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Advances in engineered nanosystems:
immunomodulatory interactions for therapeutic
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-
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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

Published on 18 2024. Downloaded on 12.06.26 18:37:24.

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
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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

12822 | Nanoscale, 2024, 16, 12820-12856

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)propane; DCgq oPC, 1,2-bis(10,12-tri-
cosadiynoyl)-sn-glycero-3-phosphocholine; DOPE, dioleoylphosphatidylethanolamine; DLinDMA, 1,2-dilinoleyloxy-3-dimethylaminopropane;
DSPE-PEG-MAL, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]; PEG200-DMG, polyethylene glycol-

2000-dimyristoyl glycerol.

tumor progression.'®® On the other hand, it is interesting that
exosomes from olfactory ensheathing cells have also been
shown to suppress proinflammatory macrophages.'®* Thus,
the specific-cell-derived repolarizes the
M1 macrophage into an anti-inflammatory M2-phenotype and
plays excellent immunomodulatory roles in the therapy of neu-
roinflammation. In the prevention of autoimmune uveitis,
specific circulatory exosomes were used as direct anti-inflam-
matory nanotherapeutics to reduce the disease-relevant
inflammatory immune mediators.'®®> Viruses and VLPs are
nanostructured non-pathogenic BNPs that are resistant to
temperature and pH and have emerged as highly efficient
vaccine delivery tools. The non-pathogenic viruses and genetic

exosome
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material-free viral capsid protein-based VLPs possess a striking
ability to elicit immune responses. Particularly, these BNPs act
as engineered nanovaccines in cancer immunotherapy, where
they can solely or in association with therapeutic immunogens
provoke anti-tumor immune responses by recruiting immune
cells and elevating the level of cytokines.'®*®® Ferritin BNPs
are protein nanocages found in the biological systems of
eukaryotes, bacteria, and archaea that have evolved mainly to
store iron species. Recent studies claimed that ferritin BNPs
could meet the need for novel antiviral vaccines. The ferritin
NPs obtained from diverse viral and bacterial sources exhibited
antiviral immune responses against the pandemic SARS-CoV-2
virus.'®® Moreover, the ferritin BNPs are also found to act as
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Table 5 List of BNPs used for immunotherapeutic applications
Types of
BNPs Source of origin Therapeutic payload Therapeutic application Ref.
Exosomes Serum of hypopharyngeal CD8' T-cell suppression, hypopharyngeal cancer 192
cancer patients immunotherapy.
Bone marrow-derived dendritic ~ Ag/anti-CD64 antibody Suppression of polymorphonuclear neutrophils in the 193
cells complex treatment of asthma.
Cancer cells Chlorin e6 Immune stimulation in cancer immunotherapy. 194
Dendritic cells TGF-B1 cytokine Immunomodulation in the treatment of inflammatory lung 195
diseases.
Olfactory ensheathing cells Pro-inflammatory macrophage suppression, 184
immunomodulation in treatment of spinal cord injury.
Viruses and  Alfalfa mosaic virus Immune stimulation via recruitment of immune cells and 187
VLPs increasing cytokine level in cancer immunotherapy.
Cowpea mosaic virus Anti-tumor immunotherapy. 186
Hepatitis B virus OVA-antigen, gp100- DC maturation, T-cell stimulation in anticancer 188
antigen immunotherapy.
Ferritin SARS-CoV-2 Spike-protein(S), Immunization against SARS-CoV-2 virus. 189
S1, and RBD domain
Engineered human ferritin CpG ODNs Tumor-associated M2 macrophage-targeted therapeutic 196
delivery for cancer immunotherapy.
Helicobacter pylori-derived Recombinant soluble =~ Immunization against hepatitis C virus. 190
ferritin E2 subunit
Heliobacter pylori-derived HIV-1 envelope Immunization against HIV-1 virus. 191
ferritin proteins

potential vaccine delivery agents against viral infections
caused by hepatitis virus C, HIV-1, and other viruses."**'°"

4. Key immune components and
their modulation with therapeutic
nanoplatforms

As the immune system plays a complex role in the pathogen-
esis of several diseases like allergic rhinitis (AR), RA, cancer,
multiple sclerosis, HIV, and other viral infections, significant
attention has been paid to the discovery of novel immunother-
apeutic nanomedicines to restore physiological normalcy. In
various human disorders, T cells, B cells, DCs, macrophages,
and complement components of the immune system play
bystander roles where aberrant immune activities are directly
associated with poor disease prognosis. Hence, various immu-
nomodulators (activators and suppressors) can be delivered to
re-establish optimal immune responses by selectively targeting
the immune components using novel nanomedicines.
Specifically, in the treatment of autoimmune diseases like RA,
type-1 diabetes mellitus, and allergic inflammation, the auto-
reactive immune cells can be suppressed, while therapeutic
NPs have also been used to activate the immune cell responses
during the treatment of cancer and other immunosuppressive
diseases.

4.1 Nanotherapeutics for targeting T cells

T cells are one of the centrally important cells of the immune
system and play critical roles in regulating normal immune
responses. This dynamic effector cell coordinates with other
immune components for the detection and encounter of anti-

This journal is © The Royal Society of Chemistry 2024

gens and other foreign invaders. Researchers have been
manipulating T cells to eradicate several immune disorders.
The engineered NPs are either conjugated or encapsulated
with therapeutic agents that are delivered to T cells by target-
ing T-cell receptors (TCRs). Modulating T cells has therapeutic
consequences, leading to the remission of immune disorders.

4.1.1.
cells. Multiple immune disorders, ranging from viral to

Nanotherapeutics in activation and recruitment of T

cancer, are characterized by diminished activity of T cells.
Hence, activation of T cells is necessary to deal with sup-
pressed or compromised immunity and is a key strategy for the
restoration of effective immune activities. For instance, in
cancer, T cells are greatly affected due to the presence of
different inhibitory signals in the TME. The reasons behind
poor T-cell activities are inhibitory receptors present on abnor-
mal T cells, inhibitory cells in the TME, immunosuppressive
mediators, etc. Specific activation of T cells represents a tar-
geted and precise modality in the clinical settings of antitumor
immunotherapy. Activation of T cells directly, or supply of
genetically modified engineered T cells from an external
source pave the way for the of T-cell
functionalities."®”'®® PD1 and its predominant form, PDL1,
are the immune checkpoints associated with the phenomenon

restoration

of tumor-immune tolerance. The induction of immunological
tolerance leads to poor infiltration of cytotoxic T cells, causing
the TME to be immunosuppressive in nature, which sub-
sequently results in the failure of immune checkpoint block-
ade (ICB) therapy. Blocking the PD-1/PDL1 protein with an
anti-PDL1 antibody and subsequent elicitation of antigen-
induced recruitment of T cells in tumor tissues has become an
effective approach for fighting against cancers.'®® The anti-
PDL1 antibody assembled NPs was developed to achieve T-cell
targeted therapeutic cargo delivery. The engineered antibody
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nanoplatforms, loaded with TME-responsive peptides and
antigen-generating species, abrogate immunological tolerance
and accelerate greater T-cell infiltration in the TME to deplete
the cancer cells."®® The surface of T cells expresses the costi-
mulatory receptor OX40 and PD-1 receptor, which can be sig-
nificant targets for activation of T cells.”’® Administration of
agonistic antibodies aOX40 and aPD-1 individually or in com-
bination showed activation of T cells but at a sub-optimal
level. Hence, dual antibody (aOX40 and aPD-1) delivery is
necessary to synergistically activate a large population of T
cells. With the help of thiol-maleimide chemistry, conjugating
the aOX40 and aPD-1 antibodies on the surface of poly(lactide-
co-glycolide)-b-poly(ethylene glycol) (PEG-PLGA) NPs provided
the formation of stable antibody co-delivery nanoplatforms
that confer greater T-cell activation, improved therapeutic
efficacy, and immunological memory.”’° Apart from OX40
receptor modulation, the stimulation of Toll-Like receptors 7/8
(TLR7/8) receptors in T cells by external agonists is a key strat-
egy to activate the T-cell population. PD-1 positive T cells are
also characterized by immunosuppressive TGFf cell signalling,
and their blockade prevents the establishment of an immune-
deficient cold TME. Hence, the co-administration of a TGFf
inhibitor (SD-208) and a TLR7/8 receptor agonist (R848 or
resquimod) via antibody-modified NPs enables precise target-
ing and activation of T cells.”® The anti-PD-1 F(ab’)2 antibody
fragment-modified PEG-PLGA NPs loaded with SD-208 and
R848 significantly target the PD-1-positive T cells. The T-cell-
specific targeted co-delivery of immunomodulatory agents
ensured a higher accumulation of therapeutic cargos that
expanded the activation of CD8" T cells.>® The direct appli-
cation of therapeutic nanoscale artificial antigen-presenting
cells (naAPCs) is a new approach that has been employed in
the activation of T cells. Mechanistically, to activate the T cells,
aAPCs act on several cellular and molecular components, such
as MHC-I/T-cell receptor stimulation, CD80/CD28 costimula-
tory signaling, and cytokine release. The T-cell activation
potential of nano aAPCs is relatively less than that of micro
aAPCs, which can be a therapeutic barrier in this strategy.
Hence, antigen-based pre-activation of CD8" T cells and sub-
sequently inducing high redox potential augments the T-cell
activation efficacy of nano aAPCs in a size-convertible manner.
The pre-activated CD8" T-cell-mediated redox potential con-
verted the nano aAPCs into highly efficient micro aAPCs at the
tumor site and significantly activated the CD8" T cells***
(Fig. 2). The poor efficacy of triggering T-cell activation in the
regression of tumor growth is observed in vaccine-monother-
apy treatment modalities. Thus, vaccine efficiency can be
accelerated by promoting the activation of T cells by employing
adjuvant nanotherapeutics. In combination with vaccine
antigen, the polymeric cationic NPs act as adjuvants to
increase the immunogenicity of the administered vaccine,
thereby recruiting a greater population of tumor-associated
antigen-specific CD8" T cells.*** Since specific surface antigen
receptors expressed by cancer cells are recognized by the TCRs
that aid in directing T cells toward specific cancer cells, the
insufficient expression of cancer cell-recognizing receptors

12830 | Nanoscale, 2024, 16, 12820-12856

View Article Online

Nanoscale

fails to effectively eliminate the cancer cells. Hence, CAR T-cell
therapy has emerged as a tremendous strategy to target cancer
cells by modulating the activity of T cells. The gene encoding
the chimeric antigen receptors (CARs) can be successfully
transported to the T cells by NPs, where specific releases of
cargo genes express CARs on T cells and enable them to reach
cancer cells for effective elimination. Smith et al. employed
biocompatible and biodegradable poly(f-amino ester) NPs in
the delivery of CAR genes to T cells.”®® To achieve T-cell-
specific therapeutic cargo gene delivery, the NPs were surface-
modified with anti-CD3eF(ab’)2 antibody fragments by means
of electrostatic interaction. Furthermore, the modification with
microtubule-associated sequence and nuclear localization
signals conferred microtubule-mediated uptake and nuclear
transport of genetic cargo to T cells, respectively.”>® Similarly,
in an alternative approach, NP-based bispecific T-cell enga-
gers, or nanoBiTEs, were developed as nanotherapeutic plat-
forms that interplay between T cells and cancer cells for better
T-cell recruitment.?* The liposomal NPs were decorated with
anti-CD3 antibodies for T-cell-specific binding and conjugated
with monoclonal antibodies (mAbs) to bind to tumor-associ-
ated antigens (TAAs). Thus, the nanoBiTEs with dual function-
ality served as a linker or engager to redirect the T cells toward
the antigen-displaying cancer cells. Despite being great tools
for targeted activation and recruitment of T cells, nanoBiTEs
and CAR-T therapeutic strategies are facing several limitations.
The cancer cells might express multiple TAAs, where only tar-
geting the monotypic antigen is a major limitation associated
with both CAR-T and nanoBiTEs therapies. To overcome the
limitations associated with CAR-T and nanoBiTEs therapies,
the researchers have developed NP-based multi-specific T-cell
engagers (nanoMuTEs).>** First, nanoliposomes were deco-
rated with a variety of mAbs to bind with multi-antigenic
receptors present on cancer cells, and then further modifi-
cation of the liposomes with mAbs (anti-CD3) governed T-cell
binding. Thus, target-specific multiple antibody-conjugated
nanoMuTEs not only targeted multi-antigenic cancer cells, but
also inhibited the progression of antigen-less tumors. Hence,
the novel nanotherapeutic system showed higher activation of
CD4"/CD8" T cells and could be a potential solution in clinical
settings of cancer immunotherapy.>®*

Modulation of immune components has become an urgent
survival option for an individual suffering from the COVID-19
viral infection. Activation of different T-cell subsets and eliciting
strong immune responses against COVID-19 by specific anti-
gens could be an immune-protective, life-saving strategy.
Engineered mRNA-loaded LNPs were chosen as novel nanother-
apeutic vaccines to provoke strong immune responses against
SARS-CoV-2 infection.>®® The safe and well-tolerated LNPs pre-
cisely delivered genetic information encoded within the mRNA
cargo. The released mRNA expressed receptor-binding domains
of the COVID-19 viral spike protein, which subsequently acti-
vated CD4", CD8", and favourable helper type-1 T-cell (Th1)
subsets. Hence, the activation of CD4" and CD8" T cells facili-
tated the establishment of prolonged immunological memory,
which helped in the prevention of SARS-CoV-2 viral disease.**>
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Fig. 2 Schematic illustration demonstrating nanosized artificial antigen-presenting cells (naAPCs) for immunotherapy. (a) Nanoparticles (NPs) self-
assembled from copolymer PEG-PDMA-PDPA could elicit host immunity in EG7-OVA tumor-bearing mice. NP encapsulated with OVA DOX, or
HPPH (NP-drug) acts as hano-vaccines. This NP-drug induces immunogenic cell death (ICD), promotes maturation of dendritic cells (DCs), antigen
processing, and T-cell presentation. This ultimately leads to activation of antigen-specific CD8" T cells and infiltration into tumor tissue. (b)
Scheme representing formation of IL-2-loaded size-transformable naAPCs through self-assembly of copolymer biotin-PEG-PHPMA(-SH)-PDMA.
The surface of naAPCs is decorated with peptide-loaded MHC (pMHC) monomer and «CD28. High redox potential on preactivated antigen-specific
T-cell surface results in cleavage of disulfide bonds of naAPCs into thiols. As a consequence, conversion of naAPC from nanosize to microsize leads
to the formation of an aggregate in tumor tissue due to its large size, while secreting IL-2 to enhance immune response. Reproduced with per-
mission from ref. 201, Copyright 2020, American Association for the Advancement of Science. Abbreviations used: PEG-PDMA-PDPA polyethylene

glycol-block-poly(2-dimethylaminoethyl methacrylate)-block-poly(2-diisopropylaminoethyl methacrylate).

CD8" T cells are superior immune cells that ensure protec-
tive immunity against viral diseases caused by the zika virus
(ZIKV), dengue virus (DENV), and others. Although various
antibody-inducing vaccines are used in immunotherapeutic
paradigms, their suboptimal antibody response necessitates
alternative and more potent immunotherapeutic platforms.
Activating the CD8" T cells with nanovaccines is one of the
major strategies to fight against these deadly viruses. Recent
study revealed that the NP-based delivery of antigen-expressing
replicon RNA induced CD8" T cells significantly and prevented
the fatality caused by ZIKV infection.?® Activation and expan-
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sion of regulatory T cells (Tregs) have shown great clinical sig-
nificance in controlling autoimmune diseases. Since autoreac-
tive T cells play pathogenic roles with deleterious outcomes
against the body’s own immune system, targeting the vicinity
of autoreactive T cells could be an effective approach for
halting disease progression. Ligating the TCRs present on
cognate T cells with an external peptide-based major histo-
compatibility complex (pMHC) can result in the activation and
expansion of immunoregulatory Tregs via TCR-pMHC inter-
action. Considering this molecular event, the administration
of pMHC-decorated NPs showed promising results in the
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differentiation of disease-driving autoreactive T cells into
Tregs.?’” Other than TCRs, aryl hydrocarbon receptors (AhRs)
are highly expressed by several immune cells and could be a
potential target to promote a greater Treg population. This
could be achieved by antigen-specific immune tolerance induc-
tion and the promotion of AhR signaling. The co-delivery of
AhR agonist ligand and myelin oligodendrocyte glycoprotein
(MOG);35_55-derived T-cell epitope led to myelin-specific T-cell
modulation and facilitated anti-inflammatory tolerogenic gene
expression. However, the biodegradation and clearance of
therapeutic agents limit the treatment efficacy when co-admi-
nistered freely. Hence, LNPs were successfully deployed in the
protective delivery of therapeutic AhR-agonist and (MOG);3s5-55
T-cell epitopes at a time when the concurrent delivery of
encapsulated therapeutic cargos exhibited a greater number of
Forkhead box protein P3 (Foxp3*) Tregs and type-1 Tregs.*®
Thus, the nanomedicine-assisted activation and expansion of
Tregs could be a life-saving approach for the treatment of auto-
immune disorders.**® Foxp3™ Tregs also play pivotal roles in
maintaining atheroprotection; therefore, elevating the level of
Tregs could be a therapeutic option in the regimen of cardio-
vascular immunotherapy.’® The modulation of vitamin D
nuclear receptor (VDR) in tolerogenic DCs is a potential thera-
peutic target to promote greater proliferation of Tregs. In this
context, the application of synthetic anti-inflammatory drugs
to modulate VDR has been explored to induce disease-prevent-
ing Tregs. However, a lower therapeutic index is a major limit-
ing factor associated with systemic administration of these
agents, which ultimately fails to recruit an efficient level of
Tregs. Hence, micelle NPs have been engaged in the delivery of
VDR-modulating anti-inflammatory drugs to obtain a greater
therapeutic index. The micelle-assisted sustained delivery of
immunomodulatory drugs maintained high levels of Foxp3"
Tregs in atherosclerotic lesions as well as in lymphoid organs,
and enhanced cardioprotectivity.>*®

4.1.2. Nanotherapeutics in T-cell suppression. The auto-
immune diseases are characterized by hyperactivation of the
body’s own effector T cells that leads to loss of self-tolerance,
and self-organ and tissue damage. Inhibiting the autoreactive
CD4" and CD8" T-cell responses could be a beneficial thera-
peutic approach for inducing immunological tolerance.
Several antigen-specific immunotherapies have been followed
to modulate T-cell activities, but exacerbation of already exist-
ing inflammatory events is a potential risk associated with
antigen-based immunotherapy. Thus, the development of tol-
erogenic NP-based therapeutics with the ability to co-deliver
antigen and immunosuppressive agents can dampen the risk
factors associated with antigen-based immunotherapies. The
application of tolerogenic NPs has shown excellent ability to
inhibit activation of CD4" and CD8" T cells as well as suppress
anti-drug antibody responses, which can prevent autoimmune
diseases.”'® Leveraging the fact that immune cells possess pre-
ferential uptake of NPs, the T-cell favoured the preferential
uptake of PEG-modified antioxidant hydrophilic carbon nano-
clusters (PEG-HCC) and showed therapeutic efficacy in the
management of autoimmune encephalomyelitis.>'’ The
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antigen-mediated pre-stimulation of T cells showed preferen-
tial internalization of antioxidant carbon NPs, which in turn
promoted ROS-species scavenging and reversibly inhibited
T-cell proliferation.”* The autoimmune CD8" T cells are
known to have p-cell destructive properties that lead to severe
pathogenicity in type-1 diabetes mellitus. Thus, the inhibition
of cytotoxic CD8" T cells is necessary to halt the disease pro-
gression. The cocktail of HLA-A*02:01-restricted epitopes deco-
rated on NPs exhibited clinical induction of antigen-specific
immune tolerance.?'* The epitope peptide carrying therapeutic
NPs introduced T-cell tolerance mainly by promoting the
activity of Tregs like CD4'CD25", CD4'Foxp3*, and the release
of anti-inflammatory IL-10 cytokines that collectively ablate
cytotoxic T-cell proliferation.*'* Similarly, autoimmune CD4" T
cells are also found to be involved in the pathogenicity of type-
1 diabetes and could be potentially targeted for the induction
of immune tolerance. In the induction of tolerogenic
responses, the hybrid insulin antigen-loaded tolerogenic NP
has gained attention due to its impaired ability to inhibit
T-cell activities. The tolerogenic NPs act on Tregs to foster
their proliferation. As a result, in comparison with cytotoxic
IFN-y" effector T cells, a greater population of immunoregula-
tory Foxp3* Tregs was inducted by tolerogenic NPs.>*?

Primary biliary cholangitis is an autoimmune disease
where CD8" T cells play pathogenic roles and essentially need
to be suppressed to prevent disease severity. The effective
delivery and subsequent cross-presentation of peptide auto-
antigens to MHC-I complexes that are expressed on cholangio-
cyte cells could be an effective approach for aborting the infil-
tration of pathogenic T cells in the liver. The ovalbumin
peptide SIINFEKL antigen-modified NPs were successfully
used to deliver the tolerogenic peptide antigen to liver cells
that were consequently cross-presented by the MHC-I
complex.”’™ As a result, the antigen-peptide nano-assembly
downregulated the infiltration of autoreactive T cells into the
liver, thereby protecting the liver from being damaged by cyto-
toxic T cells®™* (Fig. 3A & B). A greater population of T cells has
also been implicated in hypersensitive allergic contact derma-
titis. Previous studies revealed that the topical application of
negatively charged SiNPs can alleviate inflammatory allergic
dermatitis by reducing the high level of CD3" and CD8" cyto-
toxic T cells. Hence, the low-dose topical application of nega-
tively charged SiNPs acts as an immunomodulator and
decreases cytotoxic T-cell infiltration and inflammatory cyto-
kine production.”™® The helper T-17 (Th-17) cells are another
subset of T cells that play pathogenic roles in the development
of chronic inflammatory psoriasis. The enhanced differen-
tiation of native CD4" T cells into pro-inflammatory cytokine
(IL-17) producing helper T-17 cells drives strong inflammatory
responses. Particularly, intracellular ROS-species-mediated
stress conditions in skin keratinocytes promote high differen-
tiation of native CD4" T cells into helper T-17. Hence, halting
the differentiation and proliferation of IL-17-producing Th-17
cells from their native T cells could be an effective strategy in
the management of psoriasis. Endogenous bilirubin-based
NPs have shown the potential to scavenge intracellular ROS

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Pictorial representation of SIINFEKL-decorated nanoparticle (NP) and its cellular uptake: (a) Illustration of SIINFEKL peptides covalently
conjugated to NP, having a monodisperse iron oxide or quantum dot core of about 7 nm diameter; (b) NP uptake in liver sinusoids (red fluorescent
quantum dot core) at t = 0 min and 5 min post-tail vein injection. Images captured and assessed by intravital microscopy. (B) SIINFEKL peptide-
loaded NP prevents CD8*-mediated autoimmune cholangitis in K14-OVAp mice; (a) percentage change in body weight at day 5 compared with
weight at the time of OT-1 T-cell transfer; (b) Severity of autoimmune cholangitis at day 5; (c and d) Serum levels of liver enzymes: alanine amino-
transferase (ALT) and aspartate aminotransferase (AST); (e) Immunofluorescence (IF) staining of CD45.1+ liver-infiltrating OT-1 cells (pink fluor-
escence) and CK19+ cholangiocytes (green fluorescence) shows reduced infiltration of autoreactive T cells. Reproduced with permission from ref.
214, Copyright 2021, John Wiley & Sons. (C) Schematic representation of PEGylated bilirubin nanoparticles (BRNPs) and their proposed mechanism
of action in psoriasis. Oxidative stress, due to redox imbalance, leads to production of ROS and inflammatory mediators and autoantigens mediated
through epidermal keratinocytes. This increases the recruitment and maturation of APCs, which further activates differentiation of naive CD4* T
cells to Thl and Th17 cells in skin lesions and lymphoid organs. Subsequent release of interferon-y (IFN-y) or IL-17 results in aberrant proliferation of
keratinocytes. The use of BRNPs helps in mitigating the ROS production and activation of APCs through its antioxidant and anti-inflammatory action.
Reproduced with permission from ref. 216, Copyright 2020, Elsevier.
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species, therefore reducing intracellular stress levels. Thus,
topical administration of PEG-modified bilirubin NPs (BRNPs)
acted as an immunomodulator that dampened the activity of
pathogenic Th-17 cells and attenuated the proinflammatory
events®'® (Fig. 3C). The hyperactivity of pathogenic Th-17 cells
is also directly linked with the progression of RA. Therefore,
suppressing the IL-17-releasing Th-17 cells can also provide
beneficial effects for the treatment of RA. The researchers
claimed that targeting the signal transducer and activator of
transcription 3 (STAT3) signalling pathway by delivering anti-
oxidant CoQ10 or ubiquinone can block the inflammatory
activities of Th-17 cells.?’” Hence, the immunotherapeutic
hybrid NP-loaded CoQ10 delivery downregulates the IL-17 level
and reduces Th-17 cell-mediated inflammation.”’” SLE is a
fatal autoimmune disorder characterized by higher infiltration
of pathogenic T cells, autoreactive antibody production, and
loss of self-tolerance. Altered Ca®* signalling has also been
implicated in the pathogenesis of SLE, where elevated Ca**
levels affect T-cell receptor signalling with deleterious auto-
immune responses.’® The voltage-gated potassium Kv 1.3
channels that are greatly expressed by activated effector Tm
cells play a crucial role in maintaining Ca>* balance via regu-
lation of membrane potential. Targeted depletion of potass-
ium Kv 1.3 channels with therapeutic NPs enables the correc-
tion of autoreactive immune responses in the treatment of
SLE. Khodoun et al. developed a novel nanoplatform that dis-
rupts Ca®>* signalling by selectively downregulating the potass-
ium Kv 1.3 channels of CD8" effector Tm cells. Thus, targeted
depletion of potassium ion channels shows an effective
reduction in Ca*"-mediated T-cell stimulation, CD40L, and
IFN-y levels that collectively alleviate the disease progression.>®

4.2. B-cell targeting nanotherapeutics

B cells are the antibody-producing lymphocytes that serve
humoral immunity in the body. To maintain an appropriate
immune balance, the activity of B cells can be harnessed in
different ways. In the treatment of several immune disorders,
B cells need to be activated, while in other cases, B-cell activi-
ties are essentially required to be downregulated.

4.2.1. B-cell activation. The activation of B cells and the
generation of effective broadly neutralizing antibodies (bnAbs)
is one of the central strategies for developing vaccines against
multiple diseases. The use of NPs offers several advantages in
the design and development of effective vaccines that can
target the immune system and facilitate the activity of B cells.
Hence, researchers are striving to develop effective nano-vac-
cines by loading different immunogens in NPs. Depending on
the properties of loaded immunogens and nanomaterials,
therapeutic nano-vaccines exhibit varied levels of B-cell stimu-
lation to trigger antibody responses. Following the fact that
disease-relevant antigen species can activate B cells, several
approaches have been made for developing anti-HIV vaccines.
The HIV-1 envelope trimeric protein fragments are considered
as strong immunogens to induce antibody responses by acti-
vating B cells.”’® The administration of free and soluble
protein antigens often fails to provoke significant B-cell acti-
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vation. To overcome this limitation, Ni** ion-bound liposomal
NPs surface tethered with histidine-tagged HIV-1 spike protein
trimers were developed as novel nano-vaccines that strikingly
stimulate B cells.”"® As a result, a strong elevation in neutraliz-
ing antibody (nAb) level was generated by the stable VLP nano-
vaccines as compared with their bare protein antigen counter-
part (Fig. 4). Hence, controlling the stability of trimeric anti-
gens displayed on liposomal NPs is crucial for their immuno-
logical impacts on the host. The covalent attachment of viral
immunogen spike protein onto the NP surface provides higher
stability to the immunogens and, therefore, helps in obtaining
the long-term clinical efficacy of the nano-vaccine. Besides
antigen, the sphingomyelin constituents of the LNPs also con-
tribute to immunogenicity and can synergize the activity of
nano-vaccines to stimulate germinal center B-cell response
and antibody production to encounter HIV strains.*'®
Similarly, a study has been carried out with HIV envelope
protein-conjugated ferritin NPs that also demonstrated the
anti-retroviral efficacy of particulate nano-vaccines over the
soluble free-form of antigens.**° In another study, Moyer et al.
demonstrated direct activation of B cells and production of
bnAb with the help of modified HIV envelope protein-deco-
rated NPs.**' The engineered eOD immunogen (outer domain
of the HIV-1 glycoprotein-120), tethered on the surface of NPs,
promoted direct internalization by B cells, thereby displaying
better antigen processing, antigen presentation, and enhanced
activation efficiency of B cells.***

The activation of B cells and subsequent release of bnAbs
could be the same method of molecular intervention for pro-
tection against deadly strains of influenza. The immunogenic
properties of multiple viral protein fragments are harnessed to
develop nano-vaccines with the ability to activate B cells and
trigger the generation of bnAbs. Previous studies demonstrated
that the extracellular domain of ion channel matrix membrane
protein 2 (M2e) of influenza virus A exhibits immunogenic pro-
perties but has limited efficacy in inducing significant
immunological responses. The combination of soluble adju-
vant CpG oligonucleotide and M2e-peptide antigen produces a
several-fold increase in immune stimulation by eliciting
greater antibody responses. Thus, the AuNPs arrayed with
M2e-peptide and CpG adjuvant on their surface offered
superior activation of B cells, therefore producing broad-spec-
trum antibody responses against several strains of influenza,
such as H1N1, H5N1, and H3N2.%** Targeting the B-cell recep-
tors (BCRs) with ligand antigens is another advanced strategy
employed in the activation of B cells. Haemagglutinin (HA)
antigen fragment obtained from the influenza virus acts as an
immunogenic ligand that binds to sialic acid residues of
BCRs. The coupling interaction between ligand-HA and sialic
acid target residues of BCRs leads to significant activation of B
cells.?*® Thus, several novel approaches have been attempted
for developing HA-displaying NPs that can recognize the BCRs
and exhibit strong antigen-specific immune responses against
influenza infection. Following this rationale, recombinant
gene-expressed HA-arrayed ferritin NPs have emerged as novel
nano-vaccine candidates for protection against influenza. The
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Fig. 4 (A) Pictorial representation of liposomes decorated with HIV-1 trimer spike. Magnified part illustrates binding of the 6-histidine repeats (His6
tag) present as a fusion on the C terminus of each protomer within each trimer to the Ni + 2 chelated at the hydrophilic head group of the DGS-NTA
(Ni) polar lipid. (B) Schematic representation of activation of B cell using liposome decorated with HIV-1 trimer spike. Liposome conjugated with
HIV-1 trimer spike leads to enhanced B-cell activation as compared with soluble factor. Reproduced with permission from ref. 218, Copyright 2016,

Elsevier.

highly ordered intact HA-ferritin nano-vaccine showed strong
germinal center stimulation as well as direct activation of B
cells via receptor ligand coupling interaction.”** The effective
stimulation of BCRs consequently results in a higher level of
nAb production. However, instead of displaying homotypic HA
antigens, the colocalization of heterotypic antigens confers
superior qualitative and quantitative B-cell activation and
broad antibody responses. The engineered gene construct-
encoded mosaic heterotypic HA-decorated immunotherapeutic
ferritin NPs showed excellent cross-reactive antibody pro-
duction. Hence, the multipronged immunogenicity of mosaic
NPs shows significant neutralization of the HI1N1 strain of

This journal is © The Royal Society of Chemistry 2024

influenza virus.**> Formation of germinal centers (GC) and
activation of B cells are necessary for a robust antibody
response in protective immunity against hepatitis B virus
(HBV) infection. The surface protein originated in the preS1-
domain of HBV and is known for its immunogenic properties
that can be utilized to activate B cells in anti-HBV immu-
notherapy. Recent studies revealed that the concurrent delivery
of antigen into DCs and lymphatic macrophages strikingly
enhanced B-cell activation in coordination with follicular
helper T cells.”*® Hence, the ferritin NPs displaying preS1
surface functionalization targeted dual cells and elicited a
robust antibody response against HBV.>*®
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4.2.2. B-cell suppression. Malfunctioning of B cells often
leads to the initiation and progression of diseases ranging
from autoimmune to inflammatory disorders. To protect the
internal organs and tissues of the body, autoreactive B-cell-
driven activities need to be downregulated. Mantle cell lym-
phoma (MCL) is a form of non-Hodgkin lymphoma (NHL)
characterized by pathogenic expressions of BCRs. Inhibition of
BCRs is of great clinical significance for halting B-cell lym-
phoma progression.””” CD38 is a BCR found to be over-
expressed on MCL B-cells and is correlated with the expansion
of B-cell malignancy. Targeting CD38 receptors with anti-CD38
antibodies holds great promise for the remission of B-cell lym-
phomas. Previous clinical trials with anti-CD38 mAb have also
demonstrated the therapeutic efficacy of anti-CD38 mAb,
which is quite promising against multiple myeloma cells.**®
Therefore, arraying the surface of NPs with anti-CD38 mAbs
helps in developing therapeutic nanoplatforms that can be
useful in targeting CD38-expressing B cells. Furthermore, to
enhance the immunotherapeutic efficacy against MCL B-cells,
the mAb-conjugated, therapeutic siRNA entrapped NPs are
successfully used to downregulate tumorigenic cyclin D1 bio-
markers (overexpressed in MCL).>*® Targeting the CD20 recep-
tors of NHL B-cells with clinically approved mAbs like
Rituximab (anti-CD20 antibody) often shows antibody resis-
tance. To overcome this therapeutic barrier, Li et al. developed
novel NPs conjugated with distinct anti-CD20 mAbs that
efficiently target CD20" B cells.”** The NPs bearing both type I
anti-CD20 mAD Rituximab and type II mAb 11B8 led to signifi-
cant depletion of antibody-resistant B-cell lymphomas®*°
(Fig. 5A). Diffuse large B-cell lymphoma (DLBCL) is the most
frequent form of NHL and exhibits greater levels of CXCR4
receptor expression, which could be a potential target for aber-
rant B-cell depletion. The T22-GFP-H6 protein nano-carrier is
known for its selective CXCR4" B-cell targeting potential. The
conjugation of microtubule-targeting agents such as mono-
methyl auristatin E with T22-GFP-H6 forms a strong nano-
assembly that selectively targets the B cells and reduces the
disease progression.?*' The dysregulation of mitogen-activated
protein kinase (MAPK) intracellular signalling cascades often
leads to B-cell malignancies. CD19 is an immunoglobulin
family-based transmembrane glycoprotein receptor that is
strongly expressed by B cells in almost all stages of their matu-
ration. In response to molecular signals, the CD19 receptors
establish communication between lymphoid B cells and micro-
environments. Selective targeting of CD-19 receptors and sub-
sequent inhibition of MAPK signalling represents an excellent
approach for suppressing leukemic B cells. The anti-CD19 anti-
body-modified NPs, loaded with bacterial lethal factor toxin
(MAPK inhibitor), have shown the targeted delivery of cargo
toxins to CD19" B cells and effectively abrogate leukemic B
cells®** (Fig. 5B). By secreting autoantibodies and rheumatoid
factors, the autoreactive B cells play pathogenic roles in the
development of RA. Being an APC, the B cell also promotes the
activation of T cells that promote inflaimmatory cytokine
release in the joints of the body. Thus, selective targeting of
autoreactive B cells is essential in the treatment of RA. The
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earlier research findings suggested that the B-cell activating
factor receptor (BAFF-R) plays a constructive role in regulating
the growth and maturation of B cells. In targeted downregula-
tion of BAFF-R to reduce the population of B cells, RNA inter-
ference has become a successful tool in the management of
arthritis. Hence, Wu et al. demonstrated that BAFF-R siRNA
encapsulated therapeutic NPs protectively deliver cargo into B
cells. As a result, the suppression of B cells showed immuno-
modulation and inhibition of inflammatory symptoms in
RA.**? Researchers also found that autoantibodies specific for
citrullinated proteins (ACPA) are produced by autoreactive B
cells that display pathogenic activities in the development of
RA. Hence, ACPA-producing B cells could be another potential
target in the prevention of RA. In this regard, therapeutic NPs
having both autoreactive B-cell selectivity and B-cell targeted
complement-mediated cytotoxic properties can potentially
eliminate pathogenic B cells. Fibrin-derived f60-74cit synthetic
peptide modification on NPs acts as a specific ligand in recog-
nizing the B cells, while another peptide (derived from gp120
of HIV-1) drives complement-mediated cytotoxicity to elimin-
ate autoreactive B cells. Therefore, dual peptide-modified NPs
can be specifically engaged in B-cell-targeted immunothera-
pies. Activating the complement system of the immune system
accelerates the attenuation efficacy of B cells. In this regard,
the modified effector peptide gp120 can be used to activate the
complement component. Therefore, administration of NPs
conjugated with multiple copies of the p60-74cit and gp120
peptides significantly exhibits the targeted depletion of B cells
via activation of C5b-9 membrane attack complex.** Bruton’s
tyrosine kinase (BTK) is a non-receptor protein molecule that
is critically required by B cells for their growth and develop-
ment. In several aberrant B-cell immune diseases, the BTK
plays pathogenic roles that lead to poor disease prognosis.
Some BTK-inhibitor therapeutics are already clinically
approved, while others are undergoing clinical trials. To facili-
tate the efficacy of these BTK inhibitors, researchers are devel-
oping smart and targeted nanomedicines that specifically
deliver these approved drugs. Thus, dysregulated B-cell target-
ing and precise delivery of BTK inhibitors have become poss-
ible by employing antibody-modified NPs. A recent study
demonstrated that different BCR-targeted BTK inhibitors deli-
vered by antibody-modified NPs significantly kill dysregulated
B cells. The anti-CD19-modified, drug-loaded NPs bind to
CD19 receptors and then deliver the therapeutic cargo intra-
cellularly, while anti-B220-coupled NPs recognize B220 recep-
tors and mediate surface localization of loaded BTK-
inhibitors.>®

4.3. Macrophage-targeting nanotherapeutics

Macrophages exhibit diverse phenotypic variations; generally,
two common types of macrophage (M1 and M2) play signifi-
cant roles during immune surveillance. M1 macrophages are
known to have pro-inflammatory responses, while M2 macro-
phages exhibit anti-inflammatory responses. Upon stimu-
lation, MO macrophages (resting macrophages) give rise to
M1 and M2 macrophages by a process called macrophage
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polarization.*®> Different molecular stimuli influence the
specific mood of macrophage polarization, which is ultimately
reflected in either pro-inflammatory or anti-inflammatory
immune responses.”**>*® Thus, targeting the event of macro-
phage polarization eases the advance of therapeutic interven-
tion against several immune disorders.**’

4.3.1. Macrophage activation. The tumor-associated macro-
phages (TAMs) are predominantly present in the TME, where
they preferably express into M2-phenotype macrophages.
Being anti-inflammatory in nature, the M2 macrophage forms
an immunosuppressive TME and promotes the cancer pathol-
ogy to progress further.”*® The greater expressions of TAMs
into M2-macrophages resist several anti-tumor immunothera-
pies, thereby necessitating novel strategies that target the
TAMs and polarize them into M1 macrophages. Stimulation of
immune cells with clinically approved NPs is considered safe
to use in disease therapy. Ferumoxytol, an iron oxide NP for-
mulation, has been approved by the US FDA in the therapy of
iron-deficient anemia.’®® Previous studies demonstrated that
ferumoxytol can modulate and activate TAMs into the pro-
inflammatory ~ tumor-suppressive =~ M1  phenotype."*’
Particularly, the selective targeting of immunosuppressive
TAMs and polarizing into M1 phenotype has always been in
demand. CD206, or macrophage mannose receptor 1, is a
transmembrane receptor found to be highly expressed in
TAMs and could be heralded as a prime target in the specific
delivery of therapeutics. Currently, targeted NPs carrying syn-
thetic mRNA drugs have been considered as emerging classes
of new therapeutics with superior ability to modulate the
activities of M2-directing TAMs without any systemic toxicity
concerns. Studies demonstrated that di-mannose-targeting
ligand-decorated and in vitro-transcribed synthetic mRNA-
loaded therapeutic NPs specifically target the TAMs.>*® Hence,
targeted intracellular delivery of engineered mRNA expresses
interferon regulatory factor 5 and IKK-f kinase proteins that
cooperatively modulate the TAMs to convert into anti-tumor
M1 phenotypes.>*® The SIRP-a receptor on macrophages inter-
acts with the “don’t eat me” signal receptor CD47 of cancer
cells, thereby inhibiting macrophage-based phagocytosis.
Hybrid extracellular nanovesicles (hNVs) characterized by
SIRP-a receptor variants showed greater affinity for binding to
CD47 receptors and blocked the immunosuppressive CD47-
SIRP-a interaction. In combination with a stimulator of inter-
feron gene (STING) agonist, the hNVs disrupted the CD47-
SIRP-a interaction axis and activated M1 macrophages by mod-
ulating the TAMs, which resulted in the reduction of the
immunosuppressive nature of the TME>*® (Fig. 6A).

The imbalance between two phenotypic macrophages and
the higher number of colon-resident M1 phenotypes drives
prolonged local tissue inflammation due to its proinflamma-
tory activities. Ulcerative colitis (UC) is an inflammatory
disease where higher levels of M1-phenotypic macrophages are
associated with local tissue inflammation. Although tra-
ditional therapeutics are used to treat UC, the non-specific
drug delivery leads to poor therapeutic outcomes. Activation
and polarization of anti-inflammatory M2 phenotypes in local
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inflammatory tissues is an effective approach for treating UC.
Macrophage membrane-coated biomimetic nanomedicines
entrapped with synthetic drugs significantly polarized and
activated the M2 phenotype from M1 macrophages.>*’ $-CD
NPs loaded with rosiglitazone exhibited ROS-responsive drug
release in epithelial cells of the colon, where inflammation-
mediated cellular stress is elevated. Moreover, the macrophage
coating on NPs not only mimics to enable infiltration into the
inflammatory vicinity, but also absorbs inflammatory cyto-
kines to abolish pathogenic inflammation.>*" Activation of
macrophages has also been observed in the augmentation of
osteogenic differentiation. Mechanistically, stimulating the
macrophages releases Oncostatin M (OSM), which acts as a
potential inducer of osteoblast differentiation. In this regard,
Hirata et al have illustrated that activating the monocyte-
derived macrophages with carbon nanohorns (CNHs) pro-
moted OSM expression and enhanced matrix mineralization
by modulating the STAT3 signalling pathway.”** As a result, a
greater level of alkaline phosphatase, an osteoblast differen-
tiation marker, has been observed. Hence, CNH-based macro-
phage activation and release of osteoinductive factors can
promote the development of potential regenerative
nanomedicines.**?

The regenerative or pro-healing properties of M2 pheno-
types have been explored in treatment for wound healing. On
exposure to external magnetic fields, the superparamagnetic
iron oxide NPs (SPIONS) catalyzed M2 macrophage polariz-
ation from M1 phenotypes, which resulted in enhanced regen-
eration and self-healing of wounds.”*® Mechanistically, the
SPION-based magnetic field-driven M2-macrophage activation
promoted better organization of actin filaments and enlarge-
ment in cellular topology, therefore enhancing the regenerative
functionality of the wounded tissues.>*®> Immunosuppressed
individuals are more prone to fungal infections. Hence, polar-
ization and activation of proinflammatory M1 macrophages
could be clinically beneficial for the prevention of fungal infec-
tion. Targeting the activation of TLR-4 receptors on macro-
phages and re-programming the M2 phenotypes into M1 phe-
notypes can result in significant stimulation of the immune
system that provides protective immunity. Recently, Gao et al.
developed a novel therapeutic nanoplatform that targets
several molecular pathways to polarize the M1 macrophage
from its M2 phenotypes.>** Therapeutic NPs coated with man-
nosylated chitosan polymer specifically activated TLR-4 recep-
tors, where TLR agonist chitosan promoted the M2 to
M1 macrophage transition. The mannose modification of NPs
confers mannose receptor-mediated selective uptake of imati-
nib-loaded nanotherapeutics by macrophages. Hence, targeted
delivery of imatinib drugs blocked STAT6 signalling and
reduced the immunosuppressive M2-macrophage population.
Thus, the use of multifunctional NPs accelerated M1-macro-
phage functionalities and, therefore, stimulated the immune
system to fight against fungal infection caused by Candida
albicans.*** Previous studies also demonstrated that the intern-
alization of antigen-loaded NPs can greatly activate macro-
phages and trigger the release of immunostimulatory cyto-
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Fig. 6 (A) Schematic illustration of the hybrid cell membrane nanovesicles (hNVs) comprising engineered cancer cell-derived nanovesicles overex-
pressing signal regulatory protein alpha (SIRPa), platelet-derived nanovesicles and M1 macrophage-derived nanovesicles. The engineered hNVs, on
interaction with circulating tumor cells, accumulate in the post-surgical tumor bed, repolarize tumor-associated macrophages towards M1 pheno-
type, and block the CD47-SIRPa ‘don’'t eat me’ pathway for effectively enhancing macrophage-based phagocytosis of cancer cells, as well as
promote antitumor T-cell immunity. Reproduced with permission from ref. 235, Copyright 2020, Springer Nature. (B) Scheme representing the
mechanism of action of folic acid-modified silver nanoparticles (FA-AgNPs) against rheumatoid arthritis. In response to the intracellular GSH, the
developed FA-AgNPs release Ag* to synergistically induce apoptosis of M1 macrophages and scavenge reactive oxygen species to promote
M2 macrophage polarization in inflamed synovial joints. Reproduced with permission from ref. 246, Copyright 2021 Elsevier.
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kines. Polymerosome NPs co-loaded with OVA antigen and
MPLA adjuvant stimulated macrophage cells. The activation of
immune macrophages by dual immunogens triggered the
release of potent immune stimulatory IL-6 and TNF-a cyto-
kines that helped in generating strong Ag-specific antibody
responses.”®

4.3.2. Macrophage suppression. In some treatment strat-
egies, M1 macrophages need to be abolished to avoid pro-
inflammatory immune responses, while suppressing the M2
phenotype leads to immune stimulation in the treatment of
immunosuppressive conditions. Although polarizing the TAMs
towards M1 macrophages with nanomedicines prevents the
immune-suppressive environment found in the TME, direct
inhibition of TAMs is another key strategy in re-establishing
the immune balance in the TME. Displaying “eat me” signals
on the surface of NPs attracts the TAMs for phagocytosis, and
this event can be useful in the design of nanotherapeutics to
target and deplete the pathogenic TAMs specifically.>*”
Negatively charged phospholipid phosphatidylserine (PS) natu-
rally acts as an “eat me” signal during apoptosis, and was
engineered onto the surface of dasatinib-loaded NPs to
promote phagocytosis by macrophages via PS receptor. The
internalization of PS-modified nanomedicines by TAMSs
resulted in the delivery of cargo dasatinib within the macro-
phages, leading to the depletion of TAMs.**” Local macro-
phage accumulation and proliferation are observed in the
inflammatory pathogenic plaque of atherosclerosis, where mid
and large-size arteries are generally affected.**® Additionally,
ablation of the macrophages without recruiting monocytes
could be an appealing strategy to prevent the prevalence of
atherosclerosis. Specifically, delivering statin drugs to athero-
sclerotic plaque-forming macrophages can help to reduce the
inflammatory activities exerted by local macrophages. The
administration of biomimetic high-density lipoprotein (HDL)-
based NPs loaded with HMG-Co-A reductase inhibitor simvas-
tatin restrained the proliferation of local macrophages by
halting the mevalonate metabolic pathway without attracting
the blood monocytes.>*® Moreover, in combination with oral
statin delivery, the administration of simvastatin-loaded HDL
NPs prolonged macrophage suppression and curtailed the
disease pathology.>*®

Greater M1-macrophage infiltration and macrophage-
mediated proinflammatory autoimmune responses are
observed in RA.>*® The highly reactive M1-phenotypic macro-
phages release several proinflaimmatory mediators, such as
TNF-a, IL-6, and IL-1f cytokines, that together aggravate syno-
vial tissue inflammation. The anti-rheumatic AgNPs with folic
acid conjugation selectively target M1 macrophages that are
characterized by overexpression of folate receptors.**® The
selective uptake and reduced glutathione (GSH)-responsive
intracellular liberation of Ag' ions led to M1-macrophage
apoptosis, which consequently reduced the level of inflamma-
tory cytokines. In addition to the M1-macrophage apoptosis,
the released Ag' ion also scavenged reactive oxygen species
(ROS) in inflammatory tissues to augment M2-macrophage
polarization and ameliorate the inflammatory responses in
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RA**® (Fig. 6B). Other than inflammatory macrophages, bone-
resorbing osteoclast cells (OCs) are found to be greatly associ-
ated with the persistent pathogenesis of RA.>*® These OCs
additionally trigger the release of proinflammatory cytokines
and exacerbate synovial inflammation. Moreover, both inflam-
matory macrophages and OCs are known to express high levels
of MMP-9 protease in an inflammatory microenvironment that
facilitates the severe progression of the disease. Earlier studies
have claimed that the avp3 integrin receptors are highly
expressed by both macrophages and OCs that play a patho-
genic role in the development of RA.>*° Thus, selective elimin-
ation of inflammatory macrophages and bone-resorptive OCs
is essential to attenuate the persistent and advanced form of
RA. PEG- and RGD-tripeptide-modified PLGA NPs loaded with
cytotoxic agents were demonstrated to eliminate macrophages
and OCs selectively by targeting integrin receptors. In the RA
microenvironment, MMP-9-responsive PEG cleavage and sub-
sequent internalization of RGD-tagged, drug-loaded PLGA NPs
occurred by both macrophages and OCs due to the RGD-avf3
integrin interaction. Thus, multifunctional NP-mediated dual-
targeted delivery of a cytotoxic agent (celastrol) significantly
ablated both inflammatory macrophages and OCs in the pre-
vention of RA2*  Specific targeting of synovial
M1 macrophages is believed to reduce the pathogenicity of
osteoarthritis (OA), which is considered to be another globally
prevalent form of arthritis. The abundance of CD16/32 recep-
tors on M1 macrophages is a potential target for the delivery of
therapeutics to suppress the synovial macrophages. Due to
metabolic dysregulation, the active M1 macrophage releases
inducible nitric oxide synthase (iNOS), which catalyzes the bio-
synthesis of gaseous nitric oxide (NO).”” In turn, NO affects
the intracellular O, level by interfering with mitochondrial res-
piratory machinery and introducing mitochondrial stress
events, thereby leading to the production of hydrogen peroxide
(H,0,) and ROS. Targeted metabolic reprogramming of
M1 macrophages and suppressing their activity by inhibiting
gaseous inflammatory mediators (NO, H,0,) ameliorated the
dominance of synovial macrophages. The anti-CD16/32 anti-
body-modified ZIF-8 MOF-mediated delivery of therapeutics
has successfully been employed in the prevention of NO and
H,0, release.”” Synovial macrophages targeting ZIF-8 NPs sim-
ultaneously delivered S-methylisothiourea hemisulfate salt
(SMT) and catalase (CAT) to reprogram the metabolic events.
Intracellular pH-responsive delivery of SMT from ZIF-8 halted
the generation of NO by blocking the iNOS, while CAT neutral-
ized H,0, and facilitated the production of O,. The released
O, also diminished the activity of the M1-polarizing inducer
molecule hypoxia-inducible factor a (HIF-o) and inhibited
osteoarthritic pathogenic inflammation.?” Being a prime reser-
voir of viruses, macrophages are also involved in the further
spread of viruses to other cellular compartments. The greater
antigen presentation and prolonged viral infectivity of CD4/
CD8 T cells via interaction between virus-reserved macro-
phages and T cells possess immunological implications in HIV
infection. Hence, the greater reservation of viruses by macro-
phages in the pre-infection stage sets therapeutic barriers in
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the way of antiretroviral therapy. Preventing the viral-reservoir
macrophages at the pre-infection stage using nanomedicines
has shown beneficial therapeutic outcomes for halting the
cell-to-cell spreading of viruses. The 2" generation carbosilane
dendrimer, composed of a silica core surrounded by 16 sul-
phonate moieties (G2-S16), directly suppressed the viruses
within macrophages and also inhibited viral spreading from
the macrophage to other immune cells.>*® Thus, the thera-
peutic dendrimer NPs exert the ability to inhibit infected
macrophage reservoirs and could be used in antiretroviral
therapy. Excessive inflammation and multiorgan failure due to
proinflammatory cytokine-mediated cytokine storms can result
in fatal consequences in patients suffering from the recent
pandemic SARS-CoV-2 virus. Virus-infected cells surrounding
macrophages release proinflammatory cytokines like IL-6,
IL-1f and recruit other immune cells in the lungs, which
together lead to the initiation of cytokine storms. The hyperac-
tive macrophage also stimulates the invaded neutrophils to
secrete neutrophil extracellular traps (NETSs) to exacerbate the
cytokine storms with more deleterious effects. Preventing
macrophages and abolishing cytokine storms is an essential
strategy to alleviate the lethal inflammatory immune responses
in COVID-19 infection. A recent study demonstrated that
macrophage membrane-coated biomimetic NPs, loaded with
antiviral drugs, have great potential to inhibit macrophages
and arrest the events of cytokine storms.””' The coating of
macrophage membrane on NPs absorbed inflammatory cyto-
kines and chemokines, and inhibited the actual macrophage
population from being activated. The inhibition of macro-
phages downregulated the secretion of NETs from neutrophils.
Moreover, the macrophage membrane-coated NPs, displaying
angiotensin converting 2 (ACE-II) receptors, help in specific
binding to spike proteins of SARS-CoV-2 and deliver the anti-
viral therapeutics to encounter the viruses.>”" Even after recov-
ery from COVID-19 infection, individuals are always at high
risk of pulmonary fibrosis (PF). The transition of monocyte
macrophages into alveolar macrophages and the release of
inflammatory profibrotic cytokines are known to play patho-
genic roles in the progression of PF. Interrupting the profibro-
genic macrophage transition and abrogating the cytokine
release has been proved to be an effective approach for the
alleviation of PF.>*> The CD206 receptor-expressed profibro-
genic macrophage subpopulation targeted NP-based protective
delivery of TGFp1 siRNA and showed promising results in con-
trolling PF. The mannose ligand-modified therapeutic
albumin NPs targeted the CD206" macrophage subsets and
effectively delivered therapeutic cargo siRNA, which downregu-
lated the fibrogenic TGFf1 level to prevent lung fibrosis.>*>

4.5. Nanotherapeutics targeting DCs

DCs are another class of key immune cells that regulate
immune functions via a subset of mechanisms like antigen
presentation and T-cell modulation and, therefore, play a vital
role in controlling immune tolerance and autoimmune
responses in an organism. Aberrant DC activities are reported
in many diseases, like type 1 diabetes, RA, multiple sclerosis,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

etc. Furthermore, the DC also governs the acceptance and
rejection of transplanted tissues in the host. Thus, tuning the
activities of tolerogenic dendritic cells (tolDCs) has central
importance in the therapy of diseases.”*’

4.5.1. DC activation. Targeting the PPRs on DCs is an
emerging approach to activate and mature the DCs to induce
potent antitumor responses. The DCs express PRRs that recog-
nise different PAMPs on antigens and promote the antigen
presentation to trigger immune responses. TLR4 is one of the
PRRs found on DC surfaces and is reported to be a prime
target for stimulating the DCs. In this context, Rajput et al
developed antigen-loaded inulin acetate NPs to target DCs and
stimulate the TLR4 signalling cascades.”>® The developed
nano-vaccine significantly modulated the activation and matu-
ration of DCs by acting as TLR4 agonist. Moreover, encapsula-
tion of antigen within the NPs resulted in a strong antibody
response and an elevated level of immunomodulatory cyto-
kines.”>* The application of aggregation-induced emission
(AIE) luminogen-coupled upconversion nanoparticles (AUNPs)
in regulating the the ROS level in deep tissues made it feasible
to restrict tumor growth.>*> The high-intensity NIR irradiation
directly kills the tumor cells by generating high levels of ROS,
while the low-intensity NIR irradiation-based lower-level ROS
promotes activation of DCs that induce immunogenic cell
death in solid tumors. The initial high level of ROS generation
by high-intensity NIR-exposure ablated the tumor cells and
released TAA that eventually gets loaded onto administered
UCNPs. The TAA-bound NPs were internalized by DCs, and on
exposure to low-intensity NIR light the lower ROS production
activated the DCs. Hence, the activation of DCs and antigen-
bearing NP cross-presentation promoted CD8" T cells and
effectively inhibited tumor growth®*® (Fig. 7A). Stimulating the
TLR4 receptors and upregulating the NF-«xB signalling pathway
in DCs promotes inflammatory cytokine production that helps
in greater activation and maturation of DCs, thereby augment-
ing better antigen processing and inducing anti-tumor
immune responses.”®® In this context, antigen-expressing
therapeutic mRNA nano-vaccines were developed to target DCs
and activate them for enhanced antigen presentation as well
as recruitment of T cells for immune stimulation. The cationic
C1 LNP-based DC-targeted delivery of antigen-expressing
mRNA exhibited strong activation of DCs via stimulation of
TLR4 receptors and modulation of the NF-xB signalling
axis.?*® The delivery of C1-mRNA nano-vaccines also resulted
in greater expression of costimulatory CD80, CD86, and
CD40 molecules on DCs that collectively elicited potent inflam-
matory responses toward immune-cold tumors.>*® The cytoso-
lic and endosomal PRRs of DCs are considered to be prime
targets in the induction of innate as well as adaptive immu-
nity. The NP-based antigen-expressing mRNA delivery to DCs
and PRR-triggered induction of a strong immune response
ease the way for the discovery of vaccines against infectious
diseases caused by the HIV virus. Following this rationale,
Coolen et al. developed mRNA nano-vaccines to stimulate the
PRRs of DCs.”® The PLA-NPs, decorated with cell-penetrating
peptide and therapeutic mRNA, were efficiently internalized by
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Fig. 7 (A) Schematic representation of dual-mode reactive oxygen species (ROS)-driven immunotherapy: (i) High-power near-infrared (NIR) light
irradiation on the intratumorally injected aggregation-induced emission luminogen (AIE)-coupled upconversion nanoparticles (AUNPs) induces
immunogenic cell death, reduces immunosuppressive cells and captures tumor-associated antigens (TAA). Furthermore, the TAA-loaded AUNPs are
captured by the dendritic cells in the draining lymph node. Moreover, low-power NIR light promotes dendritic cell function through low-level pro-
duction of ROS. Overall, this process induces the expansion of CD8" T cells and inhibits the growth of residual tumor. (i) Schematic illustration of
the mechanism of dendritic cell activation through near-infrared light in draining lymph node. Reproduced with permission from ref. 255. Copyright
2020 American Association for the Advancement of Science. (B) Schematic illustration of the model for trafficking of LAH4-L1/mRNA polyplexes and
PLA-NP/LAH4-L1/mRNA nanocomplexes into dendritic cells to induce immune response. Overall, the LAH4-L1/mRNA polyplexes and PLA-NP/
LAH4-L1/mRNA nanocomplexes represent a potential platform for ex vivo treatment and mRNA vaccine development. Reproduced with permission
from ref. 95. Copyright 2019, Elsevier. Abbreviations used: LAH4-L1: amphipathic cationic peptides and PLA-NP: poly (lactic acid) nanoparticles.
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DCs through phagocytosis and clathrin-mediated endocytosis
pathways, facilitating the delivery of Gag protein antigen-
encoding cargo mRNA. The recognition of mRNA sequences
by PRRs and simultaneous antigen expression of mRNA aided
in the activation of PRRs. Specifically, the expression of Gag
protein antigens significantly stimulated the endosomal TLR3
as well as DDX58 or RIG-I PRRs in DCs, thereby eliciting both
innate and adaptive immune responses against retroviral infec-
tion® (Fig. 7B). Activation of lung-specific DCs and antigen
cross-presentation are associated with stimulation of T cells
that play a protective role in the prevention of bacterial and
fungal infection. The intranasal administration of several vac-
cines is cited as having adverse immune reactions, and appli-
cations are restricted due to poor compliance.>®” Recently,
adjuvant-free pEa antigen-loaded self-assembled Q11-peptide
nano-vaccine has been demonstrated to activate lung DCs with
minimal inflammatory response. In particular, the intranasal
delivery of nano-vaccine activated lung CD11b" and CD103"
DCs that are essentially required for effector CD8" and CD4"
T-cell responses, respectively.””” Moreover, the nanofiber
EaQ11 vaccine stimulated the DCs and preferentially modu-
lated the CD4" T-cell functionality to secrete the IL-17 cyto-
kine, which is known for offering immune protective activities
in the respiratory mucosa of the lungs. Thus, intranasal deliv-
ery of nano-vaccine provided protective immunity against bac-
terial and fungal infections.

4.5.2. DC suppression. Autoreactive T-cell responses are
upregulated due to the greater antigen cross-presentation by
DCs that leads to aberrant immune disorders. Thus, suppres-
sing DC-based antigen cross-presentation could be a potential
intervention to abolish the induction of robust mixed lympho-
cytic reaction (MLR). Importantly, the DC-specific targeting
and delivery of therapeutics to downregulate MLR is a formid-
able task for the scientific community. Earlier, Katakowski
et al. demonstrated that single-chain antibody fragment-modi-
fied LNPs can particularly bind to DEC205" receptors on DCs
and efficiently deliver therapeutic cargos in a target-specific
manner.”®> The research findings revealed that the delivery of
therapeutic siRNA blunted the expression of costimulatory
molecules such as CD40, CD80, and CD86 found on DCs,
therefore halting the antigen cross-presentation to T cells. As a
result, the DC-targeted therapeutic LNPs exerted efficacy in
controlling the immunological events implicated in robust
MLR.”® The dominance of Th2 has been strongly observed in
the pathogenesis of AR, where DCs play a crucial role in
enhancing the differentiation of Th2 cells from naive T lym-
phocytes. The costimulatory molecules CD80, CD86, and MHC
II (I-A/I-E) on mature DCs participate in the differentiation of
Th2 cells from the naive T cells. Specific inhibition of DCs by
downregulating the co-stimulator functionalities has shown
DC resistance, which can result in the abrogation of Th2 activi-
ties. The NGR cyclic peptide ligand-modified therapeutic NPs,
loaded with anti-inflammatory xanthatin molecules, exhibited
suppression of CD80, CD86, and I-A/I-E costimulatory recep-
tors.>®® The NGR-peptide modification of NPs facilitated
specific binding to CD13 receptors that are overexpressed on
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DCs. Hence, DC-targeted anti-inflammatory drug delivery and
subsequent resistance of DCs ameliorate the dominance of
autoimmune T-cell responses and could be a beneficial
modality for controlling AR. The CD40 receptors on DCs also
act as a stimulatory signal in the activation of T cells and
exhibit deleterious autoreactive responses during tissue or
organ transplantation. Blocking the activities of DCs by inhi-
biting CD40 receptor signalling has great clinical significance
in depleting T-cell activities toward the transplanted grafts.
Recently, CRISPR-Cas9 molecular scissors were used to target
and edit the specific gene that encodes CD40 receptors on DCs
and reprogram the DCs by disrupting CD40 molecules.>*®
PEG-b-PLGA-based cationic lipid-assisted NPs were used to
encapsulate and deliver the Cas9 mRNA (mCas9) and CD40
directing guide RNA (gCD40).>*° Thus, NP-assisted delivery of
the CRISPR/Cas9 tool disrupted CD40 signalling and conse-
quently restricted T-cell-mediated transplant rejection. In mul-
tiple sclerosis, autoreactive immune responses are implicated
by T-cell priming of DCs after being activated by myelin anti-
gens. The myelin membrane of the central nervous system
(CNS) gets affected by myelin-specific pathogenic Th-17 cells,
where DCs play a crucial role in generation of Th-17 from CD4"
T cells. Recent studies revealed that ROS promotes the matu-
ration of DCs by modulating several costimulatory receptors
that ultimately provoke autoreactive CD4" T-cell responses.>*°
Being antioxidant in nature, bilirubin NPs (BLNPs) showed
promising therapeutic outcomes in the treatment of MS.>*°
Specifically, BLNPs abstract ROS and suppress the maturation
of DCs, thereby further diminishing the conversion of CD4" T
cells to myelin-specific Th-17 cells. Thus, the use of thera-
peutic BLNPs could be a preventive strategy for blunting DC
maturation and limiting the differentiation of naive CD4" T
cells into autoreactive effector CD4" T cells in the management
of MS.

4.6. NP-assisted cytokine therapy

A subset of therapeutic cytokines ranging from interferons to
interleukins is widely used in the treatment of several immune
diseases. The administration of such therapeutic cytokines
requires potential carriers for their protective delivery. IL-12 is
one of the proinflammatory cytokines that drive antitumor
immune responses against the immune-cold TME. Several pre-
clinical studies have also been performed for the successful
therapeutic translation of IL-12 in the treatment of cancer.>®*
Researchers developed nanoplatform-based delivery systems
for cytokines to reduce systemic toxicity issues, and that can
be  successfully employed in antitumor therapy.
Mechanistically, the delivery of IL-12 molecules from engin-
eered NPs stimulates the release of INF-y in a downstream
molecular cascade fashion, which in turn potentiates T-cell-
mediated antitumor responses.*®* Lai et al. described an excel-
lent alternative methodology to deliver the IL-12 cytokine
in vivo.”®® The IL-12-encoding specific mRNA sequence was
delivered by LNPs, and subsequent expression of engineered
mRNA to IL-12 stimulated CD44" CD3" CD4" T cells, therefore
augmenting the greater production of INF-y.>** Not only did
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IL-12 produce monotypic mRNA, but dual cytokine delivery
approaches have also been carried out for synergistic tumor
immunotherapy.”®* Liu et al. have demonstrated the dual
delivery of therapeutic mRNAs using LNPs. The IL-12 and
IL-27-encoding mRNA-encapsulated LNPs showed striking
ability against tumor growth by promoting the infiltration of
CD8" T cells, INF-y, and TNF-o-secreting NK cells.”** Being a
natural endotoxic cytokine, TNF-a is considered to be an excel-
lent therapeutic molecule used in the remission of tumor pro-
gression. Encapsulation of TNF-a within porous NPs enables
protective delivery, therefore conferring minimal acute toxici-
ties.”®® The release of cytokines from NPs preferably inter-
rupted different phases of cell cycles (S/G2/M) and damaged
the cancer cells directly to promote the retardation of tumor
growth. Addition of cytokines to the therapeutic avenue of
chemotherapy is an emerging approach for stimulating
immune components that significantly limit the tumor pro-
gress. Wu et al. demonstrated that co-delivery of DOX and IL-2
via nanovesicles has a great immunomodulatory influence on
the activities of DCs, T cells, and NK cells that confer anti-
tumor immune responses.*®® The anti-inflammatory and
regenerative properties of IL-10 have shown promise in treating
degenerative diseases. IL-10-producing exosomes effectively
target injured kidney tubular epithelial cells via specific integ-
rin receptors, modulating anti-inflammatory macrophage phe-
notypes and downregulating the mTOR pathway to maintain
mitochondrial integrity. Thus, IL-10-expressing therapeutic
exosomes could be a potent nanomedicine for managing acute
kidney injuries (Fig. 8A).>®” The prevalence of CNS-resident
astrocytes and microglial cells has been reported to play a
pathogenic role in the development of MS.?°® The clinical
application of the immunomodulatory cytokine INF-f is a
promising choice of therapy. However, the low therapeutic
index of the cytokine has always been a concern in the treat-
ment of MS. Recently, Gonzalez et al. developed INF-f loaded
NPs for the intranasal delivery of cytokines to overcome the
barriers of systemic administration.*®® The efficient delivery of
INF-p from the NPs alleviated MS pathogenesis by inhibiting
the dominance of astrocytes and microglial cells and also
depleting the activities of APCs. Furthermore, the IL-4 cytokine
has been widely used in the treatment of several autoimmune
diseases because of its anti-inflammatory activities. The IL-4
cytokine shows the ability to polarize the M1 macrophage into
M2 phenotypes, thereby conferring a pro-regenerative immune
response.”’® However, the shorter half-life of IL-4 cytokine
necessitates high-dose administration, which eventually
causes toxicity issues. IL-4-conjugated AuNPs have been
demonstrated to skew macrophage polarization towards the
M2 phenotype effectively with minimal toxicity concerns.>”°
Hence, the NP-assisted delivery of IL-4 could be a novel thera-
peutic option for tissue regeneration, and is highly relevant in
the management of muscle injuries.””® The proinflammatory
activities of IL-4 and IL-13 cytokines exhibited deleterious
effects in the development of asthmatic lung inflammation.>”*
In particular, the IL4Rax domain of IL-4 and IL-13 cytokines
participated in their cognate receptor interaction during
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airway inflammation. Hence, targeting and blocking the IL4Ra
subunit of these cytokines is a novel strategy for mitigating the
symptoms of inflammatory lung diseases. Therapeutic NPs
with anti-IL4Ra antibodies tethered to their surface have been
demonstrated to block the receptor-triggering activity of IL-4
and IL-13 cytokines, which consequently resulted in suppres-
sion of lung inflammation.””* Recent studies identified IL-11
as one of the potent profibrogenic cytokine molecules engaged
in several lung fibrotic disorders.>”* The binding of IL-11 to its
cognate receptors stimulates the fibroblast activation and
release of ECM via extracellular signal-regulated kinase (ERK)
pathways. Greater deposition of ECM stiffens the lung tissues
and drives fibrotic pathogenesis. Recently, researchers have
developed siRNA-loaded therapeutic NPs for targeting the ERK
pathways and downregulating IL-11 cytokine functionalities.>”®
Intranasal administration of siRNA-entrapped NPs diminished
fibroblast activation and suppressed ECM deposition by inter-
fering with the ERK and SMAD2 pathways. Thus, NP-mediated
delivery of siRNA showed significant abrogation in lung fibro-
sis and improved pulmonary activities®”® (Fig. 8B). The com-
bined pathogenic effect conferred by viruses and inflammatory
cytokines is known to have highly deleterious health conse-
quences. However, targeting both viruses and inflammatory
cytokines has become challenging for the scientific commu-
nity. However, recently, Rao et al. developed an engineered
novel decoy NP with dual targeting capacity.””* Uniquely, the
decoy NPs competed with host cells for virus absorption and
also captured inflammatory cytokines such as IL-6 and gra-
nulocyte macrophage-colony stimulating factor (GM-CSF).
Thus, the powerful nano-decoy therapeutics show excellent
ability to effectively protect individuals from viral infections
caused by pseudo-viruses and SARS-CoV-2 virus.*”*

4.7. Nanotherapeutics for targeting complement systems
(cs)

The CS is a part of the innate immune system, formed by the
assembly of more than 30 small proteins including plasma
proteins and cell surface receptors. CS plays a significant role
in maintaining homeostasis by critically regulating the
balance between different immune components. The specific
interplay between antigen receptors, antibodies, and protein
components of the CS activates the CS in a molecular cascade
mechanism. The activation of the CS results in the formation
of C3 convertase, which generates potential anaphylatoxins to
encounter the pathogens and mediates multiple immune
responses”’>?’® (Fig. 9A). In most cases, the incorrect acti-
vation of the CS results in severe immune complications. The
use of nanomedicine for targeting the CS is an emerging treat-
ment modality to restore the normalcy of the CS. NETs serve
as a sanctuary for inflammatory IL-17 cytokines; they have
autoimmune implications in the pathogenesis of psoriasis.>”’
The release of IL-17 from NETs occurs via activation of the
C5b-9 complement component. Zhang et al. demonstrated
that topical administration of human mesenchymal stem cell-
derived exosome NPs showed excellent ability to inhibit C5b-9
complement activation and prevent inflammatory IL-17 cyto-

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (A) Schematic representation of the fabrication of interleukin-10 (IL-10)-loaded extracellular vesicles for the treatment of ischemic acute
kidney injury. Reproduced with permission from ref. 267. Copyright 2020, American Association for the Advancement of Science. (B) Schematic illus-
tration of the delivery of small interfering RNA encapsulated in self-assembled nanoparticles composed of poly(lactide-co-glycolide)-b-poly (ethyl-
ene glycol) (PLGA-PEG) diblock copolymer and cationic lipid-like molecules GO-C14 to mouse lung fibroblasts for the treatment of Idiopathic pul-

monary fibrosis. Reproduced with permission from ref. 273. Copyright 2022, American Association for the Advancement of Science.
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through C1q binding to the Fc portion of the surface-bound antibodies, the lectin pathway through the binding of the glycosylated regions of the
antibodies to MBL/MASP-2 and the alternative pathway through the deposition of antibody-bound C3. The natural inhibitors of the complement
cascade are shown in pink with yellow arrows. (B) Schematic illustration of the inhibition of neutrophil activation through C5aR-displaying decoy
nanoparticles for improved mesenchymal stem cell-based therapies. Reproduced with permission from ref. 278. Copyright 2019, Elsevier.
Abbreviations used: NP-nanoparticles; C1, C2, C3, C4-complement proteins; MBL-mannose-binding lectin; MASP-MBL-associated serine proteases;

fB, fD, fl, fH: complement factors.

kine release.?””

In alleviation of NETosis-driven inflammatory
psoriasis, the therapeutic exosome also reduced various side-
effects that are observed in traditional drug use. During cell-
based therapy, the administration of MSCs into the body pro-
vokes the CS to mobilize C5a, which in turn binds to the C5aR
receptors present on neutrophils. Thus, escorting neutrophils
to the proximity of MSCs by complement activation leads to
potential damage to MSC therapeutics. Researchers found that
the macrophage membrane exhibits a high expression of C5aR
receptors that could be targeted in the development of
nanotherapeutics by blunting the C5a-C5aR interaction and
preventing the activation of neutrophils.’”® Hence, macro-

12846 | Nanoscale, 2024, 16, 12820-12856

phage membrane-coated engineered PLGA NPs were developed
that effectively block the C5a-C5aR signalling, thereby prevent-
ing the Cb5a-mediated neutrophil targeting of therapeutic
MSCs. Thus, the application of macrophage membrane-
wrapped nanotherapeutics holds a promising approach for the
regenerative and immunotherapeutic paradigm®’® (Fig. 9B).
The C3 component of the CS is also considered to be one of
the key pathogenic mediators responsible for autoimmune
myocarditis. In particular, C3-dependent liver-specific STAT3
signalling drives the pathogenesis of myocarditis and could be
a potential target for therapeutic intervention. Avalle et al.
demonstrated that liver-specific STAT3/C3-targeting siRNA NPs

This journal is © The Royal Society of Chemistry 2024
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Table 6 (Contd.)
Liposome (Non-
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carboxymaltose

Hafnium oxide
colloid

NP
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Fe-sucrose
colloid

Type of NPs
Fe-dextran
colloid
colloid

Fe-
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interfered with STAT3 signalling and complement production,
that provided protection against autoimmune cardiomyopa-
thies.””® Autoreactive complement activities have also been
reported in paroxysmal nocturnal hemoglobinuria (PNH)
where the body’s C5 complement proteins conduct attacks and
lyse the erythrocytes.>®® Currently, mAbs are being clinically
used to counteract C5-complement protein in the manage-
ment of PNH. In parallel, researchers have been trying to
develop novel nano-vaccines for eliciting strong anti-C5 anti-
body responses. In this regard, recombinant VLPs are novel
choices of nanomaterials for the design and development of
complement-inhibiting nano-vaccine candidates. Zhang et al.
have developed bacteriophage Qf plasmid-derived VLPs,
surface engineered with C5 peptide epitopes to trigger anti-C5
auto-antibody responses.”®' The administration of VLP-C5
nano-vaccine efficiently produced anti-C5 autoantibodies that
blocked the haemolytic C5 complement protein and could be
an alternative to molecular medicines in the therapy of PNH.

Overall, several treatment strategies discussed have advanced
to clinical trials, in some cases, achieved approval for immu-
notherapeutic applications, as listed in Table 6.

5. Challenges and future
perspectives

NPs and immune cells form a unique physico-chemical
environment that can be impacted by several factors of NPs,
including source, variable catalysis residues, storage con-
ditions, variability in synthesis, and endotoxin contami-
nation.”®* Successful translation necessitates a meticulously
streamlined synthesis protocol, standardized experimental
tools and in vitro assays, and rigorous validation, including
nanosafety assessment of endotoxins. Furthermore, NPs fabri-
cated from specific materials, including metals, polymers, and
ceramics, may show different levels of immunotoxicity that
raise potential concerns over their usage. One effective strategy
to mitigate material-mediated toxicity involves the utilization
of inert materials that can serve as a protective coating, sup-
pressing immune toxicity by preventing the formation of a
protein corona. In addition, instead of targeting a single anti-
genic receptor, dual or more receptor targeting could be one of
the advanced strategies for precise therapeutic intervention.
NPs decorated with multiple ligands against multi-antigenic
receptors can significantly reduce the associated off-target
nano-immune toxicity concerns. The encapsulation of multiple
therapeutic agents within a single nanocarrier and the sub-
sequent co-delivery strategy represents a synergistic approach
for achieving higher therapeutic efficacy and effectively over-
coming multidrug resistance. Several practical challenges limit
the clinical availability of these nanoparticle-based techno-
logies in the market. These include scalability, reproducibility,
prolonged regulatory approval processes, and patient
heterogeneity.>**?%* Several clinical data indicate that devel-
oped nanomedicines may only be effective in certain sub-
populations of patients. Therefore, effective clinical implemen-
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tation of these therapeutics depends on exploring strategies
for patient stratification and treatment identification for trials.
The selection of patient-specific immunological biomarkers
can be a crucial step in advancing biomarker-guided nano-
immunotherapeutic interventions. Moreover, the integration
of existing knowledge of targeted regulation and stimuli-
responsive release with advanced scientific theories from
different fields, such as artificial intelligence, big data ana-
lysis, bioinformatics, and 3D printing, presents new opportu-
nities for further advancement in this field. This integration
holds significant potential to provide multi-immunoreceptor-
targeted, micro-environment-responsive controlled delivery of
drugs with minimal immunotoxicity hazards.

6. Conclusion

The increasing prevalence of life-threatening immune diseases
necessitates the development of novel therapeutic platforms.
The frequency and intricacy of such diseases have raised major
concerns about the efficacy of traditional therapeutic regi-
mens. In many cases, conventional therapeutic strategies have
failed to deal with disease pathology for multiple reasons,
such as non-specific disease targeting, low therapeutic index,
rapid clearance of therapeutics, difficulty in bypassing several
physiological barriers, and immune toxicities. Therapeutic
NPs display better payload flexibility that helps to overcome
the therapeutic limitations of traditional medications. The
specific immune receptor-targeted drug-delivery strategy pro-
vides breakthroughs in target-specific modulation of patho-
genic T cells, B cells, macrophages, and DCs. The combi-
nations of engineered nanostructured vehicles and therapeutic
payloads have produced several nanomedicines that can easily
target these specific immune components. While some limit-
ations exist for their clinical applications, the therapeutic
efficiency of immunomodulatory NPs can be enhanced
through further research and design of safer nanocarriers. The
advancements in the field necessitate multidisciplinary collab-
oration among researchers, scientists, healthcare pro-
fessionals, engineers, and regulatory experts to adapt immuno-
modulatory NPs to meet market demands. Such collaboration
can transform health care by improving immune targeting pre-
cision and facilitating the successful clinical translation of
immunomodulatory nanomedicines.
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