of mannose receptor, to silica
nanoparticles with varied sizes. It was observed that KGM-
NPs of 30 nm in diameter could induce the formation of man-
nose receptor nanoclusters on BMDMs and increase the gene
expression of arginase-1, MRC, and IL-10, indicating a transi-
tion into M2 type. Intracolonic administration of KGM-NPs to
2,4,6-trinitrobenzenesulfonic acid solution-induced IBD mice
notably alleviated mucosal inflammation and colitis symptoms,
and largely prolonged survival time.

Some versatile nanoparticles were designed with fascinating
properties in order to realize selective delivery to cells of interest
and smart control of macrophage polarization. For example,
Lee et al. proposed that the inflammatory reaction to implanted
materials in vivo could be controlled by presenting bioactive
molecules on nanomaterials.32 They found that the light-trig-
gered activation of RGD (Arg-Gly-Asp) peptide on biomaterial
implant could regulate macrophages adhesion in vivo. Based
on this finding, Kang et al. further discussed whether RGD
activation could influence the transition of the two macrophage
phenotypes in vivo (Figure 10).2% In this study, RGD-coated
Au NP was conjugated to the substrate and protected by a mag-
netic nanocage to form the heterodimer nanostructure. The
caging and uncaging of RGD could be remotely and revers-
ibly controlled by a magnetic field. They discovered that RGD
uncaging elicited a temporal recruitment of macrophages and
pro-regenerative M2 polarization, while in the meantime inhib-
ited the skew to M1 type. The magnetic field allowed for deeper
tissue penetration and better cytocompatibility than ultraviolet
light, and conveniently manipulated RGD activation to reduce
inflammation at the implanted material and promote tissue
regeneration.

3.2. Modulation of Regulatory T cells

Tregs are another important participant in regulating peripheral
immunological tolerance.??!] These cells inhibit the function of
other immune cells, including CD4+and CD8+ T cells, DCs, and
macrophages through various mechanisms.??2l For example,
Tregs inhibit T cells survival and proliferation by depleting IL-2,
and prevent APCs maturation and T cell activation by releasing
immunosuppressive cytokines IL-10 and TGF-f.1323324 Until
now, immune-modulatory methods that regulate function of
Tregs have been used in the treatment of autoimmunity, chronic
inflammation, and tissue regeneration. Nanotechnology drasti-
cally improves the anti-inflammatory efficacy of encapsulated
payload. Moreover, the intrinsic immunomodulatory capability
of nanoparticles has also been explored to induce Tregs expan-
sion and hinder the progression of diseases.

Multiple sclerosis (MS) occurs after aberrant activation
of pathogenic T cells and dysfunction of Tregs. In one study,
Nosratabadi et al. evaluated the anti-MS function of hyper-
forin-encapsulating Au NPs in an experimental autoimmune
encephalomyelitis (EAE) model, a typical model for the study
of MS.B%I Free hyperforin, as a traditional anti-inflammation
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Figure 10. Reversible magnetic manipulation of RGD nanocaging controlled macrophage polarization. A) Fabrication of RGD-Au NP-magnetic
nanocage heterodimer nanostructure, and manipulation of macrophage polarization via a magnetic field. B) Immunofluorescence micrographs of host
macrophages staining actin (green), Arg-1 (red), and nuclei (blue) following 24 h of RGD caging or uncaging. RGD caging-uncaging group received
RGD caging for the initial 12 h followed by uncaging in the next 12 h. C) Quantification of cell density, area, and aspect ratio or macrophages after
24 h. Reproduced with permission.2% Copyright 2018, American Chemical Society.

medicine, caused expansion of Treg population in splenocytes,
whereas this effect was surpassed by hyperforin-Au NPs. This
result could be explained by the efficient entrance of Au NP
into various cell types with low cytotoxicity and high biocom-
patibility.?%l Through the induction of Tregs, hyperforin-Au NP
treatment achieved improved disease clinical score of EAE and
less infiltration of inflammatory cells.

Acute lung injury is a life-threatening illness that features
severe inflammation in the lung and excessive TLR activation.[32]
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Xiong et al. developed a peptide-Au NP hybrid that contained
a potent TLR inhibitor hexapeptide on the surface to enhance
stability and inhibit TLR2, TLR3, TLR4, and TLRS signaling
pathways after cell uptake.?%2l In a LPS-induced acute lung
injury model, intratracheal instillation of hexapeptide-Au NPs
exhibited evident inhibition toward TLR activation and signifi-
cantly increased the population of Tregs in the lung. The latter
promoted the apoptosis of neutrophils, leading to reduced
inflammation infiltration.
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Although immunomodulatory medicine is a conventional
treatment method for various autoimmune diseases, they usu-
ally have broad immunosuppression, and long-term usage
can lead to the activation of potential pathogens and even the
development of tumors.3%3%8] To this end, antigen-specific
immunological tolerance is more beneficial in efficacy and
safety concern. Immunosuppressants, such as rapamycin,
can stimulate the generation of tolerogenic DCs featuring
low expression level of costimulatory molecules and minimal
production of proinflammatory cytokines. In this circumstance,
the antigens presented to DCs do not enable the induction of
effector T cells but contrarily promote the differentiation of
antigen-specific Tregs.??”! However, free rapamycin therapy
requires long-term systemic treatment and tends to induce
uncontrolled immunosuppression. By using nanotechnology,
rapamycin and antigen could be simultaneously presented to
APCs where rapamycin transiently acts on DCs to prevent the
induction of systemic immunosuppression. For example, Mal-
donado et al. synthesized tolerogenic PLGA NPs containing
peptide antigens and rapamycin to induce the antigen-specific
tolerance by inhibiting T cell activation and generating Tregs
in multiple animal models, including EAE.3%! In this study,
the tolerogenic nanoparticles could inhibit the differentiation
of B cells into Ab-producing cells and attenuate preexisting
anti-OVA Abs even at the presence of potent adjuvants CpG
and R848. More importantly, the immune tolerance could be
maintained for as long as 111 days without systemic immuno-
suppression. Mice vaccinated with nanoparticles encapsulating
myelin proteolipid protein peptide fragment (PLP) and rapam-
ycin before induction of EAE showed evidently reduced severity
of paralysis, and this tolerogenic nanoparticle therapy during
the peak of disease thoroughly prevented EAE relapse. There-
fore, the antigen-specific immune tolerance could be a poten-
tial strategy for prevention and treatment of various autoim-
mune diseases. Later on, the therapeutic effect of PLA-PLGA
NPs delivering PLP and rapamycin was verified in a model of
relapsing EAE.P% Interestingly, the authors discovered that
splenocytes from tolerogenic nanoparticle-vaccine mice had a
protective effect against antigen challenge in naive mice.

In some other cases, nanomaterials are modified with extra
properties for targeting delivery and improved efficacy of the
payload. For example, Stead et al. proposed a nanoparticle-based
method for generation of Tregs in vivo with the purpose of
inhibiting chronic graft rejection after organ transplantation.®l
Specifically, rapamycin- and OVA peptide-loaded porous silicon
nanoparticles were endowed with murine DC-targeting ability
by surface coupling with CD11c Ab. The DC-targeting nano-
particles were predominantly internalized by DCs in the spleen
and peripheral blood. Injection of CD11c-NP in OVA sensitized
mice strongly triggered Tregs proliferation compared to control
group.

In another study, a LN-targeting PLGA NP was used as a car-
rier for anti-CD3 monoclonal Ab to improve the transplant sur-
vival rate of cardiac allograft (Figure 11).*2l The anti-CD3 Abs
have wide applications in organ transplantation by expanding
Treg population and inhibiting pathogenic T cells.?30:331
MECA79 monoclonal Ab was coated onto nanoparticles for
selective recognition of peripheral node addressin (PNAd) on
the high endothelial venule (HEV) of LN. MECA79-conjugated
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nanoparticle could traffic to HEV as early as 2 h after intrave-
nous administration and migrate to adjacent LNs at 24 h. The
MECA79-anti-CD3-NP increased the Treg ratio in the draining
LN and remarkably prolonged the survival time in a murine
heart transplant model in comparison with unconjugated
nanoparticle.

Type 1 diabetes (T1D) is a typical autoimmune disease charac-
terized by overactive CD4+ and CD8+ T cells due to anergic status
of peripheral immune tolerance. In one study, diabetogenic pep-
tides were either conjugated to or encapsulated by PLGA NPs
for the treatment of T1D.*®] Antigen-PLGA NP therapy effec-
tively enhanced the uptake by APCs, and upregulated the level
of anti-inflammatory cytokines IL-10 and TGF-B. Most impor-
tantly, this process evidently induced the systemic expansion of
peptide-specific Tregs, along with high expression of CTLA-4 and
PD-1, which directly restored tolerance in both CD4+ and CD8+
T cells. It was reported that peptides bound to MHC molecules
were more tolerogenic than those used alone.**”) Moreover, the
number of antigen-specific Tregs expanded by peptide-MHC
NPs in vivo can be hundreds of times larger than that of Tregs
expanded in vitro to produce clinical response in patients with
inflammatory disorders.>33334 For this reason, Tsai et al. coated
iron oxide nanoparticles with T1D-relevant peptide-MHC class
I complex as a tolerogenic vaccine.3%l Systemic administra-
tion of the nanoparticle vaccine expanded autoregulatory CD8+
T cells and severely blunted the progression of T1D. Later,
Clemente-Casares et al. treated T1D mice with iron oxide nano-
particles coated with diabetogenic antigen peptide-MHC class II
complex.’*”] The treatment induced the differentiation of autore-
active T cells into antigen-specific CD4+ Tregs. They developed a
series of peptide-MHCII-based nanovaccines that had biological
effects not only on diabetic mice but also on other autoimmune
diseases like EAE and arthritis.

In order to define the engineering principles for the optimal
design of peptide-MHC nanoformulations, the same research
group prepared iron oxide nanoparticles with stronger peptide-
MHC binding capacity.*** In this study, the researchers found
that the density of peptide-MHC on the nanoparticles might
have an effect on the formation of Tregs while the dose con-
trolled the expansion of Tregs. It also reported that the peptide-
MHC NPs prolonged the ligation with TCR on cognate T cells
and therefore promoted Tregs conversion. More importantly,
the optimal nanoformulation did not promote cytokine or
chemokine secretion, and no off-target toxicity was detected in
zebrafish embryos.

As is well known, the survival and proliferation of Tregs is
largely determined by the expression of IL-2 and TGF-f. Previous
studies reported that these two cytokines were able to induce
the generation of Tregs from naive CD4+ cells ex vivo.l336:3%7]
To this end, a CD4-targeted nanoparticle was formed based on
the specific conjugation between avidin-coated PLGA NP and
biotin-anti-CD4 for targeted delivery of IL-2 and TGF-f.3%
After intraperitoneal injection of nanoparticles in mice, it was
found that the percentage of Treg in CD4+ T cell compart-
ment was significantly elevated within the mesenteric LNs and
spleen. In addition, nanoparticles demonstrated a higher sup-
pression toward the proliferation of CD4+ T cells compared
with soluble cytokines. Meanwhile, the conjugation with Tregs
posed no threat to their function.
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Figure 11. Targeted delivery of anti-CD3 Ab to LN to suppress transplant rejection. A) Schematic illustration of IR800-NP synthesis process and
conjugation with MECA79 monoclonal Ab. B,C) Detection of B) MECA79-IR800-NPs and C) nontargeted IR800-NPs trafficking in the draining LN by
staining IR800 (red), PNAd (green), and nuclei (blue). D) TEM of IR800-NPs. E) Survival of C57BL/6 recipients receiving different treatments after
transplantation with BALB/C hearts. F) Proportion of Tregs in draining LN of recipient mice by flow cytometric analysis and representative flow plots.
Reproduced from with permission.*sl Copyright 2018, American Society for Clinical Investigation.

4. Conclusion and Future Perspectives

Nanomaterial-based immunotherapy has gone through rapid
development and exhibited considerable potential during the
past few decades. With constantly improved fabrication methods
and design strategies, nanotechnology has been well harnessed
in the control and prevention of many diseases through
immune regulation. As discussed in this Review, emerging
evidence has highlighted the excellent outcomes in tumor
therapy by activating APCs and T cells, regulating Tregs, TAMs,
and MDSCs in immunosuppressive TME, and synergizing
with chemotherapy, phototherapy, and radiotherapy. In the
prevention and elimination of infectious viruses and bacteria,
nanoparticle-based vaccine allows higher uptake by APCs and
induces improved T cell and B cell responses. In addition,
functionalized nanoparticles can regulate the polarization of
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macrophages and the population of immunosuppressive Tregs
to regain immune tolerance in the treatment of inflammatory
diseases, transplant rejection, allergies, and autoimmune dis-
eases, including RA, diabetes, MS, and so forth.

Codelivery of tumor antigens and adjuvants in nanosized
carriers enhances the efficacies of cancer vaccines. More
recently, a new trend in cancer immunotherapy involves the
recognition of tumor neoantigens, which derived from patient-
specific cancer mutations and can be identified as “nonself” by
immune system.338 Studies employing exogenous neoantigen
in tumor vaccine showed strong immune response against
cancer. As discussed above, the HDL-based nanodiscs encapsu-
lated with neoantigen and adjuvant CpG significantly promoted
antigen uptake by APCs and T cell immune response.l'*! In
another study, the tumor neoantigen-coding mRNA delivered
by liposomes was efficiently captured by lymphoid-resident

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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DCs and induced strong effector T cell activation and memory
T cell response. This strategy triggered IFN-or expression and
tumor neoantigen-specific T cell response in three melanoma
patients.33l Although tumor neoantigen can be an ideal
candidate for personalized cancer immunotherapy, they are
rare in some cancer types with low mutations, and thus a
combination with radiotherapy or chemotherapy is preferred
to increase the mutation load as well as tumor neoantigens.
In addition, the process to identify and synthesize neoantigen
peptides is time-consuming, and new technique and method
are urgently needed to shorten this period of time.[8]

More recently, Song et al. pointed out the importance of pat-
tern recognition receptors (PRRs) expressed in innate immune
cells and the potent ability of PRR agonists as adjuvants
in activating innate immune system and instructing adap-
tive immune response.3*! The PRR agonist can be delivered
with tumor antigens by nanoplatform as nanovaccines, which
achieved successful tumor inhibition in animal models. The
“in situ vaccine” that directly delivers PRR agonist into tumor
tissues is able to strengthen the antitumor immune response
and alleviate the side effects. Nanomateirals for local injection
and controlled drug release are of considerable interest, and are
worth deep researches in anti-inflammatory applications.

Combinatorial treatment that synergizes systemic immuno-
reaction and external therapies remarkably improves treatment
outcomes and in the meantime alleviates adverse effects.
ICD inducers, including chemotherapy, phototherapy, and
radiotherapy combined with immune modulatory agents have
evidently optimized tumor management. To date, researchers
have found that manipulation of more than one ICD inducer
in immunotherapeutic nanoplatform could achieve thorough
tumor ablation. For example, during phototherapy, a part
of cancer cells might escape the immune system and cause
metastasis. Systemic administration of chemotherapeutics and
immune stimulatory agents will overcome this limitation.[?!%]
Additionally, more investigations should be made on immune
process and dynamic change of TME in order to tailor multiple-
therapy regimen to individual patient, which is also helpful
to work out a specific therapeutic schedule includes precise
timing of each treatment and optimal dosages. For example, a
phase III study (NCT00409188) revealed that tecemotide vac-
cination concurrent with chemoradiatherapy could prolong the
overall survival of NSCLC patients from 20.8 to 29.4 months,
while sequential chemoradiatherapy administration did not
realize any improvement, indicating that the timing of combi-
natory therapy is an influential factor.[*’]

Nanotechnology has been offering great opportunities for
the prevention and treatment of infectious diseases. Codelivery
of antigens and adjuvants markedly enhances the immuno-
genicity of microbe components and shows higher efficiency
than conventional vaccines that use whole microbes. According
to present findings, polymer-based DNA vaccination holds
great promise for combating infectious diseases. Well engi-
neered nanosystems are in need to deliver plasmid DNA in
a safe and efficient way, which requires rapid LN trafficking
and effective transfection to target immune cells. To date, one
major public concern is high antibiotic toxicity and drug resist-
ance after antibiotic treatment. Nanomaterials have emerged
as a new antibacterial weapon to complement antibiotics in

Adv. Sci. 2019, 6, 1900101 1900101 (31 of 39)

www.advancedscience.com

defending against various microbe infections, including anti-
biotic resistant bacteria. It has been reported that nanomate-
rials exert lethality through two pathways, i.e., disruption of
cell membranes and production of ROS.B*! Compared with
antibiotics, nanomaterials offer enhanced antimicrobial activity
with lower toxicity and avoid causing drug resistance. Beyth
et al. reviewed that inorganic nanoparticles consisting of silver,
gold, titanium dioxide, zinc oxide, iron oxide, or copper oxide,
and organic nanoparticles made of poly(e-lysine), polysiloxanes,
polyamines, chitosan, or triclosan have shown outstanding anti-
bacterial and antiviral activity.**?] As a promising approach for
infection control, the exact toxicological mechanisms of these
nanomaterials and hidden hazard to host cells still need further
exploration.

The rapid advancement of biomimetic nanoparticles may
provide a new idea for patient-specific vaccine. Due to the great
similarity of OMVs with bacterial membranes, OMVs provide
both a wide variety of antigens and immune stimuli, including
LPS, flagellin, and monophosphoryl lipid A.?”>l OMVs are also
genetically engineered to express mutant antigens for more
specific and broad-spectrum immune protection.l***3#4 In com-
bination with nanotechnology, the stability and immune efficacy
of OMVs are expected to be largely improved. With functionali-
zations, such as targeting moieties and stimuli responsiveness,
the bacterial membrane-coated nanoparticles can be expected to
perform controlled and selective immune activation.

Similar to immunostimulation, immunosuppressive func-
tion of nanomaterial is largely dependent on physicochemical
properties of nanoparticles. Current immunosuppressive
therapies cannot fully exclude the risk of causing immunodefi-
ciency, which is accompanied with myelosuppression, excessive
sensitivity to opportunistic pathogens, and increased toxicity of
nanomaterials. Future studies should put more emphasis on
the mechanisms of nanosystem-regulated immunosuppres-
sion as well as the precise control over immune suppression
effect by identifying the optimal dosage and administration
route. Moreover, considering different immune cells or cell
lineages might have very different sensitivities toward a certain
nanoparticle type, it is necessary to carefully evaluate the immu-
nological response to nanoparticles by in vitro cell experiments
in the first place. Additionally, in order to drive effective
immune tolerance, antigens and immunosuppressants must
be drained to adjacent LNs and delivered to the right immune
cells, which presents a high requirement for targeting ability of
nanoplatform.

Antigen selection is another major obstacle in vaccine for-
mulation due to the varying candidate antigens during disease
progression, not to mention the huge differences in antigen
epitopes among patients. Acquiring protein or peptide antigens
from cell membranes or cell lysates can be a possible way, while
due to the complexity of antigen mixture, the concentration of
individual antigen is limited and may not be enough to yield
immune tolerance. Therefore, it still needs further exploration
to search more appropriate antigen epitopes for enhanced ther-
apeutic effect.

Although a number of nanoparticle-based immunothera-
pies have entered clinical stage in the treatment of cancers
and the prevention of infectious diseases (Table 1), the clinical
translation of many other immunomodulatory nanosystems
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is still a major challenge. It requires a great deal of efforts
and is largely dependent on many important factors. Safety is
the top consideration for application of immunomodulatory
nanomaterials. As nanoparticles interact closely with immune
system, it requires a standard method to assess their possible
immunotoxicity. For example, nanoparticles binding the serum
proteins can form a protein corona around the surface. These
particles could be recognized by immune system as nonself
and induce autoimmunity. Nanomaterial might also be asso-
ciated with allergic sensitization and hypersensitivity. Other
toxicities, such as difficult clearance from human body and gen-
eration of ROS, should also be taken into consideration before
clinical application. In addition, some nanoparticles may alter
cell morphology and cytoskeleton, which can lead to disruption
of intracellular signaling pathway. Therefore, the local and sys-
temic toxicity of nanosystems toward normal organs and tissues
should be carefully researched and evaluated. In view of the
intrinsic adjuvant features of some nanoparticles, their immu-
nogenicity is better to be properly controlled to avoid excessive
immune response. At present, the nature-derived nanomaterials
have attracted increasing interest on safety concern, and new
synthetic materials with excellent biocompatibility are yet to be
discovered. In addition, it requires more precise and detailed
investigation on the interaction between nanoparticles and
the relevant biological components in systemic environment
at different time points after administration. A comprehen-
sive understanding of dynamic process of nanosystem and its
function toward immune cells is useful for selecting the most
suitable platform for a specific situation and treatment purpose.

A number of nanotechnology-based vaccines require efficient
cross-presentation of antigens. Fabrication of pH-sensitive
nanodelivery platform for endosomal escape and establishment
of aAPCs for direct T cell activation are both reasonable
approaches as discussed above. Nanoparticles responding
to other features, such as high oxidation in endosomal
environment, can also be used as an alternative approach.**’!
In addition, cell-penetrating peptides are able to promote the
release of cargo trapped in endosomes into cytosol.}*%l Multiple
mechanisms are involved in this endocytic pathway, such as
macropinocytosis, clathrin-mediated endocytosis, and caveolae/
lipid raft-mediated endocytosis. The usage of cell-penetrating
peptides has been proved effective in delivering a variety of
cargoes, including proteins, small molecule therapeutics, and
nucleic acids.?*’!

It is reckoned that nanoparticles taken by phagocytic cells in
mononuclear phagocyte system should be avoided to increase
the drug accumulation at the diseased site. However, this
process turns out to be beneficial for nanoparticles targeting
macrophages or DCs.>*] Therefore, for different applications,
the characteristics of nanoparticles, such as size, surface chem-
istry, and surface charge, can be tuned to determine homing
to or avoiding the endocytosis by the phagocytes.?*%3>% Nano-
medicines targeting immune cells in LNs should be designed
differently from those targeting immune cells in TME. It is a
bigger challenge to deliver nanomedicines to specific immune
cell subsets.’®!] Nanomaterials that are functionalized with
efficient targeting ligands and/or stimuli-responsive ability
allow targeted delivery and controlled responsive release of
antigens, adjuvants, or immunomodulators. To achieve precise

Adv. Sci. 2019, 6, 1900101 1900101 (32 of 39)

www.advancedscience.com

transportation of cargoes to specific tissues or cell populations,
nanoparticles conjugated with an exclusive ligand or multiple
targeting ligands can hopefully enhance the specificity toward
target cells. For example, by using “Ab microarray screening,”
Yu et al. found that liposome surface coupled with anti-CD37
and anti-CD19/anti-CD20 could target to leukemia cell lines
and B chronic lymphocytic leukemia patient cells with higher
delivery efficiency and stronger ability to induce apoptosis.[3>2

Compared with general functions of nanoparticles as
delivery vehicle, including efficient and targeted delivery, con-
trolled cargo release, and alleviated side effects, much less
attention has been focused on how the very nature attributes of
nanoparticles impact immune system and drug delivery, such
as size, shape, elasticity, surface charge, morphology, and adju-
vant function. Physical properties of nanoparticles also play an
essential part in increasing local distribution and aggregation.
For example, it was found that nanoparticles ranging from
10 to 100 nm in diameter had the most efficient drainage to
LNs, whereas larger ones would be trapped within extracellular
matrix and smaller ones could freely penetrate through LNs,
which reduced the chances of being taken up by APCs.[3%3
Additionally, shape also matters in engineering aAPCs to
activate CD8+ T cells. Sunshine et al. found that ellipsoidal
aAPCs showed higher activity than spherical ones, and this
trend could be further enhanced by increasing the aspect
ratios when antigen dose and particle volume were controlled
equivalent.?># It can be explained by that long axis of ellipsoidal
aAPCs increased the interaction with CD8+ T cells to facilitate
their activation. Therefore, physicochemical parameters of
nanoparticles should be taken into consideration when
choosing appropriate targeted delivery vehicles.

Overall, exploring novel immunotherapies with efficient
manipulation of nanosystem is an appealing and promising
research field. Although we are now facing many obstacles,
we can expect profound clinical improvement and benefit to
human health in the near future.
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