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A favorable outcome of the COVID-19 crisis might be achieved with massive vaccination. The proposed
vaccines contain several different vaccine active principles (VAP), such as inactivated virus, antigen,
mRNA, and DNA, which are associated with either standard adjuvants or nanomaterials (NM) such as
liposomes in Moderna’s and BioNTech/Pfizer's vaccines. COVID-19 vaccine adjuvants may be chosen
among liposomes or other types of NM composed for example of graphene oxide, carbon nanotubes,
micelles, exosomes, membrane vesicles, polymers, or metallic NM, taking inspiration from cancer nano-
vaccines, whose adjuvants may share some of their properties with those of viral vaccines. The
mechanisms of action of nano-adjuvants are based on the facilitation by NM of targeting certain regions
of immune interest such as the mucus, lymph nodes, and zones of infection or blood irrigation, the
possible modulation of the type of attachment of the VAP to NM, in particular VAP positioning on the
NM external surface to favor VAP presentation to antigen presenting cells (APC) or VAP encapsulation
within NM to prevent VAP degradation, and the possibility to adjust the nature of the immune response
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by tuning the physico-chemical properties of NM such as their size, surface charge, or composition. The
use of NM as adjuvants or the presence of nano-dimensions in COVID-19 vaccines does not only have
the potential to improve the vaccine benefit/risk ratio, but also to reduce the dose of vaccine necessary
to reach full efficacy. It could therefore ease the overall spread of COVID-19 vaccines within a
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Introduction

To overcome the crisis generated by the COVID-19 pandemic,
vaccination of the population seems to be one of the best
options. While some vaccines are or were marketed and dis-
tributed by Moderna, Johnson and Johnson, Astra Zeneca, and
Janssen, others are under development.' An intensification of
vaccine production seems necessary to be able to vaccinate a
sufficiently large portion of the world population to achieve
collective immunity while limiting the number of deaths
caused by the pandemic. The offered vaccines can be categor-
ized in two different types. The first one consists of vaccines
whose content should directly mimic COVID-19, comprising in
this case replicating adenoviruses (AZD1222 of astrazeneca,
Ad5-nCOVB from CanSino biologics, Ad26COV2.S from Jans-
sen), inactivated COV (CoronaVac of Sinovac or BBIBP-CorV of
Sinopharm), or various COV proteins (NVX-COV2373 from
Novavax, COVX-19 from PTY vaccine). The second one is
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sufficiently large portion of the world population to exit the current crisis.

composed of elements containing the genetic material able to
drive the cellular production of proteins or elements mimick-
ing COVID 19 behavior, i.e. essentially mRNA, which is encap-
sulated in or associated with liposomes or lipid nanoparticles
to ensure mRNA protection against degradation (mRNA-1273 of
Moderna and Comirnaty of Pfizer-BioNTech), or DNA (AG0302
of AnGes).

Considerable efforts, unparalleled in the history of medi-
cine, have been deployed to bring to market efficient vaccines
against COVID-19. These efforts have been largely successful,
leading to the emergence of several efficient vaccines in a
record time of just a few months. However, the COVID 19 crisis
has given rise to a new problem, which was largely unantici-
pated, i.e. a worldwide infection requiring massive vaccination.
The vaccine does not only need to reach a high efficacy, but also
to be available in large quantities within the shortest possible
time period.

To improve vaccine availability, existing vaccines could be
injected in smaller doses while remaining effective. Alterna-
tively, new vaccines, which are easier to mass-produce than
existing ones, could be developed. Nanomaterials (NM) can
help reaching either one of these two objectives thanks to a
number of their properties such as the protection of the vaccine
active principle (VAP) against degradation, the improvement of
VAP solubility, the successful delivery of VAP to a site of
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interest, e.g. mucus where COVID 19 replication is favored due
to the presence of ACE2 receptors in large quantity, the combi-
nation within the same unit of several different VAP that can act
synergically against COVID 19.>* In fact, NM are already being
introduced into Moderna’s and BioNTech/Pfizer’s vaccines to
achieve some of these effects.” Other vaccines would certainly
also benefit from the presence of certain safe NM in their
composition.

This review complements previous reports describing the
use of NM in COVID-19 vaccines,”” in several respects, i.e. first
by presenting NM under the angle of vaccine adjuvants, i.e. a
different component from VAP essentially consisting of anti-
gens in various forms, mRNA, or DNA, second by describing the
presence of various nano-dimensions in COVID-19 vaccines,
third by introducing NM as vaccine components that were
originally tested against cancer before being used against
COVID-19, ie. that NM can in some cases undergo a shift of
medical fields from being tested in cancerology to being used
in virology, fourth by describing in detail the different types of
NM that could be introduced in COVID-19 vaccines, fifth by
pointing out NM advantages compared with standard vaccine
adjuvants, and sixth by describing NM mechanisms of action,
in particular immune ones.

I. Should nano components of vaccines be considered as
adjuvants or active principles?

An adjuvant can be considered as a product added to a vaccine
to strengthen the antigen-triggered immune response, e.g. by
improving antigen tissue deposition. The most well-known
adjuvants are Freund’s adjuvant, a water-in-oil emulsion con-
taining inactivated Mycobacterium tuberculosis bacteria,® and
alum, an alumina hydroxide/phosphate with which the antigen
is precipitated.®

While at first glance this definition may seem clear, it can in
fact be prone to different interpretations, especially when it
comes to applying it to nanomaterials. The role of NM in
vaccines is therefore examined to determine whether these
materials should be considered as adjuvants or as active
principles. First, NM can have a protective role towards anti-
gens or mRNA/DNA and avoid their degradation, e.g. by pre-
venting RNA degradation by RNase.” Second, NM can serve as
vehicle to carry VAP, either by facilitating VAP administration in
a specific region of the organism, e.g. the mucus, or by enabling
the targeting of certain cells of immune interests such as APC."°
Concerning these first two properties, they may be associated
with adjuvant functions since the dominant activity remains
due to the VAP, the nano-adjuvant enhancing vaccine efficacy.
Third, NM-based vaccines often contain in addition to NM
other substances, which display specific immune activities, e.g.
CPG, a TLR-9 agonist, MPL-A, a TLR-4 agonist, or anti-PD1/anti-
PDL-1 (Table 1). While in some cases, only these additional
substances are considered as adjuvant,'’ it seems that both
such substances and NM can be classified as such.'® Fourth,
instead of being only perceived as a compound, adjuvant can in
some cases be associated with one or several property(ies)
resulting from a specific assembly of different VAP. In this
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case, an adjuvant property can be due to the presence of a
complex of nanometric size in a vaccine, originating for exam-
ple from the concentration/aggregation of VAP, as it is the case
for sSRNA concentrates,"® and self-aggregating peptides.'* Such
adjuvant property can ease NM and associated VAP transporta-
tion through certain physiological barriers, in particular the
mucous membrane,” and the holes crossing angiogenic blood
vessels,”> and NM efficient targeting of specific cells/patho-
gens.” Taken as a whole, these properties can contribute to
strengthen the immune response against pathogens, hence
falling within the scope of the adjuvant definition.

To avoid any confusion, it may also be possible to define NM
as an adjuvant by exclusion, i.e. consider that it represents any
nanometric substance contained in a vaccine, which differs
from the main/dominant active principle, i.e. essentially anti-
gen or mRNA/DNA. Alternatively, a nano-adjuvant could desig-
nate a specific vaccine property, which would not be dominant,
i.e. the vaccine might still work to the some extend in the
absence of the nano-adjuvant but the latter helps the vaccine to
reach its full efficacy. This presentation agrees with the separa-
tion, which is often made in the medical field between domi-
nant and accessory effects, frequently for the sake of clarity to
facilitate the understanding of the biological mechanisms
involved. In any case, it is desirable to go beyond the simple
definition of the adjuvant, which only conceives the adjuvant as
a specific vaccine component and does not take into considera-
tion some important properties, for example specific assem-
blies or interactions or transformations of the VAP, which can
result from the presence of the nano-adjuvant or lead to the
appearance of a property at nanometric scale and strongly
enhance vaccine efficacy.

Considering the definition given above, NM contained in
vaccines can generally be considered as adjuvants, except in the
particular case where they act in a similar manner as the VAP,
i.e. for example when they mimic an antigen or when an
antigen or mRNA/DNA is not directly present in a nano-
vaccine formulation.

II. Nano-dimensions in COVID 19 vaccines

Regarding the nanometric dimension in COVID-19 vaccines, it
essentially appears in three different ways. First, the nanoscale
structure can serve to protect and bring the vaccine active
ingredient to the region where it can elicit an immune response
against the virus, as it is the case with Pfizer/BioNTech vac-
cines, where mRNA is encapsulated in a liposome to allow
mRNA cellular internalization followed by its processing,
further yielding the production of the Spike protein. Second,
it can consist of an elementary block of the vaccine, as it is the
case for virus-based vaccines containing for example adeno-
virus or inactivated COVID-19 virus, where the nanometric
elementary blocks serve to mimic the behavior of the COVID-
19 virus, hence training the immune system to elicit an
immune response against the real virus while avoiding its side
effects. Third, it can result from the assembly at the nanometric
scale of a certain quantity of active principles, e.g. DNA or
proteins encoding or resembling parts of the COVID 19 virus,
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The evolution and distribution of cancer / virus nano-vaccines during pre-covid and covid periods
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Fig. 1 A schematic representation showing the distribution between the developments of nano-vaccines in oncology and in virology during the pre-
covid and covid periods, where this diagram was obtained through a pubmed search that estimated the number of publications containing the terms
nano, cancer, vaccine or nano, virus, vaccine and by deducing from this search the number of publications per year containing these terms over the

periods 2011-2019 (pre-covid) and 2020-2021 (covid).

where such assembly could potentially allow a better activation
of the immune system than active ingredients taken individu-
ally, which are isolated from each other.'® Following this
presentation, the vaccine active principle appears to be either
structurally distinct from the NM (first case), to correspond to
the NM (second case), or to self-assemble in a NM (third case).
In all three cases, the nanometric structure can be associated
with an adjuvant function, either to allow the active principle to
reach a target where it can act without being inactivated (first
case), or to result in an activity, which results from its size,
whether this size corresponds to that of individual blocks
(second case) or assemblies (third case) of active principles,
i.e. without such nanometric sizes, the active principles are no
longer as effective.

III. Nano-adjuvants: at the crossroad between cancer and
virus vaccines

As highlighted through a pubmed search, which enabled a field
dependent article count, research on nano-vaccines appears to
be rather limited and evenly distributed between cancer and
viral applications before the COVID-19 crisis, while it has
become more prominent during this crisis, resulting in a
particularly large number of developments in the viral field.
These trends are summarized in Fig. 1. By further comparing
these two fields, NM appear at a crossroad of virology and
oncology, since on the one hand NM sizes lie within the range
of virus dimension and on the other hand NM can internalize
in or interact with cancerous cells to destroy them. This
schematic view helps to understand how similar NM could
potentially be used in cancer and virus vaccines. Hence, the
knowledge gained in the development of nano-vaccines against
cancers could in part be used to offer a palette of efficient nano-
vaccines against COVID-19. In a way, the COVID-19 crisis has
shed some new light on nanotechnologies that appear as a
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meeting or rallying point between virologists and oncologists,
who could unite their efforts together with nanotechnology
specialists to fight the virus. This idea is further illustrated in
the graphical abstract. In this context, I have chosen to present
in this review NM, which have been tested in cancer vaccines,
since they could potentially, after certain adjustments concern-
ing the nature of the VAP, be added to COVID-19 vaccines.

IV. How to improve the benefit/risk ratio and availability of
Covid-19 vaccines by using nano-adjuvant

Through their mechanisms of action described in this article,
e.g. protection of the antigen, increased stimulation of the
immune system, facilitated presentation of antigens to APC,
nano-adjuvants could improve the efficacy of vaccines against
COVID 19 and reduce their toxicity, thus leading to a larger
benefit/risk ratio. In addition, a challenge of a relatively new
nature arose during this crisis, namely the ability to have access
to enough vaccines to treat a sufficiently large percentage of the
population to eradicate this virus. One way to achieve this
objective is to produce vaccines which operate at a lower
quantity of VAP, thus enabling a reduction of the therapeutic
dose necessary for obtaining efficient vaccination, and thereby,
for a given vaccine production, increase the number of efficient
vaccine doses. Even if this link is not always fully demonstrated
experimentally, it is conceivable that an improvement in the
benefit/risk ratio such as that mentioned above would be
accompanied by efficacy achieved for
therapeutic dose.

The benefits of using nano-adjuvants, which are described
throughout this review, should be balanced against the risks of
using them. Concerning liposomes, their toxicity is
minimal."”~* One of the main risks associated with their use
comes from their disintegration, e.g. if they are not stored
under stabilizing conditions, hence resulting in the inactivation

vaccine lower
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of the active principle, e.g. by yielding mRNA degradation by
RNase.'® With regard to viruses or DNA active ingredients, the risks
associated with their uses may arise from a loss of their nanometric
structures through either partial/total degradation or disassembly,
which can weaken their activity. Other risks may come from
mistakes committed during mRNA and DNA fabrication, which
prevent the production of the spike protein, or in the use of viral
vaccines that don’t avoid side effects, e.g. because the inactivation
method that was used did not yield a viral structure that is
sufficiently different from COVID-19. When nano-adjuvants enable
to reduce the dose of VAP in vaccines, they may prevent the presence
of an unwanted immune reaction, such as an auto-immune.*
These risks can avoided through a proper design, production, and
biosafety pre-clinical/clinical assessment of the nano-adjuvants, VAP
and of their formulation.

V. The efficacy/toxicity of the different types of nanomaterials
used as nano-adjuvants

The different types of NM used as vaccine adjuvants, whose list
is provided in Fig. 2 and whose specific physico-chemical and
anti-pathogenic properties are summarized in Table 1, are
presented in the section below.

V.1 Nanomaterials with specific carbon atom arrange-
ments (graphene oxide and carbon nanotube). Graphene oxide
(GO) structure consists of a single two-dimensional crystalline
layer containing sp®/sp® hybridized carbon atoms organized
within hexagonal networks, where the basal planes or edges of
such layer are either largely covered by a series of oxygen
functional groups such as hydroxyl, carbonyl, and epoxy
groups, for non-reduced GO or not/partly covered by such
groups for reduced GO (rGO).>" Whereas GO is usually obtained
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by oxidizing graphite, e.g. using Hummers’ methods,”> rGO
results from the reduction of GO, often using a toxic chemical
such as hydrazine hydrate.*® GO/rGO have further been coated
or modified with various materials such as PEG to yield
structures with improved hydrophilicity, solubility, stability,
biocompatibility, and delivery efficacy compared with
untreated structures.>® Two very interesting aspects are derived
from GO/rGO geometry. First, the large surface of GO/rGO
enables the non-covalent binding of a large quantity of antigens
such as human amyloid peptide (AB) or glioma antigen (Ag).>
Second, such antigens could potentially be released in a con-
trolled manner from GO/rGO surface through a transition from
a folded to an un-folded state of the whole structure.”® A series
of GO/rGO properties make this material particularly well
suited for being used as nano-adjuvant. Firstly, GO/rGO appar-
ently facilitates antigen cellular internalization through endo-
cytosis via specific interactions between GO/rGO and cell
membrane receptors involved in endocytosis,>” a behavior that
can also be associated with the high aspect ratio of GO/rGO,
which seems to facilitate GO/rGO insertion within the cell
membrane. Secondly, the strength of immune stimulation
can be tuned by varying the size of GO/rGO, i.e. it was shown
that GO of 2 um triggered a stronger immune response than GO
of 350 nm.”® Thirdly, GO/rGO can protect the antigen from
enzymatic digestion, by promoting intracellular antigen traf-
ficking via the cytoplasm, hence avoiding lysosome
degradation.”® Fourthly, it was demonstrated that GO/rGO
could favor an immune response, by facilitating antigen
cross-presentation to CD8+ T cells,”® by increasing the quantity
of cytokines and chemokines produced by DC,*® by enhancing
MHC-I expression, which is an essential step in the activation

Different types of nano-adjuvants
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Fig. 2 Nanomaterials of different compositions and assemblies that can be used as vaccine adjuvants, including micelles, carbon nanotubes, graphene
oxide, dendrigrafts, virosomes, phospholipids nano-assemblies, polysaccharides, exosomes, mesoporous or plain nanomaterial (metallic or not), self-

assembled peptides, liposomes, and hollow bi-polymeric NM.
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of CD8+ T cells,”" or by stimulating the release of proinflam-
matory factors by macrophages.**" In a very interesting study,
mice suffering from B16F10 melanoma received a vaccine
containing PEG/CPG functionalized rGO, where rGO apparently
acted as the antigen. It led to the migration of rGO towards
lymph nodes, the activation of DC, and resulted in tumor
growth delay.*”

Carbon nanotubes (CT) have also been suggested as cancer
vaccine components.** Carbon nanotubes (CNT) are made of
cylinders consisting of rolled graphene layer(s) (Fig. 1),>* which
are nanometer in width and nanometer to micrometer in
length. They can be divided between single-walled CNT (SWNT)
and multi-walled CNT (MWNT).>* As for GO, CNT properties
can be tuned through various functionalization. While non-
covalent functionalization, e.g. with carboxylic groups linked to
amine functions,®® single stranded DNA (ssDNA),*” or bovine
serum albumin,*® yielded CNT with improved hydrophilicity
and aqueous dispersibility, covalent functionalization, e.g. with
Tumor Proteins, resulted in an enhanced internalization of
Tumor Proteins in DC.?° Under general terms, CNT functiona-
lization appears to be a means for improving their biocompat-
ibility and for tuning their biodistribution property in the
organism. For example, by functionalizing MWNT with amine
functions, these structures were individualized, thus facilitat-
ing their glomerular filtration and renal clearance.*® Cellular
internalization of CNT was also reported to be more efficient
than that of GO,*" potentially highlighting the role of specific
carbon atom arrangement in the mechanisms of cellular inter-
nalization. Furthermore, internalization mechanisms were in
some cases associated with endocytosis, as demonstrated for
SWNT-streptavidin, which were observed by microscopy in
endocytic vesicles and whose internalization was reduced at
4 °C.*? In some other cases, they were attributed to the passive
diffusion of CNT through cell membrane, CNT playing the role
of nano-needles inserted within the lipid bilayer, where they
formed trans-membrane diffusing pores.*” Interestingly, this
type of passive diffusion of MWNT was also observed in
prokaryotic cells, which lack endocytosis mechanism, thus
potentially paving the way towards the specific immune activa-
tion/inactivation of these micro-organisms by CNT.** CNT
immunogenicity can be harnessed to efficiently fight patho-
genic cells, by taking advantage of the large surface area of
CNT, and the various functionalization that they enable, which
allow the attachment to CNT surface of many different types of
immunogenic substances such as antigens, TLR agonists, CPG,
0CD40, and anti-PD-1. Such multi-functional structure whose
appeal is strengthened by its propensity for internalization has
been shown to trigger certain specific immune mechanisms
such as the cytolytic action of CD8+ T cells against pathogenic
cells, which is favored by antigen cross presentation in DC.** As
an example of preclinical study, it was shown that mice were
protected against bacterial infection at a lower therapeutic dose
when they received MWCNT-CpG than free CPG, revealing the
interest of using this type of NM for reducing the amount of
active principle that needs to be administered to reach an
effective treatment.*> As for GO, reassuring preclinical safety
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data of CNT are pending. They appear as a prerequisite to be
able to start clinical assessment of these materials.

V.2 Vesicles (micelles, liposomes, membrane vesicles,
exosomes)

Micelles. Micelles have also been suggested as vaccine
adjuvant.*® They are core/shell NP resulting from spontaneous
self-assembly in water of individual amphiphilic molecules, i.e.
molecules displaying a hydrophobic tail and a hydrophilic
head. They are composed of various polymer/copolymer assem-
blies, e.g. PLA-b-P(NAS-co-NVP),"” y-PGA associated with hydro-
phobic cholesterol,*® PEG-PLL-PLLeu,*>*® ¢-PGA polymer
modified with hydrophobic 1-phenylalanine ethyl-ester,”" chit-
osan combined with hydrophobic phenyl alanine,>® PEI linked
to stearic acid.>® Substances of therapeutic interest can be
bound to the micelle external surface or be incorporated inside
micelle core, e.g. HIV-1 Gag p24 antigens were attached to the
micelle surface while TLR-] ligand (imiquimod) was encapsu-
lated inside the micelle core.”” To maintain such substances
inside the micelles, the stability of the whole structures needs
to be maintained. For that, it can be taken advantage of
electrostatic interactions, e.g. between anionic DNA or mRNA
and cationic PEI external micelle external surface,’'** Further-
more, in addition to antigens, a wide choice of other vaccine
substances can be associated with micelles, such as siRNA,
mRNA, or TLR agonist such as PIC,**"** allowing such
structures to be multi-functional. Other appealing micelle
properties should facilitate their use as vaccine adjuvants such
as tunable micelle surface properties (composition and charge)
to achieve biocompatibility and hydrophilicity, a nanometric
size that facilitates micelle migration to lymph nodes and once
there, antigen delivery to DC.”® This results in better stimula-
tion of the immune system when the antigens are associated
with micelles than when they are free, i.e. in particular an
enhanced stimulation/maturation of DC, followed by effective T
cell activation and proliferation, a higher level of IgG/IgA anti-
body titers specific of the antigen associated with the
micelles.””*®>° The efficacy of these mechanisms seems to
depend on certain micellar properties such as their size, ie.
DC maturation was observed to be stronger for smaller
micelles,>" and their ability to release antigen in a controlled
manner in lymph nodes under pH variation.”® Among the
noticeable pre-clinical data, striking results were reported on
mice bearing B16F10-OVA melanoma, which received a nano-
emulsion encapsulating antigens with TLR-7/TLR-8 agonists.
This treatment did not only lead to common lymphocyte
activation against the tumor but also to the re-programming
of immunosuppressive tumor micro-environment (TME), i.e. a
change in macrophage polarization from M2 to M1, which was
concomitant with tumor growth delay.>”

Liposomes. Liposomes are spheres comprising an aqueous
core surrounded by phospholipid bilayers, made of different
types of amphiphilic phospholipids, such as PC (phosphatidyl-
choline), PS (phosphatidylserine) and SM (sphingomyelin),
which may also be combined with other lipids, such as CHO
(cholesterol) or polymers (PEG), to stabilize the liposome
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membrane and adjust its permeabilization.”® A rather large
range of different types of liposomes have been developed
comprising deformable vesicles (Transfersome),>® inter-bilayer
cross-linked multilamellar vesicles (ICMVs),*® solid core
liposomes,®" small unilamellar vesicles (SUV) with sizes below
200 nm, large unilamellar vesicles (LUV) with sizes comprised
between 200 and 500 nm, microsized multilamellar vesicles
(MLV) consisting of numerous concentric phospholipid
bilayers with sizes above 1 pm, virosomes containing an
envelope made of viral phospholipids and viral proteins, e.g.
spike glycoproteins, niosomes, e.g., see ref. 62 and bilosomes,
consisting of bilayer vesicles incorporating bile salts.®® Under
general terms, liposomes can either be in a liquid or solid state,
depending on whether their transition temperature between
these two states T is above or below ambient temperature, i.e.
when 7. < 25 °C liposomes are in a liquid state while when
T. > 25 °C liposomes are in a solid state. The value of T. itself
depends on certain properties of the phospholipids such as
their carbon chain length, their number of unsaturation, their
nature, as well as the different types of interactions taking place
within the phospholipid membrane. Membrane fluidity is an
important aspect determining liposome adjuvant efficacy, i.e.
liposomes with T. of 55 °C encapsulating antigens (Leishmania
donovani) yielded improved adjuvant activity in mice,** while
those with T, of 23 °C or 41 °C loaded with antigens failed to act
as adjuvants and to efficiently protect infected mice.®* Two
schematic visions of the way in which liposomes work can be
presented. First, it can be considered that liposomes disinte-
grate or fall apart, e.g. when their solid-liquid transition occurs
or when they encounter certain types of biological material, and
that this event results in liposomes becoming therapeutically
active, e.g. through the release of their content. Second, one can
believe that liposomes protect the active principle, which
remains linked in one way or another to the liposomal structure
until it reaches the location or condition where it becomes fully
active. It is hard to determine experimentally in vivo which type
of mechanism is really taking place. One of the main interest of
liposomes comes from the various parameters, which can be
adjusted to optimize their therapeutic properties. First, they
can be linked at their surface to molecules with two different
specific functions, i.e. compounds such as PEG that enable
them to avoid being captured by the immune system
(macrophages),®® and substances such as mannose, which
can bind to certain cell type receptors, e.g. mannose receptor,
hence improving liposome targeting efficacy.®® Second, it is
possible to select among the different types of liposomes, a
structure that will release the active principle slowly (MLV,%"),
which seems favorable to reach a sustained immune response
and achieve efficient vaccination. Third, liposomal structures
are under certain conditions able to carry together molecules
with various functions, e.g. antigens, PRR, Aluminum NP,
potentially enabling to tune their immunogenic activity
through the selection of the right cocktail of immunogenic
entities that they incorporate.®"**% Fourth, liposome surface
charges can be adjusted by accurately selecting phospholipids,
the charged phospholipids enabling to encapsulate in their

This journal is © The Royal Society of Chemistry 2022
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core or to adsorb at their surface antigens of opposite charges.
The resulting electrostatic interactions are believed to yield
sustained/non immediate antigen release, a desired property
when a long-lasting pharmaceutic effect is sought for.”® Com-
paring negatively with positively charged phospholipids, it can
be concluded that cationic phospholipids are more likely to
interact with the negatively charged cellular membrane and to
trigger an immune response that differs from that of anionic
phospholipids, i.e. anionic liposomes where shown to more
efficiently yield a Thl responses in mice than cationic
liposomes.”* Fifth, liposome size can influence vaccine efficacy
since some mechanisms of diffusion/transport and interaction
with the immune system are size dependent. For example,
liposomes smaller than 20 nm may enter systemic circulation,
while those of sizes between 20 and 100 nm may preferentially
diffuse towards draining lymph nodes, and those of sizes larger
than 100 nm may remain at the injection site where they form a
depot. This can further result in size dependent immune
reactions, e.g. IL-12 cytokine production was observed for
liposomes larger than 225 nm while such behavior was not
reported for liposomes smaller than 155 nm.”” Sixth, liposomes
offer different modes of associations of antigens, i.e. antigen
adsorption or covalent binding on/at liposome surface, antigen
encapsulation within its inner core, or antigen intercalation
between adjacent bilayers. This enables associating liposomes
to antigens in a way, which depends on antigen properties, i.e.
water-soluble antigens can be inserted in the liposome aqueous
inner core, lipophilic antigens can be intercalated into the lipid
bilayer, and other antigen types can be attached to the liposome
surface. Although the type of association chosen shall have an
impact on the immune response, this aspect, which would
require a comparative experimental study between the different
types of antigen association, does not seem to have been
thoroughly studied. A series of striking adjuvant-like behaviors
were reported pre-clinically with different types of liposomes.
They include the migration to lymph nodes and the triggering
of antigen specific antibody (IgA) responses in mice immunized
with 200-7000 nm PEG stabilized liposomes comprising reti-
noic acid and CAF23 antigens,”” multi-epitope T cells response
and tumor growth delay following injection to melanoma
bearing mice of 20-30 nm multi-functional liposomes consist-
ing of a phosphate calcium core surrounded by cancer
membrane proteins (CMP) and o-helix HSP70 functional
peptide,”* and a change in TME macrophage polarization after
administration to melanoma bearing mice of a complex struc-
ture consisting of liposomes associated with Fe;O, NP, CPG,
and antigenic microparticles.”® The properties of the various
lipid nanoparticles used for delivering mRNA in mRNA vac-
cines are described in recent reviews.'”

Exosome. On the one hand, exosomes display several proper-
ties in common with liposomes such as a relatively similar
round shape, a surrounding envelope made of phospholipids
and a size of 30 to 120 nm. On the other hand, they are also
characterized by a series of distinctive features. First, they are
released from late endosomes of eukaryotic cells. Second, their
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lumen or surface content is made of various biomaterials such
as specific tetraspanin proteins (CD9, CD63, CD81, CD82),
nucleic acids, DNA, lipids, carbohydrate, and various types of
RNA, e.g. mRNA, RNAs, siRNA, piRNA, microRNA.”®7® Third,
they possess the specific function of facilitating the diffusion of
their biomaterial between different cells,”**° thereby providing
a mean for cell function regulation. In this regard, exosomes
appear in some cases to yield an immunosuppressive activity
that can prevent tumors or pathogens from being destroyed by
the immune system.®' In some other cases, they may contain
the antigens released by antigen-presenting cells (APCs), den-
dritic cells (DCs), and then be used in vaccines.®* With regard
to the vaccinal aspect, the case of exosomes is unique since
without subsequent modification of their content in active
principle following their expulsion from cells, their active
compound (antigen, RNA) is incorporated in their envelope,
possibly during the maturation phase of the exosomes in the
endosomes.®® By contrast to other adjuvants, in the case of
exosomes, the appearance of the medically active substance
takes place intracellularly more or less concomitantly with that
of the adjuvant. In exosomes, due to a cell-dependent genesis,
the adjuvant and active principle appear to be intrinsically
linked with each other, a situation that is not so common in
other vaccine components.

Membrane vesicle. A type of extracellular vesicle with a
different origin from that of exosomes has been proposed as
adjuvant.®*%® It consists of outer membrane vesicles (OMV).
The latter are derived from Gram negative bacteria and are
characterized by a diameter lying between 20 to 250 nm
depending on bacterial species.®” They consist of a surrounding
outer membrane composed of phospholipid such as LPS,
proteins, which encapsulates periplasmic components.®” They
usually require bio-engineering steps to have the proper anti-
gens expressed or incorporated in OMV and to prevent a too
high level of immune reaction that can be due to the presence
of LPS or other immune components, and can result in sceptic
shock.®*®® These steps can consist in modifying or adjusting
the genome of the bacteria.®” Antigens can either be inserted in
OMV lumen or displayed on OMV surface.®** Considering a
simplified schematic view, both types of configurations present
advantages and drawbacks. On the one hand surface exposed
antigens may be more favorably accessible for antigen present-
ing cells (APC) but can also more easily be captured/destroyed
by certain immune cells such as macrophages. The opposite
holds for antigens in lumen, which could less freely interact
with APC due to the phospholipidic layer separating them from
APC, but this layer also protects them against immune degra-
dation. For this reason, the choice between extra or intra vesicle
antigen encapsulation or association must be made on a case-
by-case basis, depending on certain vaccination parameters
such as the vaccine mode of action or administration route.
When OMV containing influenza antigen and a low endotoxin
content were administered to mice via the intra-nasal route, it
resulted in IgA antibody production, the activation of lung-
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resident influenza-specific T cells, and a certain level of protec-
tion against influenza among immunized mice.”®

V.3 Polymer. A large number of vaccine nano-adjuvants
have been inserted in the category of polymers due to the broad
definition of this type of material, i.e. structures composed of
repetitive molecular or atomic sub-units.”’®* Since polymer
structures are not necessarily characterized by the presence of a
full symmetry or periodicity, it can in some cases be difficult to
determine if a nanomaterial is polymeric or not. The polymeric
nano-adjuvants described in the literature consist of DNA
based structures, FDA approved poly(p,r-lactic-co-glycolic acid)
(PLGA),  poly(p,r-lactic-co-hydroxymethyl  glycolic  acid)
(pPLHMGA), poly(r-lactic acid) (PLA), poly(glycolic acid) (PGA),
polystyrene (PS), poly(propylene sulfide) (PPS), polyethylenei-
mine (PEI), a series of different types of polysaccharides, such
as chitosan, dextran, hyaluronic acid, starch, alginate, pullulan,
and inulin.”*~°® Polymeric structures are also characterized by a
series of different types of arrangements such as: (i) co-
polymers or the assembly of several different polymers within
one structure, i.e. PEG-b-PPS amphiphile block copolymer,”” (ii)
nanogels engulfing a polymer within a nanometric matrix
structure,®® (iii) polymersomes that consist of self-assembled
block copolymers,”® (iv) dendrimers or dendrigraft, which are
polymers arranged in branches, sometimes symmetrically
around a core.'”°'%* Antigens can be associated with polymers
either via electrostatic interactions, e.g. positively charged
polymers interact with negatively charged nucleotide, or
through antigen encapsulation into polymeric
nanoparticles.'® In general, it is possible to select polymers
that are bio-degradable, bio-compatible, easily manufacturable,
and easily soluble,'® and avoid some polymers such as PEI that
can induce a certain level of toxicity.'®> Furthermore, the
natural origin of polymer can be a pledge for their
biocompatibility.'°® Polymer physico-chemical properties also
impact their effect on the immune system, i.e. non-spherical
nano-polymers display reduced uptake by APC compared with
spherical ones,'””'°® while positively charged nano-polymers
are usually reported to be more efficiently internalized in APC
than negatively charged particles due to the negatively charged
membrane.'” In general, the association antigen/polymer is
described as promoting antigen release as well as antigen
association with other molecules of vaccinal interest such as
CPG.'"° Finally, several studies also reported the use of nano-
polymers to make vaccination at mucosal level more efficient
than with traditional vaccines. This region of the body is of
particular interest for vaccination since a stimulation of the
immune system at this location can potentially prevent viruses
from entering the body."”*'*

V.4 Metallic NM (plain or mesoporous). NM with different
metallic compositions, e.g. ZnO,""* or Au,""® have been sug-
gested as vaccine adjuvant, and the use of Au NP in nano-
vaccines has recently been reviewed.''*''* Their main interest
lies in their adjustable physico-chemical properties, such as
their sizes, shapes, charges, which can be tuned by varying their
synthesis conditions such as the types and concentrations of
the used reagents, as well as pH, temperature, and duration of
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the reactions. Concerning Au NM, it has notably been reported
that a subcutaneous administration of such material with the
OVA adjuvant resulted in immune mechanisms, which
depended upon Au NP sizes, ie. the smallest Au NP
(<10 nm) activated NLRP3 inflammasome, caspase-1, and led
to IL-1B production while the largest Au NP (> 10 nm) triggered
the activation of the NF-kB signaling pathway, demonstrating
the possibility to tune the nature of the immune response by
varying NM sizes, and hence possibly to choose the most
efficient immune response against pathogens or pathogenic
cells by selecting the optimal size of the Au NM contained in a
vaccine as adjuvant.'*® By contrast to the previously described
NM, which are plain, mesoporous ZnO NM could also be
synthesized and used as vaccine adjuvant. This type of structure
is particularly interestingly since it enables inserting antigens
(OvA) inside the mesoporous pores through a mechanism,
which seems to rely on electrostatic interactions between the
positively charged surface of the pores and the negatively
charged OVA. It not only leads a high a loading efficacy, but
also enables a slow release of the antigen between ~5 h and
~72 h following antigen insertion. Considering this type of
structure from a visual and schematic point of view, it seems
that it gathers together the faculty to protect the antigen against
degradation through the partial opening of its pores and the
ability to present the antigen to APC and its receptors (e.g. TLR)
by allowing local interactions between antigens and APC recep-
tors at NM openings. The pores should be finely designed so as
not to block interactions with APC. Thus, the mouse adminis-
tration of ZnO NM mentioned above loaded with the OVA
antigen led to an immune reaction characterized by the activa-
tion of CD4+ and CD8+ T cells, the production of IgG2a, IgG2b,
IFN-y, and a Th1 immune response.'’” Furthermore, the reac-
tion of the immune system may be orientated in a specific
direction by modifying the surface of this type of NM, e.g. by
varying their charge through pH adjustment, with negative and
positive charges obtained at high and low pH, respectively,'*?
or the nature of the coating material used to stabilize metallic
NM, for example using black pepper extract.'"

V.5 Mesoporous silica NM. Mesoporous silica NM may
possibly be used as nano-adjuvants, due to the various well-
established methods that can be used to synthesize them, their
relative biocompatibility, and their faculty to release an active
principle from their pores in a controlled fashion under the
application of a stimulus, e.g. a variation in pH or temperature,
as reviewed elsewhere in more details.""®

V.6 Cell mediated vaccines. Although the cell size is micro-
metric, some cell-derived compounds (proteins, e.g. cytokines,
exosomes. . .) or certain cell-triggered mechanisms that occur at
nanometric scale, may either directly be inserted in COVID-19
vaccines or used to design a therapeutic substance such as an
antibody acting against COVID-19.""® Under this hypothesis,
cell-mediated vaccines may fall within the classification of
nano-vaccines. First, exosomes, in particular those derived
from mesenchymal stem cells, can act as nanosized lipid
bilayer nano-systems, enabling the communication between
infected and non-infected cells, and then possibly reduce the
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cytokine storm and/or increase/restore mitochondrial function
in injured lungs."*® Second, certain proteins fabricated by
dendritic cells such as DC-SIGN and DC-SIGNR, which are
believed to promote COVID-19 infection, could be neutralized
by nano-vaccines triggering an antibody activation against
these proteins."””" Third, certain stem cells, in particular
mesenchymal ones, could act against the cytokine storm result-
ing from COVID 19 infection, e.g. by yielding cytokines display-
ing regulatory instead of inflammatory immune properties."*>

VI. Mechanisms of action of nano adjuvants

NM can be perceived as platforms serving as support to anchor
not only VAP, but also other immune entities such as CPG, TLR
agonist, enabling the concentration of these compounds, their
protection against degradation, the controlled activation or
release of the VAP from the platform, notably by breaking the
bonds between the platform and the VAP, the mimicking of
viruses through the platform appearance and composition, as
illustrated in Fig. 3. These properties result in an efficient
response of the immune system against pathogens, through
the stimulation of APC, essentially dendritic and B cells, and
involve different types of cells depending on the activated
pathway, ie. CD4+, CD8+, Th1, Th2, Th17, plasma B cells,
and either the production of antibodies (IgA, IgE, IgG, IgM,
IgD) or interleukines, e.g. IL-2 or IL-4, or interferons, e.g. IFN-y,
as summarized in Fig. 4."*7'%° In some cases, these immune
entities directly participate in the destruction of viruses as it is
the case with cytotoxic T lymphocyte through the production of
perforin or granzyme, or with antibodies. In some other cases,
they indirectly trigger anti-pathogenic activity as it is the case
for Th cells, certain cytokines, which would activate other
immune cells to capture pathogens.'®® It is also well-known
that some of the activated immune cells such as Treg cells can
weaken the response of the immune system against pathogens,
necessitating that the immune system is activated selectively to
stimulate immune cells or immune entities fulfilling the
desired function.'*® Fig. 5 further illustrates how this idea
can be implemented by protecting NM to avoid their capture
by macrophages that would destroy them and their associated
VAP (Fig. 5a) while enabling activation of CD4+ and CD8+ when
the VAP is either mRNA or an antigen and the pathways involve
either MHC-I or MHC-II (Fig. 5(b)).

Nano-vaccines are designed to target essentially three
regions. The first one consists of mucus, located in aerodiges-
tive and urogenital tracts, eye conjunctiva, the inner ear and the
ducts of allexocrine, where an immune response takes place in
so called mucosa-associated lymphoid tissue (MALT), essen-
tially through lymphocyte or IgA antibody production.'®®''!
Certain types of nanoparticles, such as positively charged ones,
have been reported to enhance the immune response at muco-
sal site."®” Vaccination in mucous membranes using nano-
particles is essentially described to fight viral infection.’*® In
this case, it is designed to prevent pathogens from entering the
organism through mucosal surfaces. Although more rarely
employed, this route of vaccine administration has also been
suggested  against cancer, often using intranasal
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The different ways in which immune entities are associated with nano—adjuvants in vaccines

Antigen £

Antigen concentratj

Nano-platform
& mimicking virus
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~ | parameters

Entity targeting
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to guide
nano-platform

Shield protecting
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against degradation
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antigen-NP bond
(e.g. under acidic pH)

Fig. 3 The different ways in which immune entities/VAP are associated with the nano-adjuvant. Nano-adjuvants can be represented as platforms, which
can concentrate VAP, gather several different types of immune entities, control VAP activation in a controlled manner for example by breaking the bonds
between the antigen and NM under certain specific conditions, protect the VAP, enable targeting of specific regions/cells by using an entity attached to
the NM that specifically target a cell receptor or through magnetic targeting, or reproduce through NM shapes or compositions the behaviors of a virus.

Activation of dendritic cells by nano-adjuvants / antigen complex
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Fig. 4 Different possible activations of antigen-presenting cells, i.e. essentially dendritic and B cells, using nano-adjuvants, involving various cells, e.g.
CD4+, CD8+, Thl, Thl7, Th2, plasma B cells, as well as other immune entities such as antibodies (IgA, IgE, IgG, IgM, IgD), interleukins (IL-2, IL-4) and

interferons, e.g. INF-v.

administration.’*® For example, when emulsions of squalene-
based NP of ~200 nm containing OVA were introduced in
mouse mucus, it led to the recruitment of antigen-specific T-
cells, not only in the injection region but also at some distance
of this location such as in the spleen, further resulting in an
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antitumor activity characterized by the survival of 50% of mice
bearing lymphoma tumors 40 days after tumor inoculation.™*°
The second region of immune interest comprises lymph nodes,
where APC migrate and lymphocyte priming occurs.'*" Nano-

materials can favor the diffusion of antigens associated with
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Fig. 5 A figure highlighting the challenge of achieving two antagonist tasks with nano-adjuvants. On the one hand, (a) shows that NM should prevent the
capture/degradation by some immune cells such as macrophages of the VAP using a protecting shield surrounding the NM or the association with the
NM of a compound such as PEG that prevents such event from occurring. On the other hand, (b) presents the ways in which nano-adjuvants and
associated VAP should be presented or internalized in/to APC and further processed through the MHC-I or MHC-II pathways, to yield CD4+ and CD8+

activations.

them towards lymph nodes. Indeed, the size of the NM/antigen
complex can enable the transport of this complex through the
lymphatic capillary network,'** and then antigen processing by
APC in lymph nodes. To achieve such mechanism, it seems that
the immune response can be triggered against tumors or
viruses, using various types of nanomaterials with the antigen
depending by definition on the nature of the pathological
agent. The third targeted region consists of a site, which is a
well irrigated site such as the muscle,"** and/or a site of
infection such as a tumor."** In case where this type of target-
ing is planned, NM can allow an efficient diffusion of the
antigens in the infected zone, i.e. by using a targeting molecule
that drives the NM/antigen complex towards this region, or
through NM passive diffusion, which enables NM, due to their
sizes, to cross the holes of the angiogenetic blood vessels
supplying the tumor with oxygen.">

The use of NM in vaccines can help protecting antigens
against degradation or destruction.’*® Whether the targeted
disease is cancer or viral infection, the undertaking of such
precaution is essential to achieve successful vaccination. It can
be accomplished by encapsulating the antigen in a closed
structure such as the inner aqueous core or the outer
membrane of a liposome or a vesicle, or by attaching the
antigen on the outer surface of a NM. The notion of non-
degradation of the antigen shall be understood without forget-
ting that the antigen must also be internalized in APC to be
presented to the MHC. In other words, NM are expected to
allow selective antigen cellular interaction by allowing an
absence of capture by certain cells such as macrophages, which

This journal is © The Royal Society of Chemistry 2022

could destroy antigens, while enabling internalization in other
cells such as APC, which would allow antigen processing and
further activate the immune system against pathogens. This
selectivity, which could be achieved by a proper design of NM,
e.g. using a coating material such as PEG that would prevent
NM engulfment by macrophages,"*”"*® by attaching molecules
such as glycospingolipid, which specially recognize APC cellu-
lar receptors,”*® seems to be at the heart of a successful
vaccination.

Under the general umbrella of vaccination principle, ie.
inducing the presence of a compound in the body which
mimics certain pathological behaviors, hence training the
immune system to fight against pathological cells and making
it ready to prevent infection when it occurs, a large number of
declinations can be considered, taking shape with nano-
vaccines. The latter contain different types of antigenic proteins
or other structures (mRNA and DNA) having the genetic code
enabling antigen fabrication. Proteins, mRNA and DNA are
either self-assembled at nanometer scale, are contained in
particles mimicking a virus through their shape, i.e. VLP,'*
or are associated with various types of NM (vesicles, polymers,
polysaccharide, liposomes). mRNA and DNA present the advan-
tage of potentially enabling antigen fabrication for all types of
pathogens once their genetic codes have been identified. mRNA
can be preferred to DNA since it may be more immunogenic
and in the process of antigen fabrication, mRNA seems to act at
less upstream steps than DNA, i.e. mRNA is issued through
transcription from DNA. This comparison does not however
take into consideration the fragility of mRNA and the whole set
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of cellular mechanisms involved in antigen fabrication, which
are still largely unelucidated."*" Whether nano-vaccines con-
tain the antigens or their genetic code, APC involvement
appears necessary to yield antigen processing, which then
triggers the reaction of the immune system against pathogens.
Therefore, NM properties should be tuned or chosen to reach
an optimal interaction with the APC.

Another interest of NM resides in their faculty to be asso-
ciated with other kinds of immunogenic substances than
antigens. A first type of such substances is designed to recog-
nize pathogen recognition receptors (PRR) such as toll like
receptors (TLR) located at the surface of APC. In this case, they
either consist of pathogen associated molecular patterns
(PAMP) originating from viruses or danger associated molecu-
lar patterns (DAMP) coming from tumors depending on the
type of targeted disease. Examples of such substances include
imiquimod, detoxified LPS such as MPLA, or CPG, which are
agonists of TLR7, TLR4, and TLR9, respectively.'** It has been
reported that the association of such substance with NM can
favor the interaction between PRR and PRR agonist, hence
preventing an uncontrolled immune reaction. This is achieved
first by enabling such interaction to take place locally at PRR
site, second by controlling the type of association between the
antigen and the NM, ie. the antigen is either adsorbed at or
covalently linked to NM surface or the antigen is encapsulated
within the NM, or third by triggering antigen release or dis-
sociation from NM at a specific location of interest under
physico-chemical disturbance, e.g. inside a cellular compart-
ment characterized by an acidic environment. Furthermore, by
using NM it may also be possible to associate a specific PRR
agonists with an antigen within the same unit, hence poten-
tially orientating the response of the immune system in a
desired direction.'*® For example, by choosing TLR4 as PRR,
a T cell response may be triggered, while by selecting TLR2 as
PRR a Th2 response may be expected.'** A second type of such
substances is used to prevent the weakening of the immune
response, which can occur at the site of infection, for example
when T-cell activation by APC is blocked by so-called PD-1
receptors. To prevent the latter situation from occurring, anti-
PD1 molecules have been associated with NM, leading to the
successful neutralization of PD-1."*

Furthermore, by introducing NM in vaccines, it is feasible to
tune vaccine immunogenicity by skillfully choosing the physi-
cochemical properties of NM such as their sizes, shapes,
charges, and hydrophobicity. It should be borne in mind that
the immune response usually depends on the effects on several
of these parameters as well as on other factors such as NM
composition, concentration, route of administration, and the
nature of the antigen associated with them. Thus, while the
analysis of each of these parameters taken individually helps to
better understand how nano-vaccines operate, the observed
behaviors remain linked to specific experimental situations,
and their generalization to other types of circumstances is
hypothetical. Regarding sizes, it has been suggested that the
type of region containing dendritic cells, which is targeted
depends on NM size, with NM of 10-100 nm targeting Lymph
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node-resident dendritic cells, and NM larger than 500 nm
targeting peripheral tissue-resident dendritic cells,"*® where
they can induce adaptive T and B (humoral) cell immunity.**®
The type of cells by which NM are captured also seems to
depend on NM size, i.e. for example smaller NM were reported
to internalize in DC while larger NM were engulfed in
macrophages.'” Efficacy of cross-presentation can also be
influenced by NM size and in some cases increase with decreas-
ing NM sizes,"*®'*® due for example to the smaller NM more
easily escaping from endosomes to cytosol than larger NM."*®
Concerning NM shape, it can also determine the efficacy of NM
cellular internalization, i.e. anisotropic NM such as rods were
more efficiently captured by macrophages and DC than sphe-
rical or cubic NM.'® With regard to NM charge, it is well-
established that the positively charged NM interact electrosta-
tically with the negatively charged cell membrane, a behavior
that can potentially enhance the immune response, e.g. by
resulting in a more efficient activation of B/T cells using
positively than negatively charged NM.'°“'*? Interestingly,
NM hydrophobicity has been reported to trigger a certain type
of danger signal that activates the innate immune system,">**>*
and therefore improves the strength of the immune
response.'>"™® Such observation has led to the development
and use of polyanydride NM, which are very hydrophobic, and
therefore prone to this type of behaviors."”

Different types of vaccines containing essentially non-
immunogenic nano-adjuvant such as SPIO, polysaccharide,
polymer, CaP, liposome, associated with various types of agents
activating/targeting immune cells such as folate, IgG, anti-
inflammatory drugs, TLR ligands or agonists, antibodies, anti-
gens, were developed. The immune responses that they
triggered depended on the types of nano-adjuvant and target-
ing/active principles, as well as on the way in which these two
entities were associated with each other and interacting with
the external environment, e.g. by being sensitive or responsive
to a specific stimulus such as pH or temperature variation. It
was characterized by the production of cytokines, a T-cell or
humoral driven immune response, the activation of APC (den-
dritic cells and/or macrophages), and the involvement of cer-
tain co-stimulatory molecules, as summarized in Table 2 and
associated references.

VII. Tuning nm properties to adjust the anti-viral immune
response

One of the main interests of introducing nano-adjuvants in
vaccines comes from the fact that their properties can be
adjusted to modulate their interactions with the immune
system. Assuming that the vaccine active principle VAP and
NM behave similarly, which implies among other things that
the VAP remains attached to the NM during the various steps of
NM interaction with the immune system, this aspect could be
used to optimize the properties of COVID-19 vaccines. Below,
the impact of NM properties on immune reactions is presented
through behaviors deduced from specific examples taken out-
side of the COVID-19 literature that lacks to the author knowl-
edge an experimentally-based description of these aspects.
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Illustrative examples of immune responses triggered by various vaccines containing nano-adjuvants, where Table 2 indicates for each chosen

nano-vaccine the treatment purpose, the active/targeting compounds and non-immunogenic nano-adjuvant contained in the vaccine, the nano-
adjuvant size, various immune mechanisms triggered by the vaccine involving cytokines, lymphocytes, macrophages, dendritic cells, and co-stimulatory
molecules. Here, a non-immunogenic adjuvant is an adjuvant that does not contain a compound that is usually considered as belonging to the immune

system
Immune mechanism involved
Costimulatory
Active/target- Non- Nano- Cytokine Lymphocyte molecules

Treatment ing immunogenic adjuvant (TNF-a, IFN-y, (CD4+; CD8+) Macrophages/ (CD80+;
(purpose) compound nanoadjuvant size IL-12...) antibodies Dendritic cells  monocytes CD86+...) Ref.
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Table 2 (continued)
Immune mechanism involved
Costimulatory
Active/target- Non- Nano- Cytokine Lymphocyte molecules

Treatment ing immunogenic adjuvant (TNF-o, IFN-y, (CD4+; CD8+) Macrophages/ (CD80+;
(purpose) compound nanoadjuvant size IL-12...) antibodies Dendritic cells  monocytes CD86+.. ) Ref.
Mice adminis- Antigen DMPC/Chol/  100- Covalent link-
tered with bovine serum DPPE 600 nm age of Ag: 1
nano-system  albumin liposomes IgG and IgM;

Encapsulation

of Ag: 1 IgG;
Mice injected MUC-1 (inside DSPC/Chol/  NA Cytokine pro- Strong IL-12 secretion by Antigen asso- NA 245
with or at the sur- DMPG/MPLA duced by T  antigen- macrophages ciated with lipo-
nanosystems face of liposomes cells specific T cell somes processed

liposome) responses; by APC (dendritic

Only surface cells and

conjugation: macrophages)

strong MUC-1

specific

antibody;

Individual NM properties have been isolated from each other to
be able to draw some specific trends. Experimental proofs
would be needed to confirm that these behaviors apply to
COVID 19 vaccines.

First, cellular internalization of the nano-adjuvant and asso-
ciated active ingredient (mRNA, DNA, spike protein, etc.),
designated as NM-VAP, could potentially be improved by redu-
cing the NM-VAP size, as has been shown for PLGA NM whose
internalization was larger at 0.3 um than at 1-17 um,"® or by
choosing a NM-VAP with a negative charge that could promote
electrostatic interactions between the cationic NM-VAP and
anionic cell membranes,'*® where the enhanced internalization
was associated with a more efficient immune response.*®

Second, the passage of NM-VAP through lysosomes, which is
essential for antigen processing, could be achieved by varying
the shape ratio of NM, e.g. nanosheet were retained in cyto-
plasm and lysosomes,'®® while nano rods ended up to the
nucleus."®'

Third, the use of NM-VAP could enable targeting a large
portion of the whole DC population by using NM of various
SiZeS.162'163

Fourth, cytokine/chemokine/co-stimulatory
molecule production as well as DC activation, hydrophobic or
cationic NM-VAP could be chosen since they were shown to
generate such immune reaction in a more pronounced manner
than hydrophilic or anionic system nano-systems.'®*™%°

Fifth, the immune response can potentially be tuned by
attaching to the surface of NM molecules that yields a desired
immune effect such as: (i) CD47 molecules to reduce NP
internalization by phagocytic cells,"®” TLR-7, TLR-8, and TLR-
9 agonists 0 modulate TLR-mediated immune responses,"®®
TLR agonist to activate the complement pathway.'®®

to enhance

VIII. Added values of nano-components in vaccines

In most cases, NM are introduced in vaccines as adjuvant. It
therefore appears necessary to wonder about the added value
provided by nano-adjuvants compared to standard

1540 | J Mater. Chem. B, 2022, 10, 1520-1552

adjuvants.””® Adjuvants are introduced into vaccines to
improve the immune response against a pathogen,"”* to yield
a more sustained immune response, e.g. by increasing the
duration of the antibody response,’”® to potentially reduce
the dose of antigens needed to stimulate the immune
system,'”? and to ease antigen penetration/diffusion in specific
regions of immune interest such as the mucus.'” The adju-
vants which are currently used to achieve these effects suffer
from certain weaknesses. First, they partially stimulate the
immune system, e.g. saponin was reported not to trigger T Cell
response whereas Alum and MF59 were described as yielding a
Th2 response leading to antibody production without leading
to a strong Th1l response. Second, they can display a certain
level of toxicity, e.g. saponin can activates inflammasomes
leading to APC apoptosis while Complete Freud’s Adjuvant
(CFA) can create a local inflammation at the site of
injection.'”* Third, the administration at the site of infection,
which is in some cases requested to prevent systemic toxicity as
it is the case with ADU-S100 and MK-1454, can be complex to
achieve. Fourth, antigen release mechanisms, which determine
in large part vaccine efficacy, are not always optimal, e.g
adjuvants in the form of emulsions such as Montanide operate
by allowing a depot of the antigen within the injection area
followed by a slow diffusion of the antigen from this region
without however always a full control over such behavior.'”>
Nano-adjuvants allow to overcome these weaknesses in large
part. Indeed, they can enable to tune the strength of the
immune response by adjusting NM physicochemical properties
or by associating NM with several types of different immune
entities, e.g. anionic liposomes were associated with TLR4 and
TLR7 agonists."’® NM can also yield a reduction in vaccine
toxicity. This can be due to the nature of NM, which are often
less toxic than standard adjuvants. This can also come from the
lower doses of VAP necessary when VAP are combined with NM
than when they are associated with standard adjuvants.””” NM
also enable various routes of vaccine administration, better
targeting properties than standard adjuvant, and a controlled
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Advantages of nano-adjuvants in vaccines
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* NM prevents capture el
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Fig. 6 The different advantages provided using NM as vaccine adjuvants, including an improved immune response, the targeting of certain sites of
immune interest, the facilitated injection of the vaccine in a desired region of the organism, the reduction of vaccine toxicity, the controlled release/
activation of the antigen, the compatibility or complementarity between standard and nano adjuvants.

release of the VAP by adjusting the type of association/binding
between the VAP and NM, which allows breaking this binding
under well-defined conditions, i.e. acidic pH for example. In
several cases, standard adjuvants are also not incompatible
with nano-adjuvants. Indeed, standard adjuvants could be
prepared at the nanometric scale, either with the same compo-
sition as for CaP NM,'”® or with a slightly different one as for
NM containing Zinc and Aluminum (ZA)."”° In both cases,
vaccines led to the triggering of the immune system, which
increased survival in mice infected with pathogens,'”® or pro-
duced tumor growth retardation in mice bearing lymphoma
tumors.’”® Considering the latter approach, it presents the
advantage of allowing a comparison between the efficacy of
standard adjuvants and equivalent ones fabricated at nan-
ometer scale, thus facilitating clinical trial design by offering
control groups of patients with pre-established behaviors. Fig. 6
summarizes the advantages provided by nano-adjuvants.

Conclusion

In our battle against COVID 19, NM have been shown to be
useful for different applications, e.g. in vaccines, in masks or
diagnostic tools such as PCR to improve their efficacy.'® NM
incorporated in vaccines could most often be classified as
adjuvants. Nano-adjuvants can often be used in vaccines
against both cancer and viruses. When one examines which
nano-adjuvant is best suited for use in a COVID-19 vaccine, one
might therefore consider those tested against cancer to
broaden its choice. Nano-adjuvants consist of NM with various
compositions and structures such as graphene oxide, carbon
nanotubes, various vesicles, such as micelles, liposomes, exo-
somes, membrane vesicles, polymers including polysacchar-
ides, and metallic NM. The diversity of these NM makes it
possible to choose the type of NM depending on the desired
effect, e.g. vesicles to protect VAP against degradation. The
different mechanisms of action of NM used as vaccine adju-
vants include: (i) targeting by NM and associated VAP of a
region of immune interest such as the mucus or certain specific

This journal is © The Royal Society of Chemistry 2022

cells such as APC, (ii) protection by NM of the antigen or
mMRNA/DNA against degradation in the organism, (iii)
enhanced cellular internalization of VAP, (iv) improved pre-
sentation to MHC or processing by APC of antigen or mRNA/
DNA, (v) synergistic effects between different immunogenic
substances gathered within the same unit resulting in an
improved immune response, (vi) optimization of vaccine prop-
erties through an adjustment of NM physicochemical proper-
ties such as NM sizes, surface, composition. As a whole, these
behaviors result in nano-adjuvants displaying improved proper-
ties compared with standard adjuvants.
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PiRNA PIWI-interacting RNA
SWCNT Single wall carbon nanotube
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