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the cell, the intracellular delivery and trafficking of a vaccine antigen will contribute to vaccine efficiency.
Investigations focusing on the in vivo behavior and intracellular transport of vaccines have improved our
understanding of the mechanisms relevant to vaccine delivery systems and facilitated the design of novel
potent vaccine platforms. In this review, we cover the intracellular trafficking and in vivo fate of vaccines
administered via various routes and delivery systems. To improve immune responses, researchers have
Intracellular trafficking used various strategies to modulate vaccine platforms and intracellular trafficking. In addition to progress
Vaccine delivery system in vaccine trafficking studies, the challenges and future perspectives for designing next-generation vac-
Cellular uptake cines are discussed.
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1. Introduction

The unprecedented outbreak of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2)-mediated coronavirus diseases
2019 (COVID-19) has brought greater interest and reliance on vac-
cines than ever before. Unlike therapeutic agents, vaccines have
the advantage in being able to prevent the rapid spread of epi-
demics and contribute to social net benefits by reducing the social
burden on health services (e.g., hospitalization and ambulatory
care) [1]. Given the effectiveness of vaccines from the social point
of view, the World Health Organization organized the COVID-19
Vaccines Global Access to promote global collaboration for
COVID-19 vaccine development. Moreover, various social vaccine
programs to prevent the spread of COVID-19 are being imple-
mented in countries around the world, including the COVID-19
Vaccination Eligibility Guidance issued by the United States Cen-
ters for Disease Control and Prevention [2].

A vaccine effectively suppresses viral infection via its ability to
train immunological memory [3]. When an administered vaccine
comprises part of the infection-causing virus, the body’s immune
system establishes a defense system that includes humoral and
cellular immunity [4]. Once trained, the immune system will work
to effectively and vigorously neutralize an invasion of the actual
virus. For this purpose, various types of vaccines, such as those
based on live attenuated virus, recombinant protein subunits,
DNA, and RNA, have been operationalized against numerous infec-
tious diseases, including COVID-19 [5].

To properly prepare the immune systemdeal with a pathogen
invasion, a vaccine must be distributed to the right place(s) in
the right form. Most vaccine molecules are susceptible to degrada-
tion and are not themselves efficiently recognized by the immune
system due to limited accessibility and/or inefficient cell perme-
ation [6]. Although our immune system is widespread throughout
the body, it is particularly important to move the vaccine mole-
cules to immune-specialized organs in which immune cells are
centralized, such as lymph nodes and the spleen, [7,8]. In addition,
although a network of various cells contributes to the immune
response, certain cells, such as antigen-presenting cell (APC), play
central roles [9]. Therefore, when seeking to develop a vaccine that
can respond quickly and efficiently to a rapidly spreading pan-
demic, we must understand the in vivo behavior and intracellular
trafficking of various vaccines.

One key technology is the vaccine delivery system, which can
directly change the fate of a vaccine in the body to give it increased
efficacy. A tailored vaccine nano-formulation may enable the vac-
cine to reach its target with high accuracy and stability. Represen-
tative examples of how vaccine delivery systems contribute to
determining the in vivo behavior of a vaccine [10] include the abil-
ity to protect the vaccine from enzymatic degradation [11], the use
of surface engineering (e.g., PEGylation) to improve pharmacoki-
netic properties [12], the use of active targeting to transport the
vaccine to a specific organ or cell type [13], and the engineering
of sophisticated vaccine release in a sustained or controlled man-
ner. For example, researchers incorporated ligands or membrane
fusogenic agents to enable the strategic targeting of an appropriate
intracellular transport pathway and facilitate endosomal escape,
enabling the vaccine to be distributed to the cytosol [14]. By choos-
ing among the various delivery systems, researchers can hope to

develop an optimal vaccine formulation that is suitable for the
characteristics and purpose of a given vaccine.

This review will focus on the in vivo behavior of vaccine deliv-
ery systems and the subsequent intracellular transport of the vac-
cine. Current vaccine delivery systems and the formulation
strategies used to optimize them for different vaccine types and
administration routes will be introduced. Finally, challenges and
opportunities for the design and development of future vaccines
will be discussed. In this review, we focused on the non-viral deliv-
ery systems.

2. Vaccine delivery systems
2.1. Nanomaterials for vaccine delivery systems

Although lipid nanoparticles represent the first nano-scale
delivery system approved for delivering COVID-19 mRNA, various
types of delivery systems are currently under clinical and preclin-
ical development for this purpose and broader clinical use. Vaccine
delivery systems resemble conventional drug delivery systems in
that they aim to transport their cargo to the target in a safe and
efficient manner. As with conventional drug delivery systems, the
nanomaterials used for vaccine delivery are mainly categorized
as lipid, polymer, inorganic, peptide/protein, and cell membrane-
based systems. The characteristics of each material and their
potential as a vaccine carrier are briefly described in this section
(Table 1).

2.1.1. Lipid-based vaccine delivery systems

Lipid nanoparticles, which are the most representative lipid-
based vaccine delivery system, are already widely used in the
clinic [15]. A key component of recent lipid nanoparticles devel-
oped for mRNA vaccine delivery is an ionizable lipid that can
undergo a pH-dependent charge conversion [16]. An ionizable
lipid that has a neutral charge under physiological conditions
can take on a positive charge under an acidic condition, such
as that found in endosomes. A positively charged ionizable lipid
in an endolysosome will tend to interact with the negatively
charged endosomal membrane, thereby facilitating the endoso-
mal escape of a loaded vaccine. Since the addition of a perma-
nent cationic charge can induce cytotoxicity, the temporary
charge conversion of a lipid nanoparticle offers advantages in
terms of safety [17]. Among the various ionizable lipids, ALC-
0315 was clinically used for the Pfizer COVID-19 mRNA vaccines,
while SM102 lipid was used for the Moderna COVID-19 mRNA
vaccine [16].

A typical lipid nanoparticle includes other constituent lipids
[15]. Structural helper lipids, such as 1,2-distearoyl-sn-glycero-3-
phosphocholine or 1,2-dipalmitoyl-sn-glycero-3-phosphocholine,
may form the lipid layer and support the overall structure of the
lipid nanoparticle. PEGylated (i.e., polyethylene glycol (PEG)-
conjugated lipids) can confer hydrophilic properties on the
nanoparticle surface and improve stability by steric hindrance.
Cholesterols may be included in the lipid membrane to directly
affect its  permeability and fluidity. Dioleoyl phos-
phatidylethanolamine lipid may also be included as a helper lipid
to enhance endosomal escape.
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Table 1
Nanomaterials for vaccine delivery systems.

Material Delivery system Vaccine type Disease |/ Antigen Injection route Ref

Lipid Lipid Nanoparticle mRNA COVID-19 Intramuscular [16,18,114]
Lipid Nanoparticle Protein Tuberculosis Intranasal [62]
Dry powder Protein Human papillomavirus Intrapulmonary [101]
Lipid Nanoparticle Protein Cancer Subcutaneous [64]
Lipid Nanoparticle mRNA Human papillomavirus Subcutaneous [106]

Polymer Chitosan silica nanoparticle Protein Bovine serum albumin Oral [20]
Chitosan alginate gel mRNA Ovalbumin Subcutaneous [23]
PEG alginate gel Peptide Acute myeloid leukaemia Subcutaneous [24]
PLGA lipid nanoparticle Protein Ovalbumin Oral [26]
PEI-PLGA nanoparticle Protein Ovalbumin Subcutaneous [28]
PEG-PEI nanoparticle Peptide Cancer Intratumoral [30]
PEI nanoparticle pDNA Cancer Intratumoral [30,31]

Inorganic material Gold nanoparticle Protein Cancer Subcutaneous [184]
Gold nanoparticle Protein Influenza Intranasal [36,185]
Gold nanoparticle Protein Influenza Intraperitoneal [37]
Iron oxide nanoparticle Protein Cancer Subcutaneous [38]
Iron oxide nanoparticle Protein Malaria Intraperitoneal, [39]

Subcutaneous, Intramuscular

Self-assemble protein Dry powder Peptide Tuberculosis Subcutaneous [43]
Peptide fibril Peptide Ovalbumin Subcutaneous [44]
Nanosphere Peptide Influenza Intramuscular [45]
Nanobarrel Protein Influenza Subcutaneous [46]
Nanosphere Protein COVID-19 Intraperitoneal [47]

Cellular subunit Exosome mRNA COVID-19 Intramuscular [51]
Cell membrane coated nanoparticle Protein Cancer Subcutaneous [66]
Cell membrane coated nanoparticle Protein Cancer Subcutaneous [186]
Virus-like particle mRNA Human papillomavirus - [54]

Various ingredients can be combined to obtain optimal delivery
efficacy, and the diversity and flexibility of the formulation proce-
dure is a key feature of lipid-based delivery systems. These systems
are generally considered to be biocompatible and biodegradable,
and exhibit low toxicity [18]. The facile production and potential
for mass production of lipid nanoparticles are other key advantages
that have contributed greatly to their rapid commercialization
[18,19]. However, lipid-based delivery systems remain challenged
by their low stability and the need for strict cold-chain manage-
ment during vaccine distribution.

2.1.2. Polymer-based vaccine delivery systems

Based on the source of their component material, polymers can
be classified as natural or synthetic polymers. Typical natural poly-
mers have been intensely investigated as vaccine carriers due to
their distinctively high biocompatibility, biodegradability, and
mucoadhesiveness. For instance, chitosan, which is derived from
a natural polysaccharide, can be formulated as nanoparticles that
were found to enhance the bioavailability of an oral vaccine by
improving mucoadhesive properties [20]. The positive charge of
chitosan also offers an advantage for nucleic acid-based vaccine
delivery [21]. Chitosan can interact with nucleic acid antigens
through the protonation of its primary amines. Transfection effi-
ciency of chitosan can be optimized by fine tuning of degree of
acetylation and degree of polymerization [21]. A recent study
exploited the cationic feature of chitosan for nucleic acid antigen
delivery. Intranasally administered chitosan-based SARS-CoV-2
DNA vaccine was found to induce humoral and cellular immunity
in mouse model [22].

Alginate, which is another natural polymer often used for vac-
cine delivery, has a hydrogel-forming ability that can be exploited
to enable a sustained vaccine release and thereby induce a durable
immune response [23,24].

Synthetic polymers, mainly versions of poly(lactic-co-glycolic
acid) (PLGA), have also been widely studied for vaccine delivery.
PLGA is a copolymer composed of lactide and glycolide connected
by ester bonds; its degradation rate can be controlled by adjusting

the molecular weight and the ratio of the two components [25].
PLGA-based biodegradable polymers were approved as a biomate-
rial by the Food and Drug Administration (USA) in 1989 and have
been investigated for use in classical vaccine delivery systems ever
since [26,27]. Vaccine molecules can be encapsulated in a nano- or
micron-sized particle during PLGA synthesis, or PLGA can serve as
a core scaffold for surface engineering and vaccine adsorption [28].
Proven safety from long-term use, well-controlled nanoparticle
synthesis, and the availability of various surface modification
strategies makes PLGA a popular candidate for a vaccine carrier.
Synthetic polymers, particularly polyethyleneimine, can also be
used for nucleic acid-based vaccine delivery systems. Polyethyle-
neimine takes on various structures, including linear and
branched; it can have secondary or tertiary amine groups, and
has a positive charge that enables it to efficiently bind negatively
charged nucleic acids. Polyethyleneimine nanocomplexes show
excellent gene transfection efficiency and have exhibited great pro-
mise as versatile gene delivery vehicles for delivering nucleic acids,
including plasmids, siRNA, and mRNA [29,30]. However, their clin-
ical application has been somewhat challenged by cytotoxicity and
low function. Recently, various attempts have been made to over-
come these issues. For example, chemical modification with PEG
[29] or farnesylthiosalicylic acid [31] to form self-assembled
nanostructures and functionalization with a lipid or sugar coating
[32,33] have been used to produce various polyethyleneimine
derivatives for use in delivering advanced cancer vaccines.

2.1.3. Inorganic vaccine delivery systems

Metallic nanoparticles have unique properties that are not
found in other materials, such as a finely tunable particle size
and shape, high surface area, facile surface modification, and char-
acteristic optical properties; thus, they are of particular interest in
drug delivery [34]. These properties have also been applied to the
delivery of vaccines. As a representative example, gold nanoparti-
cles, which are characterized by high biocompatibility and low
immunogenicity, have been widely used for vaccine delivery. Gold
nanoparticles can be loaded with antigens using chemical bonds
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such as disulfide bonds or multi-layer on the surface [35]. They can
be engineered to have various particle sizes, ranging from precisely
5 nm to around 1000 nm, and can exhibit various shapes, including
nanospheres and nanorods. The size and shape of a particle are
critical factors that greatly affect the distribution, lymph node drai-
nage, and cellular uptake pattern of a vaccine carrier, thereby sig-
nificantly affecting vaccine efficacy [36,37].

Iron oxide nanoparticles are also widely used for vaccine deliv-
ery. The superparamagnetic properties of iron oxide can be
exploited for targeted guidance to and retention of a vaccine in a
lymph node under a magnetic field [38]. In addition, several stud-
ies have reported that the iron oxide itself has adjuvant properties
that can activate immune cells [39]. Given these unique features,
metallic nanoparticles are valuable for advanced vaccine
development.

2.1.4. Self-assembled protein-based vaccine delivery systems

Since peptides or proteins can be self-assembled into
supramolecular nanostructures, attempts have been made to deli-
ver vaccines via protein nanoparticles [40,41]. Complex molecular
interactions based on electrostatic interaction, hydrophobic inter-
action, aromatic interaction, or hydrogen bonding can induce the
self-assembly of peptides or proteins into a thermodynamically
more stable structure [41]. Whereas a single soluble protein anti-
gen has limited immunogenicity, a highly organized supramolecu-
lar particle can yield an improved immune response by regularly
and repeatedly exposing an antigen in a form that better mimics
the original pathogen [42]. In addition, the self-assembled nanos-
tructure contributes to enhancing the physical and chemical stabil-
ity of a protein-based vaccine to improve its utility [43]. For
instance, nanofibers were capable of inducing strong immune
response based on the multivalency. In the study, nanofibers were
composed of repeats of Q11 peptide conjugated with short epitope
of Mycobacterium tuberculosis antigen. The nanofiber was found
to maintain immunogenicity until six months when stored at
45 °C due to the thermal stability of short synthetic peptides [43].

Various types of supramolecular structures have been proposed.
The reported structures of self-assembled protein nanoparticles for
vaccine delivery include nanofibers composed of Q11 peptide [44],
nanospheres based on ferritin [45], and nanobarrels based on BP26
from Brucella outer membrane proteins [46]. These protein vaccine
delivery systems demonstrated vaccine efficacy against influenza
virus. Recently, a ferritin-based self-assembled nanosphere was
investigated as a COVID-19 vaccine and showed promise by elicit-
ing robust humoral and cellular immune responses in an animal
model [47].

2.1.5. Cellular membrane-based vaccine delivery systems

Biological delivery systems derived from cellular membranes
hold potential for efficient vaccine delivery, as they reflect the orig-
inal function of the source membrane. Cellular membranes have
natural surface proteins and carbohydrates that can be recognized
as antigens [48]. We do not yet know the exact molecular mecha-
nism through which cell-membrane-derived particles deliver
intrinsic biomolecules to their target(s), but such particles exhibit
a distinct distribution and high delivery efficiency compared to
synthetic nanomaterials [49]. Based on this natural phenomenon,
researchers have made various attempts to modify the original
membrane-producing cells to produce multifunctional
membrane-based particles.

Exosomes, which are a type of released extracellular nanovesi-
cle, have recently attracted attention for their ability to deliver
endogenous functional proteins and RNA to induce meaningful
effects in recipient cells [49]. For vaccine delivery, exosome-
producing cells can be genetically engineered to increase their abil-
ity to load therapeutic cargo. Host cells can be transfected with a
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vaccine-expressing plasmid or transduced by viruses for stable
expression of an mRNA vaccine [50]. Physical entrapment via elec-
troporation or fusion with an mRNA-loaded liposome can be uti-
lized to increase the loading of a vaccine into an exosome [50]. A
recent study demonstrated that an exosome-based mRNA vaccine
induced long term humoral and cellular immune responses against
COVID-19 [51].

Virus-like particles are engineered membrane particles gener-
ated by the virus-assembly mechanism [52]. Structural viral pro-
teins are self-assembled to form virus-like particles that bud out
of the host cell within an external cellular membrane coating.
The virus-like particle mimics the structure of the original patho-
genic virus but lacks an infectious genome, and thus can safely
induce potent immune responses [53]. Virus-like particles have
long been developed as vaccine delivery platforms, such as clini-
cally used human papillomavirus vaccine, Gardasil. Recently, a
novel retrovirus-based virus-like particle was developed for mRNA
delivery [54]. The utilized method of selective endogenous encap-
sidation for cellular delivery can selectively load target mRNA in a
tailored manner with the help of the retroviral-like protein, PEG. It
demonstrated efficient mRNA delivery, and thus may have poten-
tial for delivering an mRNA vaccine.

The basic principle of vaccine delivery is no different from that
of conventional drug delivery. For instance, the recently approved
COVID-19 mRNA vaccines from Moderna and Pfizer were concep-
tually drawn from ionizable lipid-based nanoparticles and
microfluidic technologies that were originally developed for deliv-
ering siRNA to the liver [55,56]. Similarly, the adenoviral vectors
that have been approved for COVID-19 vaccines have long histories
in gene therapy [57]. The characteristics of the vaccine delivery
systems therefore reflect those of conventional drug delivery sys-
tems, and understanding basic features of the materials and gain-
ing new insights into their delivery may facilitate the development
of future innovative vaccines. Specific vaccine nanoformulations
that are currently being studied will be introduced in more detail
in a later chapter.

2.2. Vaccine delivery systems in clinical trial

Currently, nanovaccines are clinically approved or under clinical
investigations (Table 2). Lipid nanoparticle formulations of COVID-
19 mRNA vaccine were authorized by U.S. Food and Drug Adminis-
tration, and clinically used worldwide. Protein antigen-based
nanoparticle of Novavax was also approved for COVID-19 preven-
tion. Clinical trials are in the way for various antigen modalities
such as mRNA, peptide or protein-based antigens. Delivery systems
include lipid nanoparticle, virus like particle, or gold nanoparticle.
Target diseases are mainly viral infectious diseases such as influen-
za, ebola, rabies, zika, respiratory syncytial virus (RSV) infections.
With recent progresses in tumor vaccines, nanovaccines for
immunotherapy of specific tumors may be in clinical trials, in the
near future.

2.3. Factors that influence in vivo fate of vaccine delivery system

For a vaccine to efficiently induce immunogenicity, its behavior
in the body must be properly controlled and it must be efficiently
recognized by the immune system. Certain immune-oriented
organs and tissues can be targeted by vaccines to induce desirable
effects. As each target has its own characteristic physiology, the
first consideration in vaccine design should be the selection of an
appropriate administration route.

Until now, various routes have been studied for administration
of vaccine delivery systems. Oral routes would be beneficial to pre-
vent infection in the gastrointestinal tract from enteric virus and
bacteria such as rotavirus and Escherichi coli [58]. Nasal and
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Table 2
Clinical applications of vaccine delivery systems.
Disease Vaccine type Phase Name Delivery system Organization NCT number
COVID-19 mRNA Approved  mRNA-1273 Lipid nanoparticle Moderna NCT
(SARS CoV-2) 04470427
mRNA Approved  BNT162b2 Lipid nanoparticle BioNTech NCT
Pfizer 04368728
Protein Approved  NVX-CoV2373 Self-assmebled protein nanoparticle ~ Novavax NCT
05249816
mRNA 11 CVnCoV Lipid nanoparticle CureVac NCT
04860258
Self-amplifying mRNA  [/II ARCT-021 Lipid nanoparticle Arcturus NCT
Therapeutics 04480957
Virus like particle I Coronavirus-Like Particle  Virus like particle Medicago NCT
04450004
Peptide I PepGNP-SARSCoV2 Gold nanoparticle Emergex NCT
Vaccines 05113862
Holding
Influenza Protein il NanoFlu Self-assmebled protein nanoparticle ~ Novavax NCT
04120194
mRNA I mRNA-1851 Lipid nanoparticle Moderna NCT
03345043
mRNA I mRNA-1440 Lipid nanoparticle Moderna NCT
03076385
Ebola Protein [ EBOV GP Self-assmebled protein nanoparticle ~ Novavax NCT
02370589
Protein I EBV gp350-Ferritin Ferritin nanoparticle National Institute NCT
of Allergy and 04645147
Infectious Diseases
Rabies mRNA I CV7202 Lipid nanoparticle CureVac NCT
03713086
Self-amplifying mRNA | GSK3903133A Cationic nanoemulsion GSK NCT
04062669
Melanoma mRNA I RNA-NP Liposome University NCT
of Florida 05264974
Ovarian cancer mRNA I W _oval Vaccine Liposome BioNTech NCT
04163094
Zika mRNA I RNA-1325 Lipid nanoparticle Moderna NCT
03014089
RSV mRNA I mRNA-1345 Lipid nanoparticle Moderna NCT
04528719
Chikungunya mRNA I mRNA-1944 Lipid nanoparticle Moderna NCT
03829384
Cytomegalovirus ~ mRNA I mRNA-1647 Lipid nanoparticle Moderna NCT
03382405
Human
Metapneumo-
virus + mRNA I mRNA-1653 Lipid nanoparticle Moderna NCT03392389
Parainfluenza
virus 3

pulmonary routes aim to enhance the induction of secretary IgA
antibody in nasal passages and lung mucosal sites [59]. Indeed,
nasal and pulmonary routes were shown to be effective to provide
immune responses against influenza [60,61] and tuberculosis
[62,63], respectively. Subcutaneous route can allow the migration
of vaccine antigens to lymph nodes, the primary organs of adaptive
immune response [64]. Subcutaneous route has been actively stud-
ied for therapeutic cancer vaccine for promoting adaptive immune
responses against tumor antigens [65,66].

The administration route (e.g., intradermal, subcutaneous, and
intramuscular) is the first gate in determining the in vivo fate of
a vaccine. Depending on the administration route, vaccines will
face various barriers to accomplishing their goal in each character-
istic physiological environment. Overcoming these barriers are key
to the success of a vaccine. For this purpose, various pharmaceuti-
cal strategies are being utilized to change the fate of vaccines for
each route of administration (Fig. 1, Table 3).

In vivo fates of vaccine delivery systems can be affected by sev-
eral factors such as size, shape, charge, and surface moieties. The
surface charge of a nanoparticle is an important factor in the design
of a lymph-node-targeting vaccine delivery system. Collagen and

glycosaminoglycan, which constitute the interstitium, are mostly
negatively charged; thus, positively charged nanoparticles are
likely to bind and become trapped in the extracellular matrix
and fail to migrate to lymph nodes. Compared to a positively
charged nanoparticle, neutral or negatively charged nanoparticles
are typically more efficient in terms of lymphatic delivery [67].

The size of the vaccine delivery system can modulate the in vivo
fate. A size range of 10 to 100 nm has been reported to be the most
suitable for the lymph node delivery of a vaccine delivery system.
Particles with sizes less than 10 nm was reported to escape from
the loose lymphatic vessels and transit the bloodstream to accu-
mulate in the spleen [67]. In contrast, particles larger than
100 nm may not efficiently diffuse to the lymphatic vessels. The
size is critical especially in pulmonary vaccine delivery systems
due to size-dependent deposition in the respiratory tract.

The geometrical feature of vaccine delivery systems is also
known to play a role in cellular internalization [68]. Spherical
shape of nanoparticles has been known to undergo phagocytosis
faster than the nanoparticle that has higher curvature. Moreover,
filamentous shape nanoparticles showed longer retention in the
blood compared to spherical nanoparticles [68].
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Fig. 1. In vivo fates of nanovaccines administered by various routes. Nanovaccines have been administered by various routes including nasal, pulmonary, subcutaneous,
intramuscular, and oral routes. Depending on the routes of administrations, in vivo fates of nanovaccines to reach lymph nodes can vary.

Surface modification can modulate the stability and biodistribu-
tion of vaccine delivery systems. Hydrophilic polyethylene glycol
coating can confer stability during storage by preventing aggrega-
tion of hydrophobic nanovaccines. In addition, pegylation can pro-
long the blood circulation time of nanoparticles [69]. In another
approach, the surfaces have been modified to increase distribution
of nanovaccines to target organs. Conjugation of antibody or ligand
specific to target receptor can direct the vaccine delivery system to
suitable target cells [70]. Further studies on lymph node targeting
ligands or antibodies would be useful for designing nanovaccines
for enhanced lymphatic delivery.

The distribution of vaccine delivery systems can be
modulated by making use of endogenous lymph trafficking
mechanisms. The concept of “albumin hitchhiking” may be a
useful strategy for targeting lymph nodes [71]. Albumin is a
macromolecule that is present in subcutaneous tissue and is
specifically transported to lymph nodes rather than the blood-
stream. As albumin can also serve as a fatty acid transporter,
attempts have been made to conjugate albumin-binding lipids
to vaccines. Indeed, this natural lymph node transporter can suc-
cessfully guide a lipid-conjugated cargo to lymph nodes, and
recent studies utilized albumin hitchhiking for COVID-19 vaccine
development [72,73].

The spleen is another immune-oriented organ that holds poten-
tial for inducing an efficient systemic immune response. Spleen
distribution of nanovaccines is attributed to the large blood flow
and distinct anatomical vasculature structure of spleen [74]. The
size of slit between endothelial cells in the spleen is known to be
around 200 nm. Such physiological feature supports that nanopar-
ticle size can play a crucial role in spleen accumulation [75]. In
spleen, nanovaccines in systemic circulation can leak out of the
blood vessel and be captured by phagocytic cells. The processing
of antigens carried by the delivery systems can boost immune
responses. Therefore, several studies sought to modulate the distri-
bution of a vaccine to the spleen based on these features.

For example, layered double hydroxide nanoparticles of around
200 nm size were specifically distributed to the spleen when
administered by intravenous injection, and were found to success-
fully induce an immune response as an anticancer vaccine [76].
This study showed the highest spleen distribution of nanoparticles
with an average size of 215 nm. Nanoparticles with sizes greater
than 400 nm could not pass through the red pulp fenestration in
spleen, resulting relatively lower spleen distribution.

As another example, lipid nanoparticles composed of cell-
penetrating peptides and ionizable lipids were found to specifically
distribute to the spleen and act as an effective anticancer vaccine
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Table 3
The routes and target organs of vaccine delivery systems.

Injection route Delivery system Vaccine type Disease | Antigen Target organ Ref

Oral Inorganic Nanoparticle Protein Ovalbumin Intestine [82]
Polymeric Nanoparticle Protein Helicobacter pylori Intestine [83]
Polymeric Nanoparticle Protein Staphylococcus aureus Intestine [84]

Nasal Polymeric nanogel Protein Streptococcus pneumoniae Nasal mucosa [97]

| Pulmonary Polymeric nanoparticle Protein Swine influenza virus Lung [61]

Lipid nanoparticle Protein Ovalbumin Nasal mucosa [98]
Gold nanoparticle DNA COVID-19 Nasal mucosa [22]
Lipid nanoparticle Protein HPV Lung [101]

Subcutaneous
Lipoplex hydrogel mRNA Ovalbumin Lymph node [23]
PEI nanoparticle mRNA Cancer Lymph node [33]
Lipid nanoparticle Protein Cancer Lymph node [64]
Lipid nanoparticle mRNA Cancer Spleen [106]
Polymeric nanoparticle Protein Viral infection Lymph node [107]
Proteinaceous nanoparticle Protein Bacterial infection Lymph node [108]
Polymeric nanoparticle Protein Cancer Lymph node [65]
Cell membrane coated nanoparticle Protein Cancer Lymph node [66,186]
Gold nanoparticle Protein Cancer Lymph node [184]

Intramuscular Lipid-polymeric Protein Ovalbumin Lymph node [111]
nanoparticle
PEI nanoparticle Protein Cancer Lymph node [112]
Albumin emulsion Protein Cancer Lymph node [113]
Lipid nanoparticle mRNA COVID-19 Lymph node [114]
Lipid nanoparticle mRNA Chlamydia Lymph node [187]
Lipid nanoparticle mRNA Zika Lymph node [188]
Lipid nanoparticle mRNA Influenza Lymph node [189]

delivery system [77]. In this study, nanoparticle with sizes higher
than 150 nm was found to enhance spleen distribution.

Recent work showed that the behavior of nanoparticles in the
body can differ significantly depending on the protein(s) attached
to the nanoparticle surface [78]. The types of serum proteins that
adhere to the surface vary by the surface charge of the lipid
nanoparticle. Since each organ has a different receptor expression
pattern, the distinct protein corona, the adsorption of nonspecific
blood proteins surrounding the nanoparticle can direct distribution
to organs that express the matching receptors. Using this concept,
the authors generated neutral, positively, and negatively charged
nanoparticles to target the liver, lung, and spleen, respectively.
Therefore, researchers should consider the importance of surface
charge for trafficking to these specific organs when seeking to
modulate vaccine distribution, such as in the design of a spleen-
targeting vaccine.

Other important factors in determining the fate of a vaccine in
the body include how it is metabolized and eliminated. The
biodegradability of a vaccine delivery system will deeply affect
its metabolism and pharmacokinetic properties. When developing
an ionizable lipid for lipid nanoparticle-mediated RNA delivery, for
example, developers can introduce an ester bond within the
hydrophobic alkyl lipid chain to promote its hydrolysis. This
enhanced biodegradability was shown to remarkably accelerate
the degradation and excretion of lipid nanoparticles [79-81].

The introduction of ester bonds was used for an intramuscularly
administered ionizable lipid-based nanoparticle [81]. Significant
amounts of the lipid were detected in the liver and spleen, that
indicating systemic distribution occurred after local injection. For-
mulations whose lipids contained several ester bonds showed sig-
nificantly lower levels of lipids (close to the baseline) at the
injection site and in the liver and spleen.

The accelerated metabolism of an ester-containing lipid leads to
its efficient excretion. Pharmacokinetic research on intravenously
administered lipid nanoparticles showed that 30% of an ester
bond-introduced ionizable lipid was excreted in the urine within
12 hr and 40% of the lipid was excreted in feces over 12 to 48 hr.
Given this rapid excretion, the biodegradable lipid was completely
eliminated from the body within 72 hr in mice [79]. The abilities of

ester bond-introduced lipids to undergo enhanced metabolism and
excretion were shown to reduce the bodily exposure to potentially
toxic lipids [81]. In rat and monkey models, conventional ionizable
lipid nanoparticles caused inflammatory responses (e.g., edema) at
the site of intramuscular injection, whereas ester bond-introduced
lipid-based lipid nanoparticles (LNP) did not show such toxicity.

In sum, modulating the administration, distribution, metabo-
lism, and excretion of a vaccine will greatly impact its in vivo fate.
Considering these factors in the design of a vaccine delivery system
can maximize the potential of the vaccine.

3. Impact of the delivery routes on the in vivo fates of vaccines
3.1. In vivo fate of an oral vaccine

Although oral delivery is a highly convenient vaccine adminis-
tration route for patients and a useful noninvasive way to increase
their compliance over the injection route, it is not easy for an orally
delivered vaccine to reach its target intact. Harsh conditions in the
gastrointestinal tract, such as the presence of digestive enzymes
and an acidic pH, can degrade vaccines and/or delivery system
components. In oral vaccine design, efforts have been made to deli-
ver vaccines to Peyer’s patch; there, lymphoid tissues and immune
cells are specifically localized to form gut-associated lymphoid tis-
sue in the small intestine (Fig. 2A). Progress has been made in
enhancing the delivery of oral vaccines to Peyer’s patch, offering
a representative example of how the use of a delivery system can
change the in vivo fate of a vaccine.

One approach for modulating the behavior of an oral vaccine
has been to liberate the antigen in an intestine-specific and
sustained-release manner. For this purpose, enteric coating has
been utilized to prevent the decomposition of protein antigens in
gastric fluid. For example, calcium phosphate nanoparticles loaded
with protein antigens were sequentially coated with positively
charged chitosan and negatively charged alginate via electrostatic
interaction [82]. C chitosan surface coating of the nanoparticle
was observed to increase the uptake by APC, and mice treated with
dual biopolymer-coated oral vaccine nanoparticles showed signif-
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Fig. 2. In vivo fates of nanovaccines administered by various routes. (A) After oral administration, nanovaccines are taken up by M cells in the gastrointestinal tract,
transcytosed, and processed by APC in the draining lymph nodes. Presentation of vaccine antigens on APC can induce humoral and cellular immunity. (B) Nasally
administered nanovaccines are taken up by M cells and pass through the nasal epithelium. Dendritic cells capture the nanovaccines and migrate to the nasal-associated
lymphoid tissues, resulting in the generation of antigen-specific IgA* B cells. The IgA* B cells migrate to the lymph nodes and enter the blood stream. IgA* B cells differentiate
to IgA* plasma cells and generate dimeric IgA. (C) After pulmonary administration, nanovaccines are captured by dendritic cells and migrate to the bronchus-associated
lymphoid tissues. Next, CD4+ T cells and B cells are activated, triggering the IgG secretion-mediated humoral immune response. In parallel, IgA* B cells migrate from the
lymph node to systemic circulation, generating IgA* plasma cells and secreting dimeric IgA to the effector sites. (D) Subcutaneously and intramuscularly administered
nanovaccines pass through the epidermis and subcutaneous tissues to reach lymphatic vessels via intercellular or intracellular pathways. In the lymphatic vessels,
nanovaccines or nanovaccine-loaded dendritic cells traffic to the lymph node, where resident dendritic cells can be triggered to activate B cells and T cells in an antigen-

specific manner.

icantly higher IgG and IgA levels than the free-protein vaccine-
treated group.

Another challenge that can modulate the behavior of an oral
vaccine in the gastrointestinal tract is its need to penetrate the
mucosa and undergo transepithelial transport through tight
junctions. To overcome the challenge, an oral vaccine against
Helicobacter pylori was coated with PEG [83]. The nanoparticle
core was generated by charge-charge interaction between the
anionic protein antigen and the cationic cell-penetrating

peptide, poly-L-arginine. The nanoparticle core was further
coated with PEG-allyl glycidyl ether, which is a negatively
charged copolymer. This PEG surface modification stabilized
the nanoparticle in the mucus and enhanced its mucus-layer
penetration compared to that seen for a plain complex of pro-
tein antigen and poly-L-arginine. Gradual dissociation of the
PEG coating was expected to expose the cell-penetrating poly-
L-arginine and enhance the transepithelial transport of the vac-
cine nanoparticle.



J. Lee, D. Kim, J. Byun et al.

As an alternative way to control the distribution of an oral vac-
cine in the gastrointestinal tract, researchers have investigated the
use of physical forces, such as propulsion. For example, the self-
propelling force of a micromotor was employed to modulate the
motility of a vaccine nanoparticle in the intestine [84]. The micro-
motor was fabricated by adding an asymmetric TiO, rigid coating
onto a magnesium nanoparticle, leaving a small hole. As the chem-
ical reaction between magnesium and water generated hydrogen
gas, the particle moved within the gastrointestinal tract.

For use as an oral vaccine, the motor particles were coated with
staphylococcal toxin A-bound membrane and further coated with
chitosan for mucoadhesiveness and Eudragit L100-55 for protec-
tion against the harsh gastric environment. The moving particles
could reach a speed exceeding 200 pm/s and showed significantly
better retention in the intestinal wall and villi, compared to static
particles. The enhanced retention and distribution of the moving
particles in the intestine eventually resulted in higher antigen-
specific IgA antibody titers, demonstrating that modulating the
gastrointestinal transit time can modulate the efficacy of an oral
vaccine.

As discussed above, the gastrointestinal tract is a good target for
vaccination, as it can efficiently induce both local immune
responses and systemic immunity. However, it is also a gate
through which numerous pathogens and foreign antigens enter
the body from the outside. The immune responses in the gastroin-
testinal tract are thus under tight regulation, and it is important to
properly control the immune balance when seeking to induce an
effective vaccine response.

Recent work showed that gut immunity can be greatly influ-
enced by the commensal bacteria in the gut. Interestingly, the
microbiome and its metabolites were identified as critical factors
that directly affect the activity of surrounding immune cells [85].
In addition, the effectiveness of oral vaccines was reported to be
lowered by regulatory T cells induced under an abnormal intestinal
environment, such as those associated with chronic malnutrition
or environmental enteric dysfunction [86]. Therefore, future efforts
to develop oral vaccines should consider the role of the micro-
biome and inflammatory pathological conditions when seeking to
maximize the immune efficacy.

3.2. In vivo fate of nasal and pulmonary vaccines

The nasal and pulmonary administration routes have gained
great interest as alternative routes for vaccine delivery because
they offer several advantages over the intramuscular vaccination
approach (Fig. 2B, 2C). In addition to being noninvasive, both nasal
and pulmonary vaccines are exposed to mucosal sites, and thus can
mimic the process of a natural respiratory infection. Mucosal
immune systems inspect for foreign antigens and protect the body
as a first line of defense. Because most infections occur on mucosal
surfaces, the nasal or pulmonary delivery of a vaccine provides it
with rational access to the immune systems while avoiding inter-
ference from systemic immunity [87].

The surface of the nasal cavity and the inner surface of the tra-
cheal bronchus are covered in a layer of mucus; this adhesive gel
contains several types of mucin that can trap pathogens [88]. The
mucosal immune system, which protects the body against many
pathogens that attempt to enter through the mucosal membranes,
derives its functions from the mucosa-associated lymphoid tissues
of the nose and lungs [89]. The so-called nasopharynx-associated
lymphoid tissues and bronchus-associated lymphoid tissues [90]
are targeted by nasal vaccines and pulmonary vaccines,
respectively.

These vaccines pass through the mucosal layer and the vaccine
antigens reach the outer epithelial layer of the nasopharynx- or
bronchus-associated lymphoid tissue, which consists of memory
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cells [91] that are capable of transporting antigens across the
epithelium [92]. APC such as macrophages and dendritic cells also
exist in the nasopharynx- and bronchus-associated lymphoid tis-
sues. Particulate pathogens or immunogenic substances are
absorbed by memory cells and passed through the epithelium,
while soluble antigens can be directly recognized by APC [93].
After being taken up by memory cells, particulate antigens are rec-
ognized by APC and presented to T cells. The antigen also drains to
lymph nodes via APC migration, thereby triggering a systemic
immune response [94].

Although nasal delivery is emerging as a convenient vaccine
administration route for animals and human, additional studies
are needed to enable the formulations to overcome some draw-
backs. For example, a solution-form nasal vaccine, while easy to
apply in the clinic, is not suitable for a massive vaccination setting
due to the loss of vaccine antigens via leakage from the administra-
tion site or swallowing into the oral cavity [95]. Mucociliary clear-
ance and enzymatic degradation at mucosal surfaces also serve as
barriers to the success of nasal and pulmonary vaccines [96].

To reduce the losses experienced by vaccine antigens adminis-
tered in liquid form and increase the retention at mucosal surfaces,
other dosage forms, such as mucoadhesive gels, have been studied
[97]. To reduce degradation at mucosal surfaces, researchers have
studied the encapsulation of vaccine antigens in biodegradable
poly (lactic-co-glycolic acid) nanoparticles [61] and liposomes [98].

The need to penetrate through mucosal tight junctions remains
a challenge in mucosal vaccine development. However, chitosan
coating of gold nanocarriers was shown to enhance the intercellu-
lar penetration of a DNA vector expressing the S protein of SARS-
CoV-2 [22]. Moreover, intranasal delivery of a SARS-CoV-2 S
protein-encoding DNA vaccine using gold-chitosan nanocarriers
provided a higher antigen expression and pulmonary immune
response than a DNA vaccine formulated using noncoated gold
nanocarriers.

In pulmonary vaccines, the particle sizes can affect the lung
deposition. Particles were found to deposit in different anatomical
locations of the respiratory tract in size dependent manner. It has
been reported that desirable sizes of pulmonary vaccines range
from 1 to 5 um [99]. Particles larger than 5 pm can be deposited
in the upper respiratory tract or exhaled in the air. Particles less
5 pum can be easily phagocytosed by lung macrophages, inducing
proliferation of antigen specific CD4+ T cells in draining lymph
nodes [100]. For pulmonary vaccines, dry powder inhalation has
been studied. Given the size-dependence of lung deposition, the
particle sizes of dry power vaccines should be carefully controlled.
Use of excipients which can prevent aggregation during storage
needs to be considered in developing pulmonary dry powder
vaccines.

Glucopyranosyl lipid A, an amphiphilic endotoxic derivative,
was investigated as a coating agent to reduce the particle aggrega-
tion of a dry powder pulmonary vaccine [101]. Notably, glucopyra-
nosyl lipid A was used in this study as both a coating agent and an
adjuvant. Following intratracheal administration in mice, the glu-
copyranosyl lipid A-coated dry powder vaccine provided greater
human papillomavirus 16 minor capsid protein L2 antigen deposi-
tion in the lung compared to other organs. Moreover, the glucopy-
ranosyl lipid A-coated formulation could induce systemic immune
responses against human papillomavirus, showing greater
responses than those obtained with a noncoated version.

Although progress has been made in resolving the formulations
for nasal and pulmonary vaccine deposition, the utilized devices
can also affect the deposition of vaccines [102]. Device competency
and patient compliance remain challenges for pulmonary delivery
[103]. To overcome the limitations of nasal and pulmonary deliv-
ery, researchers should seek to develop in vitro or tissue models
that can exquisitely reflect the nasal or pulmonary environment.
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3.3. In vivo fate of subcutaneous vaccines

Subcutaneous injection is used to administer vaccines into the
layer of skin below the epidermis and dermis [15]. In the clinic, live
vaccines (e.g., varicella vaccine) have been administered via the
subcutaneous route [104]. In subcutaneous vaccine delivery, the
particle size plays a critical role in the subsequent distribution to
lymph nodes. It has been reported that nanoparticles of 10-
100 nm in diameter are more likely to diffuse into the lymphatic
vessels, migrate to lymph nodes, and be taken up by lymph
node-resident APC [105]. As the lymph node distribution is an
important in vivo fate for a subcutaneous vaccine, researchers have
sought to increase the lymph node distribution following subcuta-
neous injection (Fig. 2D).

Synthetic lipoprotein-based nanodisc formulations have been
used for the subcutaneous co-delivery of neoantigens and
immunostimulants [64]. The nanodiscs consisted of phospholipids,
apolipoprotein Al-mimetic peptides, antigen peptides, and a
cholesterol-modified 5’-C-phosphate-G-3’ (CpG) motif. After sub-
cutaneous injection to mice, a fluorescent dye-labeled peptide
antigen in the nanodisc showed increased fluorescence signals at
draining lymph nodes compared with free-form antigen. Subcuta-
neous delivery of a neoantigen in nanodiscs yielded a 7-fold higher
frequency of antigen-specific cytotoxic T cells in the peripheral
blood of mice, compared to that seen in the free antigen-
immunized group.

Over 1,000 ionizable lipid-based nanoparticles were screened
for their potential in a subcutaneous mRNA vaccine delivery sys-
tem [106]. The studied lipids shared an unsaturated lipid tail and
dihydroimidazole-linked and cyclic amine head groups. Among
the various lipid formulations, lipid nanoparticles A2 and A12
yielded very high antigen protein expression levels at the injection
sites and draining lymph nodes, but A2 triggered greater immune
responses than A12. This suggests that immune responses can be
affected by factors other than the in vivo fate of the delivered
vaccine.

Subcutaneously delivered chitosan and heparin-based nanopar-
ticles have been investigated for the in vivo lymphatic trafficking of
foot-and-mouth disease capsid protein antigens and immunostim-
ulants [107]. The nanoparticles ranged from 90 to 130 nm in size.
To visualize the in vivo fates of nanovaccines, the authors labeled
the capsid protein antigens with Alexa Fluor 750. Molecular imag-
ing revealed that the nanoparticles first reached the proximal
lymph nodes by 30 min post-dose and were distributed to the dis-
tal lymph nodes by 9 hr post-dose. The signals at both proximal
and distal lymph nodes were observed for up to 2 days post-
dose. In contrast, free capsid protein antigen was observed only
at the proximal lymph nodes at 9 hr post-dose.

Fully protein-based, self-assembling nanovaccines have been
designed for the efficient lymphatic delivery of antigens via subcu-
taneous administration for anti-cancer therapy [108]. The all-
protein nanoparticles, which were produced in Escherichia coli
strains, consisted of pentamer domains from the bacterial AB,
toxin (contributing to the self-assembly ability) and antigen pep-
tides. The in vivo fate of this formulation was assessed with Cy7
fluorescent dye labeling and molecular imaging. Following subcu-
taneous injection to Balb/c mice, fluorescence corresponding to the
free antigen was not detected in the lymph nodes; in contrast, that
of the nanoparticles peaked in the lymph nodes at 12 hr post-dose
and was retained for upto 48 hr.

A PEGylated reduced graphene oxide nanosheet (RGO-PEG) was
studied for lymph node delivery after subcutaneous administration
for cancer immunotherapy [109]. The nanosheets, which had an
average thickness of 25 nm, were loaded with neoantigens and
CpG as an immunostimulant. To investigate the in vivo fate follow-
ing subcutaneous injection, the authors labeled the neoantigens
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with the radioisotope, %*Cu. In the free 5*Cu-neoantigen-treated
group, positron emission tomography (PET) imaging showed
strong signals in the kidneys and bladder, indicating that there
was rapid renal dissemination. In contrast, the nanosheet-treated
group showed obvious ®*Cu signals in the axillary and inguinal
lymph nodes beginning at 3 hr post-injection; the signals peaked
at 48 hr and were sustained up to 72 hr post-injection. The PEGyla-
tion and flexible structure of the nanosheets were cited as con-
tributing to the main distribution of this formulation to the
lymph nodes after subcutaneous administration. This study is
noteworthy in that the exact % of the injected dose was quantita-
tively observed not only at the lymph nodes, but also for blood,
kidney, bladder, and other organs.

Lymph node trafficking was also studied for a subcutaneously
administered nanovaccine delivered via aluminum hydroxide AlO
(OH)-based nanoparticles [65]. The AIO(OH)-based nanoparticles
were loaded with ovalbumin antigen and CpG oligonucleotides
and coated with PEG-derivative polymers, which were utilized in
part to keep the nanoparticles under 90 nm in size. Following sub-
cutaneous administration, the PEGylated AIO(OH)-based nanovac-
cine was found to traffic to draining lymph nodes more effectively
than free ovalbumin over 24 hr post-dose. Notably, this study
examined the in vivo fate of the vaccine only as it pertained to
draining lymph nodes. Before seeking to translate this system to
the clinic, researchers should carefully assess the in vivo fate of
PEGylated aluminum oxyhydroxide in other organs and examine
the potential for toxicity.

In addition to its size, the rigidity of a nanoparticle may also
affect the in vivo trafficking of subcutaneously administered vac-
cines. Coating of core nanoparticles with bacterial outer membrane
vesicles and tumor cell membranes was studied for enhancing the
distribution to lymph nodes and APC [66]. In this study, tumor-
endogenous antigens in tumor cell membranes acted as vaccine
antigens to induce tumor-specific immune responses. The core
nanoparticles were formed of poly(lactic-co-glycolic acid), silicon
dioxide (SiO;), or colloidal gold. The authors found that the nature
of the core nanoparticle was important for lymph node trafficking:
All particles were coated with the same membranes, but the rigid
poly(lactic-co-glycolic acid) nanoparticles showed greater traffick-
ing to the distal inguinal lymph nodes, compared to SiO,- and gold-
based core nanoparticles.

3.4. In vivo fate of intramuscular vaccines

Intramuscular administration, which is one of the most widely
used routes in the clinic, involves the use of a needle that passes
through the epidermis and subcutaneous tissues to deliver the vac-
cine deeply into muscle [15]. Muscle tissues have a plentiful blood
supply, which supports the rapid absorption of vaccines into the
bloodstream. Compared with other administration routes, intra-
muscular injection offers a rapid onset of action, avoids first-pass
metabolism, and provides a substantial space that can retain a
large volume of drugs. Moreover, owing to the high degree of vas-
cularization in muscle tissue, vaccines may distribute quickly to
lymph nodes through lymphatic vessels [110]. For vaccines con-
taining aluminum salt as an adjuvant (e.g., those for hepatitis A,
hepatitis B, and diphtheria), intramuscular administration is the
first choice since subcutaneous injection may cause severe adverse
effects at the injection site. Recently, COVID-19 vaccines have been
given by intramuscular administration into the deltoid muscle.

Since mannose receptor is expressed abundantly on the surface
of APC, mannose modification was studied as a means to modulate
the in vivo fate of intramuscularly administered nanovaccines
[111]. The developed nanoparticles consisted of cationic lipid
1,2-dioleoyl-3-trimethylammoniumpropane for electrostatic inter-
action with ovalbumin antigens. After intramuscular injection to
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C57BL/6 mice, mannose-decorated hybrid nanoparticles showed
greater retention at the intramuscular injection site, with detect-
able signals present until 96 hr post-dose. The trafficking to ingu-
inal lymph nodes was the highest for mannose-modified
nanoparticles compared to ovalbumin in free form and in plain
nanoparticles. The results from this study indicated that mannose
modification could enhance the in vivo lymph node trafficking of
intramuscularly administered nanoparticles. However, the authors
did not address trafficking to antigen-presenting dendritic cells.

The in vivo fate of lipid components used for an mRNA nanovac-
cine was studied after intramuscular administration [81]. To trace
the in vivo fate, the authors analyzed the lipid component, D-Lin-
MC3-DMA, in biological samples. At 1 day post-dose, D-Lin-MC3-
DMA had decreased to 50% of the initial dose at the injected muscle
site, and was observed in the liver and spleen. It should be noted
that these authors traced the in vivo fate by measuring the main
lipid component of the nanoparticle. In the future, a parallel study
of mRNA distribution may provide more information.

Genipin-crosslinked polyethyleneimine nanoparticles were
studied for intramuscular ovalbumin antigen delivery [112].
Molecular imaging of rhodamine B-labeled nanoparticles showed
that the fluorescence in the draining lymph nodes peaked at 3 hr
after intramuscular administration and was retained until 12 hr
post-dose. No significant signal was observed in the lymph nodes
of the free antigen-treated group. The authors speculated that this
may reflect the rapid elimination of low-molecular-weight anti-
gens from the injection site but did not evaluate the dynamic of
antigen exposure on the dendritic cells in draining lymph nodes
or the duration of immune activation, which would be key compo-
nents of this research. Further mechanistic and dynamic studies
will be needed to support the utility of this strategy.

A deformable nanoemulsion was studied for its ability to modu-
late the in vivo trafficking of an antigen after intramuscular admin-
istration [113]. The oil-in-water nanoemulsion consisted of
albumin, squalene, and lipopeptide ovalbumin. Due to its deforma-
bility, the nanoemulsion (330 nm in diameter) was expected to pass
though cellular and endothelial gaps to undergo enhanced lymph
node trafficking via an intercellular pathway. Indeed, the deform-
able nanoemulsion exhibited higher trafficking to APC at the injec-
tion sites compared with solid albumin particles. At 1 day after
intramuscular administration, the deformable nanoemulsion exhib-
ited improved lymph node accumulation and ~ 2-fold and more
than 10-fold higher antigen-infiltrated areas compared with the
solid albumin nanoparticle and free antigen groups, respectively.

The in vivo trafficking of a core-shell-structured lipopolyplex
was studied after intramuscular administration [114]. An mRNA
encoding luciferase was condensed with a cationic compound
and encapsulated in a lipid shell composed of an ionizable lipid,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, and PEGylated
lipid. Following intramuscular administration, the biolumines-
cence of expressed luciferase was observed for more than 10 days
post-dose. Quantitative polymerase chain reaction was used to
measure the amounts of mRNA at each organ: Muscle showed
the highest proportion of lipopolyplex-delivered mRNA (83%), fol-
lowed by blood, spleen, fat, lung, and liver.

As described above, intramuscular and subcutaneous nanovac-
cines can show in vivo trafficking to lymph nodes (Fig. 2). Although
intramuscular administration is a preferred route for the currently
licensed vaccines due to its ease of administration and low risk for
side effects at the injection site, the subcutaneous route is also
being actively studied for new vaccine development. Compared
with muscle, skin is highly immunocompetent; thus, it has long
been considered a desirable route for improving immune
responses. Many human studies have found that there is no signif-
icant difference in the ability of a vaccine administered via intra-
muscular injection versus subcutaneous injection in generating
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immune responses to hepatitis A, hepatitis B, influenza [115],
and varicella [116]. Further work is needed, however, to fully com-
pare the in vivo fates of nanovaccines between small rodents and
human.

Although extensive studies focused on in vivo fates of nanovac-
cines, the relationship between the in vivo clearance and immuno-
genicity of nanovaccines should be studied. In one study
comparing the in vivo fate of nanoparticles formulated with differ-
ent ionizable lipids, the nanoparticle that showed the fastest
in vivo clearance in muscle, spleen, and liver triggered higher
humoral antigen-specific antibody titers [81]. This indicates that
the rate of in vivo clearance does not always reflect the immuno-
genicity of a vaccine delivery system.

3.5. In vivo fate of intratumoral vaccines

Intratumoral route has been emerging for administration of
tumor vaccines. In 2015, intratumorally administered talimogene
laherparepvec was approved for oncolytic virotherapy by the FDA
for melanoma treatment [117]. After intratumoral injection,
nanovaccines with tumor antigens can be taken up by APC in
tumor microenvironments. In tumor-draining lymph nodes, the
processing of tumor antigens by APC can present tumor antigens
to T cells. The recognition of tumor antigens by T cells can prime
T cells, and activate cytotoxic T cells when the same tumor anti-
gens were rechallenged. After intratumor injection of nanovaccines
carrying CpG adjuvant, the activation of T cells in tumor-draining
lymph nodes was observed, with regression of rechallenged
tumors [118] (Fig. 3).

In intratumoral route, the solidity of tumors may affect the
intratumoral distribution. It has been reported that the porosity
of tumor tissues can affect the diffusion of nanoparticles in tumor
tissues [119]. The size of nanovaccines can affect the intratumoral
distribution. Modeling study of intratumoral particle distribution
suggested that the sizes between 10 and 30 nm would be suitable
for retention in tumor microenvironments [119].

To increase the retention in tumor tissues, a recent study intro-
duced tumor-specific ligands. In the study, a collagen-binding pro-
tein, lumican, was used to anchor intratumorally administered
cytokine, interleukin-12 [120]. Although the study used cytokine
to increase the retention in tumor tissues, similar approach can
be exploited to prolong the retention of intratumorally adminis-
tered nanovaccines in tumor tissues.

In general, compared to the systemic administration, intratu-
mor route was shown to reduce the distribution to the liver and
lung, and increase retention at the local tumor tissues, followed
by activation of immune cells in the lymph nodes and spleen
[121]. In the future, the vivo fates of the intratumoral vaccines
can be further controlled with the use of tumor tissue specific
ligand modification and development of novel formulations.

4. Intracellular trafficking of vaccine delivery systems

Understanding the behavior of a nanocarrier in the intracellular
environment is a crucial piece of grasping the cellular mechanism
of a vaccine. This section will elaborate on the intracellular behav-
ior of a nonviral nanocarrier as a vaccine delivery system by look-
ing at fundamental mechanisms of vaccination inside the cell,
intracellular trafficking pathways, intracellular barriers for vaccine
delivery, and strategies for overcoming these challenges.

4.1. Processing of vaccine antigens at the cellular level

Innate immunity, which is the first line of defense against
pathogenic antigens, involves not only neutrophils, eosinophils,
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macrophages, and dendritic cells, but also skin, mucous layers, and
various antimicrobial peptides. This primary defense system reacts
rapidly and nonspecifically against pathogens. However, the innate
immune system occasionally fails to protect the body; in such
cases, it may be supplemented by the adaptive and/or acquired
immune systems. The adaptive immune response is relatively
slow, but it is strong and long-lasting. The most important features
of adaptive immunity include the specificity of its antigen response
and its active recall under repeated exposure. For a vaccine to
achieve a sufficient immune response against its target pathogen,
the vaccine must evoke a strong adaptive immune response.

Antigen presentation, which is a vital step in activating key
components of the adaptive immune system (especially T cells),
is mediated by professional APC such as dendritic cells or macro-
phages. In order to prime T cells, an APC must take up the antigen,
process it, and complex the antigen with MHC molecules to make it
recognizable by T cells. The antigen-presentation procedure differs
by the MHC class, leading to distinct immune responses.

Extracellular antigens, such as bacteria or toxins, are complexed
with MHC class Il molecules and presented to effector CD4+ T cells;
this activates B cells to secrete immunoglobulin or signal other T
cells. Briefly, the antigen is engulfed through phagocytosis. Unlike
the situation in a granulocyte, the major object of phagocytosis by
a professional APC (e.g. dendritic cell), is to prime the adaptive
immune system through antigen presentation. Following phagocy-
tosis, the antigen is digested and degraded to peptide fragments by
the acidic pH and proteases in the phagosome and phagolysosome.
The generated antigen peptide fragments are bound to MHC class II
molecules that originate from the endoplasmic reticulum. Finally,
the generated complex is displayed on the cell surface to be recog-
nized by the T cell receptors of CD4+ T cells. This process occurs
specifically in professional APC.

In contrast, cytosolic antigens, such as those derived from the
viral infection, are complexed with MHC class I molecules and pre-
sented to effector CD8+ T cells, which induce apoptosis of the

invading cells. In this procedure, the proteasome, which comprises
the 20S catalytic core and two 19S regulatory caps, degrades the
antigen into peptides within the cytoplasm. These peptide frag-
ments are delivered to the ER and bound to MHC class I molecules,
and the generated complex is presented on the cell surface to inter-
act with the T cell receptors of CD8+ T cells. In general, all cell types
possess MHC class I molecules, meaning that this process is not
limited to professional APC.

The same processes may be undertaken by antigens that are
introduced artificially by vaccination. Protein-based vaccine anti-
gens are processed like exogenous bacterial antigens and pre-
sented by MHC molecules for immune cell activation.
Consequently, when seeking to deliver a vaccine antigen to its opti-
mal target cells, the developers must consider the intracellular
uptake of the antigen and how it is processed at the cellular level.

4.2. Modulation of nanovaccine uptake

For vaccination to yield a sufficient effect and prevent disease,
antigens and (where relevant) adjuvants must be internalized to
the cytoplasm. However, the plasma membrane is a highly com-
plex cellular structure and the cellular entry of biomolecules is
sophisticated. In nature, endocytosis is a natural means to internal-
ize a biomolecule to the cytoplasmic space. Therefore, it is reason-
able to expect that this mechanism could be applied to a vaccine
delivery system. In vaccine delivery, modulation of phagocytosis
and pinocytosis is an important first step in enhancing cellular
uptake.

Intracellular vaccine delivery via phagocytosis is one of the
most promising strategies for cellular uptake modulation. Phago-
cytosis mainly occurs in professional APC, which are suitable target
cells for vaccine delivery. Moreover, certain phagocytosis-initiating
receptors, such as dectin-1, can stimulate innate immune
responses. Consequently, phagocytosis-initiating receptors have
been widely researched for their potential use in vaccine delivery.
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C-type lectin receptors, scavenger receptors, complement recep-
tors, and Fc receptors are well-known phagocytosis-triggering
molecules. Accordingly, the ligands of these receptors have been
explored in the context of vaccine delivery.

C-type lectin receptors are expressed on macrophages, granulo-
cytes, and dendritic cells. Indeed, all leukocytes, including those of
myeloid and lymphoid lineages, express C-type lectins. However,
each leukocyte type expresses a distinct class of C-type lectins.
Transmembrane C-type lectin receptors contribute to a broad
range of physiological functions, ranging from cellular modulation
and development to immunological responses [122].

Mannose receptor (CD206) is a C-type lectin that is mainly
expressed on macrophages and dendritic cells. Mannose receptors
trigger phagocytosis, making them a reasonable target for vaccine
delivery. For mannose receptor-mediated APC uptake, a mannose-
conjugated infectious vaccine antigen was studied [123]. Plasmod-
ium falciparum circumsporozoite protein, which was used as the
antigen, was modified with mannose and TLR-7-activating imida-
zoquinolines via click chemistry. Conjugation with mannose was
observed to enhance the endocytosis of the antigen by dendritic
cells, increase the antigen-specific IgG level, and decrease the
malaria parasite burden in hepatocytes.

Mannose-mediated cellular uptake modulation was also stud-
ied for the delivery of a cancer vaccine [111]. Mannose-
conjugated liposomes were formulated to include imiquimod and
monophosphoryl lipid A, which are agonists of TLR7/8 and —4,
respectively. As a model antigen, ovalbumin was loaded to the
liposomes. Mannose modification was found to increase the cellu-
lar entry of the vaccine liposomes to bone marrow-derived den-
dritic cells, increase humoral and cellular immunity responses,
and improve the survival of thyoma-bearing tumor model animals
in vivo [111].

Dendritic cell-specific intercellular adhesion molecule-3-
grabbing non-integrin (CD209) was also studied for its ability to
enhance the dendritic cell uptake of nanovaccines [124,125].
CD209 is a C-type lectin receptor with high affinity for intercellular
adhesion molecule 3, which is expressed by macrophages and den-
dritic cells. Researchers exploited the high-mannose glycoprotein-
binding feature of CD209 and developed apoptotic extracellular
vesicles expressing high-mannose glycan as a cancer vaccine
[124]. In another study, CD209 aptamer modification was exam-
ined in the context of tumor-derived cell membrane vesicles
[125]. A cholesterol-conjugated form of CD209 aptamer was used
to modify a membrane vesicle with surface expression of CD209.
The CD209-modified vesicles exhibited increased internalization
to dendritic cells and enhanced lymph node accumulation.

Due to their diverse ligand-binding and endocytic activities,
scavenger receptors have been targeted with the goal of enhancing
the uptake of nanovaccines by APC [126]. Protein corona-coated
nanovaccines were found to easily bind to scavenger receptors,
such as MARCO, and undergo engulfment by APC [127,128]. Class
A scavenger receptors bind negatively charged ligands, and car-
boxylic acid group-modified negatively charged nanoparticles
were shown to be taken up by dendritic cells via class A scavenger
receptor-mediated endocytosis. Meanwhile, scavenger receptor
class B1-mediated endocytosis was modulated using a high-
density lipoprotein-mimicking peptide. The peptide-modified
nanovaccine was found to be taken up by dendritic cells and sup-
press tumor growth in vivo [129].

Complement system has been studied asWith the goal of engi-
neering a vaccine delivery system to deliver its antigen to the cell
via CR3, researchers developed dextran-coated iron oxide nanopar-
ticles [130]. The dextran coating was proposed to form a protein
corona in serum and activate complement system C3, leading to
the CR3-mediated opsonization of nanoparticles by dendritic cells.
The dextran coating was also proposed to increase the interaction
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with CR1 and CR2 on B cells and follicular lymphocytes, respec-
tively leading to activation of humoral immune responses [130].

As described above, clathrin-mediated endocytosis is a repre-
sentative pathway of receptor-mediated endocytosis. Taking
advantage of this, crystalline aluminum oxyhydroxide (AIO(OH))-
polymer nanoparticles were internalized to dendritic cells via
clathrin-mediated endocytosis. The entry route of the nanoparticle
was supported by the ability of the clathrin-mediated endocytosis
inhibitor, chlorpromazine, to suppress nanoparticle entry [65].
Another study reported clathrin-mediated endocytosis of a micro-
scale cancer vaccine [131]. Cancer cells were coated with
epigallocatechin-3-gallate and an Al(III) cation coordination layer.
The resulting microparticle cancer vaccine was ~ 7-10 pum in size,
which is similar to the size of bone marrow-derived dendritic cells.
Even though the particle was too big to be suitable for clathrin-
mediated endocytosis, chlorpromazine was found to block the
endocytosis of the microparticles.

In caveolin-mediated endocytosis (see above), 50-100 nm-wide
pits are formed in a plasma membrane containing caveolins with
sphingolipids or cholesterol-rich regions [132]. Caveolin-
mediated endocytosis is an attractive endocytic pathway for vac-
cine delivery due to its unique ability to avoid the lysosome during
intracellular trafficking. It is also a major viral invasion pathway
[133,134].

Inhibitors of specific endocytic pathways have been used to
assess the main entry pathways of nanovaccines. It should be
noted that a nanovaccine may enter cells by more than one path-
way and may, in fact, use several pathways for entry. One study
found that the clathrin-dependent, phagocytosis, and micropinocy-
tosis pathways were all involved in the entry of a developed micro-
scale particle. The particle was not always engulfed whole; rather,
it was sometimes fragmented, and the fragments were taken up by
the cells via the different pathways [131]. The entry of whole ver-
sus partially broken particles may explain the diverse entry path-
ways utilized by this vaccine delivery system.

With continued progress in the fields of immunology and cell
biology, the list of receptors that can be used to promote entry into
APC will keep increasing. Although the inclusion of ligands that
bind to the receptors on immune cells was found to increase the
cellular entry of nanovaccines, these receptors may be expressed
on non-immune cells that could also become delivery targets. Most
studies to date have focused on immune cell uptake and have not
assessed possible uptake by other cell types. Efforts to identify
receptors that are exclusive to APC may facilitate the design of
more specific vaccine delivery carriers.

4.3. Modulating the intracellular trafficking of vaccine antigens

4.3.1. Cellular entry pathways

A cell uses various tactics to maintain cytoplasmic homeostasis
under exogenous stress. The plasma membrane surrounding a cell
is a key barrier that sets up the distinction between the inside and
outside of the cell. An amphiphilic phospholipid bilayer represents
the fundamental structure of the plasma membrane. Additional
structure and functions are provided by other lipids, such as
cholesterol and/or sphingolipids, along with biomolecules of vary-
ing complexity. The entry of external molecules or nanoparticles is
tightly regulated by sophisticated mechanisms. Delivering the
antigen of interest to the cytoplasm of an appropriate target cell
is the first step in successful vaccination. Thus, we must work to
understand the cellular entry mechanisms of delivery systems.

Unlike small molecules, most nanovaccines cannot enter the
cells by plasma membrane penetration; instead, they use a special
process called endocytosis [134]. Based on the property of the car-
rier structures and components, endocytosis pathways involving
various plasma membrane proteins, such as clathrin or dynamin
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can be involved. For a nanoparticle, the action of the endocytic
pathway begins with an interaction between the nanoparticle
and the membrane, which leads to the generation of a
membrane-bound vesicle. This early endosome, which is the first
component of intracellular trafficking, will deliver the vesicle cargo
to the lysosome, thereby forming the late endosome (or endolyso-
some); from there, the cargo will go to the ER, trans-Golgi network
(TGN), or endosomal recycling network depending on the specific
organelle markers.

Phagocytosis, which is a major pathogen-clearance procedure in
the mammalian immune system, is mainly performed by profes-
sional phagocytes, including macrophages, granulocytes, dendritic
cells, neutrophils, and B cells. Phagocytosis is also how the cell
deals with apoptotic cell debris and nanoparticles. The phagocyto-
sis of a nanoparticle is initiated by physical interaction with a
membrane receptor. Actin rearrangement causes pseudopodia to
develop and engulf the nanoparticle. The fusion of the engulfing
membrane generates the phagosome, which develops to the
phagolysosome and fuses with a lysosome. The acidic environment
of the lysosome contains antimicrobial enzymes including acid
hydrolase and oxidase, which can produce radicals when degrad-
ing a vaccine antigen.

In the context of vaccine delivery, phagocytosis is closely linked
with antigen presentation because macrophages and dendritic
cells act as both phagocytes and professional APC. A number of
receptors are capable of initiating phagocytosis, including C-type
lectin receptors, scavenger receptors, complement receptors, and
Fc receptors. These receptors have been widely studied as entry
route targets for dendritic cells, macrophages, and/or lymphoid
organ distribution.

A cell may internalize nanoparticles via macropinocytosis [135-
137]. Macropinocytosis, which is a cellular uptake pathway for the
nonspecific engulfment of extracellular fluid and solutes through
actin signaling, occurs via large endocytic vesicles called macropi-
nosomes. Unlike the other endocytic pathways, the initiation of
this process does not require any interaction between a ligand
and the cellular membrane. Instead, polymerization of actin and
membrane ruffling provokes micropinocytosis. Macropinocytosis
plays important physiological roles in antigen presentation: Imma-
ture dendritic cells consistently take up extracellular fluid in search
of antigens present in the extracellular environment. In this regard,
vaccine delivery via micropinocytosis has been considered to be a
promising strategy.

Nanovaccines can be taken up by the cells via clathrin-
dependent endocytosis. Clathrin-dependent endocytosis is trig-
gered when the cytoplasmic tail of a receptor recruits adapter pro-
tein 2, which then recruits the clathrin triskelia from the cytosol to
induce clathrin coat assembly. Following clathrin-coated vesicle
formation, dynamin mediates scission to generate the endosome
[138]. In addition to biomolecule ligands, nanoparticles can enter
the intracellular space via clathrin-dependent endocytosis, mean-
ing that this should be considered among the potential endocytic
pathways for a nanovaccine [139].

Caveolin-dependent endocytosis is another potential pathway
for nanovaccine internalization [140,141]. Caveolins are a family
of integral membrane proteins found in the membranes of caveo-
lae, which are a distinct type of lipid raft characterized by flask-
shaped plasma membrane invaginations of 50-100 nm in diameter
[132,133]. This structure includes cholesterol and sphingolipids,
providing strong hydrophobicity and membrane rigidity
[142,143]. Generally, caveolin-coated vesicles move to the ER or
TGN. Notably, this pathway does not pass through an acidic or
enzymatic environment that could damage a nano-delivery sys-
tem. Thus, caveolin-dependent endocytosis is emerging as a cellu-
lar entry route for the vaccine delivery of lysosome-sensitive
nucleic acid-based platforms [144].
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In controlling the cellular entry pathway of nanovaccine, the
size is a crucial consideration factor. The size of LNP used for mRNA
delivery is known to affect the pathway by which it enters the cell.
In an in vitro experiment with 300-400 nm lipid nanoparticles, the
presence of the micropinocytosis inhibitor, 5-(N-ethyl-N-isopro
pyl)-amiloride’, was found to decrease the expression of the loaded
mRNA, whereas the clathrin inhibitor, Pitstop2, had no such effect
[145]. The size dependence might be due to the size of the clathrin-
coated endosomal vesicles, which is reported to be around 85-
100 nm [138].

4.3.2. Endosomal trafficking

An endosome is a small intracellular vesicular structure that is
especially important for innate immunity due to the surface
expression of pattern-recognition receptors (PRR), TLR, and MHC
molecules, which are major vaccine targets. Following invagination
of a nanoparticle, the cargo will be delivered to the early endo-
some, which is the first component of the endocytic pathway.
Due to the mildly acidic condition (pH 6.0-6.8) inside the early
endosome, engulfed materials dissociate from the receptor, which
is transported back to the cell surface.

Endosome will then fuse with a lysosome to form an endolyso-
some, which has an acidic environment that is rich with degrading
enzymes [146]. Endosomal maturation and endolysome formation
are essential steps in this pathway for antigen-presentation, but
they also act as barriers for vaccine delivery systems, especially
for DNA- or RNA-based vaccine platforms. In endolysosomal envi-
ronments, the nucleic acid cargoes of nanovaccines can be
degraded, not reaching the cytoplasm and nucleus for vaccine anti-
gen presentation. Therefore, strategies to allow endosomal escape
have been extensively studied [147]. A recent study reported
nanovaccines with acidic cleavable linkers for improving endoso-
mal escape and immune response [148]. In the study,
cyclodextrin-based gel system containing doxorubicin, CpG deriva-
tives, and photoresponsive indocyanine green was designed. Pho-
tothermally released CpG derivatives were taken up by immature
dendritic cells. Lysosomal release and endosomal escape of CpG
was found to promote the maturation of dendritic cells and
immune responses.

Intracellular trafficking of nanovaccine-loaded endosome is not
limited to lysosomal fusion (Fig. 4). The endosome to TGN traveling
pathway can start from early endosome/recycling endosome or the
late endosome. Several proteins are known to meditate cargo
recognition at endosomes, and thereby mediate TGN delivery. Ret-
romer is a one of TGN-sorting protein that mediates endosome-
TGN transport. [149].

Another intracellular trafficking pathway of nanovaccine-
loaded endosome is exocytosis, which moves cytoplasmic mole-
cules from the Golgi apparatus to the plasma membrane for secre-
tion. It is an essential pathway due to its secretion function, but it
can also decrease vaccine delivery efficiency. Therefore, blocking
the exocytosis pathway is also a reasonable strategy for enhancing
vaccine delivery [150].

4.4. Modulation of endosomal escape

In efforts to modulate the intracellular trafficking of nanovacci-
nes, strategies to facilitate endosomal escape have been exten-
sively studied. Endosome escape is the process that the antigen
cargoes of nanovaccines move from endosomes to the cytoplasm.
After a nanovaccine is internalized by an endocytic pathway, it is
entrapped in an endosome, through which it will come into contact
with the lysosome and undergo degradation or recycling. Among
the different types of vaccine antigens, nucleic acid vaccine anti-
gens in particular need to escape the endosome to reach the cyto-
sol (for RNA vaccines) or eventually the nucleus (for DNA vaccines),
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Fig. 4. Intracellular trafficking pathways of nanovaccines. Nanovaccines enter cells through various routes, such as micropinocytosis, phagocytosis, clathrin-mediated
endocytosis, and caveolin-mediated endocytosis. Endosomes formed by caveolin-mediated endocytosis do not fuse with lysosomes. For nucleic acid antigen-carrying
nanovaccines, endosomal escape is critical for effective antigen expression in the cytosol.

and this must occur before the nucleic acid antigens are degraded
in the lysosome [151]. Since the endosome escape is a non-natural
event, vaccine developers must force it.

The mechanism underlying endosomal escape is not fully
understood, but it is thought to involve the osmotic swelling effect,
membrane fusion, and/or membrane destabilization. The most
widely suggested mechanism is the osmotic swelling effect, which
is also known as the “proton sponge effect” [152]. In an acidic pH
environment, the amine groups of a cationic delivery system inter-
act with protons to form a cationic charge in an endolysosome.
This leads to the recruitment of chloride ions into the endo/lyso-
some, which is followed by the swelling (due to the movement
of water under osmotic pressure) and eventual rupture of the
endo/lysosome. Ionizable lipids with pH responsive charge-
conversion properties may have advantages over nonionizable
cationic materials for endosomal escape. The clinical successes of
the SARS-CoV-2 mRNA vaccines, BNT162b2 (Pfizer-BioNTech)
and mRNA-1273 (Moderna), have been attributed in part to the
use of ionizable lipids, which can enhance endosomal escape [153].

Modification with functional groups that react with the endoso-
mal membrane has been exploited to induce membrane destabi-
lization and rupture (Fig. 5). Other strategies include the use of
cell-penetrating peptides that reportedly destabilize membranes,
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and the formulation of nanoparticles with a fusogenic lipid to
enable membrane fusion. For a negatively charged nanoparticle,
combination with an endosome-disrupting agent was shown to
enhance the endosomal escape of the cargo [154].

Escape from the late endosome/lysosome stage was found to be
crucial for the successful delivery of an mRNA vaccine [155]. Con-
ventionally, the early endosome stage is considered to be the main
trafficking stage at which lipid nanoparticles should seek to escape
the endosome. A number of proteins are characteristic of endo-
somes. Among them is Rab7A, which contributes to endosomal
maturation and late endosome/lysosome trafficking. Patel et al.
showed that the expression of a protein encoded by lipid
nanoparticle-delivered mRNA was significantly decreased by
knock-out of Rab7A.

Various materials have been studied for their ability to promote
the endosomal escape of vaccine cargoes, including pH-sensitive
cationic ionizable lipids, cell-penetrating peptides, cationic poly-
mers, exosomes, pH-sensitive polymers, and light-responsive
materials [156]. Lipid nanoparticles have demonstrated their abil-
ity as clinical delivery systems for mRNA vaccine antigens. Despite
this clinical success, however, these systems deliver mRNA to the
cytoplasm at an efficiency of only ~ 2% [157]. Recently, with the
pandemic of COVID-19, increasing numbers of studies have
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Fig. 5. Modulation of endosomal escape of nucleic acid antigens. mRNA or DNA delivered in nanovaccines need to exit the endosome and migrate to the cytosol or nucleus,
respectively. Osmolysis and membrane disruption mechanisms have been used to modulate the endosomal escape of nucleic acid antigens delivered by various carriers.
Osmolysis, which is induced by increased osmotic pressure inside endosomes, is also called the “osmotic swelling effect”. Some polymers or lipid-based delivery systems have
been proposed to interact with the endosomal membrane to disturb the endosome and thereby release nucleic acid vaccine cargoes to the cytosol.

focused on the endosomal escape of nucleic acid vaccine cargoes
[158,159].

Many candidate ionizable lipids have investigated for their abil-
ity to enhance the endosomal escape of lipid nanoparticle-
delivered cargoes [160,161]. Screening and structural modification
are common strategies for optimizing ionizable lipids. For example,
a zwitterion ionizable lipid with one ionizable amine and phos-
phate groups in three hydrophobic tails, can transition to a hexag-
onal shape and thereby enhance the escape of cargo from
endosomes via membrane destabilization [162]. The tertiary amine
structure of the ionizable lipid becomes protonated under the
acidic pH of the endosome, leading it to fuse to the endosomal
membrane. The multiple hydrophobic tails form the hexagonal
structure, resulting in membrane disruption and improving down-
stream mRNA expression and gene editing efficiency.

Other strategies investigated for their ability to increase the
endosomal escape of lipid nanoparticles have included efforts to
change the molar ratio of ionizable lipids and mRNA nucleotides
(Fig. 6) [139]. The authors found that an mRNA-to-ionizable lipid
ratio of 1:1 could yield the most effective transport of mRNA from
endosomes to the cytoplasm via the fusion of the lipid nanoparti-
cles to endosomal membrane. Chaudhary and researchers reported
that substitution of cholesterol with B-sitosterol could increase the
transportation of a nanovaccine-carried mRNA to the cytosol [6].
Moreover, researchers studied the modification of phospholipids
with a fusogenic moiety [163]. The use of phosphoethanolamine
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head group-containing phospholipids in lipid nanoparticles was
shown to improve endosomal escape compared to that of lipid
nanoparticles lacking the head group. In PEGylated lipids, the
molecular size of polyethyleneglycol or the length of the alkyl
chain were found to affect endosomal escape [164].

The lytic peptide, melittin, has been exploited to facilitate the
endosomal escape of a polymeric nanovaccine-loaded nucleic acid
cargo. Sylvestre et al. developed virus-inspired polymer for endo-
somal release (VIPER) for the pH-responsive and enhanced endoso-
mal escape-enabled release of melittin [165]. The polymer
component of VIPER, 2-diisopropylaminoethyl methacrylate, can
transition from the hydrophobic to hydrophilic state at pH 6.3.
Given this, VIPER can form micelles that entrap melittin within
the polymer under a physiological environment but, upon expo-
sure to the acid environment of the endosome, release melittin
to disrupt the endosomal membrane. The authors found that the
transfection efficiency was approximately 2 times greater when
they used VIPER compared to a control polyethyleneimine polymer
in a HeLa GFP transfection test in vitro.

In addition to facilitating the delivery of nucleic acid vaccines,
endosomal escape can also enhance the therapeutic effect of sub-
unit vaccines. The endosomal escape of a subunit vaccine was
shown to decrease its protein degradation in the lysosome to yield
more efficient epitope production in the cytosol [158]. Polymers
conjugated with fluoroalkyls or fluoroaromatics enhanced the
endosomal escape of cargoes, which may be attributed to the fluo-
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rine atoms on the fluoropolymer. Enhanced delivery efficiency into
HelLa Cells was observed with fluoropolymers carrying BSA-FITC, B-
Gal, and CP11 proteins.

Protein vaccine antigens that escape from the endosome can be
cleaved into optimal epitopes by the cytosol proteasome-mediated
cleavage of amide bonds [159]. Senapati et al. designed a novel
amphiphilic pentablock copolymer (PBC) to enhance the endoso-
mal escape of an antigen [166]. The authors synthesized the penta-
block  copolymer (PDEAEM-PEO-PPO-PEO-PDEAEM) and
investigated its intracellular trafficking. PBC is a pH-responsive
polycationic polymer that can induce the proton sponge effect in
the endosome, yielding improved cytosolic delivery in APC and
enhanced humoral immunity.

Furthermore, hexa-histidine metal assembly (HmA) of a subunit
vaccine was reported as a means to deliver the GP100 antigen pep-
tide with rapid endosomal escape. The colocalization of HmA
nanoparticles and endosomes in DC2.4 cells was strongly
decreased compared to that in the antigen-only treatment group.
The endosomal escape of the antigen was expected to protect the
antigen from degradation and enhance its cross-presentation to
the MHC I complex [166,167].

4.5. Other strategies for modulating intracellular trafficking

Other strategies for modulating the intracellular trafficking of
nanoparticles have been exploited to enhance vaccine efficiency.
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Light-stimulated cytosolic delivery is one such approach (Fig. 7).
Cyclodextrin-based near infrared-to-ultraviolet upconversion
nanoparticles were designed to release siRNA upon irradiation
with near infrared light [168]. Azobenzene-tagged siRNA formed
an inclusion complex with cyclodextrin via host-guest interaction.
Upon near infrared light irradiation, the nanoparticle converted the
light to ultraviolet and azobenzene underwent trans-to-cis photoi-
somerization, releasing the siRNA to the cytosol. This strategy was
notable in that it used an external light stimulus to control the
endosomal escape of cargoes.

The ER and Golgi apparatus have also been reported as potential
intracellular targets for vaccines (Fig. 8). ER targeting was reported
to increase trafficking of nanovaccines to the nucleus via the ER-
nucleus route [170], but relatively few studies have examined this
strategy. Pardaxin peptide-modified cationic liposomes were
shown to enhance the accumulation of nanoparticles in the ER.
Additionally, the gene editing efficiency was increased by the
improved nuclear trafficking of these nanoparticles via the ER-
nucleus route [170,171]. For trafficking to the TGN, an amphipol-
class amphipathic polymer derived from SARS-CoV-2 envelope
protein was exploited [172]. The study showed that the
amphipol-class polymer-based delivery of an antigen could
increase its accumulation in the TGN.

Mitochondrial trafficking was also studied as a means to mod-
ulate the intracellular trafficking of nanoparticles. Mitochondria
play important roles in immune signaling and the activation of
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cytotoxic T cells [174-176]. Several studies monitored the traffick-
ing of nanoparticles to mitochondria using triphenylphosphonium
as a mitochondria-targeting ligand [177]. Here, mitochondrial traf-
ficking must be preceded by endosomal escape. Going forward,
therefore, researchers should consider both endosomal escape
and subsequent mitochondrial targeting when designing a
mitochondria-trafficking nanovaccine.

In addition to the intracellular trafficking of cargoes, the inter-
action of cargo materials with cellular receptors needs to be stud-
ied further. Molecular interaction between cargoes and cellular
receptor can affect the triggering of innate or adaptive immunity.
If mRNA vaccine antigens bind to pattern-recognition receptors
(e.g., TLR-3 and —7/8) on immune cells, innate immunity will be
induced and proinflammatory cytokines will be produced [178].
Inhibition of the binding of mRNA antigens to pattern-
recognition receptors, in contrast, may trigger adaptive immunity
[179].

5. Current challenges and perspectives

The existing studies on the in vivo fate and intracellular traffick-
ing of vaccine platforms have provided a background to support
the development of potent vaccine formulations, but their clinical
translation still faces a number of challenges. Modulations of vac-
cine formulations have been investigated as a means to increase
the induction of immune responses and overcome the hurdles fac-
ing the current vaccine delivery systems. Various administration
routes and intracellular delivery strategies have been reported as
promising and effective in both in vitro and in vivo experiments.

The fate of vaccines in vivo has mainly been studied in small
rodents. Although recent studies have reported substantial
achievements for vaccine delivery systems and their in vivo fate
monitoring in mice, the potential for species-level differences must
be considered. Because the relevant anatomical structures, such as
the digestive and respiratory tracts, differ from model animals to
human, preclinical results related to vaccine delivery will not accu-
rately reflect the clinical results for oral, nasal, and pulmonary
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delivery systems. The thickness and strength of the skin also differ
by species and age, making it difficult to generalize the accumulat-
ing results pertaining to the in vivo distribution of vaccines after
intramuscular and intradermal administration in model animals.
To address these issues, several preclinical studies have been per-
formed in nonhuman primates [180,181]. Since some recent vacci-
nes for COVID-19 were inevitably used before the clinical trials
were completed, preclinical studies on the in vivo fate of these vac-
cine should be done in nonhuman primates.

Most of the published studies have examined the efficacy of
vaccine formulations in 2-dimensional cell culture in vitro. This
cannot reflect the in vivo extracellular environment of various
immune tissues and does not enable the researcher to investigate
the interactions of the vaccine with immune cells. Therefore, it
would be useful to develop 3-dimensional culture systems that
could more closely mimic the extracellular matrix of various
immune tissues. Indeed, a 3-dimesional system modulated by
extracellular matrix was used to examine the host-pathogen inter-
actions of Mycobacterium tuberculosis [182]. Going forward, the
inter- and intracellular trafficking of vaccines could be investigated
using a 3-dimensional cell culture system that more closely reflects
the extracellular environment of immune tissues.

The need to establish in vitro experiments with appropriate
cells is another concern when studies use primary dendritic cells
to evaluate the immune response triggered by various vaccine for-
mulations. Since various APC are involved in the immune response
at each organ, the origin and culture conditions of primary den-
dritic cells should be carefully controlled. For example, bone
marrow-derived dendritic cells were used for in vitro studies after
being ex vivo-induced from bone marrow cells; thus, it is relevant
that the features of bone marrow-derived dendritic cells can vary
depending on the composition of the culture medium. In addition,
different laboratories have used cells of different phenotypes and
reactive patterns. Going forward, researchers should strive to stan-
dardize the cells used to study vaccine fates in vitro.

It has been reported that dendritic cells can show heteroge-
neous expression of receptors [183], which may affect the
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receptor-targeted trafficking of nanovaccines to dendritic cells.
Strategies to overcome the physiological heterogeneity of receptor
expression levels on APC need to be studied further. In addition,
the in vivo formation of protein coronas on the surfaces of
nanoparticles may cloak the targeting moiety of nanovaccines. Fur-
ther design efforts should be made to prevent the formation of a
nonspecific corona coating on the surfaces of ligand-modified
nanovaccines.

In the published in vivo studies of vaccine fate, fluorescence
markers or radioisotopes were used to specifically label the antigen
or delivery system, but not both. The colocalization of antigens and
delivery systems should be addressed. The distribution of DNA or
mRNA vaccines has been monitored by assessing the expression
patterns of the encoded proteins. To compare these findings to
the distribution of the delivered materials, researchers should
assess the distribution of the nucleic acid cargo itself using a quan-
titative detection assay (e.g., quantitative polymerase chain
reaction).

In vivo fates have been tested by monitoring either nanovaccine
components or vaccine antigens. As these distributions may over-
lap and/or differ, dual labeling of the vaccine carrier and loaded
antigens could provide new information on the retention of anti-
gens in the carrier vaccines and/or their liberation from nanomate-
rials. Finally, relatively few studies have reported on the in vivo
trafficking of nanovaccine carriers and antigen cargoes.

Most of the relevant studies followed the in vivo trafficking of
nanovaccines in lymph nodes but did not extensively examine that
in other organs. Among the studies that focused on lymph nodes,
most examined draining lymph nodes near the injection sites. Fur-
ther work is needed to assess distribution kinetics to the proximal
and distal lymph nodes. The few studies that assessed in vivo traf-
ficking at various organs beyond lymph nodes tended to report
only qualitative imaging information. The proportion of the
injected dose found at various organs has been radioisotopically
quantified in a few cases. Although the distribution to other organs
may not reflect the immune efficacy of the administered vaccine
nanoparticle, these data would be meaningful in helping to predict
the potential safety of a vaccine.

In vivo vaccine fates have mainly been studied at the tissue or
organ levels. Given that the final target cells of vaccines are APC,
more elaborate analyses of in vivo trafficking to APC is expected
to provide new insights. More studies should undertake lymph
node tissue staining for identification of APC and analysis of their
colocalization ~ with  the administered antigen-carrying
nanovaccines.

Cold-chain maintenance during distribution remains as chal-
lenges of lipid- based vaccines. Further studies are needed to
develop stable lipid-based vaccine formulations. To increase the
stability during storage, solid dosage forms of vaccine formulations
may be one approach. Powder vaccines can be manufactured by
spray drying or lyophilization. In spray drying process, thermal sta-
bility of vaccine antigens would be carefully checked. In lyophiliza-
tion, the selection of cryoprotectants which can retain the integrity
of lipid-based nanovaccine structures need to be studied further.
Another approach would be the design of new lipid molecules
which can resist to temperature-dependent physicochemical
degradation pathways.

6. Conclusion

In light of the unprecedented pandemic situation we find our-
selves in, huge efforts are being made worldwide to develop effec-
tive vaccines. The development of vaccine delivery systems is
important, as is the generation of stable and efficient antigens.
There are various antigen vectors, vaccine carrier materials, and
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vaccine administration routes, meaning that there is near limitless
potential for further development of vaccine delivery systems.
However, if we hope to accurately control the efficacy of various
vaccine formulations at the tissue and cellular levels, we must con-
tinue accumulating knowledge on the in vivo fate and intracellular
trafficking of vaccines. A more effective vaccine delivery system
can be developed through strategies aimed at modifying intracellu-
lar penetration, enabling endosomal escape, enhancing translation,
and/or utilizing a route of administration that is relevant to the
point of action of an infectious disease. Although various hurdles
face studies on the in vivo fate and intracellular trafficking of vac-
cines (e.g., limitations specific to a given administration route, spe-
cies specificity, thermal stability, etc.) such work will form a
cornerstone for the future development of effective vaccine deliv-
ery systems.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

This research was funded by grants from the National Research
Foundation (NRF) of Korea, Ministry of Science and ICT, Republic of
Korea (NRF-2021R1A2B5B03002123; NRF-2018R1A5A2024425;
NRF-2021K2A9A2A06037695; NRF-2022M3E5F1017919); Basic
Science Research Program through the NRF funded by Ministry of
Education (NRF-2020R1A6A3A01099750); the Korean Health
Technology R&D Project (No. HI19C0664), Ministry of Health &
Welfare, Republic of Korea.

References

[1] K.P. Reddy, K.P. Fizmaurice, ].A. Scott, G. Harling, R.]. Lessells, C. Panella, F.M.
Shebi, K.A. Freedberg, M.]. Siedner, Clinical outcomes and cost-effectiveness of
COVID-19 vaccination in South Africa, Nat. Commun. 12 (2021) 6238.

[2] L.O. Gostin, D.A. Salmon, H.J. Larson, Mandating COVID-19 vaccines, JAMA 325
(2021) 532-533.

[3] J.S. Turner, ].A. O’Halloran, E. Kalaidina, W. Kim, A.J. Schmitz, J.Q. Zhou, T. Lei,
M. Thapa, R.E. Chen, ].B. Case, F. Amanat, A.M. Rauseo, A. Haile, X. Xie, M.K.
Klebert, T. Suessen, W.D. Middleton, P.Y. Shi, F. Krammer, S.A. Teefey, M.S.
Diamond, R.M. Presti, A.H. Ellebedy, SARS-CoV-2 mRNA vaccines induce
persistent human germinal centre responses, Nature 596 (2021) 109-113.

[4] AJ. Romero-Olmedo, A.R. Schulz, S. Hochstatter, D.D. Gupta, I. Virta, H.
Hirseland, D. Staudenarus, B. Camara, C. Munch, V. Hefter, S. Sapre, V.
Krahling, H. Muller-krauter, M. Widera, H.E. Mei, C. Keller, M. Lohoff,
Induction of robust cellular and humoral immunity against SARS-CoV-2
after a third dose of BNT162b2 vaccine in previously unresponsive older
adults, Nat. Microbiol. 7 (2022) 195-199.

[5] AJ. Pollard, E.M. Bijker, A guide to vaccinology: from basic principles to new
developments, Nat. Rev. Immunol. 21 (2021) 83-100.

[6] N. Chaudhary, D. Weissman, K.A. Whitehead, mRNA vaccines for infectious
diseases: principles, delivery and clinical translation, Nat. Rev. Drug Discov.
20 (2021) 817-838.

[7] S.C. Pero, YJ. Sun, G.S. Shukla, C.L. Carman, C.C. Krag, C. Teuscher, D.N.
Krementsov, D.N. Krag, Vaccine draining lymph nodes are a source of antigen-
specific B cells, Vaccine 35 (2017) 1259-1265.

[8] C.A. Arbelaez, J. Estrada, M.A. Gessner, C. Glaus, A.B. Morales, D. Mohn, H.
Phee, J.R. Lipford, J.A. Johnston, A nanoparticle vaccine that targets neoantigen
peptides to lymphoid tissues elicits robust antitumor T cell responses, npj
Vaccines 5 (2020) 106.

[9] N. Pardi, M.]. Hogan, F.W. Porter, D. Weissman, mRNA vaccines - a new era in
vaccinology, Nat. Rev. Drug Discov. 17 (2018) 261-279.

[10] E.C. Gale, A.E. Powell, G.A. Roth, E.L. Meany, J. Yan, B.S. Ou, A.K. Grosskopf, .
Adamska, V.C.T.M. Picece, A.l. d’Aquino, B. Pulendran, P.S. Kim, E.A. Appel,
Hydrogel-based slow release of a receptor-binding domain subunit vaccine
elicits neutralizing antibody responses against SARS-CoV-2, Adv. Mater. 33
(2021) €2104362.

[11] M. Naciute, V. Miemi, R.A. Kemp, S. Hook, Lipid-encapsulated oral therapeutic
peptide vaccines reduce tumour growth in an orthotopic mouse model of
colorectal cancer, Eur. J. Pharm. Biopharm. 152 (2020) 152-192.


http://refhub.elsevier.com/S0169-409X(22)00215-0/h0005
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0005
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0005
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0010
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0010
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0015
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0015
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0015
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0015
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0015
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0020
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0020
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0020
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0020
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0020
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0020
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0025
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0025
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0030
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0030
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0030
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0035
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0035
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0035
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0040
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0040
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0040
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0040
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0045
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0045
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0050
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0050
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0050
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0050
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0050
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0055
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0055
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0055

J. Lee, D. Kim, J. Byun et al.

[12] G. Zhang, X. Fu, H. Sun, P. Zhang, S. Zhai, J. Hao, J. Cui, M. Hu, Poly(ethylene
glycol)-mediated assembly of vaccine particles to improve stability and
immunogenicity, ACS Appl. Mater. Interfaces 13 (2021) 13978-13989.

[13] A. Cifuentes-Rius, A. Desai, D. Yuen, A.P.R. Johnston, N.H. Voelcker, Inducing
immune tolerance with dendritic cell-targeting nanomedicines, Nat.
Nanotechnol. 16 (2021) 37-46.

[14] X. Liu, J. Liu, D. Liu, Y. Han, H. Xu, L. Liu, X. Leng, D. Kong, A cell-penetrating
peptide-assisted nanovaccine promotes antigen cross-presentation and anti-
tumor immune response, Biomater. Sci. 7 (2019) 5516-5527.

[15] X.Hou, T. Zaks, R. Langer, Y. Dong, Lipid nanoparticles for mRNA delivery, Nat.
Rev. Mater. 6 (2021) 1078-1094.

[16] X. Han, H. Zhang, K. Butowska, K.L. Swingle, M.G. Alameh, D. Weissman, M.J.
Mitchell, An ionizable lipid toolbox for RNA delivery, Nat. Commun. 12 (2021)
7233.

[17] A. Lechanteur, V. Sanna, A. Duchemin, B. Evrard, D. Mottet, F. Piel, Cationic
liposomes carrying siRNA: impact of lipid composition on physicochemical
properties, cytotoxicity and endosomal escape, Nanomaterials 8 (2018) 270.

[18] L. Xu, X. Wang, Y. Liu, G. Yang, RJ. Falconer, C.X. Zhao, Lipid nanoparticles for
drug delivery, Adv. NanoBiomed. Res. (2021) 2100109.

[19] P. Ghasemiyeh, S. Mohammadi-Samani, Solid lipid nanoparticles and
nanostructured lipid carriers as novel drug delivery systems: applications,
advantages and disadvantages, Res. Pharm. Sci 13 (2018) 288-303.

[20] X. Wu, M.A. Farooq, T. Li, T. Geng, P.T. Kutoka, B. Wang, Cationic chitosan-
modified silica nanoparticles for oral delivery of protein vaccine, ]J. Biomed.
Mater. Res. A 109 (2021) 2111-2119.

[21] B. Santos-Carballal, E.F. Fernandez, F.M. Goycoolea, Chitosan in non-viral gene
delivery: role of structure, characterization methods, and insights in cancer
and rare diseases therapies, Polymers 10 (2018) 444.

[22] U.S. Kumar, R. Afjei, K. Ferrara, T.F. Massoud, R. Paulmurugan, Gold-nanostar-
chitosan-mediated delivery of SARS-CoV-2 DNA vaccine for respiratory
mucosal immunization: Development and proof-of-principle, ACS Nano 15
(2021) 17582-17601.

[23] J. Yan, R. Chen, H. Zhang, ].D. Bryers, Injectable biodegradable chitosan-
alginate 3D porous gel scaffold for mRNA vaccine delivery, Macromol. Biosci.
19 (2019) e1800242.

[24] NJ. Shah, AJ. Najibi, T.Y. Shih, A.S. Mao, A. Sharda, D.T. Scadden, D.J. Mooney,
A biomaterial-based vaccine eliciting durable tumour-specific responses
against acute myeloid leukaemia, Nat. Biomed. Eng. 4 (2020) 40-51.

[25] H.K. Makadia, S.J. Siegel, Poly lactic-co-glycolic acid (PLGA) as biodegradable
controlled drug delivery carrier, Polymers 3 (2011) 1377-1397.

[26] T. Ma, L. Wang, T. Yang, G. Ma, S. Wang, Homogeneous PLGA-lipid
nanoparticle as a promising oral vaccine delivery system for ovalbumin,
Asian ]. Pharm. Sci. 9 (2014) 129-136.

[27] A.L. Silva, P.C. Soema, B. Slutter, F. Ossendorp, W. Jiskoot, PLGA particulate
delivery systems for subunit vaccines: Linking particle properties to
immunogenicity, Hum. Vaccin. Immunother. 12 (2016) 1056-1069.

[28] P. Gu, A. Wusiman, Y. Zhang, Z. Liu, R. Bo, Y. Huy, ]. Liu, D. Wang, Rational
design of PLGA nanoparticle vaccine delivery systems to improve immune
responses, Mol. Pharm. 16 (2019) 5000-5012.

[29] J. Nam, S. Son, K.S. Park, ].J. Moon, Modularly programmable nanoparticle
vaccine based on polyethyleneimine for personalized cancer immunotherapy,
Adv. Sci. 8 (2021) 2002577.

[30] M. Kang, S.H. Lee, M. Kwon, ]. Byun, D. Kim, C. Kim, S. Koo, S.P. Kwon, M. Jung,
J. Hong, S. Go, S.Y. Song, J.H. Choi, T. Hyeon, Y.K. Oh, H.H. Park, B.S. Kim,
Nanocomplex-mediated in vivo programming to chimeric antigen receptor-
M1 macrophages for cancer therapy, Adv. Mater. 33 (2021) e2103258.

[31] Y. Chen, Y. Huang, H. Huang, Z. Luo, Z. Zhang, R. Sun, Z. Wan, J. Sun, B. Lu, S. Li,
Farnesylthiosalicylic acid-derivatized PEI-based nanocomplex for improved
tumor vaccination, Mol. Ther. Nucleic Acid 26 (2021) 594-602.

[32] F. Perche, R. Clemencon, K. Schulze, T. Ebensen, C.A. Guzman, C. Pichon,
Neutral lipopolyplexes for in vivo delivery of conventional and replicative
RNA vaccine, Mol. Ther. Nucleic Acid 17 (2019) 767-1755.

[33] S. Son, J. Nam, 1. Zenkov, L.J. Ochyl, Y. Xu, L. Scheetz, J. Shi, O.C. Farokhzad, J.J.
Moon, Sugar-nanocapsules imprinted with microbial molecular patterns for
mRNA vaccination, Nano Lett. 20 (2020) 1499-1509.

[34] S.D. Anderson, V.V. Gwenin, C.D. Cwenin, Magnetic functionalized
nanoparticles for biomedical, drug delivery and imaging applications,
Nanoscale Res. Lett. 14 (2019) 188.

[35] P. Ghosh, G. Han, M. De, C.K. Kim, V.M. Rotello, Gold nanoparticles in delivery
applications, Adv. Drug Deliv. Rev. 60 (2008) 1307-1315.

[36] T. Tazaki, K. Tabata, A. Ainai, Y. Ohara, S. Kobayashi, T. Ninomiya, Y. Orba, H.
Nitomo, T. Nakano, H. Hasegawa, K. Ijiro, H. Sawa, T. Suzuki, K. Niikura,
Shape-dependent adjuvanticity of nanoparticle- conjugated RNA adjuvants
for intranasal inactivated influenza vaccines, RSC Adv. 8 (2018) 16527.

[37] K. Niikura, T. Matsunaga, T. Suzuki, S. Kobayashi, H. Yamaguchi, Y. Orba, A.
Kawaguchi, H. Hasegawa, K. Kajino, T. Ninomiya, K. ljiro, H. Sawa, Gold
nanoparticles as a vaccine platform: influence of size and shape on
immunological responses in vitro and in vivo, ACS Nano 7 (2013) 3926-3938.

[38] Y. Guo, L. Tang, A magnetic nanovaccine enhances cancer immunotherapy,
ACS Cent. Sci. 5 (2019) 747-749.

[39] L.M.M. Neto, A. Kipnis, A.P. Junqueira-Kipnis, Role of metallic nanoparticles in
vaccinology: implications for infectious disease vaccine development, Front.
Immunol. 8 (2017) 239.

[40] N. Habibi, N. Kamaly, A. Memic, H. Shafiee, Self-assembled peptide-based
nanostructures: smart nanomaterials toward targeted drug delivery, Nano
Today 11 (2016) 41-60.

21

Advanced Drug Delivery Reviews 186 (2022) 114325

[41] A. Levin, T.A. Hakala, L. Schnaider, G.J.L. Bernardes, E. Gazit, T.P.]. Knowles,
Biomimetic peptide self-assembly for functional materials, Nat. Rev. Chem. 4
(2020) 615-634.

[42] J. Pan, Z. Cui, Self-Assembled nanoparticles:
vaccination, Biotechnol. J. 15 (2020) e2000087.

[43] T. Sun, H. Han, G.A. Hudalla, Y. Wen, R.R. Pmpano, J.H. Collier, Thermal
stability of self-assembled peptide vaccine materials, Acta Biomater. 30
(2016) 62-71.

[44] ].S. Rudra, Y.F. Tian, J.P. Jung, J.H. Collier, A self-assembling peptide acting as
an immune adjuvant, Proc. Natl. Acad. Sci. 107 (2010) 622-627.

[45] M. Kanekiyo, C.J. Wei, H.M. Yassine, P.M. McTamney, J.C. Boyingyon, J.R.R.

Whittle, S.S. Rao, W.P. Kong, L. Wang, G.J. Nabel, Self-assembling influenza

nanoparticle vaccines elicit broadly neutralizing HIN1 antibodies, Nature

499 (2013) 102-106.

S. Kang, Y. Kim, Y. Shin, J.J. Song, S. Jon, Antigen-presenting, self-assembled

protein nanobarrels as an adjuvant-free vaccine platform against influenza

virus, ACS Nano 15 (2021) 10722-10732.

L. He, X. Lin, Y. Wang, C. Abraham, C. Sou, T. Ngo, Y. Zhang, I.A. Wilson, J. Zhu,

Single-component, self-assembling, protein nanoparticles presenting the

receptor binding domain and stabilized spike as SARS-CoV-2 vaccine

candidates, Sci. Adv. 7 (2021) eabf1591.

P. Angsantikul, S. Thamphowatana, W. Gao, L. Zhang, Cell membrane-coated

nanoparticles as an emerging antibacterial vaccine platform, Vaccines 3

(2015) 814-828.

[49] K. O'Brien, K. Breyne, S. Ughetto, L.C. Laurent, X.0. Breakefield, RNA delivery
by extracellular vesicles in mammalian cells and its applications, Nat. Rev.
Mol. Cell Biol. 21 (2020) 585-606.

[50] S. Fu, Y. Wang, X. Xia, ].C. Zheng, Exosome engineering: Current progress in
cargo loading and targeted delivery, Nanoimpact 20 (2020) 100261.

[51] S.J. Tsai, N.A. Atai, M. Cacciottolo, J. Nice, A. Salehi, C. Guo, A. Sedgwick, S.
Kanagavelu, S.J. Gould, Exosome-mediated mRNA delivery in vivo is safe and
can be used to induce SARS-CoV-2 immunity, J. Biol. Chem. 297 (2021)
101266.

[52] Y.H. Chung, H. Cai, N.F. Steinmetz, Viral nanoparticles for drug delivery,
imaging, immunotherapy, and theranostic applications Adv, Drug Deliv. Rev.
156 (2020) 214-235.

[53] R. Noad, P. Roy, Virus-like particles as immunogens, Trends Microbiol. 11
(2003) 438-444.

[54] M. Segel, B. Lash, ]. Song, A. Ladha, C.C. Liu, X. Jin, S.L. Mekhedov, R.K. Macrae,
E.V. Koonin, F. Zhang, Mammalian retrovirus-like protein PEG10 packages its
own mRNA and can be pseudotyped for mRNA delivery, Science 373 (2021)
882-889.

[55] K.A. Whitehead, J.R. Dorkin, AJ. Vegas, P.H. Chang, O. Veiseh, ]. Mattews, O.S.
Fenton, Y. Zhang, K.T. Olejnik, V. Yesilyurt, D. Chen, S. Barros, B. Klebanov, T.
Novobrantseva, R. Langer, D.G. Anderson, Degradable lipid nanoparticles with
predictable in vivo siRNA delivery activity, Nat. Commun. 5 (2014) 4277.

[56] S.Yonezawa, H. Koide, T. Asai, Recent advances in siRNA delivery mediated by
lipid-based nanoparticles, Adv. Drug Deliv. Rev. 154-155 (2020) 64-78.

[57] R. Waehler, S.J. Russell, D.T. Curiel, Engineering targeted viral vectors for gene
therapy, Nat. Rev. Genet. 8 (2007) 573-587.

[58] J.E. Vela Ramirez, L.A. Sharpe, N.A, Peppas, Current state and challenges in
developing oral vaccines. Adv. Drug Deliv. Rev. 114 (2017) 116-131.

[59] S.Dhakal, S. Renu, S. Ghimire, Y.S. Lakshmanappa, B.T. Hogshead, N. Feliciano-
Ruiz, F. Lu, H. HogenEsch, S. Krakowka, C.W. Lee, G.J. Renukaradhya, Mucosal
Immunity and Protective Efficacy of Intranasal Inactivated Influenza Vaccine
Is Improved by Chitosan Nanoparticle Delivery in Pigs, Front. Immunol. 9
(2018) 934.

[60] J. Tomar, P.A. Born, H.W. Frijlink, W.L]. Hinrichs, Dry influenza vaccines:

towards a stable, effective and convenient alternative to conventional

parenteral influenza vaccination, Exp. Rev. Vaccines 15 (2016) 1431-1447.

S. Dhakal, J. Hiremath, K. Bondra, Y.S. Lakshmanappa, D.L. Shyu, K. Ouyang, K.

I. Kang, B. Binjawadagi, J. Goodman, K. Tabynov, S. Krakowka, B. Narasimhan,

CW. Lee, GJ. Renukaradhya, Biodegradable nanoparticle delivery of

inactivated swine influenza virus vaccine provides heterologous cell-

mediated immune response in pigs, J. Control. Release 247 (2017) 194-205.

S. Kumar, A. Bhaskar, G. Patnaik, C. Sharma, D.K. Singh, S.R. Kaushik, S.

Chaturvedi, G. Das, V.P. Dwivedi, Intranasal immunization with peptide-

based immunogenic complex enhances BCG vaccine efficacy in a murine

model of tuberculosis, JCI Insight 6 (2021) e145228.

K. Dijkman, N. Aguilo, C. Boot, S.0. Hofman, C.C. Sombroek, R.A.W. Vervenne,

C.H.M. Kocken, D. Marinova, ]J. Thole, E. Rodriguez, M.P.M. Vierboom, K.G.

Haanstra, E. Puentes, C. M, F.AW. Verreck, Pulmonary MTBVAC vaccination

induces immune signatures previously correlated with prevention of

tuberculosis infection. Cell Rep. Med. 2 (2021) 100187.

R. Kuai, LJ. Ochyl, K.S. Bahjat, A. Schwendeman, ].J. Moon, Designer vaccine

nanodiscs for personalized cancer immunotherapy, Nat. Mater. 16 (2017)

489-496.

[65] H.Jiang, Q. Wang, L. Li, Q. Zeng, H. Li, T. Gong, Z. Zhang, X. Sun, Turning the old
adjuvant from gel to nanoparticles to amplify CD8+ T cell responses, Adv. Sci.
(Weinh) 5 (2018) 1700426.

[66] M. Li, H. Zhou, W. Jiang, C. Yang, H. Miao, Y. Wang, Nanovaccines integrating
endogenous antigens and pathogenic adjuvants elicit potent antitumor
immunity, Nano Today 35 (2020).

[67] H. Jiang, Q. Wang, X. Sun, Lymph node targeting strategies to improve
vaccination efficacy, J. Control. Release 267 (2017) 47-56.

exciting platforms for

[46]

[47]

[48]

[61]

[62]

[63]

[64]


http://refhub.elsevier.com/S0169-409X(22)00215-0/h0060
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0060
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0060
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0065
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0065
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0065
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0070
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0070
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0070
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0075
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0075
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0080
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0080
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0080
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0085
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0085
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0085
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0090
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0090
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0095
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0095
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0095
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0100
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0100
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0100
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0105
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0105
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0105
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0110
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0110
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0110
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0110
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0115
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0115
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0115
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0120
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0120
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0120
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0125
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0125
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0130
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0130
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0130
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0135
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0135
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0135
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0140
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0140
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0140
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0145
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0145
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0145
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0150
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0150
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0150
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0150
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0155
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0155
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0155
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0160
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0160
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0160
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0165
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0165
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0165
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0170
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0170
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0170
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0175
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0175
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0180
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0180
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0180
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0180
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0185
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0185
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0185
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0185
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0190
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0190
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0195
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0195
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0195
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0200
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0200
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0200
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0205
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0205
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0205
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0210
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0210
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0215
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0215
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0215
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0220
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0220
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0225
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0225
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0225
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0225
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0230
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0230
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0230
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0235
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0235
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0235
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0235
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0240
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0240
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0240
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0245
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0245
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0245
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0250
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0250
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0255
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0255
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0255
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0255
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0260
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0260
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0260
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0265
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0265
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0270
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0270
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0270
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0270
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0275
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0275
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0275
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0275
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0280
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0280
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0285
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0285
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0295
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0295
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0295
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0295
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0295
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0300
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0300
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0300
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0305
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0305
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0305
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0305
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0305
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0310
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0310
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0310
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0310
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0320
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0320
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0320
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0325
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0325
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0325
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0330
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0330
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0330
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0335
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0335

J. Lee, D. Kim, J. Byun et al.

[68] E. Blanco, H. Shen, M. Ferrari, Principles of nanoparticle design for
overcoming biological barriers to drug delivery, Nat. Biotechnol. 33 (2015)
941-951.

[69] J.S. Suk, Q. Xu, N. Kim, J. Hanes, L.M. Ensign, PEGylation as a strategy for
improving nanoparticle-based drug and gene delivery, Adv. Drug Deliv. Rev.
99 (2016) 28-51.

[70] M. Mitchell, M.M. Billingsley, R.M. Haley, M.E. Weschsler, N.A. Peppas, R.
Langer, Nat. Rev. Drug Discov. 20 (2021) 101-124.

[71] M. Abdallah, O.0. Miillertz, L.K. Styles, A. Morsdorf, ].F. Quinn, M.R. Whittaker,
N.L. Trevaskis, Lymphatic targeting by albumin-hitchhiking: Applications and
optimisation, J. Control. Release 327 (2020) 117-128.

[72] H. Liu, K.D. Moynihan, Y. Zheng, G.L. Szeto, A.V. Li, B. Huang, D.S. Van Egeren,
C. Park, DJ. Irvine, Structure-based programming of lymph-node targeting in
molecular vaccines, Nature 507 (2014) 519-522.

[73] M.P. Steinbuck, L.M. Seenappa, A. Jakubowski, L.K. McNeil, C.M. Haqq, P.C.
DeMuth, A lymph node-targeted amphiphile vaccine induces potent cellular
and humoral immunity to SARS-CoV-2, Sci. Adv. 7 (2021) eabe5819.

[74] M. Cataldi, C. Vigliotti, T. Mosca, M. Cammarota, D. Capone, Emerging role of
the spleen in the pharmacokinetics of monoclonal antibodies, Nanoparticles
and Exosomes, Int. ]. Mol. Sci. 18 (2017) 1249.

[75] AB. Jindal, Nanocarriers for spleen targeting: anatomo-physiological

considerations, formulation strategies and therapeutic potential, Drug

Deliv. Transl. Res. 6 (2016) 473-485.

L.X. Zhang, Y.B. Jia, Y.R. Huang, R.T. Liu, Z.P. Xu, Efficient delivery of clay-based

nanovaccines to the mouse spleen protomotes potent anti-tumor immunity

for both prevention and treatment of lymphoma, Nano Res. 14 (2021) 1326-

1334.

S. Kimura, LA. Khalil, Y.H.A. Elewa, H. Harashima, Spleen selective

enhancement of transfection activities of plasmid DNA driven by

octaarginine and an ionizable lipid and its implications for cancer

immunization, J. Control. Release 313 (2019) 70-79.

S.A. Dilliard, Q. Cheng, DJ. Siegwart, On the mechanism of tissue-specific

mRNA delivery by selective organ targeting nanoparticles, Proc. Natl. Acad.

Sci. U.S.A. 118 (2021) e2109256118.

M.A. Mailer, M. Jayaraman, S. Matsuda, ]. Liu, S. Barros, W. Querbes, Y.K. Tam,

S.M. Ansell, V. Kumar, J. Qin, X. Zhang, Q. Wang, S. Panesar, R. Hutabarat, M.

Carioto, J. Hettinger, P. Kandasamy, D. Butler, K.G. Rajeev, B. Pang, K. Charisse,

K. Fitzgerald, B.L. Mui, X. Du, P. Cullis, T.D. Madden, M.]. Hope, M. Manoharan,

A. Akinc, Biodegradable lipids enabling rapidly eliminated lipid nanoparticles

for systemic delivery of RNAi therapeutics, Mol. Ther. 21 (2013) 1570-1578.

S. Sabnis, E.S. Kumarasinghe, T. Salerno, C. Mihai, T. Ketova, J.J. Senn, A. Lynn,

A. Bulychev, I. McFadyen, J. Chan, O. Almarsson, M.G. Stanton, K.E. Benenato,

A novel amino lipid series for mRNA delivery: improved endosomal escape

and sustained pharmacology and safety in non-human, Mol. Ther. 26 (2018)

1509-1519.

KJ. Hassett, K.E. Benenato, E. Jacquinet, A. Lee, A. Woods, O. Yuzhakov, S.

Himansu, J. Deterling, B.M. Geilich, T. Ketova, C. Mihai, A. Lynn, I. McFadyen,

M.J. Moore, J.J. Senn, M.G. Stanton, O. Almarsson, G. Ciaramella, L.A. Brito,

Optimization of Lipid Nanoparticles for Intramuscular Administration of

mRNA Vaccines, Mol. Ther. Nucleic Acids 15 (2019) 1-11.

P. Cao, F.Y. Han, L. Grondahl, Z.P. Xu, L. Li, Enhanced oral vaccine efficacy of

polysaccharide-coated calcium phosphate nanoparticles, ACS Omega 5 (2020)

18185-18197.

Y. Zhang, H. Li, Q. Wang, X. Hao, H. Li, H. Sun, L. Han, Z. Zhang, Q. Zou, X. Sun,

Rationally designed self-assembling nanoparticles to overcome mucus and

epithelium transport barriers for oral vaccines against helicobacter pylori,

Adv. Funct. Mater. 28 (2018).

X. Wei, M. Beltran-Gastelum, E. Karshalev, B. Esteban-Fernandez de Avila, ].

Zhou, D. Ran, P. Angsantikul, RH. Fang, J. Wang, L. Zhang, Biomimetic

micromotor enables active delivery of antigens for oral vaccination, Nano

Lett. 19 (2019) 1914-1921.

K. Han, J. Nam, J. Xu, X. Sun, X. Huang, O. Animasahun, A. Achreja, ].H. Jeon, B.

Pursley, N. Kamada, G.Y. Chen, D. Nagrath, ].J. Moon, Generation of systemic

antitumour immunity via the in situ modulation of the gut microbiome by an

orally administered inulin gel, Nat. Biomed. Eng. 5 (2021) 1377-1388.

A. Bhattacharjee, A.H.P. Burr, A.E. Overacre-Delgoffe, ].T. Tometich, D. Yang, B.

R. Huckestein, J.L. Linehan, S.P. Spencer, ].A. Hall, O.]. Harrison, D. Morais da

Fonseca, E.B. Norton, Y. Belkaid, T.W. Hand, Environmental enteric

dysfunction induces regulatory T cells that inhibit local CD4+ T cell

responses and impair oral vaccine efficacy, Immunity 54 (2021) 1745-1757

el747.

[87] J. Holmgren, C. Czerkinsky, Mucosal immunity and vaccines, Nat. Med. 11
(2005) S45-S53.

[88] D.J. Thornton, K. Rousseau, M.A. McGuckin, Structure and function of the
polymeric mucins in airways mucus, Annu. Rev. Physiol. 70 (2008) 459-486.

[89] P. Brandtzaeg, Function of mucosa-associated lymphoid tissue in antibody
formation, Immunol. Invest. 39 (2010) 303-355.

[90] S.A. van de Pavert, R.E. Mebius, New insights into the development of
lymphoid tissues, Nat. Rev. Immunol. 10 (2010) 664-674.

[91] H. Kiyono, S. Fukuyama, NALT- versus Peyer’s-patch-mediated mucosal
immunity, Nat. Rev. Immunol. 4 (2004) 699-710.

[92] M.R. Neutra, P.A. Kozlowski, Mucosal vaccines: the promise and the
challenge, Nat. Rev. Immunol. 6 (2006) 148-158.

[93] S. Sharma, T.K.S. Mukkur, H.A.E. Benson, Y. Chen, Pharmaceutical aspects of
intranasal delivery of vaccines using particulate systems, J. Pharm. Sci. 98
(2009) 812-843.

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

22

Advanced Drug Delivery Reviews 186 (2022) 114325

[94] N. Csaba, M. Garcia-Fuentes, M.]. Alonso, Nanoparticles for nasal vaccination,
Adv. Drug Deliv. Rev. 61 (2009) 140-157.

[95] H. Yusuf, V. Kett, Current prospects and future challenges for nasal vaccine
delivery, Hum. Vaccin. Immunother. 13 (2017) 34-45.

[96] C. Karavasili, D.G. Fatouros, Smart materials: in situ gel-forming systems for
nasal delivery, Drug Discov. Today 21 (2016) 157-166.

[97] Y. Yuki, Y. Uchida, S.I. Sawada, R. Nakahashi-Ouchida, K. Sugiura, H. Mori, T.
Yamanoue, T. Machita, A. Honma, S. Kurokawa, R. Mukerji, D.E. Briles, K.
Akiyoshi, H. Kiyono, Characterization and specification of a trivalent protein-
based pneumococcal vaccine formulation using an adjuvant-free nanogel
nasal delivery system, Mol. Pharm. 18 (2021) 1582-1592.

[98] E.K. Wasan, ]. Syeda, S. Strom, ]. Cawthray, R.E. Hancock, KM. Wasan, V.
Gerdts, A lipidic delivery system of a triple vaccine adjuvant enhances
mucosal immunity following nasal administration in mice, Vaccine 37 (2019)
1503-1515.

[99] LM. El-Sherbiny, N.M. El-Baz, M.H. Yacoub, Inhaled nano- and microparticles
for drug delivery, Glob. Cardiol. Sci. Pract. 2 (2015) 1-14.

[100] N. Marasini, L.M. Kaminskas, Subunit-based mucosal vaccine delivery
systems for pulmonary delivery - Are they feasible?, Drug Dev Ind. Pharm.
45 (2019) 882-894.

[101] L Rossi, G. Spagnoli, F. Buttini, F. Sonvico, F. Stellari, D. Cavazzini, Q. Chen, M.
Miiller, A. Bolchi, S. Ottonello, R. Bettini, A respirable HPV-L2 dry-powder
vaccine with GLA as amphiphilic lubricant and immune-adjuvant, J. Control.
Release 340 (2021) 209-220.

[102] Y.L. Mato, Nasal route for vaccine and drug delivery: Features and current
opportunities, Int. J. Pharm. 572 (2019) 118813.

[103] C.L. Ngan, A.A. Asmawi, Lipid-based pulmonary delivery system: A review
and future considerations of formulation strategies and limitations, Drug
Deliv. Tranl. Res. 8 (2018) 1527-1544.

[104] Y. Gillet, P. Habermehl, S. Thomas, C. Eymin, A. Fiquet, Immunogenicity and
safety of concomitant administration of a measles, mumps and rubella
vaccine (M-M-RvaxPro) and a varicella vaccine (VARIVAX) by intramuscular
or subcutaneous routes at separate injection sites: A randomised clinical trial,
BMC Med. 7 (2009) 16.

[105] A. Schudel, D.M. Francis, S.N. Thomas, Material design for lymph node drug
delivery, Nat. Rev. Mater. 4 (2019) 415-428.

[106] L. Miao, L. Li, Y. Huang, D. Delcassian, J. Chahal, J. Han, Y. Shi, K. Sadtler, W.

Gao, J. Lin, ]J.C. Doloff, R. Langer, D.G. Anderson, Delivery of mRNA vaccines

with heterocyclic lipids increases anti-tumor efficacy by STING-mediated

immune cell activation, Nat. Biotechnol. 37 (2019) 1174-1185.

D. Qiao, L. Liu, Y. Chen, C. Xue, Q. Gao, H.Q. Mao, K.W. Leong, Y. Chen, Potency

of a scalable nanoparticulate subunit vaccine, Nano Lett. 18 (2018) 3007-

3016.

C. Pan, J. Wu, S. Qing, X. Zhang, L. Zhang, H. Yue, M. Zeng, B. Wang, Z. Yuan, Y.

Qiu, H. Ye, D. Wang, X. Liu, P. Sun, B. Liu, E. Feng, X. Gao, L. Zhu, W. Wei, G. Ma,

H. Wang, Biosynthesis of self-assembled proteinaceous nanoparticles for

vaccination, Adv. Mater. 32 (2020) e2002940.

C. Xu, H. Hong, Y. Lee, K.S. Park, M. Sun, T. Wang, M.E. Aikins, Y. Xu, ].J. Moon,

Efficient lymph node-targeted delivery of personalized cancer vaccines with

reactive oxygen species-inducing reduced graphene oxide nanosheets, ACS

Nano 14 (2020) 13268-13278.

C. Latroche, C. Gitiaux, F. Chretien, I. Desguerre, R. Mounier, B. Chazaud,

Skeletal muscle microvasculature: A highly dynamic lifeline, Physiology

(Bethesda) 30 (2015) 417-427.

[111] D. Zhy, C. Huy, F. Fan, Y. Qin, C. Huang, Z. Zhang, L. Lu, H. Wang, H. Sun, X. Leng,
C. Wang, D. Kong, L. Zhang, Co-delivery of antigen and dual agonists by
programmed mannose-targeted cationic lipid-hybrid polymersomes for
enhanced vaccination, Biomaterials 206 (2019) 25-40.

[112] X. Dong, J. Liang, A. Yang, C. Wang, D. Kong, F. Lv, In vivo imaging tracking and
immune responses to nanovaccines involving combined antigen
nanoparticles with a programmed delivery, ACS Appl. Mater. Interfaces 10
(2018) 21861-21875.

[113] T. Song, Y. Xia, Y. Du, M\W. Chen, H. Qing, G. Ma, Engineering the

deformability of albumin-stabilized emulsions for lymph-node vaccine

delivery, Adv. Mater. 33 (2021) e2100106.

R. Yang, Y. Deng, B. Huang, L. Huang, A. Lin, Y. Li, W. Wang, ]. Liu, S. Lu, Z.

Zhan, Y. Wang, R. A, W. Wang, P. Niu, L. Zhao, S. Li, X. Ma, L. Zhang, Y. Zhang,

W. Yao, X. Liang, J. Zhao, Z. Liu, X. Peng, H. Li, W. Tan, A core-shell structured

COVID-19 mRNA vaccine with favorable biodistribution pattern and

promising immunity, Signal Transduct. Target Ther. 6 (2021) 213.

LF. Cook, I. Barr, G. Hartel, D. Pond, A.W. Hampson, Reactogenicity and

immunogenicity of an inactivated influenza vaccine administered by

intramuscular or subcutaneous injection in elderly adults, Vaccine 24

(2006) 2395-2402.

M. Knuf, F. Zepp, C.U. Meyer, P. Habermehl, L. Maurer, H.M. Burow, U. Behre,

M. Janssens, P. Willems, H. Bisanz, V. Vetter, R. Schmidt-Ott, Safety,

immunogenicity and immediate pain of intramuscular versus subcutaneous

administration of a measles-mumps-rubella-varicella vaccine to children

aged 11-21 months, Eur. J. Pediatr. 169 (2010) 925-933.

[117] J. Humeau, ]. Le Naour, L. Galluzzi, G. Kroemer, ].G. Pol, Trial watch:
intratumoral immunotherapy, Oncoimmunology 10 (2021) 1984677.

[118] W. Ngamcherdtrakul, M. Reda, M.A. Nelson, R. Wang, H.Y. Zaidan, D.S. Bejan,
N.H. Hoang, R.S. Lane, SW. Luoh, S.A. Leachman, G.B. Mills, J.W. Gray, A.W.
Lund, W. Yantasee, In situ tumor vaccination with nanoparticle co-delivering
CpG and STAT3 siRNA to effectively induce whole-body antitumor immune
response, Adv. Mater. 33 (2021) e2100628.

[107]

[108]

[109]

[110]

[114]

[115]

[116]


http://refhub.elsevier.com/S0169-409X(22)00215-0/h0340
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0340
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0340
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0345
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0345
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0345
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0350
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0350
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0355
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0355
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0355
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0360
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0360
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0360
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0365
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0365
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0365
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0370
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0370
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0370
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0375
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0375
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0375
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0380
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0380
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0380
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0380
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0385
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0385
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0385
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0385
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0390
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0390
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0390
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0395
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0395
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0395
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0395
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0395
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0395
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0400
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0400
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0400
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0400
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0400
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0405
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0405
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0405
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0405
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0405
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0410
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0410
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0410
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0415
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0415
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0415
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0415
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0420
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0420
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0420
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0420
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0425
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0425
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0425
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0425
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0430
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0430
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0430
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0430
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0430
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0430
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0435
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0435
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0440
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0440
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0445
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0445
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0450
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0450
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0455
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0455
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0460
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0460
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0465
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0465
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0465
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0470
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0470
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0475
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0475
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0480
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0480
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0485
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0485
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0485
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0485
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0485
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0490
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0490
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0490
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0490
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0495
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0495
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0500
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0500
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0500
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0505
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0505
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0505
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0505
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0510
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0510
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0515
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0515
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0515
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0520
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0520
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0520
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0520
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0520
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0525
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0525
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0530
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0530
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0530
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0530
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0535
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0535
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0535
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0540
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0540
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0540
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0540
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0545
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0545
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0545
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0545
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0550
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0550
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0550
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0555
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0555
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0555
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0555
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0560
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0560
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0560
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0560
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0565
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0565
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0565
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0575
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0575
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0575
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0575
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0580
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0580
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0580
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0580
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0580
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0585
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0585
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0590
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0590
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0590
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0590
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0590

J. Lee, D. Kim, J. Byun et al.

[119] N. Mahesh, N. Singh, P. Talukdar, A mathematical model for understanding
nanoparticle biodistribution after intratumoral injection in cancer tumors, J.
Drug Deliv. Sci. Technol. 68 (2022) 4677-4689.

[120] N. Momin, N.K. Mehta, N.R. Bennett, L.Y. Ma, J.R. Palmeri, M.M. Chinn, E.A.
Lutz, B. Kang, DJ. Irvine, S. Spranger, K.D. Wittrup, Anchoring of
intratumorally administered cytokines to collagen safely potentiates
systemic cancer immunotherapy, Sci. Transl. Med. 11 (2019) eaaw2614.

[121] L. Melero, E. Castanon, M. Alvarez, S. Champiat, A. Marabelle, Intratumoural
administration and tumour tissue targeting of cancer immunotherapies, Nat.
Rev. Clin. Oncol. 18 (2021) 558-576.

[122] G.D. Brown, J.A. Willment, L. Whitehead, C-type lectins in immunity and
homeostasis, Nat. Rev. Immunol. 18 (2018) 374-389.

[123] D.S. Wilson, S. Hirosue, M.M. Raczy, L. Bonilla-Ramirez, L. Jeanbart, R. Wang,

M. Kwissa, J.F. Franetich, M.A.S. Broggi, G. Diaceri, X. Quaglia-Thermes, D.

Mazier, M.A. Swartz, J.A. Hubbell, Antigens reversibly conjugated to a

polymeric glyco-adjuvant induce protective humoral and cellular

immunity, Nat. Mater. 18 (2019) 175-185.

S.K. Horrevorts, D.A. Stolk, R. van de Ven, M. Hulst, B. van Het Hof, S.

Duinkerken, M.H. Heineke, W. Ma, S.A. Dusoswa, R. Nieuwland, J.J. Garcia-

Vallejo, A.A. van de Loosdrecht, T.D. de Gruijl, S.J. van Vliet, Y.van Kooyk,

glycan-modified apoptotic melanoma-derived extracellular vesicles as

antigen source for anti-tumor vaccination, Cancers (Basel) 11 (2019) 1266.

B. Liu, Y. Yang, Y. Chao, Z. Xiao, J. Xu, C. Wang, Z. Dong, L. Hou, Q. Li, Z. Liu,

Equipping cancer cell membrane vesicles with functional DNA as a targeted

vaccine for cancer immunotherapy, Nano Lett. 21 (2021) 9410-9418.

A. Singh, V. Nandwana, J.S. Rink, S.R. Ryoo, T.H. Chen, S.D. Allen, E.A. Scott, L.I.

Gordon, C.S. Thaxton, V.P. Dravid, Biomimetic magnetic nanostructures: A

theranostic platform targeting lipid metabolism and immune response in

lymphoma, ACS Nano 13 (2019) 10301-10311.

S. Lara, A. Perez-Potti, LM. Herda, L. Adumeau, KA. Dawson, Y. Yan,

Differential recognition of nanoparticle protein corona and modified low-

density lipoprotein by macrophage receptor with collagenous structure, ACS

Nano 12 (2018) 4930-4937.

S. Lara, F. Alnasser, E. Polo, D. Garry, M.C.L. Giudice, D.R. Hristov, L. Rocks, A.

Salvati, Y. Yan, K.A. Dawson, Identification of receptor binding to the

biomolecular corona of nanoparticles, ACS Nano 11 (2018) 1884-1893.

[129] Y. Qian, H. Jin, S. Qiao, Y. Dai, C. Huang, L. Lu, Q. Luo, Z. Zhang, Targeting

dendritic cells in lymph node with an antigen peptide-based nanovaccine for

cancer immunotherapy, Biomaterials 98 (2016) 171-183.

M. Bednarczyk, C. Medina-Montano, F.J. Fittler, H. Stege, M. Roskamp, M.

Kuske, C. Langer, M. Vahldieck, E. Montermann, I. Tubbe, N. Rohrig, A.

Dzionek, S. Grabbe, M. Bros, Complement-opsonized nano-carriers are bound

by dendritic cells (DC) via complement receptor (CR)3, and by B cell

subpopulations via CR-1/2, and affect the activation of DC and B-1 Cells, Int. J.

Mol. Sci. 22 (2021) 2869.

X. Wang, J. Liang, C. Zhang, G. Ma, C. Wang, D. Kong, Coordination

microparticle vaccines engineered from tumor cell templates, Chem.

Commun. (Camb) 55 (2019) 1568-1571.

[132] R.G. Parton, M.A. del Pozo, Caveolae as plasma membrane sensors, protectors
and organizers, Nat. Rev. Mol. Cell Biol. 14 (2013) 98-112.

[133] LR. Nabi, P.U. Le, Caveolae/raft-dependent endocytosis, ]. Cell Biol. 161 (2003)
673-677.

[134] P. Makvandi, M. Chen, R. Sartorius, A. Zarrabi, M. Ashrafizadeh, F.D.
Moghaddam, J. Ma, V. Mattoli, F.R. Tay, Endocytosis of abiotic
nanomaterials and nanobiovectors: Inhibition of membrane trafficking,
Nano Today 41 (2021) 101279.

[135] N. Means, C.K. Elechalawar, W.R. Chen, R. Bhattacharya, P. Mukherjee,
Revealing macropinocytosis using nanoparticles, Mol. Aspects Med. 83
(2022) 100993.

[136] R.Li, T.S.C. Ng, S.J. Wang, M. Prytyskach, C.B. Rodell, H. Mikula, R.H. Kohler, M.
A. Garlin, D.A. Lauffenburger, S. Parangi, D.M. Dinulescu, N. Bardeesy, R.
Weissleder, M.A. Miller, Therapeutically reprogrammed nutrient signalling
enhances nanoparticulate albumin bound drug uptake and efficacy in KRAS-
mutant cancer, Nat. Nanotechnol. 16 (2021) 830-839.

[137] J. Lee, L. Sands, W. Zhang, L. Zhou, Y. Chen, DNA-inspired nanomaterials for
enhanced endosomal escape, Proc. Natl. Acad. Sci. US.A. 118 (2021)
€2109256118.

[138] H.T. McMahon, E. Boucrot, Molecular mechanism and physiological functions
of clathrin-mediated endocytosis, Nat. Rev. Mol. Cell Biol. 12 (2011) 517-533.

[139] Y. Liu, J. Zhang, Y. Tu, L. Zhu, Potential-independent intracellular drug
delivery and mitochondrial targeting, ACS Nano 16 (2022) 1409-1420.

[140] S.E, C. He, ].H. Wang, Q. Mao, X. Chen, Tunable organelle imaging by rational
design of carbon dots and utilization of uptake pathways, ACS Nano 15
(2021) 14465-14474.

[141] HJ. Liu, Y. Qin, Z.H. Zhao, Y. Zhang, J.H. Yang, D.H. Zhai, F. Cui, C. Luo, M.X. Lu,
P.P. Li, HW. Xu, K. Li, B. Sun, S. Chen, H.G. Zhou, C. Yang, T. Sun, Lentinan-
functionalized selenium nanoparticles target tumor cell mitochondria via
TLR4/TRAF3/MFNT1 pathway, Theranostics 10 (2020) 9083-9099.

[142] S. Mayor, R.E. Pagano, Pathways of clathrin-independent endocytosis, Nat.
Rev. Mol. Cell Biol. 8 (2007) 603-612.

[143] A.L. Kiss, E. Botos, Endocytosis via caveolae: Alternative pathway with
distinct cellular compartments to avoid lysosomal degradation?, ] Cell Mol.
Med. 13 (2009) 1228-1237.

[144] C. Delehedde, L. Even, P. Midoux, C. Pichon, F. Perche, Intracellular Routing
and Recognition of Lipid-Based mRNA Nanoparticles, Pharmaceutics 13
(2021) 945.

[124]

[125]

[126]

[127]

[128]

[130]

[131]

23

Advanced Drug Delivery Reviews 186 (2022) 114325

[145] L. Cui, M.R. Hunter, S. Sonzini, S. Pereira, S.M. Romanelli, K. Liu, W. Li, L. Liang,
B. Yang, N. Mahmoudi, A.S. Desai, Mechanistic studies of an automated lipid
nanoparticle reveal critical pharmaceutical properties associated with
enhanced mRNA functional delivery in vitro and in vivo, Small 18 (2022)
€21055832.

[146] C.C. Scott, F. Vacca, ]. Gruenberg, Endosome maturation, transport and
functions, Semin. Cell Dev. Biol. 31 (2014) 2-10.

[147] T. van de Vyver, S.C. De Smedt, K. Raemdonck, Modulating intracellular
pathways to improve non-viral delivery of RNA therapeutics, Adv. Drug Deliv.
Rev. 181 (2022) 114041.

[148] L. Qin, J. Cao, K. Shao, F. Tong, Z. Yang, T. Lei, Y. Wang, C. Hu, C.S. Umeshappa,
H. Gao, N.A. Peppas, A tumor-to-lymph procedure navigated versatile gel
system for combinatorial therapy against tumor recurrence and metastasis,
Sci. Adv. 6 (2020) eabb3116.

[149] Y. Tu, L. Zhao, D.D. Billadeau, D. Jia, Endosome-to-TGN trafficking: Organelle-
vesicle and organelle-organelle interactions, Front. Cell Dev. Biol. 8 (2020)
163.

[150] N. Oh, J.H. Park, Endocytosis and exocytosis of nanoparticles in mammalian
cells, Int. J. Nanomedicine 9 (Suppl 1) (2014) 51-63.

[151] M.L. Guevara, F. Persano, S. Persano, Advances in lipid nanoparticles for
mRNA-based cancer immunotherapy, Front. Chem. 8 (2020) 589959.

[152] M.J. Mitchell, M.M. Billingsley, R.M. Haley, M.E. Wechsler, N.A. Peppas, R.
Langer, Engineering precision nanoparticles for drug delivery, Nat. Rev. Drug
Discov. 20 (2021) 101-124.

[153] A. Khurana, P. Allawadhi, I. Khurana, S. Allwadhi, R. Weiskirchen, A.K.
Banothu, D. Chhabra, K. Joshi, K.K. Bharani, Role of nanotechnology behind
the success of mRNA vaccines for COVID-19, Nano Today 38 (2021) 101142.

[154] M. Gujrati, A. Malamas, T. Shin, E. Jin, Y. Sun, Z.R. Lu, Multifunctional cationic
lipid-based nanoparticles facilitate endosomal escape and reduction-
triggered cytosolic siRNA release, Nano Today 38 (2021) 101142.

[155] S. Patel, N. Ashwanikumar, E. Robinson, A. DuRoss, C. Sun, K.E. Murphy-
Benenato, C. Mihai, O. Almarsson, G. Sahay, Boosting intracellular delivery of
lipid nanoparticle-encapsulated mRNA, Nano Lett. 17 (2017) 5711-5718.

[156] CJ. McKinlay, J.R. Vargas, T.R. Blake, ].W. Hardy, M. Kanada, C.H. Contag, P.A.
Wender, R.M. Waymouth, Charge-altering releasable transporters (CARTSs) for
the delivery and release of mRNA in living animals, Proc. Natl. Acad. Sci. U.S.
A. 114 (2017) E448-E456.

[157] M. Maugeri, M. Nawaz, A. Papadimitriou, A. Angerfors, A. Camponeschi, M.
Na, M. Holtta, P. Skantze, S. Johansson, M. Sundqvist, J. Lindquist, T. Kjellman,
LL. Martensson, T. Jin, P. Sunnerhagen, S. Ostman, L. Lindfors, H. Valadi,
Linkage between endosomal escape of LNP-mRNA and loading into EVs for
transport to other cells, Nat. Commun. 10 (2019) 4333.

[158] ]. Lv, B. He, J. Yu, Y. Wang, C. Wang, S. Zhang, H. Wang, J. Hu, Q. Zhang, Y.
Cheng, Fluoropolymers for intracellular and in vivo protein delivery,
Biomaterials 182 (2018) 167-175.

[159] AN. Tsoras, KM. Wong, AK. Paravastu, J.A. Champion, Rational design of

antigen incorporation into subunit vaccine biomaterials can enhance

antigen-specific immune responses, Front. Immunol. 11 (2020) 1547.

R.S. Riley, M.V. Kashyap, M.M. Billingsley, B. White, M.-G. Alameh, S.K. Bose,

P.W. Zoltick, H. Li, R. Zhang, A.Y. Cheng, D. Weissman, W.H. Peranteau, M.J.

Mitchell, Ionizable lipid nanoparticles for in utero mRNA delivery, Sci. Adv. 7

(2021) eaba1028.

M. Kim, M. Jeong, S. Hur, Y. Cho, J. Park, H. Jung, Y. Seo, H.A. Woo, K.T. Nam, K.

Lee, H. Lee, Engineered ionizable lipid nanoparticles for targeted delivery of

RNA therapeutics into different types of cells in the liver, Sci. Adv. 7 (2021)

eabf4398.

S. Liu, Q. Cheng, T. Wei, X. Yu, LT. Johnson, L. Farbiak, D.J. Siegwart,

Membrane-destabilizing ionizable phospholipids for organ-selective mRNA

delivery and CRISPR-Cas gene editing, Nat. Mater. 20 (2021) 701-710.

E. Alvarez-Benedicto, L. Farbiak, M. Marquez Ramirez, X. Wang, L.T. Johnson,

0. Mian, E.D. Guerrero, D.J. Siegwart, Optimization of phospholipid chemistry

for improved lipid nanoparticle (LNP) delivery of messenger RNA (mRNA),

Biomater. Sci. 10 (2022) 549-559.

X. Zhu, W. Tao, D. Liu, ]J. Wu, Z. Guo, X. Ji, Z. Bharwani, L. Zhao, X. Zhao, O.C.

Farokhzad, J. Shi, Surface De-PEGylation controls nanoparticle-mediated

siRNA delivery in vitro and in vivo, Theranostics 7 (2017) 1990-2002.

M. Sylvestre, S. Lv, LF. Yang, N. Luera, D.]. Peeler, B.M. Chen, S.R. Roffler, S.H.

Pun, Replacement of L-amino acid peptides with D-amino acid peptides

mitigates anti-PEG antibody generation against polymer-peptide conjugates

in mice, J. Control. Release 331 (2021) 142-153.

S. Senapati, RJ. Darling, D. Loh, I.C. Schneider, M.J. Wannemuehler, B.

Narasimhan, S.K.  Mallapragada, Pentablock copolymer micelle

nanoadjuvants enhance cytosolic delivery of antigen and improve vaccine

efficacy while inducing low inflammation, ACS Biomater. Sci. Eng. 5 (2019)

1332-1342.

P. Hao, X. Wu, L. Wang, S. Wei, H. Xu, W. Huang, Y. Li, T. Zhang, X. Zan, One-

pot generating subunit vaccine with high encapsulating efficiency and fast

lysosome escape for potent cellular immune response, Bioconjug. Chem. 31

(2020) 1917-1927.

W. Chen, W. Deng, X. Xu, X. Zhao, J.N. Vo, A.G. Anwer, T.C. Williams, H. Cui, E.

M. Goldys, Photoresponsive endosomal escape enhances gene delivery using

liposome-polycation-DNA (LPD) nanovectors, J. Mater. Chem. B 6 (2018)

5269-5281.

Y. Ly, Y.L. Lin, ZW. Chen, Q.Y. Hu, Y. Liu, S.J. Yu, W. Gao, M.D. Dickey, Z. Gu,

Enhanced endosomal escape by light-fueled liquid-metal transformer, Nano

Lett. 17 (2017) 2138-2145.

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]


http://refhub.elsevier.com/S0169-409X(22)00215-0/h0595
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0595
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0595
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0600
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0600
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0600
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0600
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0605
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0605
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0605
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0610
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0610
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0615
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0615
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0615
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0615
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0615
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0625
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0625
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0625
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0630
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0630
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0630
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0630
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0635
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0635
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0635
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0635
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0640
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0640
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0640
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0645
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0645
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0645
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0650
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0650
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0650
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0650
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0650
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0650
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0655
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0655
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0655
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0660
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0660
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0665
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0665
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0670
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0670
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0670
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0670
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0675
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0675
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0675
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0680
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0680
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0680
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0680
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0680
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0685
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0685
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0685
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0690
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0690
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0695
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0695
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0705
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0705
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0705
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0705
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0710
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0710
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0715
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0715
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0715
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0720
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0720
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0720
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0725
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0725
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0725
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0725
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0725
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0730
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0730
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0735
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0735
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0735
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0740
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0740
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0740
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0740
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0745
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0745
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0745
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0750
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0750
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0755
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0755
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0760
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0760
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0760
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0765
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0765
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0765
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0770
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0770
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0770
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0775
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0775
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0775
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0780
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0780
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0780
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0780
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0785
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0785
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0785
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0785
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0785
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0790
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0790
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0790
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0795
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0795
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0795
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0800
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0800
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0800
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0800
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0805
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0805
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0805
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0805
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0810
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0810
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0810
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0815
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0815
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0815
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0815
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0820
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0820
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0820
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0825
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0825
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0825
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0825
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0830
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0830
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0830
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0830
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0830
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0835
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0835
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0835
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0835
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0840
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0840
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0840
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0840
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0845
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0845
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0845

J. Lee, D. Kim, J. Byun et al.

[170] H. Yin, X. Yuan, L. Luo, Y. Lu, B. Qin, J. Zhang, Y. Shi, C. Zhu, J. Yang, X. Li, M.
Jiang, Z. Luo, X. Shan, D. Chen, ]. You, Appropriate delivery of the CRISPR/Cas9
system through the nonlysosomal route: Application for therapeutic gene
editing, Adv. Sci. (Weinh) 7 (2020) 1903381.

[171] X. Yuan, B. Qin, H. Yin, Y. Shi, M. Jiang, L. Luo, Z. Luo, J. Zhang, X. Li, C. Zhu, Y.
Du, J. You, Virus-like nonvirus cationic liposome for efficient gene delivery
via endoplasmic reticulum pathway, ACS Cent. Sci. 6 (2020) 174-188.

[172] J.M. Hutchison, R. Capone, D.D. Luu, K.H. Shah, A. Hadziselimovic, W.D. Van
Horn, C.R. Sanders, Recombinant SARS-CoV-2 envelope protein traffics to the
trans-golgi network following amphipol-mediated delivery into human cells,
J. Biol. Chem. 297 (2021) 100940.

[173] C. Liu, B. Liu, J. Zhao, Z. Di, D. Chen, Z. Gu, L. Li, Y. Zhao, Nd3+-sensitized
upconversion metal-organic frameworks for mitochondria-targeted
amplified photodynamic therapy, Angew. Chem. Int. Ed. 59 (2020) 2634.

[174] R. Wen, B. Banik, R.K. Pathak, A. Kumar, N. Kolishetti, S. Dhar, Nanotechnology
inspired tools for mitochondrial dysfunction related diseases, Adv. Drug
Deliv. Rev. 99 (2016) 52-69.

[175] R. Ganji, P.H. Reddy, Impact of COVID-19 on mitochondrial-based immunity
in aging and age-related diseases, Front. Aging Neurosci. 12 (2020) 614650.

[176] D. Kim, Y. Wu, Q. Li, Y.K. Oh, Nanoparticle-mediated lipid metabolic
reprogramming of t cells in tumor microenvironments for
immunometabolic therapy, Nanomicro Lett. 13 (2021) 31.

[177] S. Haddad, I. Abanades Lazaro, M. Fantham, A. Mishra, J. Silvestre-Albero, ].W.
M. Osterrieth, G.S. Kaminski Schierle, C.F. Kaminski, R.S. Forgan, D. Fairen-
Jimenez, Design of a functionalized metal-organic framework system for
enhanced targeted delivery to mitochondria, . Am. Chem. Soc. 142 (2020)
6661-6674.

[178] S. Linares-Fernandez, C. Lacroix, J.-Y. Exposito, B. Verrier, Tailoring mRNA
vaccine to balance innate/adaptive immune response, Trends Mol. Med. 26
(2020) 311-323.

[179] L Freund, T. Eigenbrod, M. Helm, A.H. Dalpke, RNA modifications modulate
activation of innate toll-like receptors, Genes 10 (2019) 92.

[180] K.S. Corbett, B. Flynn, K.E. Foulds, J.R. Francica, S. Boyoglu-Barnum, A.P.
Werner, B. Flach, S. O’Connell, K.W. Bock, M. Minai, B.M. Nagata, H. Andersen,
D.R. Martinez, A.T. Noe, N. Douek, M.M. Donaldson, N.N. Nji, G.S. Alvarad, D.K.
Edwards, D.R. Flebbe, E. Lamb, N.A. Doria-Rose, B.C. Lin, M.K. Louder, S. O'Dell,
S.D. Schmidt, E. Phung, L.A. Chang, C. Yap, J.P.M. Todd, L. Pessaint, A.V. Ry, S.
Browne, J. Greenhouse, T. Putman-Taylor, A. Strasbaugh, T.A. Campbell, A.
Cook, A. Dodson, K. Steingrebe, W. Shi, Y. Zhang, 0.M. Abiona, L. Wang, A.
Pegu, E.S. Yang, K. Leung, T. Zhou, L.T. Teng, A. Widge, 1. Gordon, L. Novik, R.A.
Gillespie, RJ. Loomis, ].I. Moliva, G. Stewart-Jones, S. Himansu, W.P. Kong, M.
C. Nason, K.M. Morabito, T.J. Ruckwardet, ].E. Ledgerwood, M.R. Gaudinski, P.D.
Kwong, J.R. Mascola, A. Carfi, M.G. Lewis, R.S. Baric, A. McDermott, I.N. Moore,

24

Advanced Drug Delivery Reviews 186 (2022) 114325

N.J. Sullivan, M. Roederer, R.A. Seder, B.S. Graham, Evaluation of the mRNA-
1273 vaccine against SARS-CoV-2 in nonhuman primates, N. Eng. J. Med. 383
(2020) 1544-1555.

S.P. Kasturi, M. A.U. Rasheed, C. Havenar-Daughton, M. Pham, T. Legere, Z.J.

Sher, Y. Kovalenkov, S. Gumber, ].Y. Huang, R. Gottardo, W. Fulp, A. Sato, S.

Sawant, S. Stanfield-Oakley, N. Yates, C. LaBranche, S.M. Alam, G. Tomaras, G.

Ferrari, D. Montefiori, ]. Wrammert, F. Villinger, M. Tomai, John. Vasilakos, C.

B. Fox, S.G. Reed, B.F. Haynes, S. Crotty, R. Ahmed, B. Pulendran, 3M-052, a

synthetic TLR-7/8 agonist, induces durable HIV-1 envelope-specific plasma

cells and humoral immunity in nonhuman primates, Sci. Immunol. 5 (2020)

eabb1025.

L.B. Tezera, M.K. Bielecka, A. Chancellor, M.T. Reichmann, B.A. Shammari, P.

Brace, A. Batty, A. Tocheva, S. Jogai, B.G. Marshall, M. Tebruegge, S.N.

Jayasinghe, S. Mansour, P.T. Elkington, Dissection of the host-pathogen

interaction in human tuberculosis using a bioengineered 3-dimensional

model, Elife 6 (2017) e21283.

[183] T.A. Patente, M.P. Pinho, A.A. Oliveira, G.C.M. Evangelista, P.C. Bergami-
Santos, J.A.M. Barbuto, Human dendritic cells: Their heterogeneity and
clinical application potential in cancer immunotherapy, Front. Immunol. 9
(2019) 3176.

[184] F. Cao, M. Yan, Y. Liu, L. Liu, G. Ma, Photothermally controlled MHC class I
restricted CD8+ T-Cell responses elicited by hyaluronic acid decorated gold
nanoparticles as a vaccine for cancer immunotherapy, Adv. Healthc. Mater. 7
(2018) e1701439.

[185] C. Wang, W. Zhu, Y. Luo, B.Z. Wang, Gold nanoparticles conjugating
recombinant influenza hemagglutinin trimers and flagellin enhanced
mucosal cellular immunity, Nanomedicine 14 (2018) 1349-1360.

[186] J. Gan, G. Du, C. He, M. Jiang, X. Mou, J. Xue, X. Sun, Tumor cell membrane
enveloped aluminum phosphate nanoparticles for enhanced cancer
vaccination, J. Control. Release 326 (2020) 297-3009.

[187] AK. Blakney, P.F. McKay, D. Christensen, B.l. Yus, Y. Aldon, F. Follmann, R.J.
Shattock, Effects of cationic adjuvant formulation particle type, fluidity and
immunomodulators on delivery and immunogenicity of saRNA, ]. Control.
Release 304 (2019) 65-74.

[188] J.H. Erasmus, A.P. Khandhar, J. Guderian, B. Granger, ]. Archer, M. Archer, E.
Gage, J. Fuerte-Stone, E. Larson, S. Lin, R. Kramer, R.N. Coler, C.B. Fox, D.T.
Stinchcomb, S.G. Reed, N. Van Hoeven, A nanostructured lipid carrier for
delivery of a replicating viral RNA provides single, low-dose protection
against Zika, Mol. Ther. 26 (2018) 2507-2522.

[189] R. Goswami, D. Chatzikleanthous, G. Lou, F. Giusti, A. Bonci, M. Taccone, M.
Brazzoli, S. Gallorini, I. Ferlenghi, F. Berti, D.T. O'Hagan, C. Pergola, B.C.
Baudner, R. Adamo, Mannosylation of LNP results in improved potency for
self- amplifying RNA (SAM) vaccines, ACS Infect. Dis. 5 (2019) 1546-1558.

[181]

[182]


http://refhub.elsevier.com/S0169-409X(22)00215-0/h0850
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0850
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0850
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0850
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0855
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0855
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0855
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0860
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0860
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0860
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0860
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0865
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0865
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0865
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0870
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0870
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0870
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0875
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0875
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0880
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0880
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0880
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0885
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0885
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0885
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0885
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0885
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0890
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0890
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0890
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0895
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0895
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0900
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0910
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0910
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0910
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0910
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0910
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0915
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0915
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0915
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0915
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0920
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0920
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0920
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0920
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0925
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0925
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0925
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0930
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0930
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0930
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0935
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0935
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0935
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0935
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0940
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0940
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0940
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0940
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0940
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0945
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0945
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0945
http://refhub.elsevier.com/S0169-409X(22)00215-0/h0945

	In vivo fate and intracellular trafficking of vaccine delivery systems
	1 Introduction
	2 Vaccine delivery systems
	2.1 Nanomaterials for vaccine delivery systems
	2.1.1 Lipid-based vaccine delivery systems
	2.1.2 Polymer-based vaccine delivery systems
	2.1.3 Inorganic vaccine delivery systems
	2.1.4 Self-assembled protein-based vaccine delivery systems
	2.1.5 Cellular membrane-based vaccine delivery systems

	2.2 Vaccine delivery systems in clinical trial
	2.3 Factors that influence in&blank;vivo fate of vaccine delivery system

	3 Impact of the delivery routes on the in&blank;vivo fates of vaccines
	3.1 In vivo fate of an oral vaccine
	3.2 In vivo fate of nasal and pulmonary vaccines
	3.3 In vivo fate of subcutaneous vaccines
	3.4 In vivo fate of intramuscular vaccines
	3.5 In vivo fate of intratumoral vaccines

	4 Intracellular trafficking of vaccine delivery systems
	4.1 Processing of vaccine antigens at the cellular level
	4.2 Modulation of nanovaccine uptake
	4.3 Modulating the intracellular trafficking of vaccine antigens
	4.3.1 Cellular entry pathways
	4.3.2 Endosomal trafficking

	4.4 Modulation of endosomal escape
	4.5 Other strategies for modulating intracellular trafficking

	5 Current challenges and perspectives
	6 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	References


