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Advances in engineered nanosystems:
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applications
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Advances in nanotechnology have led to significant progress in the design and fabrication of nano-
particles (NPs) with improved therapeutic properties. NPs have been explored for modulating the immune
system, serving as carriers for drug delivery or vaccine adjuvants, or acting as therapeutics themselves
against a wide range of deadly diseases. The combination of NPs with immune system-targeting moieties
has facilitated the development of improved targeted immune therapies. Targeted delivery of therapeutic
agents using NPs specifically to the disease-affected cells, distinguishing them from other host cells,
offers the major advantage of concentrating the therapeutic effect and reducing systemic side effects.
Furthermore, the properties of NPs, including size, shape, surface charge, and surface modifications,
influence their interactions with the targeted biological components. This review aims to provide insights
into these diverse emerging and innovative approaches that are being developed and utilized for modulat-
ing the immune system using NPs. We reviewed various types of NPs composed of different materials and
their specific application for modulating the immune system. Furthermore, we focused on the mechanis-

Received 17th February 2024,
Accepted 27th May 2024

DOI: 10.1039/d4nr00680a

tic effects of these therapeutic NPs on primary immune components, including T cells, B cells, macro-
phages, dendritic cells, and complement systems. Additionally, a recent overview of clinically approved
immunomodulatory nanomedicines and potential future perspectives, offering new paradigms of this
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rsc.li/nanoscale field, is also highlighted.

1. Introduction

The immune system plays a crucial role in the surveillance of
our body. The system consists of specialized cells, tissues,
and organs working together to encounter the threats posed
by deadly diseases, including influenza, human immunodefi-
ciency virus (HIV), SARS-CoV-2 infections, atherosclerosis,
cancers, multiple sclerosis (MS), systemic lupus erythemato-
sus (SLE), diabetes, etc. Conventionally, the immune system
is divided into two components, referred to as (a) innate and
(b) adaptive components. The innate immune system consists
of phagocytes (dendritic cells (DCs) and macrophages) and
granulocytes (neutrophils, eosinophils, basophils, and mast
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cells), contributing to the formation of the first line of
defence in the body. DCs and macrophages, as well as other
host cells, including epithelial cells, fibroblasts, and endo-
thelial cells, play primary roles in the recognition of patho-
gens during the innate immune response. They recognize
pathogen-associated molecular patterns (PAMPs) or damage-
associated molecular patterns (DAMPs) via pattern reco-
gnition receptors (PRRs) and get activated quickly to recruit
themselves to the assault sites (infected, inflamed, and
damaged tissues)." The classical, lectin, and alternative path-
ways of the complement system are the additional com-
ponents of the innate immune system. The classical pathway
is activated by antigen-antibody interaction; the lectin
pathway via microbial molecules (mannose residues) by
soluble mannose-binding lectins; and the alternative pathway
by any recognizing surfaces.> On the other hand, the adaptive
immune component governs the activities of T cells and B
cells that together confer “specificity” and “memory” to the
immune responses. In response to pathogenic changes in the
body, the innate and adaptive immune cells collectively drive
immunological responses and restore normal physiological
activities. Aberrant immune implications can result in either
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immune suppression or overactivation of immune com-
ponents. In many cases, the hyperactive cellular and mole-
cular components of the immune system play pathogenic
roles, thereby promoting disease progression, while individ-
uals also suffer from immunosuppressive diseases due to the
compromised activities of T cells, B cells, macrophages, DCs,
and other immune components. Importantly, it has been
observed that even different phenotypes of a specific immune
cell are also engaged in different sets of diseases. For
instance, M1 phenotype macrophages play proinflammatory
roles (implicated in autoimmune disorders), while M2 pheno-
types are associated with anti-inflammatory responses (impli-
cated in immunosuppressive disorders). Thus, understanding
the functionalities of the immune system and clinically har-
nessing the modulation of immune components are impera-
tive in the fight against a variety of immune disorders.

Advances in science and nanotechnology now allow us to
manipulate cellular and molecular immune components.
Progress in biomedical science has led to the development of
engineered nanostructured materials for therapeutic delivery.
Due to their high surface area-to-volume ratio, nanoparticles
(NPs) exert greater biological interaction with respect to their
bulk counterparts.” This enhanced biological interaction
thereby augments better therapeutic efficacy by concentrating
the therapeutic cargo at pathogenic sites. In combination with
specific therapeutic agents, NPs can be employed in both acti-
vation as well as suppression of immune responses. To achieve
immune-specific therapeutic delivery, the surface of NPs can
be functionalized with antibodies, peptides, oligosaccharides,
antigens, etc.*”® The clinical and preclinical data also suggest
that immunotherapeutic nanomedicines are rapidly emerging
and promising novel therapeutic platforms for targeting dis-
eases characterized by aberrant immune functions. This
review discusses, in detail, the fundamental properties of
various types of NPs and their interaction with physiological
and immune components, as well as their contribution in tar-
geting immune components for therapeutic applications.
Furthermore, we illustrate how these therapeutic nanomedi-
cines mechanistically act on different components of the
immune system, including T cells, B cells, DCs, macrophages,
and complement systems. We also provided a current update
on clinically approved nanomedicines with their immuno-
modulatory properties. Furthermore, a comprehensive over-
view of the challenges in the field and future perspectives
is presented, elucidating avenues for further research and
development.

2. The interplay between
fundamental morphological features
of NPs and immune systems

The interactions between fundamental morphological features

of NPs and the immune components, including size, shape,
surface charge, and modifications, are crucial in determining
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their responses within biological systems (Fig. 1).
Understanding fundamental features of different NPs and
their interactions with immune components is essential in
order to rationally design nanomedicines for optimized thera-
peutic outcomes.

2.1. Size

Size is a key factor that governs the pharmacokinetic and phar-
macodynamic behavior of therapeutic NPs. Particles smaller
than 5 nm undergo either rapid renal clearance or get cleared
by the extravasation process.”® Increasing the size of NPs
beyond a certain limit leads to their accumulation and depo-
sition in multiple organs and tissues. The particles greater
than 200 nm in diameter activate and provoke the complement
system, which can lead to rapid removal of the NPs from circu-
latory systems and accumulation in organs like the liver and
spleen.”™"" Although the cellular uptake of NP depends on cell
types, it has been observed that particles of 50 nm in size get
internalized by the cells with higher efficiency at a greater
uptake rate."” 100-200 nm rigid and spherical NPs exhibit pro-
longed circulation time, avoid hepatic uptake, and are also pro-
tected from being engulfed by the spleen cells.”> The NPs of
20-200 nm in size exhibit greater accumulation in tumor
tissues by avoiding the reticuloendothelial system and renal fil-
tration, which helps in achieving greater therapeutic concen-
tration at the tumor site.'*'* Therefore, variations in particle
size trigger immune responses differentially depending on the
immune cell types. In comparison with small particles, large
particles induce greater immune responses by locating them-
selves in immune cells and delivering therapeutic payloads.®
On the other hand, the smaller particles have also been
reported to trigger potent immune responses by modulating
helper T-cell subtypes compared with the larger NPs."” Thus,
multiple studies suggest that 20-200 nm is the most effective
size range that can be considered in the development of
nanotherapeutics.®

2.2. Shape

The variation in shape governs different cellular uptake patterns
of NPs by mammalian cells and influences their systemic circu-
lation and binding affinity behavior. Cell membranes exhibit
different sets of cellular responses with particle shape altera-
tions due to changes in membrane integrity.'> Hence, altering
the shape of NPs can improve their therapeutic outcomes.>® In
particular, in vitro cellular study based on a macrophage cell
line, RAW264.7, revealed that the uptake efficiency of triangular
particles is greater than that of rod and star-shaped particles.>*
The rod-shaped and spherical particles can also induce
different sub-populations of helper T cells. In vivo results
depicted that spherical particles favor the helper T cell 1 (Th-1)
subtypes, while rod-shaped particles promote Th-2 cell-induced
immune responses.’”” The shape variations have significant
effects on adjuvanticity and cytokine production. The specific
adjuvant engineered on gold nanorods and nanospheres pro-
voked the release of different levels of inflammatory cytokines.
In comparison with nanospheres, the nanorods displayed a

Nanoscale, 2024, 16,12820-12856 | 12821


https://doi.org/10.1039/d4nr00680a

Published on 18 Juni 2024. Downloaded on 15.02.26 19:26:55.

Review

View Article Online

Nanoscale

Spleen

Immune
System and
Hyperactive

Immune Cells
w
o
: V.4
()

Lymph
node

Monocyte k '/\»

Mast \

Neutrophil R /
P cell B

a‘_g Size Shape
- 0 =
c )
e8Ew®
ECga
Nsn_z
S ek
()
=
o3

Surface charge Degradability

i

Surface modification

Types of
Nanoparticles
(NPs)

Nanosphere / \\

Exosome

q ¥

Liposome ) ) -2
Dendrimer i“"w“’:
Micelle Polymeric NP ©arbon nanotube 4 5 °

o Small molecule drugs Biological drugs bt MR b o
% . 0 OH \‘ IL-6 CD40L IL-10  IL-1Ra
L & \ , X X
2 © @ o o
: O
o .
p H o . ) Pro- ' Anti-
g \n/ LT V Nanomaterials inflammatory inflammatory
£ 0 ” : factors factors
= HO

SiRNA

Fig. 1

Schematic illustration depicting immune components and fundamental attributes of nanosystems in modulating immune response for

immunotherapy. Image created with BioRender.com.

greater ability to potentiate the adjuvanticity of chemical
species with minimal inflammatory cytokine production.*”
at the same therapeutic doses, the antibody-coated nanorod
exerts multi-fold greater therapeutic efficacy against breast
Contradictory to these
results, a recent study also demonstrated that the mammalian
cell studied with spherical gold NP exhibited better uptake
efficacy in comparison with rod-shaped NPs.>*

cancer cells than the nanospheres.”

2.3. Surface charge

The charge on surface of the NP is very crucial for its bioactiv-

ity, and its variation induces different

responses. NPs with a positive charge show more rapid cellular

uptake than neutral and negatively

Negatively charged cell membranes promote the cellular
internalization of positively charged NPs."

charge also affects the structural integrity

bilayer of the plasma membrane, and greater charge density
leads to disordering of the phospholipid bilayer structure.””
The positive and negative charges of the NPs also reflect their
mode of entry into the cells. Positively charged particles follow
the macropinocytosis mode of entry, while negatively charged
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particles make their entry into the cell via the clathrin- or
caveolae-independent endocytosis pathway.”®  Differently
charged particles with similar size and shape provoke varied
immune responses. Positively charged NPs show a greater
influence on the activation of antigen-presenting cells (APCs)
like DCs and macrophages than uncharged particles. Thus,
the loading of an anionic species like nucleic acids or other
polymers can mask the extent of positive charge of the par-
ticles that slackens the undesirable immunogenic outputs.”*>°
The positively charged gold NPs (AuNPs) stimulated the mono-
cyte cells of immune systems at a significant level by inducing
the expressions of pro-inflammatory cytokine (IL-1p) and anti-
inflammatory cytokine (TGF-f), while the negatively charged
AuNPs promoted pro-inflammatory (TNF-a) expression.”’ The
deleterious immune responses that are produced by cationic
charges can be advantageous in immunotherapeutic appli-
cations. Recent studies suggested that the positive charge can
play beneficial roles in the development of vaccines where the
cationic surface moieties can potentiate the therapeutic
efficacies of adjuvants like ovalbumin (OVA) via complement
activation, T-cell activation, enhanced antibody production,
and cytokine secretion.*?

Even

sets of biological
charged NPs.>>?°

However, positive
of the phospholipid
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2.4. Surface modification

The surface modification of NPs is carried out to improve biocom-
patibility and blood circulation time, targeting the disease pathol-
ogy, and achieving greater therapeutic retention in desired sites
with minimal toxicity hazards.>® In achieving specific nano-bio
interaction as well as targeted delivery of therapeutics, the NP
surface can be modified with a variety of ligands such as polyethyl-
ene glycol (PEG), polyethyleneimine (PEI), cell-penetrating pep-
tides, targeting antibodies, antigens, etc.**”” PEG is a chemically
inert hydrophilic polymer widely used for surface modification,
which helps in preventing direct exposure of the NP surface to the
biosystems and inhibits particle aggregation, opsonization, and
phagocytosis.*® The phagocytosis of NPs by macrophages is con-
sidered one of the major clinical limitations that occurs in the
development of therapeutics. Surface modification with antibodies
has proved to be an excellent strategy to target immune com-
ponents and prevent macrophage-mediated phagocytosis. Besides
PEG, CD47 antibody conjugation with NPs can selectively block
the signal regulatory protein-a: (SIRP-ar), which is found on macro-
phages. The CD47-SIRP-a coupling interaction and subsequent
blocking of SIRP-u target protein with CD47 antibody-modified
nanoplatforms prevents macrophagic phagocytosis of the NPs.*”
CD11c monoclonal antibody has also been used as a surface-modi-
fying agent to bind to DCs via specific intercellular adhesion mole-
cules, such as 3-grabbing-non-integrin (SIGN) surface proteins.*
Hence, CD11c antibody modification of NPs loaded with immuno-
suppressive agents can deliver therapeutic cargo to DCs by specifi-
cally targeting the DC-SIGN.*® Tailoring the surface of NPs with
antigen molecules is a key strategy in the development of nano-vac-
cines. OVA, the model antigen, can be attached to the NP surface,
and the delivery of OVA-conjugated nano-vaccine showed antigen-
induced immunological responses.*’ Furthermore, the modifi-
cation of NPs with amine functional groups enables the OVA-
loaded nano-vaccines to activate the complement systems at a sig-
nificant level.>* Recently, cytokine modifications have been made
in the surface engineering of NPs to target specific components of
the immune system. Interleukin-2 receptors (IL-2R) that are
expressed on the surface of T cells can be targeted to deliver thera-
peutics precisely and specifically. In this regard, the IL-2 cytokine
can be used as a surface-modifying ligand to mediate IL-2R-depen-
dent T-cell targeting and delivery of immunotherapeutic agents.*"
Chemical species such as hyaluronic acid, folic acid, and biotins
have been engineered onto the NP surface to specifically bind with
the respective CD44 and biotin receptors that are overexpressed in
cancer cells. Thus, modifying the particle surfaces with these
ligands can selectively eliminate the cancer cells while minimally
affecting the normal and healthy cell population.*”** The surface
modifying agents employed in the fabrication of various types of
NPs for target-specific immune activities are listed in Table 1.

3. Types of NPs and their
immunotherapeutic applications

NPs are broadly classified into polymeric, metallic, ceramic,
carbon-based, lipid-based, and other types.>® Another class of
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NPs that has gained great attention in therapeutic application
is biological NPs. The category includes viral components, exo-
somes, ferritin, lipoproteins, and magnetite, all of which are
utilized for therapeutic delivery purposes.®® Different types of
such NPs, along with their immunotherapeutic applications,
are discussed below.

3.1. Polymeric NPs

Polymeric NPs are crucial for therapeutic delivery due to their
stability, biocompatibility, biodegradability, and water-soluble
properties.®’ As the by-products are relatively less toxic, poly-
mers of both natural and synthetic origin are preferred for the
fabrication of NPs.®” The polymeric NPs are mainly divided
into two forms: nanocapsules and nanospheres. The nanocap-
sules possess a reservoir-like structure, and the nanospheres
provide a solid matrix structure where the therapeutics are
loaded by entrapment and adsorption mechanisms.®** These
two large categories of polymeric NPs are further sub-cate-
gorised into different shapes like dendrimers, polymerosomes,
and micelles.*" Dendrimers are hyperbranched synthetic poly-
meric 3D nanostructures bearing multiple functional groups that
help in the binding of various therapeutics.®®*® Polymerosomes
are stable polymeric amphiphilic vesicles capable of encapsulat-
ing both hydrophilic and hydrophobic therapeutic agents while
maintaining their stability during the delivery process.®” Micelles
are generally spherical self-assembled NPs composed of amphi-
philic block co-polymers characterized by hydrophobic core
(accommodate hydrophobic drugs) and hydrophilic shell struc-
tures in an aqueous medium.®® A variety of hydrophobic che-
motherapeutic agents can be accommodated within polymeric
micelles for their active and passive delivery.® Naturally derived
polymers, such as proteins and polysaccharides, are extensively
utilized in nanomedicine development. Polysaccharide-based
NPs are favored for their biocompatibility and biodegradability,
serving in various therapeutic roles, including cancer immu-
notherapy, inflammatory bowel disease (IBD) therapy, athero-
sclerosis treatment, vaccine delivery, macrophage polarization,
and arthritis management.”®”* Similarly, various protein-based
NPs are also used in immune modulation and therapeutic deliv-
ery in the treatment of various diseases such as acute pancreati-
tis, gastritis, cancer, arthritis, etc.”>”>”” Besides natural poly-
meric NPs, synthetic polymer-based NPs are pivotal in immu-
notherapy, offering promise due to their distinct characteristics
like weak functional groups, chemical inertness, and tunable
mechanical properties.”®®* The detail of polymer-based NPs are
listed in following Table 2.

3.2. Metallic NPs

The metallic NPs have emerged as potential carriers of thera-
peutics due to their unique optical, magnetic, catalytic, and
photocatalytic properties.'®> The metallic NPs can be categor-
ized into pure metallic NPs, metal oxide NPs, doped metal/
metal oxide/metal NPs, metal sulfides, and metal-organic
frameworks (MOFs).'”> Among pure metal NPs, gold NPs
(AuNPs) with different shapes, like nanorods, nanostars, and
nanoclusters, are most widely used for immunotherapeutic
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Table 1 List of surface modifying agents used to fabricate NPs for target-specific immune activities
Method of
Nanoparticle involved Surface-modifying agent  modification Target receptor Purpose of modification Ref.
LNPs Murine anti-DEC205 Thiol-maleimide DEC205 receptors on DC-targeted siRNA delivery for 45
single chain antibody chemical attachment DCs immunosuppression
(ScFv)
Carboxylated polystyrene  PEG, CD47 antibody EDC-NHS coupling SIRPa on macrophages Macrophage targeting in the 37
NPs reaction prevention of phagocytosis
Silicon NPs Anti-CD11c/anti- Direct conjugation of CD11¢/DC-SIGN DC-specific drug delivery 39
DC-SIGN antibodies periodate oxidized
mAb
SPIONs IL-2 (interleukin-2) Biotin-streptavidin IL-2R on T-cells T-cell targeted immunotherapy 41
(superparamagnetic iron  cytokine non-covalent
oxide NPs) interaction
Chitosan NPs Mannose Electrostatic Mannose receptors on  DC-targeting in tumor 46
interaction immature DCs immunotherapy
Gold NPs Shikimoyl-ligand Covalent attachment =~ Mannose receptors on  DC-targeted genetic 47
via 6-amino hexane DCs immunization and
thiol spacer 48
Gold NPs HIV Gag p17 and CMV EDC-NHS coupling DC-SIGN receptors DC-targeting in anti-HIV 49
pp65 peptides therapy
Polystyrene NPs CD200 glycoprotein Attachment via CD200R on CD200R targeting, preventing 50
streptavidin rDNA macrophages the phagocytosis and
technique inflammatory cytokines
PLGA NPs M2pep peptide Tannic acid-Fe*" CD206R on M2-phenotype macrophage 51
complexation macrophages targeting in tumor
immunotherapy
PLGA-b-PEG NPs Herceptin® antibody/ NHS-PEG-alkyne HER2" receptors on Targeting the HER2" breast 52
trastuzumab linker mediated cancer cells cancer cells
NHS-esterification
Iron oxide NPs Neu antibody/ Thiol-maleimide HER2' receptors on HER2" anti-cancer 6
trastuzumab reaction cancer cell immunotherapy
PLGA NPs Anti-CD8a F(ab’), Thiol-maleimide CD8a receptors on CD8" T-cell targeting in cancer 53
obtained from IgG reaction T-cells immunotherapy
antibody
Lipid-dendrimer-calcium SP94 peptide Thiol-maleimide PD1 (programmed cell ~ Targeted delivery of drugs in 54
phosphate NPs reaction death protein 1)- hepatocellular carcinoma
receptors on T-cells therapy
Liposome IL-2-Fc, anti-CD137 Fab2  Thiol-maleimide IL-2, CD137 receptors T-cell, NK-cell activation in 55
protein reaction on CD8" T-cells tumor immunotherapy
LNPs Anti-human CD45RO Biotin-streptavidin CD45RO on memory CD8" Tm-cell targeting in 56
primary antibody non-covalent T-cells (Tm) cells lupus nephritis therapy
interaction
ZIF-8 metal-organic Anti-CD16/32 antibody Electrostatic CD16/32 on M1- Mi1-macrophage targeted drug 57
frameworks (MOFs) adsorption macrophages delivery in osteoarthritis
therapy
PLGA-b-PEG NPs Anti-CD19, anti- EDC-NHS coupling CD19, B220 (CD45R) B-cell targeted drug delivery 58

CD220 mAbs

on B-cells

applications. Previous studies also demonstrated that bare
metal NPs without any therapeutic agents can stimulate the
immune system for the induction of effective immune
responses against viral infections.’® In the treatment of viral
disease, the metallic NPs were observed to deliver specific
nucleic acid cargos in hosts where subsequent expression of
nucleic acid elicits potent anti-viral immune responses.'®
Cytokine-induced killer (CIK) cells are the emerging choice of
therapeutic cells in the development of cell-drug therapy
against cancer. The metallic NPs have shown the ability to
form CIK cell-mediated cell-drug nanotherapeutics for exhibit-
ing anti-tumor immune responses.'®®'” Silver NP (AgNP) is a
metallic category of NPs known for its pronounced anti-
microbial properties, and researchers are exploiting AgNPs for
immunotherapeutic purposes. In vivo animal studies provided
several insights into the immunotherapeutic role played by

12824 | Nanoscale, 2024, 16, 12820-12856

AgNPs, and polyphenol-modified AgNPs exert immune protec-
tion against the highly infectious herpes simplex virus-2."%®
The cell death of distant and deep-tissue tumors is quite chal-
lenging to target, and therefore researchers have successfully
designed an immunogenic cell death therapy using palladium
NPs for efficient deep-tissue tumor cell targeting. The Pd-
based nanotherapeutic system triggers the release of “danger”
signaling molecules that recruit T cells of immune systems in
tumor tissues and efficiently arrest tumor growth."*®

3.3. Ceramic NPs

The ceramic NPs are considered promising therapeutic deliv-
ery vehicles due to their high heat resistance, mechanical
integrity, stability, and chemical inertness. They are involved
in the delivery of drugs, genes, proteins, peptides etc.''®''*
Ceramic NPs are composed of oxides, carbides, carbonates,

This journal is © The Royal Society of Chemistry 2024
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Table 2 List of natural and synthetic polymers used for fabrication of NPs for immunotherapeutic applications
Polymer source Properties Immunotherapeutic applications of fabricated NPs Ref.
Natural polymers
Chitosan U.S. FDA-approved, cationic, highly basic, Anti-cancer immunotherapy. 74 and 83
polysaccharide, biocompatible.
Hyaluronic acid Poly-anionic, non-sulphated polysaccharide, Inflammatory bowel disease (IBD) therapy, anti- 70 and 84
non-toxic, biocompatible, biodegradable. inflammatory activities in atherosclerosis.
Gelatin Protein obtained from collagen, biodegradable, Antigen delivery for immune stimulation, delivery of 85 and 86
biocompatible, non-antigenic. immunostimulant CpG oligonucleotides.
Silk fibroin Protein obtained from skin cocoons or larvae, Immune system modulating drug delivery for cancer 87-89
excellent biocompatibility, biodegradability, therapy, macrophage modulation, immunosuppressive
and low immunogenicity. therapeutic delivery in acute pancreatitis.
Albumin Plasma protein, high biocompatibility, Immunomodulation in glioblastoma therapy, immune 75-77,90
biodegradability, non-immunogenicity. system activation and sonodynamic anti-tumor therapy, and 91
macrophage modulation in treatment of gastritis,
checkpoint blockade-based metastatic pancreatic cancer
immunotherapy, neutrophil-targeted drug delivery in
rheumatoid arthritis (RA).
Cyclodextrin Amphiphilic cyclic oligosaccharide, excellent Anti-inflammatory activity in treatment of 71 and 92
biocompatibility. Atherosclerosis, immune checkpoint blockade-based
cancer immunotherapy.
Alginate Anionic polysaccharide, good biodegradability,  Antigen delivery for eliciting immune response against 4,72 and

biocompatibility, non-toxic.

Synthetic polymers

PLA-poly(lactic Aliphatic polyester molecule, biocompatible,

acid)/polylactide low toxicity, controlled hydrolytic degradation.

PLGA-poly(lactide- Copolymer of PLA and PGA, FDA-approved,

co-glycolide) biocompatible, tunable mechanical property, a
wide range of erosion times.

Poly(caprolactone) Polyester molecule, FDA-approved,
biocompatible, non-toxic.

Polyanhydrides Excellent biocompatibility, sustained drug
delivery.

Polyorthoesters Biocompatible, non-toxic, sustained release of
drugs.

phosphates of different metals, and metalloids."*° Iron oxide
NPs (IONPs) are one of the most popular and promising NPs
that are employed in numerous immunotherapeutic appli-
cations. Starting from immunosuppressive drugs to various
antigens, a wide range of therapeutics can be delivered with
the help of IONPs."'>'"* Due to their elemental compositions,
the IONPs are involved in neutrophil modulation in the
therapy of iron-deficiency disorders.""* The superior thermal
conductivity of IONPs makes them a perfect candidate for
photoimmunotherapy. In combination with other therapeutic
agents, IONPs modulated anti-inflammatory macrophage phe-
notypes into tumor-suppressive proinflammatory macro-
phages, which facilitated immunotherapeutic restriction of
tumor progression.''> Similarly, a variety of other ceramic NPs,
such as silica NPs, hydroxyapatite NPs, titanium oxide, zinc
oxide, and copper oxide NPs are also harnessed in multiple
immunotherapeutic applications.

3.4. Carbon NPs

Carbon-based NPs are widely used nanostructured vehicles
that have great potential for the delivery of therapeutics. The
carbon family of NPs exhibits several characteristic features,

This journal is © The Royal Society of Chemistry 2024

influenza, therapeutic delivery targeting macrophage 73
polarization in treatment of RA, dendritic cell-targeted
antigen delivery in cancer immunotherapy.

Macrophage cell-mediated anticancer drug delivery, 78 and
hepatitis B vaccine delivery for cell-mediated immunity, 93-95
improving immunogenicity of polysaccharide antigens

and vaccine delivery, DC-targeted mRNA vaccine delivery.
Macrophage-stimulated immune modulation and drug 79 and
delivery, immune induction and therapeutic delivery. 96-98
pH-responsive antigen delivery for humoral immune 80,99 and

induction, vaccine delivery, immunity induction, immune 100
modulation and anti-inflammatory drug delivery.

Protective and sustained immunisation, oral antigen 82 and 101
delivery.
Immune cell-targeted antigen delivery. 81

such as high mechanical integrity, excellent thermal conduc-
tivity, and great optical and magnetic properties. Therapeutic
agents such as anti-cancer drugs, therapeutic peptides, genetic
materials, antioxidants, protective agents, etc., are either
encapsulated or conjugated for their effective delivery."'®
Among multiple subtypes, carbon nanotubes (CNTs), nanodia-
monds (ND), carbon dots (CD), and graphene are the most
used carbon NPs. The CNTs are sp> hybridized NPs, which are
further divided into two types: single-walled CNT (SWCNT)
and multi-walled CNT (MWCNT). The use of CNTs in near-
infrared light-triggered conductive nanomaterial-assisted
photothermal therapy (PTT) for cancer cell ablation has gained
attention. Conjugating checkpoint blockers to CNTs enhances
their anti-tumor immunotherapeutic efficacy, making CNT-led
PTT more efficient."”” CNTs have also been used to deliver
various immune-stimulating agents to provoke the immune
components and to fight against cancer pathologies."'®"*°
Additionally, in the context of cancer vaccines, CNTs have
been used to develop nanocomposite vaccines, such as by
combining NY-ESO-1 antigen and CpG-ODN (TLR9 agonist)
adjuvant molecule. NY-ESO-1, a cancer-testis antigen found in
various cancers such as lung cancer, melanoma, and prostate
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cancer, elicits effective T-cell responses due to its potential
immunogenicity, making it a promising vaccine candidate.'*
Early phase clinical trials have shown that immunotherapy
using NY-ESO-1could lead to the mitigation of cancers. The
addition of a vaccine adjuvant molecule to NY-ESO-1 amelio-
rated the immunological responses against cancer. The nano-
vaccine exhibited rapid internalisation by DCs, and elicited
strong antitumor immunological responses by promoting
humoral and cellular (CD4" and CD8" T-cell responses).”*" In
the manipulation of immune components to treat cancer,
other carbon-based nanomaterials such as carbon dots and
graphene are also employed to promote T-cell infiltration,
modulation of DCs, and polarization of macrophages that sup-
press the disease pathologies.’**"*® The immunotherapeutic
applications of different types of NPs are listed in Table 3.

3.5. Lipid-based NPs (LNPs)

LNPs belong to the most important class of NPs that are receiv-
ing growing clinical approvals due to their suitable physico-
chemical properties, payload flexibility, greater bioavailability,
superior biocompatibility, biodegradability, and facile mode of
fabrication. The LNPs can be either natural or synthetic in
origin. The polar hydrophilic head and non-polar hydrophobic
tails of the lipid molecules are assembled to give rise to a
variety of LNPs. A wide range of lipid materials, such as trigly-
cerides, mixtures of triglycerides, waxes, hard fats, and other
lipids, are harnessed in the fabrication of LNPs. Additional
components like emulsifiers and/or co-emulsifiers are also
used for the fabrication of LNPs. Based on the lipid assembly
features, the LNPs are further classified into liposomes, cat-
ionic LNPs, solid-lipid NPs (SLNs), nanostructured lipid car-
riers (NLCs), non-lamellar LNPs, ethosomes, cubosomes, etc.
Within the aqueous interior, hydrophilic therapeutic agents
can be loaded while maintaining drug stability, whereas hydro-
phobic drugs can be entrapped in the non-polar hydrophobic
chains of the lipid components. LNPs can be functionally
modified with a variety of agents, such as monoclonal anti-
bodies, peptides, small molecule ligands, etc., for the targeted
delivery of therapeutic cargo.'® Liposomes were developed in
the earliest phases and were considered the simplest drug
delivery vehicle to target and modulate the components of
immune systems. For anti-cancer immunotherapy, the lipo-
somes were loaded with various therapeutic agents that aimed
at modulating the activities of macrophages, DCs, T cells, and
NK cells residing in the tumor microenvironment
(TME).'®'% 1n addition to anti-inflammatory drugs, thera-
peutic RNAs have also been delivered usingliposomes for the
treatment of diseases such as atherosclerosis, bacterial infec-
tions, and RA."®*'°® Immune cell-specific small interfering
RNA (siRNA) delivery and downregulation of gene expression
of pathogenic stimulatory molecules are attractive ways to regu-
late the hyperactive immune systems. Hence, protective and
targeted delivery of siRNA without further provoking the
immune cells is quite challenging and demanding. In this
regard, cationic LNPs were heralded as safe and potent nano-
carriers of immune system-targeted therapeutic siRNA delivery
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that results in a reduction of hyperactive, dysregulated
immune responses.”> Preventing the premature release of
cargo siRNA in systemic circulation promoted greater accumu-
lation of the therapeutic in the TME. Hence, a higher level of
therapeutic siRNA at the TME raised the pH of the acidic TME
by silencing the specific gene, which consequently decreased
the number of immunosuppressive cells, promoted T-cell infil-
tration, and restored immune activities to retard the growth of
tumor tissues.'®” Other types of LNPs, such as SLNs, NLCs,
ethosomes, and cubosomes, are widely used as drug-delivery
vehicles to modulate the immune components in several dis-
eases. The immunotherapeutic applications of diffrent types of
LNPs are listed in Table 4.

3.6. Biologic NPs (BNPs)

The BNPs are naturally obtained NPs that are formed in
various biological systems. These BNPs are composed of
different organic and inorganic materials and can be intra-
cellular as well as extracellular in origin. Among the different
BNPs, exosomes, viruses and virus-like particles (VLPs), ferri-
tin, magnetite, etc., are widely used in the delivery of thera-
peutics (Table 5). The structural uniformity, immune system
encompassing capability, and lower level of toxicity make
them a suitable candidate for drug delivery applications.®®
Exosome nanovesicles are secreted by most cells (endothelial
cells, adipocytes, B cells, DCs, neurons, mast cells, tumor cells,
etc.) and are also found in several bodily fluids such as saliva,
plasma, breast milk, amniotic fluid, cerebrospinal fluid,
etc."””>'® Individual exosomes can elicit both positive and
negative immune responses. Particularly in multiple cases of
cancer immunotherapies, the exosome-based nanomedicines
have greatly evolved. The chimeric antigen receptor-T cell
(CAR-T) cell-derived CAR-exosomes are known to express cyto-
toxic signal molecules that can be useful in triggering anti-
cancer immune responses. Unlike CAR-T cells used in CAR-T
therapy, the CAR-exosome nanovesicle does not possess pro-
grammed cell death protein (PD1) and is relatively safe to use.
Thus, the use of CAR-exosome reduces the risk of slackening
of anti-tumor efficacy during recombinant programmed death
ligand 1 (PD-L1) therapy of cancer.'®® DC-targeted exosome-
based vaccines represent a novel strategy in immunogenic cell
death therapy. The surface-modified exosomes loaded with
antigen and adjuvant exhibit promising results in DC acti-
vation and subsequent modulation of the tumor-reactive CD8"
T cells."® Exosome nanovesicles of different cellular origins
display bystander activities on macrophage polarization.
Repolarizing the tumor-associated macrophages by macro-
phage-derived exosomes has become a new tool in antitumor
immunotherapy. M2 macrophages assist in tumor progression
by releasing anti-inflammatory cytokines and angiogenic
factors. Thus, macrophage transition from the M2 to M1 phe-
notype is essential to release proinflammatory cytokines,
thereby eliciting anti-tumor immune responses. In this regard,
M1 proinflammatory macrophage-derived exosome NPs were
successfully used as a therapeutic agent to repolarize the
M2 macrophage into the M1 phenotype that effectively restricts
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Table 3 List of different types of nanoparticles synthesized for immunotherapeutic applications
Types of NPs Therapeutic payload Application Ref.
Metallic NPs
Gold nanorod sSRNA Antiviral therapy against pandemic influenza. 104
(AuNR) None Immune stimulation and inhibition of Respiratory 105
Syncytial Virus (RSV).
Immunoadjuvant imiquimod (R837) Immunotherapy in melanoma 129
Gold nanostar Cytokine-induced killer (CIK) cells Anticancer immunotherapy 106
(AuNS)
Gold nanocluster CIK cells Anticancer immunotherapy 107
(AuNC) Antigenic peptide, cytosine-phosphate-guanine Vaccine-mediated immune stimulation 130
(CpG) oligodeoxynucleotides (ODNs)
Technetium-99 m, lutecium-177 Cancer radio-immunotherapy 131
Silver NP (AgNP) None Enhances immune protection against Herpes simplex 108
virus-2 (HSV-2) infection.
None Immune stimulation in cancer immunotherapy. 132
None Immune modulation for cancer therapy 133
Palladium NP (PANP) Doxorubicin (DOX) Anticancer chemoimmunotherapy 109
Ceramic NPs
Iron oxide NP (IONP) Ovalbumin (OVA) Anti-tumor vaccine immunotherapy 112
Mycophenolic acid Immunosuppressive drug delivery. 113
None Neutrophil modulation in iron deficient anaemia. 114
Sulfasalazine Anti-cancer immunotherapy 115
DOX, polyinosinic: polycytidylic acid (poly (I:C))  Anti-cancer immunotherapy 134
Ferumoxytol Immune activation in cancer immunotherapy 135
Poly (I:C) Vaccine delivery to lymph nodes. 136
Silica-based NP Nucleic acid and DOX Co-delivery of therapeutics for immune stimulation and 137
(SiNP) cancer cell targeting.
Peptide neoantigen, CpG oligodeoxynucleotide Anticancer immunotherapy. 138
anti-PD1 antibody Anticancer immunotherapy. 139
Gardiquimod Anticancer photoimmunotherapy. 140
Cyclic diguanylate monophosphate(cdGMP) Dysregulated APCs specific drug delivery in glioblastoma 141
immunotherapy.
Peptide antigen B,T Vaccine delivery 142
Hydroxyapatite NP Methylprednisolone acetate Immunosuppressive and anti-inflammatory drug delivery 143
(HApNP) in RA.
Lactoferrin Immunomodulation for the treatment of Helicobacter 144
pylori infection.
OVA Immune stimulation, anti-cancer immunity 145
Bacterial lipopolysaccharide Macrophage modulation and immune stimulation 146
Titanium oxide (TiO)  Chito-oligosaccharides Anticancer immunotherapy 147
NP None Anticancer immunotherapy 148
None DC and helper T-cell modulation 149
Zinc oxide (ZnO) NP DOX DOX-induced macrophage polarization in cancer 150
immunotherapy
None T-cell differentiation, immune modulation 151
Copper oxide (CuO) Chitosan Macrophage activation in cancer immunotherapy 152
NP None Immunomodulation in the treatment of inflammatory 153
ulcerative colitis.
Carbon-based NPs
CNTs (SWCNT and Anti-cytotoxic T-lymphocyte-associated protein 4 Immune stimulation in anti-tumor therapy 117
MWCNT) CpG, OVA and anti-CD40 Ig (a« CD40) Adjuvant delivery for immune induction for cancer 118
therapy
None Immune cell recruitment for anticancer therapy 119
CpG Macrophage activation and immune stimulation against 120
glioblastoma.
Indolicidin Immune activation and modulation in the treatment 154
against antibiotic resistance.
None Immunomodulation in bone remodelling 155
Nanodiamonds None Immune cell induction for anti-tumor immunotherapy 156
(NDs) Octadecylamine, dexamethasone Macrophage-specific immunomodulation in the 157 and
treatment of RA. 158
Carbon dots (CDs) Fe ion, DOX, and Losartan T-cell infiltration, chemoimmunotherapy against cancer 122
None DC-targeted danger signal-specific anti-cancer 123
immunotherapy
None Induction of CD8" T cells, mature macrophages, and 124
natural killer cells for anti-cancer immunotherapy
None Immunotherapy against melanoma 125
Graphene- None Anticancer immunotherapy 126-128
nanoplatform
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Table 4 List of LNPs used for immunotherapy of various diseases
Types of
LNPs Lipid composition Therapeutic payload Applications Ref.
Liposomes SPC, cholesterol, DSPE-PEG2000 Honokiol and disulfiram-copper  Activation of macrophage, DCs, T cells, NK 162
complex cells, immunogenic cell death, anti-tumor
immunotherapy against glioblastoma.
Phosphatidylcholine, DSPE-PEG Anti-PDL; and BLZg,5 (CSF;R- Anti-cancer immunotherapy 160
carboxy, CSF;R-inhibiting inhibitor)
amphiphile
HSPC, cholesterol , Ursolic acid Immunomodulation and anti-cancer 161
DSPE-PEG2000 immunotherapy
Cholesterol, phosphatidylcholine, = siRNA NK cell-targeted anti-tumor therapy 163
DPPE, rhodamine red-labelled
DPPE
DSPE Methotrexate Anti-inflammatory drug delivery in the 164
treatment of atherosclerosis
DOTAP, DMPC, DSPE-PEG siRNA Macrophage modulation, immunogene therapy 166
against staphylococcus infection
(DCg yPC), DSPE-PEG2000 Dexamethasone Anti-inflammatory drug delivery in the 165
treatment of RA
Cationic DSPC, DLinDMA, cholesterol, siRNA DC-targeted siRNA delivery 45
LNPs DSPE-PEG-MAL
DOTAP, PEG5000-block- SiRNA T-cell modulation and anti-cancer 167
PLGA11000 immunotherapy
AMPA-016B, DOPE, Shigella bacteria-derived effector =~ Macrophage modulation in anti-cancer therapy = 168
DSPE-PEG2000, cholesterol OspF
Amino lipid (lipid D), cholesterol,  Dengue envelope proteins Vaccine delivery and immunostimulation 169
DSPC, DMG-PEG2000 (DEN-80E) against dengue
DODMA, DSPC, DMG-PEG mRNA Immunomodulation 170
SLNs and Stearic acid, lecithin, poloxomer- Paclitaxel Immunomodulation in melanoma 171
NLCs 188
Naringenin and linolenic acid Cyclosporin Immunosuppressive drug delivery in psoriasis 172
Cetyl palmitate, polysorbate-60 Resveratrol DC-targeted anti-inflammatory drug delivery 173
(Tween-60), miglyol-812 and immunomodulation
DOTAP, Span, Tween-80, Zika virus antigen encoding viral ~ Zika vaccine delivery 174
Squalene, dynasan114 RNA
Ethosomes Lecithin, cholesterol, octadecyl Tyrosinase-related protein-2 DC stimulation in tumor immunotherapy 175
amine (TRP-2), CpG, mRNA, siRNA and
delivery 176
Cubosomes  Phytantriol, propylene glycol, Immunostimulant DC activation, T-cell modulation 177
Pluronic F127 polysaccharide (PS) obtained
from Ganoderma lucidum
Achyranthes bidentata ABPs delivery Immunomodulation 178

polysaccharide (ABS), Monooleate,
Pluronic F127

Abbreviation: SPC, soybean phosphatidylcholine; DSPE-PEG2000, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000]; HSPC, hydrogenated soy phosphatidylcholine; DSPC, distearoylphosphatidylcholine; DPPE, 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine; DMPC, dimyristoyl phosphatidylcholine; DOTAP, 1,2-dioleoyl-3-(trimethylammonium)p