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ABSTRACT

Peptide-based nanovaccines have emerged as promising strategies for combating re-
emerging and emerging infectious diseases. They exhibit excellent immunogenicity and
therapeutic potential. They have shown the ability to elicit robust immune responses,
such as activation of antigen-presenting cells, induction of antibodies and T-cell
responses, and generation of memory immune cells. This comprehensive review article
aims to provide a thorough overview of recent advances in the field, including
immunological mechanisms, structural design approaches, and utilization of various
nanomaterials. Overall, peptide-based nanovaccines hold great promise in combating
infectious diseases. Precise design and assembly of targeted and tailored immune
responses will enable effective prevention, treatment, and long-term protection. Further
research is needed to optimize their efficacy, safety, and clinical translation. The
knowledge gained from these studies will pave the way for a future with more effective
immunotherapeutic interventions against infectious diseases.

INTRODUCTION

Peptide-based vaccines have shown promise for personalized immunotherapy because
of their ability to target specific amino acid sequences of pathogens or protein antigens
[1]. However, these subunit vaccines suffer from issues such as poor stability, weak
immunogenicity, and limited duration of immune response [2]. To address these
challenges, incorporating antigenic peptides into nanostructures has emerged as a
crucial strategy for the development of nanovaccines [3].

Nanotechnology has advanced to the point that researchers are now exploring the use
of "nanovaccines,” which combine pathogen-specific antigens coupled with
nanomaterials to stimulate strong immune responses. These nanovaccines exploit the
use of subunits of the pathogen to enhance their tunability and safety. The inclusion of
these subunits leads to the development of vaccines that are safer, have controlled
immune responses, and provide protection against multiple pathogens [4].

Nanoparticles provide reduced degradation of subunits, increased antigen loading, and
improved stability. Smaller, more specific subunits may lack immunogenicity, which
can be addressed with immunomodulatory signals.
Conventional adjuvants may cause side effects, immunotolerance to the target antigen,
individual-specific responses, and undesired reactions to self-antigens, thereby limiting
their utility [4]. Thus, nanoparticles can serve as adjuvants, potentially reducing the

reliance on strong conventional adjuvants such as alum.

adjuvants that generate
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Various types of nanoparticles have found widespread applications as antigen delivery
vehicles, immunogens, and adjuvants [5]. Synthetic nanoparticles predominantly
enhance internalization by interacting structurally with antigen-presenting cells (APCs),
which lack specific cell receptor binding sites. Conversely, protein/peptide-based
nanoparticles exhibit dual structural and functional interactions since it can carry
antigens and engage pattern-associated receptors on antigen-presenting cells [6].

The creation of peptide-based nanovaccines involves two primary approaches such as a)
mechanical assembly of nanomaterials and antigenic peptides into nanostructures, and

b) construction of nanostructures through self-assembly using basic segments, achieved

through protein engineering technology and intermolecular forces [7,8]. Notably,

rational design of nanovaccines offers several advantages compared to conventional

subunit vaccines, including efficient delivery to APCs, enhanced in vivo stability and

half-life of antigenic peptides, and multivalent antigen presentation [9].

Peptide-based nanovaccines can elicit both cellular and humoral immunity, leading to
the induction of memory responses [3]. The sustained release of antigens from
nanoparticle depots enables prolonged stimulation, reducing the need for more
boosters. This versatility allows nanovaccines to serve as both therapeutic and
prophylactic agents administered either before or after disease occurrence [10].
However, to achieve desirable immune responses, careful optimization of nanoparticle
safety, biodistribution, and residence time is crucial for nanoparticle-based vaccines.

This review focuses on the current advances in the utilization of peptide-based
nanovaccines for re-emerging and emerging infectious diseases. The immunological
mechanisms, structural design approaches, and nanomaterials used for peptide-based
nanovaccines have also been summarized. Recent challenges, opportunities, research
gaps, and future perspectives in this field have also been provided to gain more
attention from nanotechnology and vaccinology researchers.

METHODS

Three databases were used to search for relevant articles including PubMed, Google
Scholar, and Scopus published from 2013-2023. The following keywords were used:
“peptide-based nanovaccines”, “peptide nanovaccines”, and “peptide-based
nanovaccines for infectious diseases”.

MECHANISMS OF NANOVACCINES

The use of nanoparticle-based vaccines has become an attractive strategy for
augmenting primary and secondary immune responses [11]. Nanovaccines achieve this
enhancement through various mechanisms, including activation of innate, cellular, and
humoral immunity (Figure 1), as discussed in this section.

Activation of innate immunity

Upon immunization, nanovaccines interact with immune cells by recognizing
pathogen-associated molecular patterns (PAMPs) on the nanovaccine surface [12].
PAMPs act as ligands for pattern recognition receptors (PRRs) abundantly present in
these immune cells [13]. Consequently, PAMP-PRR interactions trigger endocytosis,
with larger particles being engulfed by macrophages while smaller particles are
engulfed by dendritic cells (DCs). To facilitate direct delivery to APCs and evade
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macrophage degradation, nanovaccine particles were modified to enhance their
survival [14]. Moreover, the type of PAMPs present influences cytokine and chemokine
secretion by neutrophils and macrophages, further stimulating APC activation.
Eventually, cytokines and chemokines lead to the activation and maturation of APCs,
thereby initiating robust cellular and humoral immune responses.
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Figure 1. Activation of cellular and humoral immune responses by nanovaccines. The cellular and humoral
immune responses to nanovaccines are initiated when the nanovaccine enters the epithelium to activate
dendritic cells. Dendritic cells migrate to lymph nodes to prime T and B cell which will attack viruses and
virus-infected cells.

Activation of cellular immunity

After vaccination, cellular immunity is stimulated leading to pathogen neutralization
and immunological memory development [15]. This is initiated by the migration of
activated dendritic cells to the lymphatic organs after capturing nanovaccine particles.
Activated DCs display antigens to CD8+ CTLs via MHC class I receptors, leading to
strong cell mediated immune responses and target cell elimination via apoptosis [16].

Activated DCs also present antigens to CD4* T-helper helper (Th) cells via the MHC-II
receptor. Th cells are categorized into Thl and Th2 subsets based on the type of
cytokines secreted [17]. The Thl subset primarily produces proinflammatory cytokines,
stimulating CTL proliferation and reinforcing cell-mediated immunity. The Th2 cell
subset secretes another class of cytokines, which promote B-cell production in humoral
immunity [18]. The delicate balance between Th1/Th2 activity significantly influences
the overall prophylactic or therapeutic potential of candidate nanovaccines [19]. In
some cases, nanovaccines may act by suppressing T-regulatory (Treg) cells, which
naturally inhibit the activation and proliferation of effector T cells in the body [20].

Activation of humoral immunity

Nanovaccines can induce robust Th2 cytokine responses that stimulate B cells in the
lymph nodes and spleen. B cells recognize soluble antigens via their BCRs and undergo
proliferation in the germinal center. B cells become specific to antigen epitopes, leading
to proliferation of specific B cells through clonal selection. Activated B cells become
either antibody-secreting plasma cells producing soluble antibodies or memory cells
providing immunity for future encounters with the same antigen [21].
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Plasma cells have a limited lifespan, leading to a gradual decline in antibody titers over
time [22]. In such instances, memory cells stored in lymphatic organs or the bone
marrow become active and provide protection against reinfection with the same
antigen. Memory B cells rapidly multiply and transform into antibody-secreting cells,
primarily producing IgG antibodies to counter the antigen. Similarly, memory T cells,
including CD4* and CD8* cells, contribute to the production of additional cytokine and
chemokine signals, enhancing both cellular and humoral immune responses. However,
significant structural changes to the antigen (epitope) may render memory B and T cells
unable to provide sufficient immunity [23]. Although primary vaccination can provide
~90% protection, the remaining 10% may still have detrimental effects, necessitating
booster doses to achieve full 100% protection [24].

In a related context, nanoparticles play a crucial role in enhancing immunological
memory [22]. Nanoparticles enable sustained antigen release, leading to increased B-
cell proliferation and subsequent generation of more memory cells [25]. Additionally,
their small size allows nanoparticles to efficiently migrate the lymphatic system, further
promoting the production of additional memory B and T cells [26].

NANOVACCINE DESIGN APPROACHES
Formation of nanostructures

Incorporating an antigenic peptide into a nanostructure is crucial for activating
immune responses, as peptides are generally non-immunogenic [27]. Nanostructures
are commonly formed through the conjugation of antigens (Figure 2) with molecules
using self-assembly [8]. Notably, nanoparticles (NPs) are commonly employed owing
to their small size, customizable surface, enhanced solubility, and multifunctionality,
thereby offering new prospects for vaccine design [28]. Utilizing NPs in vaccine
formulations promotes immunogenicity, antigen stability, sustained release, and
targeted delivery [29].

To achieve efficient delivery of vaccine antigens, nanoparticles are used either by
encapsulating the antigens within or by decorating them on the nanoparticle surface
(Figure 2). Encapsulating free antigens within nanoparticles prevents degradation,
ensuring controlled and sustained release at the target site eliminating the need for
booster doses [30]. In addition to encapsulation, various other techniques have been
explored for co-delivering antigens with nanoparticles (Figure 2).

O

Adsorbed Conjugated Encapsulated Mixed

Nanoparticle @ Antigen | Linker

Figure 2. Nanovaccines can be formulated by physical adsorption, chemical conjugation, encapsulation, or
physical mixing of antigens with nanoparticles.
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Formation of nanoparticle-based delivery systems

Nanoparticle-based delivery systems offer the advantage of reducing side effects
correlated with peptide antigens [31]. Constructing nanovaccines with minimal side
effects but with high immunogenicity involves assembling peptide antigens from
pathogens to form nanoparticles with stable structures [27]. Directly combining
antigenic peptides with nanomaterials is a common and straightforward approach for
creating nanovaccines. Several prophylactic nanovaccines, including Mosquirix [32],
Novavax [33], and Norwalk [34], have already been approved for human applications.

Formation of self-assembled peptide nanoparticles

The use of self-assembled peptide NPs represents a unique and advantageous approach
for designing organized NPs with tailored functions. These NPs offer smaller size,
biocompatibility, multivalent nanomaterials with reduced toxicity, and well-defined
physical and chemical properties [9]. Peptide NPs form through connections of antigens
and carrier-antigen conjugates, which then self-assemble into nanostructures (Figure 2)
[8]. These self-assembled nanostructures can elicit both cellular and humoral responses
[3]. The development of peptide-based nanovaccines involves designing self-assembly
strategies, where a peptide carrier is linked to a peptide epitope. This results in a
conjugate that retains the self-assembly properties and forms nanostructures [8].

Formation of nanoparticle-based adjuvants

Nanoparticles have demonstrated potential as adjuvants owing to their
immunomodulatory activities, including immune cell activation, complement system
activation, and inflammasome activation [35]. Compared to conventional adjuvants,
nanoparticles serve as more effective adjuvants by eliciting higher and more robust
immune responses [36]. Their small size enables their internalization by DCs to
promote cellular and humoral responses. Lipid nanoparticles (LNP)-adjuvant
formulations showed improved immunogenic responses against OVA and HBsAg in
mice, leading to better outcomes compared to using HBsAg alone [37].

NANOMATERIALS FOR NANOVACCINE DESIGN
Polymer-based nanoparticles

Polymers are widely investigated and utilized for vaccine delivery, particularly NPs.
These polymer-based systems offer numerous advantages such as the capacity to
conjugate various antigenic peptides, mimicking infection in diverse manners,
flexibility in the design process, and acting as depots (Figure 3), thereby prolonging the
activation of both cellular and humoral responses [38].

Poly-lactic-co-glycolic acid (PLGA) is a fully biodegradable polymer [39], and
commonly employed in peptide/protein-based nanovaccines [30]. Peptide antigens can
be adsorbed or encapsulated on the surface of PLGA nanoparticles to safeguard them
from proteasomal degradation prior to uptake by APCs [30]. PLGA NPs have a dual
function, acting as both adjuvants and antigen delivery vehicles, increasing immune
responses by initiating antigen uptake by DCs, DC activation and maturation, and
specific immune response induction [40]. Other polymers utilized include chitosan,
polyacrylates, and their derivatives [41].
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Lipid-based nanoparticles

Liposomes are widely studied as immune stimulation and vaccine delivery systems,
offering advantages such as targeted delivery, high loading capacity, versatile structure
modification, biocompatibility, adjustable properties, and agent protection [42].
Liposomes are quickly emerging as a multifunctional vaccine adjuvant delivery system
(VADS), with immunomodulatory effects and adjuvant properties, promoting the
induction of adaptive immunity [43,44]. Lipidated peptides, also known as lipopeptides,
form self-assembled nanostructures [45] and being formulated by exploiting the
amphiphilic properties of lipid-peptide structures [42]. Lipopeptide structures are
employed as nanoparticles for several vaccines against various diseases, including GAS
[46], hookworms [47], and malaria [48].

Lipopeptides, specifically lipid core peptides (LCPs), are well known for their ability to
stimulate immune responses and form self-adjuvanting nanoparticles [49]. LCPs consist
of lipids covalently linked together, a branching moiety, and peptide epitopes, enabling
the delivery of peptide epitopes for various applications [49].

Lipid
bilayer

Polymer

Polymeric Liposome Inorganic
Nanoparticle Nanoparticle Nanoparticle

Figure 3. Types of nanovaccines. The different types of nannovaccines used for viral infections include
vaccines conjugated to polymeric, liposome, and inorganic nanoparticles.

Inorganic nanoparticles

Inorganic nanoparticles are widely studied in nanovaccine formulations, offering
advantages such as rigid and porous structures, surface functionalization with various
ligands, and controlled synthesis [50]. Antigen peptides play a multifunctional role in
the production of inorganic nanoparticles by interacting with inorganic materials to
assemble them into functional complexes (Figure 3). As a result, inorganic
nanoparticles can be produced cost-effectively and easily modified with antigens, and
their surfaces can be modified further to elicit strong and robust immune responses [51].

Various inorganic nanoparticles are extensively studied for delivering peptide/protein-
based nanovaccines [52]. Among them, gold nanoparticles (AuNPs) are particularly
popular for vaccine delivery. AuNPs are efficiently taken up by cells, enhancing
antigen delivery and increasing the antigenic peptide load delivered to APCs [53].
AuNPs serve as effective carriers and adjuvants for peptide antigens. Additionally, they
were previously utilized for peptide delivery against influenza [54] and malaria [55].
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APPLICATIONS OF PEPTIDE-BASED NANOVACCINES IN INFECTIOUS
DISEASES

Tuberculosis

Tuberculosis (TB), the most lethal infectious disease, remains a leading cause of global
mortality. Approximately 10% of affected patients show signs and symptoms within 1-
2 years of infection, while the rest develop the disease after being
immunocompromised. HIV-positive individuals who are also infected with
Moycobacterium tuberculosis (Mtb) further aggravate the situation, resulting in an annual
mortality rate of 33% [56].

There is a critical need for booster doses that enhance T-cell responses in BCG-
vaccinated individuals. Thus, archaeosomes encapsulating the T cell antigen Rv3619c
were developed, which induced a type-1 cytokine response upon immunization [57]. It
also increased the production of antigen-specific T lymphocytes and IgG2a antibodies.
These archaeosomes, containing the antigen, effectively reduce mycobacterial burden in
the spleen and lungs of animals during pathogen challenge [57].

Nanoparticle-encapsulated antigen preparations demonstrate higher potency owing to
their depot-forming ability with a controlled and slow release leading to increased
processing of antigens by APCs [58]. Moreover, liposome-encapsulated antigens can
induce stronger and more robust cellular and humoral immune responses than free
antigens. Upon vaccination with liposome-encapsulated antigen, it showed
significantly lower Mtb burden in the spleen and lungs after 16 weeks post-
immunization with Mtb [59].

Preclinical and clinical studies evaluating diverse antigen-loaded NPs have
demonstrated the ability of nanovaccines to elicit a strong and durable cell-mediated
immune response against Mtb, offering promise as a novel and effective prophylactic
approach against TB. While nanotechnology has mitigated issues related to adjuvants
and delivery vehicles, challenges persist owing to the influence of the host environment
which remains a significant obstacle in developing efficient TB vaccines.

Malaria

Malaria affects nearly 200 million individuals every year, leading to ~500,000 global
mortality [60]. The complex life cycle of this pathogen is a major challenge in combating
the disease. Vaccines targeting both the pre-erythrocytic and blood stages of malaria
have been developed [61]. Nanovaccines have also been used to target multiple malaria
stages. For instance, vaccination with rMSP-1-loaded NPs increased the levels of
parasite-inhibitory antibodies. Moreover, IO nanoparticles were effectively internalized
by macrophages and dendritic cells, leading to the enhanced production of chemokines
and cytokines [62].

Immune responses against malaria sexual stage antigens play a crucial role in reducing
disease transmission [55]. Pfs25 is an important transmission-blocking vaccine antigen;
however, its immunogenicity in humans needs further investigation. To enhance
immune responses, nanoformulations have been employed in conjunction with Pfs25.
For instance, codon-harmonized Pfs25 (CHrPfs25) has been combined with AulNPs as
an adjuvant to achieve stronger transmission-blocking antibodies. The co-delivery of
CHrPfs25 with AuNPs likely facilitates immune cell uptake, contributing to an
enhanced immune response [55].
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Carboxylated polystyrene nanoparticles loaded with ovalbumin demonstrated
adjuvant properties, inducing IL-10 and granulocyte colony-stimulating factor, and
affecting dendritic cell migration and homing. Immunization with these nanoparticles
led to the production of antimalarial antibodies, conferring immune readiness against
subsequent infectious challenges [63]. Additionally, stable nanomimics, namely
polymersomes linked to parasite attachment receptors, were developed. These
nanomimics blocked parasite re-invasion after release from host cells, offering potential
for modulating immune responses against malaria and optimizing vaccine design [64].
The increasing importance of peptide-based nanovaccines in inhibiting various life
cycle stages presents promising prospects for developing an effective vaccination
strategy against malaria.

Influenza

Influenza viruses display distinct matrix proteins and viral nucleoproteins, which lead
to antigenic variability. Influenza viruses A and B cause annual epidemics that affect
millions of individuals [65]. Despite vaccination efforts, ongoing antigenic changes and
environmental selection contribute to the persistence of influenza epidemics [66].
Therefore, there is a pressing need for more effective vaccines that can induce both
humoral and cellular immune responses against diverse influenza variants [67].
Encouragingly, the use of nanoparticles to associate with various influenza antigens has
shown promising initial outcomes in enhancing immunity against diverse influenza
virus antigens.

Given the antigenic variability of influenza A virus (IAV), researchers are exploring
nanovaccines that target multiple serotypes using the conserved ectodomain of
influenza matrix protein 2 (M2e). For instance, NPs covalently linked to three
sequential repeats of the M2e demonstrated increased titers of mucosal secretory IgA
antibodies and M2e-specific IgG. Additionally, this nanovaccine induces an increased
cellular immune response, offering protection against lethal IAV infections in mice
when administered intranasally [68].

Hemagglutinin trimers have been explored as potential antigens for stimulating strong
immune response against the JAV. BALB/C mice were immunized with trimeric H7
conjugated to nanodiamond and showed significantly increased H7-specific IgG
secretion [69]. Polyanhydride nanoparticles have been found to provide equivalent
immune responses at doses 64-fold lower than those of free antigens [70]. Furthermore,
antigen encapsulation in polyanhydride-conjugated nanovaccines remained stable for
one year at room temperature, offering significant advantage in stockpiling pandemic
vaccines [71].

In response to multiple strains of influenza virus and antigenic variability, the
development of a universal nanovaccine that can provide broad cross-protection
against different strains is essential to mitigate public health threats [72]. Researchers
have explored the structural features of peptides or antigens to design rational broad-
spectrum nanovaccines that contain multiple antigens. Double-layered protein
nanoparticles incorporating four types of M2e from different viral consensus sequences
were developed. This nanovaccine elicited strong humoral immunity and the M2e-
specific antibodies showed strong cross-reactivity with different influenza virus
antigens. Additionally, Uni4C13 induced strong cell-mediated immunity, as
demonstrated by increased IFN-y-secreting splenocytes. Sera from Uni4C13
immunized mice provided protection against viral infection for an extended period,

www.bsmiab.org/jabet

Orosco FL, ] Adv Biotechnol Exp Ther. 2024 Jan; 7(1):106-117

113


http://www.bsmiab.org/jabet
https://www.zotero.org/google-docs/?4bKIQv
https://www.zotero.org/google-docs/?EoZ1aD
https://www.zotero.org/google-docs/?QTHTmh
https://www.zotero.org/google-docs/?npTpaA
https://www.zotero.org/google-docs/?nc7boV
https://www.zotero.org/google-docs/?PvjmZ8
https://www.zotero.org/google-docs/?cLbso1
https://www.zotero.org/google-docs/?QKM7HZ
https://www.zotero.org/google-docs/?sR2Rsn
https://www.zotero.org/google-docs/?vDZnoU

indicating the potential for long-lasting immunity [72,73]. Thus, peptide-based vaccines
can be used to protect public health against different strains of infectious pathogens.

HIV

Human immunodeficiency virus (HIV), a major cause of global mortality, leads to CD4*
T cell depletion and AIDS development, highlighting the critical requirement for an
HIV vaccine. PLGA-based NPs were employed to co-deliver antigens and TLR agonists.
Vaccination with HIV-1P24-Nef/FLiC/PLGA nanovaccines resulted in increased IgG
production, even at a lower antigen dose. Nanovaccines promote Th1 polarization and
enhance Th1 cytokine patterns [74].

Amantadine-coated AgNPs stimulated the secretion of HIV-specific CTLs, leading to a
significant increase in TNF-a secretion. These HIV-specific CTLs were able to enhance
the elimination of HIV-infected cells and reduce HIV production in vitro [75].
Additionally, AuNPs loaded with HIV-1 peptide improved antigen presentation.
Immunization with the AuNP-based nanovaccine resulted in enhanced production of
HIV-specific CD8* and CD4* T cells, along with elevated production of pro-
inflammatory and pro-Thl cytokines [76,77]. The protective capacity of intravaginally
delivered nanogold formulations has been previously demonstrated. The combination
of EFV and GNPs in thermogels showed superior inhibition of pre-interaction viral
dissemination compared to individual treatments, providing strong anti-HIV
prophylactic effects [78].

Nano-lipid complexes (NLC) have been shown to stimulate p24-specific immune
responses for HIV. Intradermal vaccination with NLC-loaded p24 antigen resulted in
significantly higher levels of p24-specific antibodies [79]. Thus, the development of
peptide-based nanovaccines for HIV holds promise in preventing the spread of the
disease.

CONCLUSIONS

Peptide-based nanovaccines have emerged as promising strategies for combating re-
emerging and emerging infectious diseases. These nanovaccines offer several
advantages including precise antigen targeting, improved stability, controlled release,
and enhanced immunogenicity. The use of peptides as carriers has shown great
potential for delivering peptide antigens, promoting antigen uptake by APCs, and
eliciting robust immune responses.

Despite the significant progress, some research gaps remain. First, further investigation
is required to optimize the design and formulation of peptide-based nanovaccines to
achieve maximum immune stimulation and long-term memory. Additionally, more
preclinical and clinical studies are required to validate the efficacy and safety of these
nanovaccines in various disease models and in human subjects. The long-term stability
of these vaccines, their manufacturing scalability, and the optimization of immune
responses are areas that require further investigation.

The future of peptide-based nanovaccines is promising, with potential applications for
a wide range of infectious diseases. Future research should focus on expanding the
repertoire of antigen targets, exploring novel nanomaterials, and fine-tuning vaccine
formulations for personalized immunotherapeutic strategies. Furthermore, the
integration of systems biology and artificial intelligence may enable the rational design
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of highly efficient peptide-based nanovaccines tailored to individual patients, thereby
revolutionizing the field of precision immunotherapy.
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