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Vaccines activate suitable immune responses to fight against diseases but can possess limitations such as
compromised efficacy and immunogenic responses, poor stability, and requirement of adherence to mul-
tiple doses. ‘Nanovaccines’ have been explored to elicit a strong immune response with the advantages
of nano-sized range, high antigen loading, enhanced immunogenicity, controlled antigen presentation,
more retention in lymph nodes and promote patient compliance by a lower frequency of dosing. Various
types of nanoparticles with diverse pathogenic or foreign antigens can help to overcome immunotoler-
ance and alleviate the need of booster doses as required with conventional vaccines. Nanovaccines have
the potential to induce both cell-mediated and antibody-mediated immunity and can render long-lasting
immunogenic memory. With such properties, nanovaccines have shown high potential for the preven-
tion of infectious diseases such as acquired immunodeficiency syndrome (AIDS), malaria, tuberculosis,
influenza, and cancer. Their therapeutic potential has also been explored in the treatment of cancer. The
various kinds of nanomaterials used for vaccine development and their effects on immune system activa-
tion have been discussed with special relevance to their implications in various pathological conditions.

Statement of Significance

Interaction of nanoparticles with the immune system has opened multiple avenues to combat a variety
of infectious and non-infectious pathological conditions. Limitations of conventional vaccines have paved
the path for nanomedicine associated benefits with a hope of producing effective nanovaccines. This re-
view highlights the role of different types of nanovaccines and the role of nanoparticles in modulating
the immune response of vaccines. The applications of nanovaccines in infectious and non-infectious dis-
eases like malaria, tuberculosis, AIDS, influenza, and cancers have been discussed. It will help the readers
develop an understanding of mechanisms of immune activation by nanovaccines and design appropriate
strategies for novel nanovaccines.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

control over immune response to certain pathogenic portions or
co-administered adjuvants and pathogen reversion possibility pose

Since the advent of the first vaccine centuries ago, researchers
have been trying to find the answer of most common pan-
demic diseases through immunotherapy. Vaccination has suc-
cessfully managed to eradicate a lot of prevalent diseases, but
associated off-target responses, lack of prolonged protection across
variable pathogenic strains and allergy, limits its horizon for the
prevention or treatment of other globally prevalent diseases like
tuberculosis, AIDS, malaria, influenza and cancer. Though prophy-
lactic vaccines use live-attenuated or inactivated pathogens, lack of
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an area of concern over their safety and efficacy. Similarly, these
limitations are specific to any therapy involving target-specific im-
mune activation or tolerance [1].

1.1. Nanovaccines outperform free antigen-based immunization

With the advancement in the field of nanotechnology, ‘Nanovac-
cines’ have been explored by combining pathogen-specific anti-
gens with synthetic or natural nanomaterials in an effort to elicit
controlled immune response. This requires the use of necessary
components of the pathogen known as subunits to make vaccines
more tunable and safer. Such subunits can be peptides, proteins,
membranes, polysaccharides, capsules and toxins. Vaccines com-
prising of these subunits possess more safety, controlled immune
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response and protection against diverse pathogenic strains [2]. In
addition, nanoparticles have the ability to impart more stability
with high antigen loading and less proteasomal degradation of
antigenic subunits. Small and more specific subunits often tend
to be less immunogenic, which can be overcome by the use of
adjuvants that produce co-immunostimulatory or immunomodu-
latory signals. Side effects associated with such conventional ad-
juvants with individual-specific response, immunotolerance to the
target antigen and unwanted reactions towards self-antigens limit
their use [3]. Therefore, biocompatible nanoparticles can also be
directly used as adjuvants and may mitigate the need of strong
conventional adjuvants (e.g., alum). Another reason associated with
low subunit immunogenicity is their low cellular internalization
and rapid clearance from the body. Nanoparticles with tunable
physicochemical properties can overcome this limitation by en-
hancing circulation time, bio-accumulation in lymphoid organs and
efficient targeting of immune cells. They can also increase cross-
presentation by antigen-presenting cells (APCs) and activate the
immune system at much lower doses. For instance, poly (lactic-co-
glycolic acid) (PLGA)-based nanoparticles enhanced the cross pre-
sentation of ovalbumin through major histocompatibility complex-
I (MHC-I) in bone marrow derived primary dendritic cells due to
which T cells were stimulated at 1000-fold lower concentrations
as compared to soluble antigen [4].

Different kinds of nanoparticles (lipid-based, polymeric, inor-
ganic and protein/peptide-based) have been extensively used as
adjuvants, immunogens and antigen delivery vehicles for immune
activation [5]. Most of the synthetic nanoparticles interact with
APCs structurally to increase internalization rather than function-
ally as they lack specific binding locations for cell receptors. On the
contrary, protein-based nanoparticles can interact both structurally
and functionally as they can carry antigens as well as interact with
the pattern associated receptors on APCs [6]. Nanovaccines have
the ability to induce both the components of human adaptive im-
munity i.e. cell-mediated as well as antibody-mediated immunity
with induction of memory response. Prolonged release of antigens
from nanoparticle depots can cause enhanced stimulation for a
long period of time, alleviating the need for frequent booster doses
and therefore, nanovaccines can be used as both prophylactic or
therapeutic which involves its administration before or after the
occurrence of the disease respectively. However, the safety, biodis-
tribution and residence of the nanoparticles must be optimized
to obtain preferred immune responses towards nanoparticle-based
vaccines.

In this review, the potential and pros and cons of nanoparticle-
based vaccines are explored. The role of different nanovaccines in
activating various arms of immunity with an intent to abate the
use of frequent booster doses as vaccines for tuberculosis, malaria,
HIV (human immunodeficiency virus), influenza, and cancer are
discussed. The applications and advantages of nanovaccines against
various infectious and non- infectious diseases are also further de-
lineated in this article.

2. Immunological mechanism of nanovaccines

The ultimate goal for vaccination is to generate safe and effi-
cient primary as well as secondary immune responses in the body.
In a simplified way, primary immune responses protect the body
from potential damages that might occur on first exposure of the
pathogen or antigen. On the other hand, secondary immune re-
sponses, which are comparatively rapid and stronger, are elicited
depending on the immunological memory generated during first
exposure and protect the body from future encounters of the same
epitope [7]. Nanoparticle-based vaccine delivery emerged as an ap-
pealing platform for boosting both primary as well as secondary

immune responses in the body [8,9]. There are multiple mecha-
nisms by which nanovaccines help enhancing immune responses.
Nanovaccines facilitate uptake of antigens in dendritic cells (DCs),
which can further be enhanced by decorating the particle sur-
face with ligands that selectively recognize receptors on DCs (re-
fer Fig. 1). For example, ligands including Fc fragment, mannose
and anti-DEC-205 (mAb) have been widely explored which selec-
tively binds Fc receptors, mannose receptors and DEC-205 recep-
tors respectively on DCs [10,11]. In addition to efficient internal-
ization, ability to co-deliver multiple-antigens and adjuvants, in-
herent adjuvant property, rapid lymph node drainage and efficient
antigen presentation on DC’s surface are other predominant mech-
anisms by which nanovaccines help increase the duration as well
as the magnitude of the immune responses in immunized animals
[12,13]. Interestingly, these properties of nanoparticles have been
substantially engineered to achieve desirable immune response for
developing either prophylactic or therapeutic vaccines [9]. For de-
signing a safe and effective nanovaccine, it is imperative to under-
stand the mechanism by which the nanovaccine activates both in-
nate and adaptive immunity in the body [14].

2.1. Activation of innate immunity by nanovaccines

Prophylactic nanovaccines are generally administered subcuta-
neously, intramuscularly, or intranasally whereas therapeutic vac-
cines (e.g. for cancer treatment) are injected intravenously. De-
pending on the route of immunization, nanovaccines first en-
counter immune cells including neutrophils, macrophages, DCs and
natural killer (NK) cells which quickly recognize the nanovac-
cine (foreign particle) based on the pathogen associated molecu-
lar patterns (PAMPs) associated with them [15]. PAMPs (e.g. bac-
terial LPS, teichoic acid, lectins, oligonucleotides or material from
the carrier nanoparticle etc.) serve as the ligands for PRRs [e.g.
toll-like receptors (TLRs), C-type lectin receptors (CLRs), retinoic
acid-inducible gene-I-like receptors (RLRs) etc.] abundantly present
on these cells [16,17]. Thus, interaction of PAMPs with PRR trig-
ger endocytosis of larger particles (usually >500 nm) preferen-
tially by macrophages and smaller particles by DCs. Engulfment
of nanovaccines by macrophages results in gradual degradation of
nanovaccine particles and the encapsulated antigens. To prevent
this, nanovaccine particles have been engineered to survive the at-
tack by macrophages and facilitate direct delivery to APCs [18,19].
Additionally, depending on the type of PAMPs, neutrophils and
macrophage secrete a variety of cytokines and chemokines which
further activate APCs. Besides PAMPs, there are several unknown
mechanisms which can activate innate immunity for example, in-
duction of immune responses (potential adjuvant effect) by gly-
colic acid component of PLGA co-polymer [20] or by cationic li-
posomes [21]. Eventually, the secreted cytokines and chemokines
stimulate maturation and activation of APCs (mainly DCs) which
initiate strong adaptive immune response (refer Fig. 1). Therapeutic
nanovaccines developed for treatment of metastatic cancer directly
target DCs for strengthening adaptive immune responses in body
[22]. Activated DCs serve as the link between innate and adaptive
immunity.

2.2. Activation of adaptive immunity by nanovaccines

Adaptive immunity generally has two arms; cell-mediated and
antibody-mediated immunity. Adaptive immune responses are
generated within few days to several weeks and last longer. Essen-
tially, both types of immunity are necessary for a protective and
prolonged immune response. However, their requirement is dif-
ferent in both prophylactic and therapeutic nanovaccines. For in-
stance, strong cell-mediated cytotoxic responses are more desirable
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Fig. 1. Activation of adaptive immunity by nanovaccines: uptake and presentation of antigenic subunit by APCs elicits cell-mediated and antibody-mediated immune response

leading to apoptosis of infected cells and phagocytosis of antibody-pathogen complex.

in case of therapeutic nanovaccine in order to effectively kill the
metastatic cancer cells [23].

2.2.1. Activation of cell-mediated immunity

Vaccination provokes cell-mediated immunity generated by B
cells and T cells which serve to neutralize the pathogen/antigen
and simultaneously stimulating the body for developing immuno-
logical memory [24]. The CMI responses are triggered by migra-
tion of activated DCs (following uptake of nanovaccine particle) to
lymphatic organs (spleen and lymph noted). Activated DCs present
their antigens via MHC class I receptor to CD8* cytotoxic T lym-
phocytes (CTLs) (refer Fig. 1). Activated CTLs elicit strong CMI and
selectively kill target cells (infected altered cells or cancerous cell)
by inducing apoptosis in them [20]. Killing target cells is a com-
plex immunological process that attracts several compliment sys-
tems (CS) proteins and co-stimulatory molecules. Therapeutic can-
cer nanovaccines are preferentially designed to strengthen CTLs
responses by ex vivo educating DCs via adoptive transfer of anti-
gen (for example, Sipuleucel-T, a therapeutic vaccine approved for
treatment of metastatic contraction resistant prostate cancer) [25].

On other hand, activated DCs also present antigens to CD4*
T-helper cells (Th cells) via MHC-II receptor. Subsequently, effec-
tor Th cells undergo activation and maturation leading to secre-
tion of variety of cytokines signals (refer Fig. 1). Depending on
the type of cytokine secreted, Th populations are divided into Th1
cells and Th2 cells subsets [7]. Th1 subset majorly secretes pro-
inflammatory cytokines (e.g. INF-y, TNF-«, IL-1) which stimulates
proliferation of CTLs and strengthen the function of CMI. Th2 sub-
set secrete class of cytokines (e.g. IL-4, IL-5, IL-6, IL-9, IL-10 and IL-
13) which stimulate B cell proliferation during antibody-mediated
immune responses [7,26]. A subtle balance between Th1/Th2 re-
sponses determines overall therapeutic or prophylactic vaccine po-
tential of candidate nanovaccine [27]. In some cases, nanovaccines
also work by suppressing T-regulatory (Treg) cells, which naturally
suppress activation and proliferation of effector T cells in the body
[28].

2.2.2. Activation of antibody-mediated immunity

Depending on the potential of nanovaccines to generate strong
Th2 cytokine response, naive B cells located in spleen and lymph
nodes get stimulated and bind to soluble antigen via B cell re-
ceptors (BCRs). Activated B cell population undergoes prolifera-
tion in the germinal center. Further, by somatic hyper mutation,
B cells becomes specific to particular epitope of an antigen and
then only epitope-specific B cells are selectively (clonal selection)
proliferated. At this stage, activated B cells either differentiate
into antibody-secreting plasma cells and secrete soluble antibod-
ies against target antigen or remain dormant as memory cells for
a future encounter of the same antigen (refer Fig. 1) [29].

2.3. Nanovaccines boost immunological memory

Plasma cells are short-lived and their number gradually de-
clines over time, as do the corresponding antibody titers [30]. In
that case, memory cells (B cells and T cells) which were gen-
erated and stored in the lymphatic organs or bone marrow for
several months, come into play and protect the body from rein-
fection of the same antigen. In such situations, memory B cells
quickly proliferate and turn to antibody-secreting (mainly IgG)
plasma cells to neutralize the antigen. On the other hand, mem-
ory T cells (both types CD4" and CD8") serve to produce more
cytokine and chemokine signals to stimulate enhanced CMI and
antibody-mediated responses. However, in case the structure of the
antigen (epitope) has undergone significant changes due to cleav-
age, aggregation or re-folding, even memory cells cannot provide
the required protection [31]. Although, in some cases, primary im-
munization can offer up to 90% protection, however, as even the
rest 10% can be disastrous, therefore booster doses are scheduled
to increase protection up to 100% [32]. Booster doses promote gen-
erating of more population and a variety of memory cells. Gen-
erally, booster doses are scheduled after the antibody titer from
plasma cells has dramatically declined to allow more competitive
binding of memory cells to the injected antigen [33,34]. In a re-
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lated context, the use of nanoparticles help recalling more robust
immunological memory even at a low dose [35]. Nanoparticles (e.g.
PLGA based nanovaccine) facilitate prolonged availability of intact
antigen in blood due to sustained release that leads to a higher
proliferation of B cells and hence more memory cells [36,37]. Also
due to small size, nanoparticles can travel through the narrow lym-
phatic system to lymph nodes inducing differentiation of more
memory cells [38]. For example, Demento et al.,, reported that
over alum-based (free antigen) or liposome-based (burst release)
carriers, mice immunized with OVA-expressing Listeria monocyto-
genes (LM-OVA) encapsulated in PLGA particles (sustained-release)
showed the highest protection against a lethal dose of L. monocyto-
genes even after 13 weeks post immunization. They observed that
mice immunized with antigen in PLGA nanoparticles had a robust
population of CD8* T memory cells [36]. Similarly, Kanchan et al.,
showed that encapsulation of tetanus toxoid (TT) inside poly(lactic
acid) (PLA) particles generated long lasting primary antibody re-
sponse in mice and interestingly even after 18 months re-exposing
the animal using very low antigen dose induced heightened and
robust B cell responses [39].

3. Approaches for designing of nanovaccines

Nanomaterials can be efficiently used for designing nanovac-
cines for the enhancement of immune-modulation. Based on their
potential use, they can be employed as adjuvants, immunogens
or nanocarriers for enhanced and prolonged antigenic delivery.
These properties of a nanoparticle are strongly governed by its
size, shape, composition, surface chemistry and route of admin-
istration. It plays an important role in deciding its capability to
induce inflammatory response or expression of specific defense-
related genes. Different types of nanoparticles like protein, lipid,
polymer, or inorganic particles (such as gold, iron, carbon and sil-
ica nanoparticles) can induce immune stimulation and have been
discussed below [40].

3.1. Traditional adjuvants

Adjuvants are used with vaccines to enhance their potency by
combination of mechanisms. Adjuvants activate innate immune re-
sponses that shape and trigger the adaptive immune responses to
vaccines [41]. Traditionally used adjuvants such as alum, complete
Freund’s adjuvant and ASO4 (combination of alum and monophos-
phoryl lipid A) are known to form local depots that induce secre-
tion of cytokines, chemokines and recruitment of immune cells.
Absorption of antigen on surface of adjuvants enhances anti-
gen uptake and presentation, thus promoting antigen transport
to draining lymph nodes [42]. Activation of TLRs has been po-
tentially used for designing vaccine adjuvants. TLR ligands or ag-
onists have served as potential immunostimulatory molecules as
TLRs activate innate immune responses by identifying PAMPs and
down signaling the transcription factors responsible for immune
responses such as NF-«B, IRFs and lymphocyte activation [43].
The co-delivery of antigen along with TLR ligands promotes anti-
gen presentation to CD4*+ T cells via MHC-II signaling and cross-
presentation to activate CD8* T cells [44]. TLR agonist such as
CpG up-regulates expression of CD40, CD54, CD80, CD86, and MHC
class II molecules thus enhancing antigen processing and presenta-
tion in plasmacytoid DCs [45].

3.2. Nanoparticles as adjuvants, carriers and immunogens

Nanovaccines generate amplified, specific and robust responses
as compared to traditional vaccines despite having similar mech-
anism of immune activation. The exaggerated immune response
generated by nanoparticle associated antigen is due to their ability

to specifically target dendritic cells with enhanced cellular uptake
and antigen presentation. Moreover, nanoparticles can be used as
adjuvants with specific antigens or as immunogen themselves.

Vaccine antigens are either encapsulated inside or surface dec-
orated over nanoparticles to get delivered efficiently (refer Fig. 2).
There are chances that free antigens may degrade and elicit lo-
cal immune responses at the site of administration, therefore,
encapsulating free antigen inside nanoparticles prevents their
degradation and provides prolonged and controlled release at the
target site. The controlled release of antigen prevents burst re-
sponses and eliminates the need of booster doses. Surface deco-
ration of nanoparticles with antigen also confers the advantage of
presenting the antigen to cells in a similar way as presented by
pathogens [46]. Polyanhydride-based nanoparticles encapsulating
F1-V antigen when administered intranasally induced an immune
response that persisted for 23 weeks and elicited a high anti-F1-V
IgG1 antibody response post-vaccination and conferred long-lived
protective immunity against Yersinia pestis infections compared to
recombinant F1-V antigen [47]. Similar nanoparticles were func-
tionalized with di-mannose targeted macrophage mannose recep-
tor (MMR). These carbohydrate functionalized nanoparticles en-
abled sustained release of immunogen for 30 days and enhanced
the uptake of antigen by dendritic cells simultaneously upregulat-
ing the co-stimulatory molecule CLR, CD206, and CD40 in cells as
compared to non-functionalized nanoparticles [48]. Apart from en-
capsulation, several other strategies have been exploited for the
co-delivery of antigens and nanoparticle such as surface absorp-
tion, conjugation, and mixture (refer Fig. 2). Nevagi et al., observed
enhanced immune activation against GAS (Group A Streptococcus)
antigen using tri-methyl chitosan (TMC) nanoparticle conjugated
with B cell and T cell epitope as compared to antigen mixed with
TMC [49].

Nanoparticles have also shown potential to be used as ad-
juvants because of their immunomodulating activities such as
inflammasome activation, complement system activation and re-
cruitment of immune cells [50]. Due to above-mentioned effects,
nanoparticles act as a better adjuvant in comparison to com-
plete Freund’s adjuvant and conventional aluminum containing
salts by inducing higher immunogenic responses at low antigen
doses [51]. Also, their small size facilitates internalization by den-
dritic cells and induces adaptive immune responses. Studies by
Swaminathan et al., have proved enhanced immune responses by
lipid nanoparticle (LNP) adjuvant formulations against ovalbumin
(OVA) and hepatitis B virus surface antigen (HBsAg) in BALB/c and
C57BL/6 mice injected with HBsAg along with LNPs as compared
to HBsAg alone [52]. Co-administration of quarternized chitosan
nanoparticles as adjuvants along with ovalbumin intranasally in
female BALB/c mice induced activation of APCs followed by en-
hanced lymphocyte proliferation and differentiation as compared
to OVA mixed with aluminum hydroxide gel [53]. Asgary et al,,
also reported that silver nanoparticles showed increased antibody-
mediated responses against CVS-11 rabies and reduced toxicity as
compared to conventionally used adjuvants such as alum [54]. Al-
though nanoparticles possess great adjuvant properties, their co-
delivery along with generally used adjuvants such as TLR agonists
can provide very robust immune protection. The use of TLR ag-
onists is restricted because of their instability, particularly while
using RNA as TLR agonists. Nugyen et al., have designed lipidoids
to effectively deliver immunostimulatory RNA to activate innate
and adaptive immune responses. These lipid-RNA nanoparticles en-
hanced IFN-y responses and anti-OVA cell-mediated and antibody-
mediated responses. These lipidoids were superior to the con-
ventionally used N- [1-(2,3-dioleoyloxy) propyl]-N,N,N-tri-methyl
ammonium methyl sulfate-RNA delivery system [55]. Similarly,
Siefert et al., have synthesized PLGA based bacterial biomimetic
nanoparticles co-presenting monophosphoryl Lipid A (MPLA) and
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unmethylated CpG-rich oligodeoxynucleotides (CpG), a TLR ag-
onist. These nanoparticles induced pro inflammatory responses
and antigen-specific antibody and cell-mediated immunity. Co-
localization of MPLA and CpG also induced functional memory
CD8* cells. These findings clearly demonstrated the ability of bac-
terial elements and TLR agonists towards developing a more ef-
fective vaccine design [56]. In addition, TLR agonists have been
used in designing disease-specific nanovaccines, which are dis-
cussed later in this review.

Layer by layer protein nanoclusters synthesized from recombi-
nant trimeric hemagglutinin were immunogenic by themselves and
induced protective antibody-mediated responses without the use
of adjuvants. Such high immunogenic potential of peptide nan-
oclusters is because of the high antigen density available on the
surface of nanoparticles [57].

Various types of nanoparticles have been used for nanovaccine
formulation and each type serves a different function, which has
been elaborated in the next section.

3.3. Nanovaccines employ a broad range of materials

3.3.1. Protein/peptide-based nanovaccines

Protein-based nanovaccine can serve both structural as well
as functional purpose by carrying antigens and engaging pattern
recognition receptors of APCs. The protein-based nanovaccine can
be categorized as biomimetic (virus-like particles, cages, vaults),
rationally designed (nanofibrils, self- assembled protein nanopar-
ticles, nanoclusters) and micelles.

Biomimetic protein-based nanovaccines: Biomimetic protein-
based nanovaccines are of viral origin with self-assembled viral
capsid proteins devoid of genetic material and are categorized
as virus-like particles (VLPs) (refer Fig. 3(E)). On the other hand,
those of prokaryotic or eukaryotic origin are called protein cages
and vaults. Cages and Vaults are generally used for biocatalysis
or molecular transport. They share common properties with VLPs
like nanoscale, symmetry and container like geometries. All these
structures can be modified chemically or biologically with anti-
gens for immune activation [6]. VLPs (60-80 nm) of Salmonella ty-
phimurium bacteriophage P22 were engineered to encapsulate two
respiratory syncytial virus (RSV) protein antigens, matrix (M) and
matrix 2 (M2). Mice vaccination and intranasal boosting showed
antigen-specific CD4+ and CD8* T cell responses. Upon subsequent
RSV challenge, 1000-fold reduction in viral load and increased
antigen-specific CD8" T cells were observed in the lungs of vac-
cinated mice as compared to empty P22 vaccinated and unvacci-
nated animals [58].

Cages like 25 nm E2 cage derived from the pyruvate dehydro-
genase complex of Bacillus stearothermophilus [59], 13 nm cage of
human heavy chain ferritin (an iron storage protein) [60], ~24 nm
encapsulins (class of icosahedral cage structures) of bacteria and
archaea are used for the presentation of different antigens to elicit
immune response after immunization [61]. A recent study on non-
viral E2 protein-based biomimetic nanoparticle-containing acid-
labile CpG (DC activating molecule) and SIINFEKL peptide epitope
conjugate has shown the potential to enhance the CpG mediated
DC activation by 25-fold in vitro as compared to unbound CpG. In-
terestingly, co-delivery of SIINFEKL peptide conjugated with CpG
has shown elevated cross-presentation and CD8+ T cell activa-
tion by inducing a 3-fold greater display of SIINFEKL on MHC-I by
DCs as compared to unbound peptide or peptide bound directly
to E2 protein. This shows the ability of biomimetic protein-based
nanoparticles to facilitate enhanced immune response by DC acti-
vation and cross-presentation [62].

Vaults are eukaryotic ribonucleoproteins assembly of a cage-like
barrel-shaped structure (approximately 70 nm x 40 nm x 40 nm)
made from the major vault protein (MVP) [63]. It has been shown
that increased antigen-specific CD4" T cell response with a reduc-
tion in genital bacterial load and inflammation was observed after
Chlamydia muridarum polymorphic membrane protein G-1(PmpG)
encapsulating vaults were administered intranasally [64].

Rationally designed protein-based nanovaccines: Nanofibrils are
generally made of engineered B-sheets or «-helical coiled coils.
B-sheet nanofibrils can be formed with peptide sequences like
Q11 (QQKFQFQFEQQ) and KFE8 (FKFEFKFE) appended to C ter-
minus of a peptide antigen with a short linker sequence (refer
Fig. 3(D)). Similarly, «-helical coiled-coil can also be formed into
fibrils from «-helical peptide-like coil29 [65]. Such peptide se-
quences undergo assembly into fibrils with the antigenic epitope
sticking outward from the fibril surface [6]. These fibrils have been
assembled with various epitopes of Plasmodium falciparum [66],
Mycobacterium tuberculosis [67], Streptococcus aureus [68], T-helper
cells epitope PADRE [68] and OVA epitopes [69]. Conjugation of
E2EP3 immunogenic epitope of Chikungunya virus E2 glycoprotein
with B-sheet self-adjuvanted amyloid assemblies showed cytocom-
patibility with enhanced macrophage uptake and robust IgG re-
sponse against E2EP3 epitope [70].

Self-assembling protein nanoparticles (SAPNs) are 20-30 nm
icosahedrons containing pentameric and trimeric helical coiled-
coils conjugated with (glycine), linker (refer Fig. 3(F)). Antigens
and adjuvants can be inserted depending on the expected struc-
ture from in silico modeling [71]. Subunit vaccine SAPNs have been
reported to enhance immune response in numerous diseases like
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malaria [72], HIV [73], toxoplasma [74] and severe acute respira-
tory syndrome [75]. Wahome et al., encapsulated two HIV pro-
tein epitopes (4E10 and 2F5) onto SAPN surface and observed en-
hanced production of epitope-specific neutralizing antibodies. This
indicates the potential of SAPN as nanovaccine to activate immune
response against HIV [73].

Nanoclusters have also emerged as a prominent vaccine plat-
form prepared from desolvation of proteins and peptides. They are
generally made up of antigens and crosslinkers with an intent to
increase antigen loading and eliminate off-target sequences. In-
tranasal vaccination of influenza matrix protein 2 (M2e) containing
self-assembled protein nanoclusters elicited enhanced immune re-
sponse and complete protection after lethal challenge with hetero
and homo-subtypic virus [76]. Since the preparation of nanoclus-
ters requires organic solvents, it may alter the secondary or qua-
ternary structure of full protein antigens [57].

Micelles: Antigenic molecules can be conjugated to micelles in
two different ways. Either they can be covalently linked onto the
micellar surface or can be conjugated to the variety of alkyl tails
to form amphiphilic peptide micelles (PAMs). Micelles of differ-
ent sizes and shapes affect their immune activation potential [77].
Studies have shown that cylindrical or spherical PAMs are effi-
ciently able to reach lymph nodes and carry the required amount
of antigen and adjuvant [78]. Studies have reported PAM medi-
ated increased immunogenicity of T cells [79] and B cells epi-
topes [80]. Such peptide lipid conjugates also form nano-disc vac-
cines (refer Fig. 3(G)). Subcutaneous vaccination with neo-antigen
ADPGK nanodiscs showed enhanced CD8* cellular response, APC
uptake and increase survival after BI6F10 melanoma challenge as
compared to intramuscular vaccination [81]. Peptide-polymeric mi-
celles have also been explored as a vaccine platform by conjugat-
ing hydrophilic peptide antigen with dendrimer polymers for im-
munotherapy [24].

3.3.2. Lipid-based nanovaccines

The most common lipid-based nanovaccines getting explored
from the past few decades are liposomal nanovaccines (refer
Fig. 3(B)). They offer a distinct advantage over other nanovaccine
systems in terms of being biodegradable, tolerable, less immuno-
genic and having tunable physicochemical properties. They provide
a wide repertoire to load antigens of different philicity inside and

outside of liposomes with easy surface conjugation [82]. Differ-
ent physicochemical properties (like size [83], surface charge [84],
surface modifications (PEG) [85], bilayer composition and fluidity
[86]) affect the immunological outcome of liposomal nanovaccines.

Size-dependent differential activation of immune response in-
dicated the activation of Th2 response by 100 nm sized lipo-
somes as compared to Th1 response by liposomes >400 nm [83].
Transdermal immunization of mice with dissolving microneedles
loaded with opposite charged transferosomes indicated the en-
hancement of Th1l immune response by cationic transferosomes
as compared to anionic counterparts by exhibiting strong endo-
cytic escape property with fecilitating antigen processing via MHC-
I pathway and larger accumulation in lymph nodes [87].

Kaur et al., showed the effect of bilayer fluidity on immune ac-
tivation by varying cholesterol concentrations. Relatively lesser in
vivo 1gG production and IFN-y was observed by liposomal formu-
lations containing high cholesterol [85]. Similarly, the effect of an-
other important factor affecting bilayer fluidity on liposomal me-
diated immune activation was observed by preparing liposomes
with phospholipids having different transition temperatures (Tm).
High Tm phospholipids containing liposomes stimulated Th1 im-
mune response as compared to low Tm phospholipids that induced
Th2 response in mice immunized with leishmaniasis rgp63 antigen
[86].

Numerous clinical studies showed the use of liposomes as adju-
vants in therapeutic vaccines. Liposome encapsulated D. pteronyssi-
nus vaccination reduced allergen bronchial provocation induced in-
flammatory changes and improved condition of asthma patient
after sustained mite exposure [89]. A phase III study of teceto-
mide vaccine, containing BLP lipopeptide antigen incorporated
into DMPG:DPPC:Chol:MPL-liposomes was performed for stage
Il non-small cell lung cancer after subcutaneous immunization
(NCT01015443) [90]. However, the study was terminated due to no
effect on survival and primary or secondary endpoint in a phase II
study [91]. A phase I trial (NCT00922363) showed safety and im-
munogenicity of CAFO1 (liposomal adjuvant system) given with a
subunit vaccine against M. tuberculosis antigen H1. This adjuvanted
vaccine showed long-lasting T cell response with no antibody re-
sponse observed in healthy adults [92].

Viral liposomes called “virosomes” have also been studied in
the literature. Virosome exhibits viral capsid proteins onto the li-
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posomal surface for effective fusing with the target cell mem-
brane. Recently, virosomes and liposomes mediated immune re-
sponse was investigated on human respiratory tract triple cul-
ture model. Both virosomes and liposomes were prepared from
the same neutral phospholipids, DOPC (1,2-dioleoyl-sn-glycero-
3-phosphocholine) and POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine), but virosomes were also fused with
influenza membrane protein. Results showed enhanced internaliza-
tion of virosomes in epithelial cells of triple culture as compared
to liposomes of similar sizes [93].

A recent study has shown the use of lipid-based 40-60 nm
particles (ISCOMATRIX particles) as adjuvant with chimera pep-
tide vaccine containing gp21, Tax, gp46 and gag epitopes of hu-
man T cell lymphotropic virus type 1 when given subcutaneously
in mice. Enhanced production of mucosal IgA and IgG2a antibody
titers along with IFN-y and IL-10 cytokines were observed as com-
pared to vaccine formulation [94].

Another class of lipid-based nanocarrier includes ‘hexosomes’
and ‘cubosomes’ that can provide a high membrane surface area
for antigen and membrane protein loading. Hexosomes are gener-
ally made up of lipids known to form non-lamellar structure in
hydrated systems with inverse hexagonal liquid crystalline phase.
Comparative adjuvant activity of mono mycoloyl glycerol-1 (MMG-
1) immunopotentiator containing hexosomes and cationic lipo-
somes (CAF04) loaded with Chlamydia trachomatis major outer
membrane protein (MOMP) antigen in CB6/F1 mice after vacci-
nation was studied by Rodrigues et al. MMG-1 hexosomes made
up of lipid phytantriol induced a strong MOMP-specific antibody-
mediated immune response whereas MMG-1 cationic liposomes
elicited much stronger MOMP-specific cell-mediated response. It
indicated the immune activation by two lipid-based adjuvants via
different mechanisms [95]. In addition, cubosomes are generally
made up of lipid bilayers forming continuous periodic cubic lat-
tice structures with interwoven water channels and a stabilizing
polymeric outer corona [96]. Phytantriol, pluronic F127 and propy-
lene glycol-based cubosome formulation containing (imiquimod
and monophosphoryl lipid A (MPL)) adjuvants and model OVA
antigen elicited robust IFN-y production and CD4* and CD8* T
cell proliferation as compared to similar adjuvant containing lipo-
somal formulation and alum [97]. Such lipid-based self-assembled
structures can provide high antigen and adjuvant loading with
enhanced immunoactivation in comparison to conventional lipid-
based carriers like liposomes.

3.3.3. Synthetic or natural polymer-based nanovaccines

Polymeric particles showed a great possibility to be used as
nanovaccines due to their ease of preparation, biocompatibility
and biodegradability, fine-tuning of surface properties and con-
trolled release kinetics (refer Fig. 3(A)) [98]. The most commonly
used polymeric nanoparticle for antigen delivery is poly (lactic-co-
glycolic acid) PLGA or poly (lactic acid) PLA that has been used
to deliver a broad range of antigens like hepatitis B virus antigen
[99], tetanus toxoid [100], Bacillus anthracis antigen [101], Mycobac-
terium tuberculosis antigen [102] and ovalbumin [36]. Other nat-
ural polymers like chitosan [103], alginate [104], pullulans [105],
and inulin [106] have also been used as adjuvants and antigen
carriers. Chitosan alginate-based nanovaccines for hepatitis B virus
[103] and DNA-based chitosan vaccines for mycobacterium tuber-
culosis (Mtb H37Rv) showed a marked increase in immunologic
and protective efficacy in immunized mice [107].

Hyperbranched polyglycerol (HbPG) globular polymer can be a
potential candidate for inert dendrimer based multi-valent vaccine
coupled with B cell epitope for tumor-associated antigen (MUC1)
and T cell epitope for tetanus toxin P2. It showed enhanced im-
mune response and IgG antibodies against breast cancer cells.

Hence polymeric nanoparticles can be used for potential multi-
valent vaccines [108].

3.3.4. Inorganic-based nanovaccines

Several inorganic nanoparticles (Gold, Iron, Carbon, Silica
nanoparticles) are being explored for vaccine delivery in different
disease models (refer Fig. 3(C)). Ease of antigen functionalization
onto easily accessible surface groups, robust properties with re-
producibility outweighs their low biodegradability and gives them
an edge to be used as nanovaccines. They also increase antigen
stability by preventing premature proteolytic degradation. How-
ever, there are reports showing dose and size-dependent clinical
toxicities of these nanoparticles [109]. Amongst all the inorganic
nanoparticles, gold nanoparticles have gained maximum attention
in vaccine delivery. These particles have been used for the epitope
delivery against HIV [110], influenza [111], malaria [112] and tumor
[113]. Effect of shape of gold nanovaccine on antibody production
against WNV envelope E protein showed that rods induced only
50% of the antibody response as compared to spherical nanopar-
ticles [114]. Multicopy multivalent nano-glycoconjugates of gold
nanoparticles decorated with Tn-antigen glycan generated strong
long-lasting antibodies against breast cancer expressing aberrant
mucin glycan [115].

Inorganic carbon spherical nanoparticles and nanotubes were
used as adjuvants to increase immunogenicity and act as deliv-
ery vehicles for peptides and protein against various viral infec-
tions [116,117]. Oral immunization of bovine serum albumin (BSA)
loaded carbon nanoparticles showed effective stimulation of mu-
cosal IgA antibodies in intestinal, vaginal and salivary mucosa
along with Th1l and Th2 responses [116]. Abundance of silanol
groups over silica nanoparticle surface provides an advantage for
easy conjugation of targeting moiety for various viral infections
[118]. Silica vesicles adsorbing E2 glycoprotein of bovine viral di-
arrhea virus (BVDV) showed 6-month antibody-mediated and cell-
mediated immune response with no histopathological changes at
the site of infection [119]. The use of magnetic iron oxide nanopar-
ticles for tumor-associated carbohydrate antigen (TACA) through
phospholipid functionalization of TACA glycopeptide showed en-
hanced antibody titers against both human and mouse tumor cells
expressing that glycopeptide [120]. Calcium nanoparticles have also
been reported for their superior adjuvant property with DNA vac-
cines and to confer mucosal immunity. They can also induce en-
hanced antibody production against viral antigens as compared to
aluminum adjuvants [121].

Since different types of nanoparticles impart different proper-
ties to the developed nanovaccine, their vast use in immune ac-
tivation against a variety of antigens have been observed. Though
clear demarcation or direct comparison across nanocarriers has not
been studied but there are unique properties and advantages asso-
ciated with each nanocarrier that gives them an edge over each
other. Biomimetic carriers like VLPs are expected to possess inher-
ent immunogenicity that can elicit antibody reaction against car-
rier antigens itself. This could lead to the competition with the
target antigen and alter antibody repertoire or memory response
against it. Reactive toxicities or neutralization upon repeated dos-
ing can also limit their multiple use in a patient [122]. Such prob-
lems can be avoided by the use of nanoclusters that are solely
made up of single type of antigen. These protein-based biomimetic
and rationally designed nanocarriers are most suitable for the in-
corporation of a highly hydrophobic antigens of varied sizes with
an intent to preserve its native structure, whereas hydrophilic pep-
tides can be well delivered using amphiphilic micelles [6]. Car-
rier specific immune response has also been observed for certain
polymeric and lipid-based carriers but it can be avoided using
natural or biomimetic components (e.g., cellular lipid isolates or
extracellular matrix polymers) [6]. Control over spatiotempo-
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Fig. 4. Prophylactic and therapeutic action of nanovaccines: strategy for using nanovaccines in prevention and treatment of an infection.

ral antigen release, biodegradability, biocompatibility and ease
of modification makes them two of the most widely explored
nanocarriers for vaccine development. Precise control over size
with high reproducibility and ease of antigen functionalization
gives inorganic nanoparticles an edge over other nanocarriers but
reports suggesting their dose-dependent clinical toxicity because of
prolonged exposure limits their potential use. Different examples
of nanoparticle-based vaccines and their current clinical status has
been summarized in Table 1.

4. Prophylactic and therapeutic properties of nanovaccines

Different type of nanovaccines can escalate the immunogenic
potential of antigens by boosting the immunogenic responses and
memory generated against antigens at low doses. Immunogenic re-
sponses generated against certain antigens can be used in two dif-
ferent scenarios by varying the use of vaccines as prophylactic or
therapeutic (refer Fig. 4).

Prophylactic vaccines aim to develop protective immunity and
are administered before the onset of disease. The goal of pro-
phylactic vaccines is to develop immunogenic memory against

certain infections. Major challenge of prophylaxis is obtaining
sufficiently long-lasting immunogenic memory. For instance,
single-dose immunization of mice with polyanhydride nanoparti-
cle containing pneumococcal surface protein A (PspA), a virulence
factor of S. pneumonia activated protective immunity and enhanced
the survival of animals upon challenge even at 25-fold reduction in
dose. PspA based nanovaccine formulation performed comparable
to protein adjuvanted with alum, with much less tissue reactivity
at the site of immunization [123]. Prophylactic nanovaccines con-
fer protective immunity mostly against infectious conditions at low
doses of immunostimulating antigen and reduced need for adju-
vants, thus mitigating associated toxicities.

Therapeutic vaccines are administered after the onset of dis-
eases to alter the course of disease by encouraging the immune
system to fight harder against the prevailing conditions. Unique
immune responses are generated against disease-specific anti-
gens. Generally, therapeutic vaccines are used for cancer treat-
ment, but there are compelling evidences suggesting their po-
tential use in autoimmune disorders also. The advantage of us-
ing therapeutic vaccines instead of conventional pharmaceutical
treatment lies in their specificity [124]. Mono-specific, disease-



Table 1

Examples and clinical status of nanocarriers-based prophylactic vaccines.

Infectious/Non-

infectious Targeted disease Nanocarrier Exploited antigen Clinical status Ref.
Infectious Influenza T7 phage VLP HA, M2e Preclinical [167]
Influenza Human ferritin cage M2e Preclinical [60]
Influenza «-helix self- assembling peptide nanoparticles M2e/CFA+IFA Preclinical [168]
Influenza «-helix self- assembling peptide nanoparticles Helix C, M2e/flagellin, PADRE Preclinical [169]
Influenza Liposomes H1NT1 Split virus Phase 1 [170]
Influenza Gold nanoparticles Extracellular portion of M2 protein (influenza virus) Preclinical [171]
Influenza Thermotoga maritima encapsulin M2e, GFP/CFA Preclinical [172]
Influenza Self-assembled peptide nanofibers (Q11 Influenza acid polymerase (PA) Preclinical [69]
self-assembly domain)
Malaria Self-assembling protein nanoparticle (SAPN) FMP014 Preclinical [173]
Malaria B-sheet fibers (NANP)3 Preclinical [66]
Malaria «-helix fibers PbCSP Preclinical [72]
Malaria Liposomes RTS,S Phase 1/1I [174-176]
Malaria Iron oxide nanoparticles Merozoite surface protein Preclinical [141]
Malaria Gold nanoparticles Pf CSP (P. falciparum) Preclinical [177]
HIV a-helix self- assembling peptide nanoparticles 2F5, 4E10/IFA Preclinical [131]
HIV Gold nanoparticles HIV-1 Env plasmid Preclinical [178]
HIV Gold nanoparticles HIV Gag p17 and CMV pp65 Preclinical [161]
HIV Chitosan and Hyaluronic acid nanoparticles PCS peptide Preclinical [159]
HIV Silver nanorods HIV Gag Preclinical [160]
Tuberculosis B-sheet fibers ESAT6, TB10.4, Ag85B/Pam2Cys Preclinical [67]
Tuberculosis Self-assembling peptide nanofibers Mtb-specific CD8+ or CD4+ T cell epitopes Preclinical [67]
Tuberculosis Liposomes M?72, H1 protein Phase 1 [179]
Tuberculosis Chitosan nanoparticle DNA encoding T cell epitopes of Esat-6 and FL Preclinical [107]
Tuberculosis Chitosan nanoparticle Mycobacterium lipids Preclinical [136]
Pneumonia Qp phage Tetra saccharide/NKT cell adjuvant Preclinical [180]
Pneumonia Polyanhydride nanoparticle Pneumococcal surface protein A (PspA) Preclinical [123]
Respiratory syncytial virus P22 phage M, M2 Preclinical [58]
Respiratory syncytial virus Liposomes Envelope (E) protein Preclinical [181]
MCMV respiratory infection PLGA micro/nano EP67 conjugated to MCMV CTL epitope Preclinical [182]
Hepatitis B Chitosan nanoparticles Recombinant Hepatitis B surface antigen (rHBsAg) Preclinical [183]
Hepatitis B Poly (D,L-lactic-co-glycolic acid) nanospheres  Hepatitis B surface antigen Preclinical [99]
Chlamydia Vault PmpG Preclinical [64]
Toxoplasmosis a-helix self- assembling peptide nanoparticles 5 CD8+ T cell epitopes/ PADRE, flagellin, GLA-SE Preclinical [74]
GAS infection Lipopeptide based nano carrier systems (LCP) B cell epitopes of the M protein (J14) and the Sfbl protein (FNBR-B) Preclinical [184]
Group A Streptococcus (GAS) infections PLGA Lipopeptide-based vaccine candidate (LCP-1) Preclinical [185]
human T cell lymphotropic virus type 1 (HTLV-1) ISCOMATRIX Tax, gp21, gp46, and gag Preclinical [94]
Dengue Liposomes Envelope (E) protein Preclinical [181]
Meningitidis Liposomes Outer membrane proteins and deacetylated lipo-oligosaccharide Phase 1 [186]
Anthrax Poly (D,L-lactic-co-glycolic acid) nanospheres = PAD4 Preclinical [101]
Newcastle disease Chitosan nanoparticles Live virus vaccine Preclinical [187]
Tetanus Gold nanoparticles Tetanus toxoid bulk from Clostridium tetani Preclinical [188]
Foot and mouth disease Gold nanoparticles FMDV peptide Preclinical [189]
Enterohemorrhagic Infection Gold nanoparticles LomW and EscC Preclinical [129]
Non-infectious Melanoma Hepatitis B VLP Melanoma peptides Preclinical [190]
Melanoma E2 cage gp100 Preclinical [59]
Cancer Metal organic framework nanoparticle Cytomembrane of fused DCs and Cancer Cells Preclinical [77]
Cancer Fe304 magnetic nanoclusters Cancer cell membrane Preclinical [191]
Cancer (EGFRVIII) a-helix fibers PEPVIII, SIINFEKL/ PADRE Preclinical [65]
Cystic fibrosis Nanoemulsion Proteobacterial outer membrane protein (OMPs) Preclinical [192]
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Table 2
Examples and clinical status of nanocarriers-based therapeutic vaccines.

Infectious/Non- Targeted disease Nanocarrier

Exploited antigen Clinical status Ref.

infectious

Infectious HIV Liposomes Cocktail of peptides Phase 1 [200]
HPV16-related cancer Self-assembling protein nanoparticle (SAPN) Tat-E7/pGM-CSF Preclinical [201]

Non-infectious Melanoma Filamentous phage fd «-galactosylceramide Preclinical [202]
Melanoma VLPs Toll-like receptors ligands Preclinical [203]
Melanoma Nanodiscs Neoantigen (Adpgk) Preclinical [81]
Melanoma Liposomes HSP-70 Phase 1 [204]
Melanoma Gold glyconanoparticles Listeriolysin O peptide Preclinical [205]
Cancer Qp phage MUC-1 Preclinical [206]
Cancer Poly(d,l-lactide-co-glycolide) (PLGA) imiquimod and monophosphoryl Lipid A Preclinical [207]
Prostate cancer Liposomes LHRH peptide and tetanus toxoid In vitro [208]

T-helper epitope

Prostate cancer PLGA nanoparticle STEAP peptide Preclinical [209]
Gastric carcinoma Liposomes Heat Shock Protein (HSP) Phase 1 [204]
Hodgkin lymphoma Liposomes HSP Phase | [204]
Glioblastoma Liposomes HSPPC- 96 Phase I-1I [210]
Lung cancer Liposomes BLP25 Phase III [90]
Breast cancer Liposomes dHER2 protein Phase | [211]
Neuroblastoma PLA-PEG SN38 Preclinical [212]
Persistent allergic asthma VLP QbG10 Phase II [170]

relevant pMHC complexes when coated on nanoparticle surfaces
triggered the selective expansion of memory-like autoregulatory
CD8" T cells that arise only in affected individuals. Such engi-
neered nanoparticles have the potential to become suitable vac-
cines with the capacity of resolving organ and disease-specific au-
toimmune responses. Systemic delivery of Type-I diabetes relevant
peptide-MHC-nanoparticle complex triggered expansion of mem-
ory autoregulatory T cells and suppressed the autoimmune attack
against insulin-producing beta cells, thus restoring glucose balance
[125].

In certain cases, nanovaccines can be formulated to achieve
both prophylactic and therapeutic responses. Poly (y-glutamic
acid) based synthetic vaccine nanoparticles (SVNPs) loaded with
ovalbumin and toll-like receptor 3 agonist (poly (I:C)) were syn-
thesized by Kim et al, both of them enhanced the uptake of
antigens by APCs and enhanced the secretion of inflammatory
cytokines (TNF-«, IL-6) and type I interferon (IFN-«, IFN-8). Simul-
taneous injection of both SVNP-OVA and SVNP-IC conferred both
the protective as well as therapeutic immunities by inhibiting tu-
mor growth in EG7-OVA tumor-bearing mice [126].

It is clear from the above-mentioned examples that nanovac-
cines modulate the immune system either for providing prophy-
laxis or therapeutic responses against pathological conditions. Ma-
jorly prophylactic vaccines are used to prevent infections (Table 1)
and therapeutic vaccines have been used for cancer (Table 2) treat-
ment.

4.1. Prophylactic nanovaccine examples

Infections that can be prevented by vaccination still contribute
to approximately half of the child morbidity each year [127].Treat-
ment and immunization of such infectious conditions is a greater
challenge due to the rapid emergence of new pathogenic vari-
ants. In spite of advancements in vaccine development over the
years, many vaccines are associated with the risk of regaining their
pathogenicity under certain immuno-compromised conditions. So,
there is an imperative need for the development of risk-free and
effective vaccines that confers desired antibody-mediated and cell-
mediated immunity against infectious diseases [128].

Subunit nanovaccine against enterohemorrhagic Escherichia coli
(EHEC) was developed using gold nanoparticle conjugated with
EHEC antigens and induced high titers of serum IgG upon sub-
cutaneous administration in mice. It has also prevented coloniza-
tion of EHEC in both the cecum and large intestine at 3 days post-

immunization [129]. Mice immunized against Anthrax with a sin-
gle dose of PAD4-NP (PLGA-based protective antigen domain, 4
nanoparticles) elicited robust antibody-mediated and cell-mediated
responses with mixed IgG1/IgG2a subtypes and Th1/Th2 response.
The survival rate of mice immunized with PAD4-NP was more than
for PAD4 immunized mice after a lethal challenge with Bacillus an-
thracis spores [101].

Nanovaccines have also shown great prospects in mitigating
parasitic invasion. Chimeric peptides containing Leishmania infan-
tum epitopes (histone H1, kinetoplastid membrane protein 11 and
cysteine peptidase A) were encapsulated in PLGA nanoparticles.
Stimulation with the peptide-based nanovaccine induced matu-
ration of DCs and IL-12 production subsequently promoting al-
logeneic T cell proliferation and production of IFN-y by CD4*
and CD8* T cell. On immunization of transgenic mice with this
peptide-based nanovaccine induced peptide-specific IFN-y produc-
ing CD8" T cells and conferred protection against L. infantum
infection [130]. Multiple self-assembling peptide-based nanovac-
cines containing epitopes of Toxoplasma gondii specific antigens
have been designed. Immunization with self-assembled protein
nanoparticles activated CD8* T cells to produce IFN-y and pro-
tected transgenic mice against subsequent challenge with Type II
parasites [131,132]. Some more example of nanovaccines for highly
prevalent infectious diseases have been discussed below in detail.

4.1.1. Nanovaccines for tuberculosis

Tuberculosis being the deadliest infectious disease, is the great-
est cause of mortality worldwide. 10% of infected individuals de-
velop the disease within one or two years of infection and the
rest develop the disease in later stages of life when immune func-
tions are compromised. Co-infection of HIV patients with Mtb (My-
cobacterium tuberculosis), further complicates the situation with
33% mortality each year [133]. BCG (Bacille Calmette-Guerin) is a
widely accepted vaccine against TB (Tuberculosis), but its protec-
tive efficacy is limited by age due to the absence of consensus ge-
nomic loci that are present in most of the virulent strains of Mtb.
It induces short term and variable immune responses from 0% to
80% [134,135].

There is an urgent requirement of booster vaccines that aug-
ment T cell immunity in the lungs of BCG-vaccinated individuals.
To address this, Ansari et al., have synthesized archeosomes encap-
sulating a T cell antigen Rv3619c, that upon immunization elicited
type-1 cytokine response in mice. Also, it increased the production
of IgG2a antibodies, antigen-specific T lymphocytes and enhanced
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expression of co-stimulatory molecules on the surface of APCs. By
the virtue of all these properties, vaccination with archeosomes
containing antigen reduced mycobacterial burden in the lungs and
spleen of animals upon challenging with Mtb [135]. Similarly, self-
assembled peptide nanofibers, when loaded with T cell epitope,
also showed similar responses by inducing corresponding effec-
tor memory T cells and increasing cytotoxic T cell population in
the lungs upon intranasal immunization. Mice vaccinated with co-
assembly of nanofibers containing CD8* T cell epitopes and TLR2
agonists in the lungs increased the expansion of multi-functional
cytotoxic T cell population. On further challenge with Mtb, signif-
icant reduction in lung bacterial load was observed in compari-
son to BCG primed mice [67]. In another study, Mtb lipid-based
nanovaccines were used wherein chitosan nanoparticles bound
with Mtb lipids induced cell-mediated and antibody-mediated im-
munity by secretion of immunoglobulins (IgG, IgM) and promi-
nent Thl and Th2 cytokines in lymph node and spleen cells
[136].

The higher potency of nanoparticle encapsulated antigen prepa-
ration is because of their ability to form depots with a slow and
steady release in the surrounding milieu and enhanced uptake of
antigen by antigen-presenting cells [135-137]. As shown in a study
by Diogo et al., liposome-encapsulated antigens elicited more pro-
found antibody-mediated and cell-mediated responses than free
antigens. Mice were immunized with free antigens and liposome-
encapsulated antigen, further challenging mice 16 weeks post im-
munization with Mtb, it was observed that Mtb burden in the
lungs and spleen was significantly less in mice immunized with
liposome-encapsulated antigen as compared to free BCG vaccine
[137]. The potential of nanoparticles in augmenting the prophylac-
tic activity of antigens against TB was well understood and human
trials were initiated. First-in-man trial on novel liposome CAFO1
as an adjuvant along with the tuberculosis vaccine Ag85B-ESAT-
6 (H1) is reported in 2014 [46]. Human volunteers were vacci-
nated with escalating doses of CAFOlat 0 and 8 weeks. After im-
munization strong antigen-specific T cell responses persisted for
150 weeks and did not cause local or systemic adverse effects
[92].

Above discussed preclinical and clinical assessment of various
antigen-loaded nanoparticles indicates the potential of nanovac-
cines in inducing robust and long-lasting cellular immunity against
Mtb and shows hope for the development of a different and more
effective prophylactic regime against TB. It is clear that with the
advent of nanotechnology, adjuvant and delivery vehicle associated
problems have been reduced, but the effect of the host environ-
ment and lack of consensus genetic loci still remains an inevitable
challenge while developing efficient vaccines against TB.

4.1.2. Nanovaccines for malaria

Malaria is known to affect almost 200 million people annu-
ally, with half a million deaths worldwide [138]. Fighting malaria
is challenging because of its multistage life cycle. Various efforts
have been made in designing vaccines against the pre-erythrocytic
and blood stage of malaria [139,140]. Similarly, nanovaccines have
been used to target multiple stages of malaria. Iron oxide (IO)
nanoparticles have been used for the delivery of merozoite sur-
face proteins (rMSP1). Immunization of mice with rMSP-1 loaded
nanoparticles induced parasite inhibitory antibodies with high
titers. Macrophages and dendritic cells showed more than 90% in-
ternalization of 10 nanoparticles and enhanced the expression of
cytokines and chemokines [141].

Immune responses generated against sexual stage antigens of
malaria impairs its transmission and reduces the disease burden.
Pfs25 is one such malaria transmission-blocking vaccine antigen,
but its immunogenicity is limited in humans. Hence, Pfs25 has
been used along with nanoformulations to achieve desired im-

mune responses. For example, codon harmonized Pfs25 (CHrPfs25)
has been used with gold nanoparticles as adjuvants for the in-
duction of immunity against transmission. Strong transmission-
blocking antibodies elicited by simultaneous delivery of CHrPfs25
with gold nanoparticles could be due to the co-ingestion of
nanoparticles and antigen by immune cells [112]. Similarly, recom-
binant polyhistidine-tagged (his-tagged) Pfs25 when mixed with
preformed co-porphyrin containing liposomes at the time of im-
munization resulted in spontaneous nanoliposome antigen particu-
larization (SNAP). Immunization of mice and rabbits with SNAP re-
sulted in higher functional antibody generation as compared with
other ‘mix-and-inject’ adjuvants. They have also been used for de-
veloping multi-antigen vaccines (apical membrane antigen-1, Pfg27,
Pfs230 and the NANP peptide), targeting multiple stages of the
plasmodium life cycle using liposomes [142].

Ovalbumin loaded carboxylated polystyrene nanoparticles acted
as an adjuvant and induced IL-10 and granulocyte colony-
stimulating factor, that affects the migratory and homing ability
of dendritic cells. Mice challenged with malaria two weeks af-
ter immunization with nanoparticles produced anti-malaria anti-
bodies and create the state of immune readiness to a subsequent
infectious challenge [143]. Stable nanomimic, which are polymer-
somes with receptors for parasite attachment were synthesized.
They bind to host cells and block re-invasion of the parasite after
their release from host cells in vitro. This strategy can be used in
the future to modulate immune responses against malaria and in
the efficient designing of the vaccine [144]. Thus, the increased role
of nanovaccines in targeting multiple life cycle stages of malaria
shows new avenues in building a robust vaccination regime for
prevention against malaria infection.

4.1.3. Nanovaccines for influenza

Three types of influenza viruses A, B and C have different vi-
ral nucleoproteins and matrix proteins giving rise to variable anti-
genic differences among them. Influenza virus A and B cause epi-
demics attacking both adults and children, causing around 5 mil-
lion infections annually [145]. Presently, two types of vaccines are
used against influenza based on strain A and strain B that tar-
get and produce antibody-mediated protective responses against
hemagglutinin and neuraminidase. These antigens are highly prone
to antigenic shift and drift due to error-prone RNA dependent RNA
replication in influenza [146,147]. Due to environmental selection
and antigenic variations, chances of influenza epidemic still per-
sists [148]. Although animal influenza virus is distinct from the
human virus, zoonotic animal viruses can still occasionally infect
humans through direct/indirect contact. Avian and swine influenza
viruses have been known to infect humans in some countries.
Thus, there is an unmet need for producing more efficient vac-
cines that can provide both antibody-mediated and cell-mediated
immunity to confront homologous and heterologous variants [149].
Association of various influenza antigens with nanoparticles have
shown promising preliminary results in providing enhanced im-
mune responses against variable influenza antigens.

As the antigenic variability limits the use of a single vac-
cine against influenza A virus (IAV), there are efforts to develop
nanovaccines conferring protection against more than one serotype
by using most conserved ectodomain of influenza matrix protein 2
(M2e). Nanoparticles containing self-assembling recombinant cage
of human heavy chain ferritin presented with 3-sequential repeats
of M2e protein was observed to elicit elevated levels of M2e-
specific IgG and mucosal secretory IgA antibodies with enhanced
T cell response against HIN1 and H5N1 lethal infection after in-
tranasal administration in mice [60]. Nanovaccines against the con-
served ectodomains can confer protection against inter-species vi-
ral infection. Self-assembled virus-like particles (VLPs) containing
multiple copies of M2e protein inserted into capsid (Cap) protein
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of porcine circovirus type 2 (PCV2) have shown dual protection
against IAV and PCV2 lethal challenge in mice and pigs after gen-
erating M2e specific and PCV2 neutralizing antibodies [150].

Hemagglutinin trimer has also been exploited as a potential
antigen for inducing protective immunity against influenza virus.
Pham et al, immunized BALB/C mice with nanodiamond conju-
gated trimeric H7 and observed a significant higher H7 specific IgG
production as compared to immunization with H7 trimeric anti-
gen alone [151]. Similarly, Ross et al., have shown that intranasal
or subcutaneous immunization of BALB/c mice with polyanhy-
dride nanoparticles encapsulated H53 induced high titer neutral-
izing antibodies. Also, significantly higher CD4* T cell expansion
was observed in vaccinated mice as compared to non-vaccinated
mice, thus providing cell-mediated and antibody-mediated protec-
tive immunity to mice. Mice were further challenged intranasally
with A/H5N1 VNH5N1-PR8CDC-RG influenza virus at 63 days post
immunization and viral load was significantly reduced as com-
pared to saline-administered mice [152]. It has also been demon-
strated that the polyanhydride nanoparticles give equivalent re-
sponses at 64-fold lower doses as compared to free antigen [153].
Also, encapsulation of antigen in polyanhydride nanovaccines ex-
hibited stability of antigen for one year at room temperature, thus
providing a major benefit for maintaining stocks of pandemic vac-
cines [154].

As discussed above, the nanovaccines have been designed by
various research groups as combinations of nanomaterials and dif-
ferent antigens, but they provide protection from a particular strain
of the virus. Due to antigenic variations, multiple strains of in-
fluenza virus have emerged over the years posing serious public
threats, indicating the need for a universal vaccine, which includes
broad cross-presentation against multiple strains of influenza to
reduce community threats. Insights into the structural properties
of antigens or peptides can be further explored for the ratio-
nal designing of broad-spectrum nanovaccines using multiple anti-
gens. On similar lines, to increase the breadth and potency of
nanovaccines, Deng et al., have designed double-layered protein
nanoparticles. The core of the protein nanoparticles (4MtG) con-
tains four types of M2e from human (huMZ2e), swine (swnM2e),
avian (aviM2e), and domestic fowl (fwlM2e) viral consensus se-
quences coated with HA variants hrH1 and hrH3 (refer Fig. 5).
Mice were immunized intramuscularly with Uni4MC (PNp), Uni4C1

(hrH1-coated double-layer PNp) and Uni4C3 (hrH3-coated double-
layer PNp) and Uni4C13 (Cocktail of Uni4C1 and Uni4C3). Robust
antibody-mediated responses were generated and induced M2e
antibodies were strongly cross-reactive to diverse antigens. Also,
Uni4C13 group produced broad cellular responses by significantly
inducing more IFN-y secreting splenocytes after stimulation with
diverse antigen peptides. Naive mice were vaccinated with sera
from pre-immunized mice with DPBS, Uni4MC, or Uni4C13 and
then challenged intranasally with PR8 or Aic after 24 hours. Sera
from Uni4C13 immunized mice prevented the mice from a viral
infection, indicating the role of serum antibodies. Also, antibodies
specific to human M2e, PR8, and Aic were viable for four months
after the immunization in mice and implied long-lasting protection
[155].

From the examples discussed above, it is evident that with the
help of structurally important antigens, smartly designed protein
nanomaterials will have the potential of inducing long-lasting im-
munity against broad spectrum of antigens, thus providing plat-
forms for producing efficient nanovaccines to combat pandemic
viruses.

4.1.4. Nanovaccines for HIV

HIV is the sixth leading cause of death worldwide. HIV infection
causes systemic depletion of CD4" T cells, hence compromising the
activity of the immune system and the development of AIDS. Im-
mune functions can be preserved in the early stages of HIV by us-
ing antiretroviral therapy (ART). It targets the HIV life cycle, but
the major challenge is strict adherence to complex ART regimens.
This necessitates the urgent need for the development of a pro-
phylactic vaccine against HIV. The most recent and promising HIV
vaccine RV144 is in the phase III trial [156]. IgG antibodies raised
against V1V2 loop were inversely correlated with the risk of in-
fection in the clinical trial of RV144 [157]. SAPN-based vaccine re-
duces the need for essential glycosylation of the HIV-1 Env V1V2
loop to form a native-like structure to act as potential immunogen
[157]. Although self-assembling VLPs as vectors have shown great
potential in the development of immunity against HIV, anti-vector
immunity is a significant concern. Here, synthetic nanoparticles of-
fer versatile platform technologies that can induce strong adaptive
immune responses while avoiding anti vector immunity and toxic-
ity issues [156].
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PLGA based nanoparticles have been used for co-utilization
of TLR agonist and the antigen. Intradermal immunization of
mice with HIV-1P24-Nef/FLiC/PLGA (antigen/agonist/nanoparticle)
enhanced IgG production even at 4-fold lesser dose of antigen.
Nanovaccines shifted the immune response towards Th1 polariza-
tion and enhanced the Th1 cytokine pattern [158]. Recently, pro-
tease cleavage sites (PCS) has been utilized as a strategy to hamper
the maturation and infectivity of HIV. Due to low immunogenicity
of peptide antigens, they have been crosslinked with chitosan and
hyaluronic based nano-formulation. Nanoparticles containing PCS
showed enhanced activation of APCs and the production of anti-
PCS antibody. Also, these nanoparticles generated memory T cells
at longer time points after the last booster dose, indicating their
capacity to elicit a good immune response upon infection [159].
Silver nanoparticles coated with amantadine triggered the produc-
tion of HIV specific CTLs in the spleen of mice with 8-fold stronger
TNF-« production in vivo. The co-culture of these HIV specific CTLs
with HIV infected cells in vitro enhanced the death of infected cells
and reduced the production of HIV [160]. Similarly, HIV-1 peptide
and oligosaccharide loaded AuNPs enhanced antigen presentation
to isolated T cells from HIV-1 patients. Treatment with AuNP for-
mulated vaccine increased proliferation of HIV-specific CD4* and
CD8* T cells with increased secretion of pro-Th1 cytokines and
pro-inflammatory cytokines in vitro [161].

Malik et al., have shown the prophylactic potential of intrav-
aginally delivered nanogold loaded formulation. Poloxomer and
hyaluronic based thermogels were loaded with gold niosomes and
mannosylated gold niosomes along with efavirenz (EFV). EFV and
GNPs inhibited viral dissemination in PBMCs (peripheral blood
mononuclear cells) host cells, but their individual potential in in-
hibiting pre-interaction viral dissemination was lower than that
of the combination. A substantial 42.6% increase in activity was
seen when EFV was given with GNPs. Both the moieties had a
dual-faced attack wherein GNPs inhibited HIV entry into the cell
by causing denaturation of gp120 glycoprotein and EFV inhibited
transcriptase enzyme. The mannosylated EFV-GNPs (man(EGNz))
showed further potential activity in inhibiting viral dissemina-
tion when the host was pre-exposed to them before viral in-
fection. Thermogels containing EFV-GNP and man(EGNz) showed
87.6+2.4% and 98.1+0.2% inhibition respectively in p24 antigen
during anti-HIV prophylactic challenged study [162]. Various such
formulations have been developed over the years that enhanced
the prophylactic action of raltegravir and efavir [163], phthalate
and efavirenz [164] or efavirenz and saquinavir [165].

Bayon et al., have also shown the capacity of nano-lipid com-
plexes (NLC) to induce p24 specific immune responses against
HIV in non-human primates (NHP). Four intradermal immunization
over a period of 7 months showed that NLC-loaded p-24 antigen
elicited significantly higher p24-specific antibodies as compared to
the combination of free p24 antigen and CpG adjuvant [166].

There have been advancements in understanding the role of
nanovaccines in fighting HIV and development of nanovaccine
loaded formulations for prophylaxis of HIV. With the emerging use
of nanotechnology development of an efficient vaccine system for
HIV prevention is not that far.

4.1.5. Nanovaccine for the prevention of cancer

Despite constant efforts to develop effective cancer vaccines,
their efficacy in clinics has always been limited. Nonetheless, two
prophylactic vaccines for hepatitis B virus-associated liver cancer
and human papillomavirus virus-associated cervical cancer have
been approved by US FDA till now [50]. The prophylactic vaccine
development for cancer eradication is a challenge due to ineffi-
cient identification of tumor-specific antigens (neoantigens), rapid
clearance with less accumulation in the lymphoid organs and gen-
eration of weak memory immune response. Therefore, the use of

nanoparticles to overcome these limitations would be an advanta-
geous strategy.

Prolonged and sustained delivery of antigen would be ex-
tremely important for the generation of immunologic memory
and booster dose reduction. Immunization of mice with protein
nanoparticles conjugated to melanoma-associated epitope gp100
and CpG adjuvant enhanced the production of melanoma-specific
CD8* T cells. Pre-immunization with nanoparticles delayed onset
of tumor growth and increased the survival rate to 40%, show-
ing prophylactic potential of protein nanoparticles [59]. Luo et
al., showed strong cytotoxic T cell response by a physical mix-
ture of PC7A polymeric nanoparticle and OVA antigen. This was
achieved by enhanced cytosolic delivery and antigen presentation
in APCs of draining lymph node by PC7A NPs and activation of
type-I interferon stimulating genes. Nanovaccines showed tumor
growth inhibition in melanoma, human papilloma virus E6/E7 tu-
mor and colon cancer models. The combination of anti-PD1 with
PC7A NPs showed synergism with 100% survival in a TC-1 model
over 60 days. Further, re-challenging of tumor-free mice with TC-
1 cells after immunization with PC7A nanoparticles and anti-PD1
showed complete tumor growth inhibition. This indicates the pro-
phylactic response of nanovaccine by generating long-term anti-
tumor memory [46]. Liu et al, developed a unique prophylac-
tic nanovaccines using metallo-organic nanoparticles (MOF) coated
with fused membrane (FM) of dendritic cells and cancer cells. Pres-
ence of whole tumor antigens and immunological co-stimulatory
molecules on its cytomembranes impart them APC like properties
for cancer specific T cell immuno-activation. Since, fusion of DC
and cancer membrane is accompanied by DC maturation, MOF@FM
nanovaccines possessed lymph node homing molecules. Therefore,
enhanced retention and homing of MOF@FM in lymph nodes and
spleen as compared to only cancer membrane fused (MOF@CM)
and dendritic cell membrane fused (MOF@DM) nanovaccines was
observed. Pre-immunization of mice with MOF@FM has signifi-
cantly prevented the development of 4T1 tumors by promoting dif-
ferentiation of CD8" T cell precursors into cytotoxic T cells with en-
hanced generation of IFN-y and IL-6 immuno-stimulatory cytokines
(refer Fig. 6) [77].

Tumor heterogeneity with differential expression of antigens
makes it challenging to develop a prophylactic treatment strategy.
Therefore, most of the nanovaccines being developed for cancer are
therapeutic. The detailed description of the same is given in the
next section.

4.2. Therapeutic nanovaccines examples

Unlike conventional therapeutics, therapeutic nanovaccines of-
fer the prospect of eliciting antigen-specific responses without any
additional non-specific responses. Therapeutic vaccines have been
used against autoimmune disorders by antigen-specific targeting of
T-regulatory cells [193]. Clinical studies revealed the therapeutic
efficacy of VLP in allergen-induced asthma. Bacteriophage derived
VLPs were packed with CpG and TLR 9 and induced Th1 response
in immune system. A total of 63 asthmatic patients were treated
with 7 injections of VLPs as a part of double-blind randomized
trial and it was observed that the asthma was well-controlled in
patients treated with VLPs as compared to the placebo group [170].

Unlike cancer, nanovaccines showed promising results in
pathogenic infections because of the presence of extremely potent
foreign non-self antigens. Therefore, vaccine-based therapy is still
limited in cancer treatment but can provide an alternative to, or
complement conventional cancer treatments.

4.2.1. Therapeutic nanovaccines for cancer
Till now, cancer vaccines have failed to make a mark clini-
cally as compared to other immunotherapies like T cell therapy
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Fig. 6. MOF@FM as a vaccine for tumor prevention. (A) In vivo fluorescence imaging at the indicated time points after the subcutaneous injection of samples. (B) Ex
vivo fluorescent images of lymph node and spleen at 36 h after subcutaneous injection. (C) Illustration of the experiment design. Healthy mice were immunized twice
in every week by subcutaneous injection and tumor challenge at 7 d after the last immunization. (D) Percentage of tumor-free mice after tumor challenge. (E) Photos
of harvested tumors at 36 d after tumor challenge. (F) Levels of secreted IFN-y in mice serum measured by ELISA kit. The mean values and s.d. were presented and
measurements were taken from distinct samples (one-way ANOVA; ns not significant, ***p < 0.001, n = 3). (G) Levels of secreted IL-6 in mice serum measured by ELISA
kit. The mean values and s.d. were presented and measurements were taken from distinct samples (oneway ANOVA; ns: not significant, ***p < 0.001, n = 3). Adapted from
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and checkpoint blockade. The only US FDA approved therapeutic
cancer vaccine, Provenge (Sipuleucel-T), has shown a moderate in-
crease in clinical efficacy in prostate cancer [25]. The major prob-
lem in successfully developing a cancer vaccine is the selection of
tumor-specific antigens called “neoantigens”. Conventionally, can-
cer vaccines were developed by targeting tumor-associated anti-
gens (TAAs), which are overexpressed specifically in a particular
tumor type across patients. However, TAAs are also present in nor-
mal tissues; therefore vaccines specific for them can induce pe-
ripheral or central immunotolerance leading to autoimmunity or
low vaccination efficiency [88].

Neoantigens are tumor-specific antigens derived from random
somatic mutations but absent in normal cells. Hence, vaccines tar-
geting such neoantigens using nanoparticles may enhance the out-
come of cancer immunotherapy. Cancer nanovaccines can present
unique and highly immunogenic tumor-specific antigens with in-
creased antigen loading and efficient delivery, controlled antigen
presentation, and retention in lymphoid organs [194].

A recent study showed the targeting of bone marrow and
splenic DCs with peptide TY using mesoporous silica nanopar-
ticles conjugated with OVA/CpG for immune activation (MSN-
TY/OVA/CpG). Therapeutic application of (MSN-TY/OVA/CpG) in
naive C57BL/6] B16-OVA mice enhanced DC activation and tumor
elimination by eliciting tumor-specific CD8* T cell response, with
prolonged survival and less systemic toxicity [195]. To overcome
inadequate loading efficiency, weak immune response, and com-
plex preparation process, Dong et al., prepared antigen nanopar-
ticles (ovalbumin NPs) containing CpG adjuvant (ONPs-CpG) with
high antigen and adjuvant loading for cancer immunotherapy. The
in vitro and in vivo results showed enhanced immune response in-
cluding DC maturation, T cell activation and IFN- y production.
ONPs-CpG induced remarkable anti-tumor efficacy in mouse lym-
phoma model [121].

Biomimetic-approach for developing cancer nanovaccines: Over-
coming cancer heterogeneity by using patient-derived cell mem-
branes for the development of smart nanovaccines can be a
promising biomimetic approach for personalized therapy. Various
strategies have been explored in the form of developing artificial
antigen-presenting cells (aAPCs) based nanovaccines, use of dif-
ferent cell membrane fused nanovaccines and membrane coated
viruses for enhanced cross-presentation and immune stimulation
(refer Fig. 7).

Recently, Kuai et al., have shown the anti-tumor efficacy
of high-density lipoprotein (HDL) nanodiscs loaded with neo-
antigenic peptide and CpG T cell receptor agonist in B16F10
and MC-38 colon carcinoma model. Nanodiscs have delivered the
neoantigen to draining lymph nodes and enhanced antigen pre-
sentation by APCs. It causes enhanced stimulation of cytotoxic
T cell response that potentially inhibited tumor growth. Delivery
of nanodiscs with checkpoint blockade (anti-PD1 and anti-CTLA-
4) therapy also eradicated established B16F10 and MC-38 colon
carcinomas. This strategy showed a powerful therapy to gener-
ate personalized cancer medicine [196]. Zhang et al., developed
a magnetic artificial antigen-presenting cell (aAPC) for enhancing
CD8* T cell-mediated tumorigenic response. They developed Fe;04
magnetic nanoclusters coated with leucocyte membrane antigens
decorated with MHC-I loaded peptide (SIINFEKL) and anti-CD28
co-stimulatory ligand for EG-7 tumors. These biomimetic aAPCs
stimulated OT-1 CD8* T cells and visually guided them to tumor
magnetically, causing reduced tumor burden [197]. This offers a
great platform for T cell-based immunotherapy.

The fusion of biological membranes with nanovaccines has
emerged as an interesting concept towards biomimetic nanovac-
cines. A recent study showed biomimetic cancer-derived magne-
tosome with enhanced retention in lymph nodes after subcuta-
neous administration. Toll-like receptor (TLR) agonist (CpG) loaded

Fe304 magnetic nanoclusters camouflaged with cancer membrane
and was decorated with anti-CD205 for preferential recognition
by CD8* DC population for cross-presentation to CD8* T cells via
MHC-I. Enhanced stimulation of tumor-specific CD8* T cells due to
prolonged retention of magnetically guided nanocluster in lymph
nodes showed anti-tumor efficacy with improved survival in differ-
ent mice models [191]. Similarly, Guo et al., developed an erythro-
cyte membrane coated PLGA nanoparticle-containing hgp10025-
33 antigenic peptide and monophosphoryl lipid-A (MPL-A) TLR-4
agonist for enhanced anti-tumor immunity. Intradermal injection
in C57BL/6 had shown reduced tumor burden along with metas-
tasis and prolonged tumor occurring time after re-challenge in
metastatic models [198]. Studies exploiting cancer cell membranes
as an envelope to impart a wide repertoire of cancer-specific anti-
gens can offer an advantage to develop various personalized vac-
cines towards multiple tumor types.

Another interesting strategy for developing personalized
biomimetic cancer nanovaccines is the use of cancer cell mem-
brane coated virus for increased adjuvanticity, infectivity and
oncolytic activities to generate a strong anti-tumor immune re-
sponse. A recent study showed the prophylactic and therapeutic
potential of a 117.740.8 nm biohybrid artificially enveloped virus
ExtraCRAd (Extra Conditionally Replicating Adenovirus). Oncolytic
adenovirus serotype 5 containing a CpG island with a 24 base pair
deletion was encapsulated into B16.0VA cancer cell line mem-
brane. Coating of the cancer membrane was found to enhance the
in vitro cytotoxicity of ExtraCRAd as compared to the naked virus
indicating the enhanced infectivity of viral vaccine as compared
to the naked virus in multiple cell lines. Intra-tumoral injection of
ExtraCRAd in C57BL/6 mice containing B16.0va, B16F10 and LL/2
induced models showed in vivo therapeutic vaccine efficacy in
facilitating reduced tumor proliferation as compared to the naked
virus, individual vaccine component controls and virus membrane
mixture because of enhanced cross-presentation and T cell ac-
tivation. The prophylactic potential was explored by vaccinating
mice 3 times with ExtraCRAd.CMT64.0VA and ExtraCRAd.B16F10
vaccine before CMT64.0VA and B16F10 cells re-challenge, re-
spectively. Prolonged overall survival and enhanced inhibition of
tumor proliferation in homologous membrane enveloped viral
vaccinated groups as compared to the naked virus and heterolo-
gous membrane enveloped group indicated the strong potential
of viral-based vaccine imparting wide repertoire of cancer-specific
antigens as preventive vaccines [199]. Another viral protein-coated
dendrimer nanovaccine containing E6 and E7 peptide epitope of
HPV showed enhanced cytotoxic T cell stimulation followed by
HPV infected cells eradication. Tumor elimination was observed
in 50% of treated mice with no recurrence up to 3 months post
initial challenge [24].

Therefore, to address the problems associated with cancer vac-
cine development, special emphasis has been given on biomimetic
personalized nanovaccines. The use of an APCs and nanoparticles
coated with the patient’s own cancer cell membranes can pro-
vide effective antigenic diversity to overcome tumor heterogene-
ity and tumor-specific immune response. This provides a key strat-
egy to train one’s own immune system with appropriate antigens.
Research using such a biomimetic personalized approach can sig-
nificantly improve the outcome of current treatment modalities.
Nanovaccines have shown potential in augmenting the therapeu-
tic and prophylactic efficacy of cancer vaccines.

5. Summary

In the past decade, research on vaccines has taken a big leap
forward, exploring their vast potential to combat numerous dis-
eases. Specifically, strong interactions of nanoparticles with the
immune system and the associated benefits have attracted atten-
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Fig. 7. Schematic representation of strategies to design biomimetic nanovaccines for personalized cancer therapy.

tion with the hope of producing less toxic and effective nanovac-
cines. Physicochemical variations in nanoparticles are one of the
prime factors affecting their fate as “nanovaccines” inside the body
in terms of their clearance, specific bioaccumulation, adjuvantic-
ity, antigenicity and toxicity. Potent antigenicity with prolonged
retention and release can cause nanovaccines to elicit both cell-
mediated and antibody-mediated antibody along with memory ef-
fector response, thus alleviating the use of frequent booster doses.
Although nanovaccines are still in their infancy because of its lim-
ited clinical trials but new generation nanovaccines possess enor-
mous potential both as prophylactic or therapeutic. Hence, explor-
ing new avenues to increase nanovaccine safety and efficacy should
be the driving force for further research in this domain of bio-
nanotechnology.

6. Challenges and future prospects

Nanomedicine toxicity, scaling-up processes and lack of regula-
tory guidelines can be considered as the limiting factors in the pro-
duction of nanovaccines. The nano-scale size can work as a double
edge sword as pre-clinical and clinical reports showed their dose-
dependent acute and chronic toxicities with preferential bioaccu-

mulation depending on the route of administration. Few classes
of nanoparticles possess inherent toxicity after prolonged exposure
like inorganic nanoparticles (e.g., metallic nanoparticles). Moreover,
ISCOMs are being used in a number of animal vaccines, but toxic-
ity associated with saponin-based adjuvants prohibited their use in
humans. Therefore, concerns over nanoparticle usage for vaccines
are still in existence. Scaling up is another major problem that has
been minimized up to an extent because of technological advance-
ments, but scale-up in a sterile environment is still a significant
challenge [213].

Though, the conventional treatments in this era of modern
medicine is saving countless lives. The steady rise in antibiotic re-
sistance and lack of curative cancer therapy because of continuous
causative strain variations and cancer heterogeneity respectively
drives the focus towards personalized therapeutics. Hence, on sim-
ilar lines, vaccines against bacterial infections and tumors could
benefit significantly, but the current vaccine’s antigenic breadth
and lack of potency are the limiting factors. Therefore, researchers
have recently shifted towards biomimetic nanotechnology to de-
velop biomimetic nanovaccines as personalized medicines. Such
nanovaccines can be inherently immuno-stimulatory and multi-
antigenic. Coating of bacterial outer membrane vesicles (OMVs)
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onto nanoparticles for anti-virulence vaccination to deliver and
neutralize bacterial toxins outplays the pathogen by utilizing its
own survival mechanism. This can prevent bacterial colonization
effectively and reduce direct selective pressure to develop antibi-
otic resistance. A large number of such nano-toxoid formulations
can be developed by varying the outer membrane coating of these
biomimetic nanovaccines [213]. Despite the advancements in the
field of cancer nano-based immunotherapy, the major challenge
is the toxicological assessments of these nanovaccines. Prior eval-
uation of autoimmune side effects generated from nanovaccine
induced immune activation needs to be done. Over-activation of
antigen presenting cells by nanovaccine can prove to be detrimen-
tal as it may cause the death of dendritic cells [47]. Last but not
least, increased complexity, cost of manufacturing, and commer-
cialization hurdle related to nanovaccine therapy requires strate-
gies to minimize these limitations for the successful translation of
nano-based immunotherapy.
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