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Viral infections continue to pose a substantial global health concern, resulting in extensive morbidity and
mortality among various populations. Although conventional vaccinations have been pivotal in managing and
eliminating certain viral infections, the introduction of new viruses and the resurgence of existing ones under-
. score the ongoing necessity for creative immunization techniques. This review offers an extensive examination of
Vaccination/methods . . . . . .
Nanoparticles both conventional and novel vaccine platforms for preventing viral diseases. It analyzes traditional approaches
Plants such as inactivated and attenuated vaccines in conjunction with innovative technologies, including subunit, viral
vector-based, DNA, mRNA, and virus-like particle (VLP) vaccines. Furthermore, novel strategies to enhance
vaccination efficacy, including nanoparticle-based and plant-derived vaccines, are examined. Each platform is
evaluated according to its mode of action, immunogenicity, safety, scalability, and adaptation to novel threats.
Empirical instances, especially observations from the COVID-19 pandemic, are employed to underscore the
achievements, obstacles, and pragmatic utilization of these tools. By reviewing the scientific foundations and
developmental pathways of diverse vaccine strategies, this paper offers a more profound understanding of the
evolving landscape of viral vaccine development. Finally, this review emphasizes the critical role of innovation in
strengthening global readiness for current and future outbreaks.

1. Introduction upper respiratory tract and lungs, which can be compromised by path-

ogens such as rhinoviruses, the influenza virus, and coronaviruses

Viruses represent the most widespread and numerous forms of in-
fectious agents (Harper et al., 2020). As of 2019, over 1000 distinct
viruses have been identified as capable of infecting humans (Lasso et al.,
2019). These pathogens remain the predominant contributors to a wide
range of human diseases. The development of clinical illness subsequent
to a viral infection is influenced by factors inherent to both the virus and
the host organism (Chaturvedi et al., 2004). Viral infections can affect
various tissues and organs across the human body. These include the

(Harper et al., 2020; Van Doorn and Yu, 2020). Additionally, viruses like
Epstein-Barr virus (EBV) and rotavirus can target the gastrointestinal
tract (Harper et al., 2020; Ignatova et al., 2020), while the liver is sus-
ceptible to infections from viruses such as the hepatitis B virus (HBV)
(Harper et al., 2020). Poliovirus and coxsackievirus can impact the
nervous system (Wouk et al., 2021). Furthermore, the Ebola virus may
infect vascular endothelial cells, and white blood cells are vulnerable to
infection by the human immunodeficiency virus (HIV) (Harper et al.,
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development of self-amplifying RNA (saRNA) vaccines utilizing alpha-
viruses, to the first global authorization of an mRNA vaccine for COVID-
19 in 2020, viruses have consistently been intertwined with and a sig-
nificant focus of this innovative technology (Pascolo, 2023; Zhou et al.,
2023). The objective of mRNA vaccines is to provide RNA which leads to
the synthesis of protein antigens, hence eliciting an immunological
response and promoting the activation of innate, humoral, and cellular
immunity against the antigen inside the target cell (Hajiaghapour Asr
etal., 2023; Le et al., 2022). The advancement of lipid nanoparticles and
their use in this technology offers protection of mRNA against enzymatic
breakdown and improves vaccination effectiveness by enhancing
cellular absorption. For instance, DLin-MC3 containing lipid nano-
particle exhibited robust immune responses to SARS-CoV-2 in vivo and
many other approved vaccines against other viral agents also use
nanoparticles as a delivery system (Wu et al., 2024; Yavuz et al., 2023).

Numerous mRNA vaccines have been developed targeting influenza
viruses, human HIV-1, Nipah virus, rabies virus, and other viruses
(Ladak et al., 2022; Rzymski et al., 2023). For example, Moderna RSV
vaccine candidate, mRNA1345, encodes the RSV prefusion F glycopro-
tein, generating robust neutralizing antibody responses and demon-
strating favorable tolerability in phase 1 studies (Zhou et al., 2023).
Moreover, preclinical studies indicate that ZIKV mRNA vaccines, such as
Moderna mRNA-1893, exhibit sustained immunity, while dengue virus
(DENV) mRNA vaccines are in development to mitigate the hazards
associated with antibody-dependent enhancement (ADE) (Chen et al.,
2022). mRNA technology offers significant promise as a platform for
preventing viral illnesses, and its independence from hazardous chem-
icals or cell cultures susceptible to adventitious viruses makes it a
formidable competitor to conventional vaccinations. Unlike DNA vac-
cines, which have a theoretical risk of genomic integration because they
must reach the nucleus, mRNA vaccines do not pose an integration risk.
The high potency, safety, and efficacy, along with the capacity for swift
clinical development and potential for rapid, cost-effective
manufacturing, render these vaccines optimal platforms for designing
preventive measures against viral infections, especially emerging and
re-emerging viruses that necessitate prompt design and mass production
(Gote et al., 2023; Hajiaghapour Asr et al., 2023; Ye et al., 2023). The
effectiveness of this vaccine technique was shown when mRNA vaccines
were created in an extraordinary timeframe of under one year and
authorized for the COVID-19 pandemic (Tian et al., 2022; Zhou et al.,
2023).

In addition to nonreplicating mRNA, saRNA and circular RNA
(circRNA) represent significant RNA-based innovations for vaccine im-
munization presented to date (Le et al., 2022; Zhou et al.,, 2023).
circRNA has a distinctive covalent circular structure that provides
enhanced pharmacological and biological stability, safeguarding it
against exonuclease breakdown. circRNA has been used as a vaccination
strategy to address SARS-CoV-2. Qu et al., engineered a circRNA that
encodes the trimeric receptor binding domain (RBD) for both Delta and
Omicron variants (Qu et al., 2022). saRNA vaccines signify a more
advanced development of the mRNA vaccination paradigm, designed to
enhance RNA amplification inside host cells. This is accomplished by
replicating components from alphaviruses, resulting in enhanced and
sustained immune responses. McKay et al. created a saRNA vaccine that
encodes a stabilized SARS-CoV-2 spike protein, demonstrating notable
immunogenicity (McKay et al., 2020). saRNA-based vaccines have been
examined in preclinical research for their efficacy in protecting against
many viruses, including ZIKV, influenza, herpes simplex virus, HIV, and
Ebola (Chen et al., 2022; Matarazzo and Bettencourt, 2023; Ye et al.,
2023; Zhou et al., 2023). Despite progress, mRNA vaccines have ob-
stacles such as the dangers of immunological responses, possible edema
or thrombosis, instability and need for delivery systems, the need for
cold chain transmission, and undetermined long-term adverse effects.
The durability of immunological responses to these types of viruses also
needs more study as they are novel approaches that have not been fully
investigated. Nevertheless, high efficacy, swift developmental potential,
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and economical production position RNA-based vaccine technology as a
crucial asset in addressing new and re-emerging viruses (Buhre et al.,
2022; Gote et al., 2023; Hajiaghapour Asr et al., 2023; Liu, 2022).

DNA vaccines, a nucleic acid-based vaccine technology employed
against viral infections, were first introduced in 1960. Their mechanism
involves delivering a DNA plasmid containing the genes for desired viral
antigens to the cell nucleus, thereby utilizing cellular functions for an-
tigen synthesis, presentation, and recognition by the host immune sys-
tem (Ali et al., 2023; Pagliari et al., 2023). For instance, a DNA vaccine
that includes the M genome segment of the Andes virus (ANDV), a
rodent-borne hantavirus, was created. This DNA vaccine encodes the
viral envelope glycoproteins and effectively elicits potent immune re-
sponses against the virus (Paulsen et al., 2024). DNA vaccines have
advantageous characteristics, including ease of storage, rapid and
cost-effective mass manufacturing, and enhanced stability and safety
compared to conventional methods for combating viral diseases
(Paulsen et al., 2024; Rezaei et al., 2019; Ullas et al., 2014).

The DNA vaccine (pcDEST40-gpB) for infectious laryngotracheitis
virus (ILTV) demonstrates superior protection and enhanced control of
viral shedding compared to the attenuated TC-propagated ILT vaccine
(Gamal and Soliman, 2023). The PETIM-pIRES-Rgp combination has
shown equal and robust effectiveness in managing rabies compared to
the inactivated viral vaccine (Rabipur) (Ullas et al., 2014). Additionally,
DNA vaccines can include more genes, allowing them to elicit protection
against several targets simultaneously. The pVAX-AG4-ub DNA vaccine,
for example, contains the tick-borne encephalitis virus (TBEV) NS1,
NS3, NS5, and E proteins (Kisakov et al., 2023). Although DNA vaccines
provide an innovative method for preventing viral infections, some
concerns associated with this technique have been noted. The primary
concern is the safety of these vaccinations due to a small risk of genetic
integration. Furthermore, anti-DNA immune responses have been shown
in both clinical and preclinical investigations (Rezaei et al., 2019). The
lack of optimal delivery techniques undermines the effectiveness of
immunization (Lu et al., 2024). However, using nanoparticles and
electroporation for DNA transport to cells has proven highly effective.
For instance, complete protection and strong immunity against homol-
ogous IAV-S strain challenge in pigs have been shown after the intra-
muscular injection of a single dose of LNP-DNA (Nguyen et al., 2023;
Rezaei et al., 2019). Additionally, it has been observed that cationic
guanidium polymer-pDNA polyplex vaccinations are effective against
Newcastle disease virus (NDV) infection in vivo (Luther et al., 2023).

The route of vaccine delivery plays a vital role in the efficacy of these
vaccines. Kamili et al. demonstrated that, when delivered by gen gun, an
anti-hepatitis E virus (HEV) DNA vaccine could protect Cynomolgus
macaques against challenges with a heterologous HEV (a Mexican
strain), while the intradermal immunization approach was ineffective
(Kamili et al., 2004). Furthermore, certain DNA vaccines, despite their
ability to stimulate an immune response, do not provide comprehensive
protection against viral infection (Kisakov et al., 2023). An in vivo study
showed that the DNA vaccination for canine distemper virus (CDV)
enhanced pathogenicity but did not entirely inhibit viral reproduction,
viremia, or virus shedding (Zhao et al., 2023). This has similarly applied
to the AG0302-COVID-19 vaccine targeting SARS-CoV-2 (Nakagami
et al., 2023). Vaccination using DNA vaccines against chronic viral ill-
nesses such as HIV, HBV, and hepatitis C virus (HCV) has also been
shown to be mostly ineffective (Liu, 2022). Despite ongoing contro-
versies regarding the safety of DNA vaccines in human populations,
these vaccines present significant opportunities to combat fatal viruses,
potentially saving numerous lives. Crimean-Congo hemorrhagic fever
virus (CCHFV) is a pathogenic tick-borne virus for which no official
vaccines are available for public consumption. Nevertheless, preclinical
research on DNA vaccines that encode nucleoprotein and glycoprotein
precursor antigens of CCHFV has revealed promising results in the in-
duction of both humoral and cellular immunity (Hawman et al., 2023).
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5. Viral vector-based vaccines

Viral vector-based vaccines, first introduced in 1972, have emerged
as a prevalent vaccine type for various infections, especially viral ones
(Vanaparthy et al., 2021). Viral vector vaccines offer distinct advantages
compared to alternative vaccine types. Nucleic acid-based vaccines are
prone to degradation and necessitate an effective delivery system. Viral
vector vaccines are not subject to this problem. Furthermore, in contrast
to traditional vaccination approaches, these vaccines can elicit immune
responses and inflammation independently of adjuvants (Trivedi et al.,
2023). Viruses characterized by large packaging capacity, broad host
range, the capacity to induce CD8+ T cell responses, and the absence of
integration into the host genome are optimal candidates for developing
viral vector vaccines. Numerous viruses, including adenoviruses (AdVs),
adeno-associated viruses (AAVs), and HSV, have been utilized as vectors
(Zeng et al., 2023).

Viral vector vaccines have been widely utilized, especially
throughout the COVID-19 pandemic. The Johnson & Johnson Human
Ad26 vaccine, the Oxford/AstraZeneca ChAdOx1 vaccine, and the
Russian Sputnik V Ad26 and Ad5 vaccines employed non-replicating
viral vector technology and exhibited high efficacy in human trials
(Mudrick et al., 2022). Research indicates that a single administration of
viral vector vaccines can provide substantial protection against various
pathogenic viruses, including Ebola. An AdV-based vaccine obtained
emergency approval during the 2014 Ebola outbreak. The rVSVAG-
ZEBOV vaccine demonstrated favorable outcomes following a single
intramuscular administration in preclinical trials. The rVSV-ZEBOV
vaccine induced anti-Ebola antibody responses in clinical trials despite
causing transient rVSV viremia. Participants receiving a second dose
demonstrated significantly enhanced immunity (Regules et al., 2017;
Wang et al.,, 2023). A single dosage of VSV-based vaccines against
various hemorrhagic fever viruses, including Marburg virus (MARV),
Lassa virus (LASV), and CCHFV, has also shown high efficacy (Wang
et al.,, 2023). Numerous viral vector vaccines utilize non-replicating
viruses, which are incapable of replication and serve exclusively as de-
livery systems. Nevertheless, replicating viral vector vaccines have also
been developed, which generate new viral particles through the infec-
tion of host cells (Kamel et al., 2023; Sasso et al., 2020; Trivedi et al.,
2023; Vanaparthy et al., 2021; Zeng et al., 2023). A comparative study
of replication-defective AdV and replicating single-cycle AdV (SC-Ad)
vaccines expressing the SARS-CoV-2 spike protein indicated that the
SC-Ad vaccine elicited a more robust and durable immune response
(Mudrick et al., 2022). Arun V. Iyer et al. demonstrated that a replica-
tive, non-neurotropic, highly attenuated gK-deleted HSV vaccine
conferred lasting protection in mice against HSV-1 and HSV-2 genital
infections following intramuscular administration (Iyer et al., 2013). A
study demonstrated that a single injection of a replicating Venezuelan
equine encephalitis virus (VEE)-based viral vector vaccine conferred
protective immunity against DENV challenges in BALB/c mice (Khalil
et al., 2014). The administration route and dosage of vaccination play a
crucial role in determining the effectiveness of viral vector vaccines in
managing viral infections. A study on recombinant AdV as a vaccine
vector examined four doses and two vaccination routes against HCV.
The findings indicated that the optimal intramuscular vaccine dose
could induce significant inflammatory responses, along with strong
humoral and cellular immunity in mice (Kamel et al., 2023; Singh et al.,
2014). Viral vector vaccines also face important limitations that can
affect both efficacy and safety perceptions. A key challenge is
pre-existing immunity to vector backbones, which can blunt trans-
duction and reduce vaccine immunogenicity. McDonald et al. (2021)
reported that pre-existing neutralizing antibodies against viral vectors
can substantially diminish immune responses against SARS-CoV-2
(McDonald et al.,, 2021). In addition, immunogenicity can be
dose-dependent, creating a practical trade-off between achieving
stronger responses and constraints related to tolerability and scalable
manufacturing. Ledgerwood et al. (2017) showed that higher particle
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doses of Chimpanzee AdV vector Ebola vaccine generated stronger
glycoprotein-specific antibody and T-cell responses than lower doses,
also suggesting that the solution to pre-existing immunity against viral
vectors can be the use of non-human viruses as vectors (Ledgerwood
et al., 2017). Safety concerns have also influenced confidence in some
vector-based approaches, including rare but serious events such as
vaccine-induced immune thrombotic thrombocytopenia (VITT) re-
ported in the context of certain adenoviral vector COVID-19 vaccines,
underscoring the importance of careful risk-benefit assessment (Cines
and Bussel, 2021). Finally, safety outcomes can be shaped by the de-
livery route and procedure rather than the vector itself. For example,
Sobh et al. (2023) reported an 8% cumulative incidence of serious
adverse events after ocular AAV gene therapy, noting that many were
procedure-related rather than clearly attributable to the vector back-
bone (Sobh et al., 2023). Future research in viral vector vaccine design
should prioritize developing tropism-specific vectors and optimizing
these systems to elicit strong immune responses without any side effects.
By customizing vectors to specifically target tissues or cells and opti-
mizing their design, researchers can enhance immune protection against
viral infections.

6. Innovations reshaping viral vaccine platforms

Although many vaccine candidates still fall within long-established
platform categories, the transition from the traditional era to modern
vaccinology has been driven by major innovations in how vaccines are
designed, delivered, and manufactured. For this reason, and building on
concepts introduced in earlier sections, we highlight key innovative
strategies in this section. In particular, recent advances have trans-
formed antigen design and optimization, delivery and formulation
technologies, and manufacturing and scale-up. Together, these in-
novations enable faster and more cost-effective development, improve
delivery and immunogenic performance, strengthen safety profiles and
support more efficient and ethically grounded, preclinical and clinical
evaluation.

6.1. Nanoparticle-based vaccination approaches

Numerous vaccine platforms necessitate effective delivery systems to
guarantee targeted administration and protection of genetic materials
from degradation. Nanoparticles are appropriate for this application
because of their nanoscale sizes and distinct physicochemical charac-
teristics (Hajiaghapour Asr et al., 2023; Tursi et al., 2023). They have
been widely utilized in vaccines, with the BNT162b nanoparticle-based
mRNA vaccine marking a breakthrough as the first approved example,
triggering more focused research in this area (Wu et al., 2023). The
interaction between nanoparticles and cellular mechanisms remains an
area of ongoing research; however, these particles exhibit significant
biocompatibility. In addition to their role as delivery vehicles, nano-
particles are utilized in both in vitro and in vivo development of
nano-vaccines to induce immune responses. The in vivo approach is
more cost-effective and facilitates rapid production in response to
emerging viral epidemics (Farsiu et al., 2024; Hajiaghapour Asr et al.,
2023; Tursi et al., 2023). A significant advantage of nanoparticles is
their ability to carry multiple antigens, effectively addressing viral ge-
netic and antigenic variability (Zhang and Cui, 2023). A multivalent
epitope-based nanoparticle vaccine that includes highly conserved epi-
topes from influenza virus proteins—specifically the a-helix of hemag-
glutinin, the ectodomain of matrix protein 2, and HCA-2 of
neuraminidase—exhibited universal protection against various influ-
enza A and B viruses, showing promising results in mice for up to six
months following vaccination (Pan et al., 2023). The SCTV01B nano-
particle vaccine, which integrates Streptococcus pneumoniae serotype 14
polysaccharides with the SARS-CoV-2 spike protein RBD, has also
demonstrated extensive neutralization of all of the significant
SARS-CoV-2 variants, including Omicron, as well as strong
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Table 1
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Immune response profiles and key attributes of major viral vaccine platforms. ADE, antibody-dependent enhancement; ANDV, Andes virus; BSL, biosafety level;
CCHFV, Crimean-Congo hemorrhagic fever virus; CDV, canine distemper virus; CHIKV, chikungunya virus; DENV, dengue virus; HAV, hepatitis A virus; HBV, hepatitis
B virus; HCV, hepatitis C virus; HEV, hepatitis E virus; HIV-1, human immunodeficiency virus 1; HPV, human papillomavirus; HSV, herpes simplex virus; IAV-S,
influenza A virus of swine; ILTV, infectious laryngotracheitis virus; JEV, Japanese encephalitis virus; LASV, Lassa virus; MARV, Marburg virus; NA, nucleic acid;
NDV, Newcastle disease virus; OAS, original antigenic sin; RSV, respiratory syncytial virus; saRNA, self-amplifying RNA; SARS-CoV-2, severe acute respiratory syn-
drome coronavirus 2; TBEV, tick-borne encephalitis virus; VITT, vaccine-induced immune thrombotic thrombocytopenia; VLP, virus-like particle; VZV, varicella-zoster

virus; ZEBOV, Zaire ebolavirus; ZIKV, Zika virus.

Platforms

Predominant
Immunity Induced
(Humoral / Cellular)

Advantages Mentioned

Limitations Mentioned

Viral Target Examples
Mentioned

Innactivated Vaccines

Attenuated Vaccine

Protein Subunit, Multi-
epitope, and
Recombinant Protein
Vaccines

Virus Like Particle
Vaccines

RNA based Vaccine

DNA based Vaccine
(Delivery route plays
an important role in
outcome)

Viral Vector Immunity
(Delivery route and
dose plays an

Humoral

Both

Humoral (also
cellular if combined
with novel delivery
approaches)

Both

Both

Both

Both

Safe, no chance of reactivation,
thermostable, more accessible for
underdeveloped regions, easy
transportation

Systematic immune stimulation (natural
infection mimicking), easy development,
less or no need for booster doses

Safe (no NA), low risk of harmful responses,
high antibody titers, no chance of
reversion, safe development (low BSL),
specificity, high immunogenicity and
efficacy

Systematic immune stimulation (natural
infection mimicking), safe (no NA), no
inadvertent infection risk

High immunogenicity, potency, efficacy,
and safety (no risk of integration), safe
development (low BSL), no involvement of
chemical compounds in production, rapid
clinical development and mass production,
low manufacturing expenses/ circRNA:
(exonuclease tolerance)/ saRNA: long-term
protection (due to replication)
Thermostable, rapid clinical development
and mass production, safe, High
immunogenicity

Strong cellular immunity, potential for
single dose immunization, no need for
adjuvant or delivery systems, long-term

Low immunogenicity, short-term
protection, low cellular immunity, need for
booster doses, high manufacturing
expenses, lower chance of vaccination
adherence, need for high BSL for virus
culture and inactivation, risk of ADE and
OAS, rare risk of incomplete inactivation,
use of chemical compounds for inactivation
Secondary mutations and reactivation, not
safe for immune-compromised individuals,
inconclusive information on mechanisms
underlying attenuation in traditional
methods, need for cold chain
transportation, need for trained
administration providers, less accessible for
underdeveloped regions, use of chemical
compounds for attenuation in traditional
methods

Need for multiple booster doses, low
immunogenicity (without adjuvants), need
for purification, empirical and labor-
intensive target antigen selection

Challenging manufacturing, need for
purification, high cost of production, need
for cold chain transportation, less
accessible for underdeveloped regions
Immunological responses, edema,
thrombosis, instability, cold chain
transportation, less accessible for
underdeveloped regions, need for delivery
systems, lack of knowledge on long-term
side effects (ongoing research due to
novelty of this platform)

Susceptible to anti-DNA immune responses,
lack of optimal delivery systems, theorical
risk of integration

Pre-existing vector immunity (solution:
non-human vectors like Chimpanzee or
plant viral vectors), rare but severe adverse

HAV, influenza, JEV, TBEV,
rabies virus, poliovirus

MMR (measle, mumps,
rubella), ZEBOV, influenza,
rotavirus, smallpox, JEV

HBV, HPV, VZV, influenza,
RSV

HBV, HPV, influenza, CHIKV,
ZIKV

SARS-CoV-2, HIV-1, Nipah
virus, rabies virus, RSV,
DENV, ZIKV, (circRNA:
SARS-CoV-2), (saRNA: ZIKV,
influenza, HSV, HIV, Ebola

ANDV, ILTV, rabies virus,
TBEV, IAV-S, NDV, HEV,
CDV, SARS-CoV-2, CCHFV

SARS-CoV-2, ZEBOV, MARV,
LASV, CCHFV, HCV, HSV-1
and 2, DENV

important role in
outcome)

protection (due to replication)

events (VITT), dose-dependent efficacy

opsonophagocytic activity against S. pneumoniae in preclinical studies.
The advancements highlight the potential of nanotechnology in devel-
oping universal vaccines for emerging infections (Deng et al., 2022).

6.2. Plant-based vaccination approaches

Recently, novel approaches to developing virus-like particle (VLP)
vaccines have been made to address the downsides of this traditional
technique. Plants are an alternative expression system for producing
recombinant protein or VLP vaccines and can also be used as carriers and
vaccine scaffolds. Plant virus-based vaccines can be generated via stable
expression in transgenic or transplastomic plants or through techniques
such as agroinfection or viral infection for transient expression. Various
plant viruses, including the tobacco mosaic virus (TMV), cowpea mosaic
virus (CPMV), potato virus X (PVX), alfalfa mosaic virus (AIMV), and
papaya mosaic virus (PapMV), are being utilized in the development of
novel vaccines (Ortega-Berlanga and Pniewski, 2022; Su et al., 2023).

Preclinical studies indicate that malva mosaic virus (MaMV) presenting
the canine influenza virus H3N8 antigen can confer protection against
heterologous mouse-adapted influenza virus strains (Kheirvari et al.,
2023). Plant-based vaccines offer an inexpensive approach, enabling the
mass production of vaccines in plant-based facilities, such as green-
houses or open fields. Research indicates they can reduce certain
biosafety and manufacturing concerns because they do not require
propagation of human pathogens in production systems (Nikitin et al.,
2023; Su et al., 2023). Moreover, these vaccines demonstrate prolonged
storage capabilities, enhanced thermostability, and the potential for oral
administration (Samanta and Chatterjee, 2022; Sohn et al., 2023). The
vaccines primarily generate viral structural proteins that can elicit
strong immune responses. Recombinant avian influenza virus and NDV
proteins expressed in plants have been developed, demonstrating the
capacity to form influenza HA-based VLPs and elicit robust humoral and
cellular immunity (Nurzijah et al., 2022; Zahmanova et al., 2022).
Furthermore, these vaccines demonstrate substantial protection against
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major flaviviruses, with no evidence of ADE following vaccination.
Using targeted antigens, such as the West Nile virus envelope protein
domain III, effectively reduces the risk of ADE in cases of infection with
ZIKV and DENV (Sun et al., 2023). Increased focus on plant-based
vaccines is warranted, as they offer a viable alternative version to the
conventional VLP vaccine production systems. As an example, the
plant-produced VLP COVID-19 vaccine Covifenz was authorized in
Canada in 2022; however, the sponsor cancelled the authorization on
March 31, 2023 (Su et al., 2023).

6.3. Additional innovations shaping next-generation vaccines

As depicted in a recent review paper by Eslami et al., 2025,
next-generation viral vaccines are increasingly shaped by integrated
technological pipelines that combine synthetic biology, nanotech-
nology, and advanced immunological design (Eslami et al., 2025).
Innovative approaches often come from upgrading the existing devel-
opment pathway through novel technologies such as codon optimization
and engineered nucleic-acid constructs (mRNA/DNA), refined carrier
systems, and precision antigen engineering guided by systems immu-
nology and multi-omics profiling. For instance, while human codon
optimization is widely used to enhance antigen expression, Cha et al.
(2025) demonstrated that “viral-like” codon usage can further improve
performance. By optimizing an mRNA-LNP vaccine encoding the
neutralizing Gn-H domain of SFTSV using HSV-1 glycoprotein B (gB)
codon usage, they achieved higher antigen expression, stronger humoral
and cellular responses, increased bone marrow-resident
antibody-secreting cells, and superior protection at lower mRNA doses
compared with a human codon-optimized construct (Cha et al., 2025).
This illustrates how innovation can arise not only from introducing new
platform categories but also from refining core design variables.

Equally important are innovations that target enhancement of stor-
age and intake, including thermostable formulations, needle-free de-
livery (e.g., microneedle patches and transcutaneous approaches), and
mucosal or oral routes that may better align with transmission biology
for certain respiratory and enteric viruses, while reducing cold-chain
dependence and simplifying mass administration (Papadatou and
Michos, 2025). Garcia-Valtanen et al. (2025) described a thermostable,
unit solid-dose DNA vaccine format produced by lyophilization and
compaction (sugar/sugar-alcohol/polymer matrix) that retained stabil-
ity after 30 days across 4-42 °C and elicited robust antibody and T-cell
responses with protection in a ZIKV NS1 model, highlighting how
thermostable solid dosing can reduce cold-chain dependence and
simplify administration for resource-limited settings (Garcia-Valtanen
et al., 2025). Despite strong momentum, these advances still face prac-
tical barriers, which particularly include scalable manufacturing, stan-
dardized safety evaluation for novel delivery and adjuvant
combinations, and equitable global access. Therefore, innovations that
are not only scientifically sophisticated but also manufacturable,
measurable, and deliverable at a population scale are needed in the
future of vaccination (Eslami et al., 2025; Gupta et al., 2024).

7. Challenges and prospects of vaccination against viral
infections

As previously noted, a variety of traditional and novel approaches
have been introduced against viral infections. Vaccines have signifi-
cantly reduced mortality from viral infections, contributing to the
eradication of smallpox, the control of measles, and the management of
the recent COVID-19 pandemic (Beladiya et al., 2024; Griffin, 2018;
Meyer et al., 2020). However, managing viruses with vaccines is not
always as simple as eradicating smallpox, and several problems arise
during vaccine development. Table 1 summarizes the major vaccine
platforms discussed in this review, highlighting their predominant im-
mune response profiles, key advantages and limitations, and existing
viral vaccine examples. Moreover, numerous viruses possess
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characteristics that complicate vaccine development. Viral agents,
particularly emerging and re-emerging viruses, experience numerous
and rapid genetic mutations (Shyr et al., 2021). The impact of these
genetic alterations was observed during the COVID-19 pandemic, as the
efficacy of vaccinations in controlling infections from the later variants,
such as omicron, diminished (Gram et al., 2022). This decline occurred
because the vaccines were developed for earlier strains of SARS-CoV-2
encountered in previous waves of the pandemic. This phenomenon
has also been observed in other viruses, including influenza. Annually,
there is a pressing need to develop new vaccines targeting circulating
influenza strains, as antigenic changes in hemagglutinin and neur-
aminidase complicate the efficacy of vaccines against newly emerged
strains (Gouma et al., 2020). Additionally, the persistent concern
regarding the potential for an influenza pandemic due to antigenic shifts
remains significant (Cargnin Faccin and Perez, 2024). Antigenic vari-
ability due to high mutation rates can, therefore, harden designing
long-lasting strategies against viral pathogens. One proposed strategy is
to design vaccines that focus immune responses on conserved epitopes,
as suggested for HCV to address extensive sequence diversity and im-
mune evasion (Pierce et al., 2020). Similarly, for SARS-CoV-2, var-
iant-adapted immunogen engineering has been explored. For example,
CoroVaxG.3-D.FR vaccine, an adenoviral vector-based vaccine
designed to express variants of concern (VOC)-specific,
membrane-bound spike stabilized in alternative prefusion conforma-
tions, has been reported to confer protection against various
SARS-CoV-2 variants (Vinzon et al., 2023).

A further challenge is the infection enhancement resulting from the
previous vaccination. ADE, for example, primarily occurs when non-
neutralizing or sub-neutralizing antibodies facilitate viral entry into Fc
receptor- or complement receptor-bearing cells, enhancing infection and
sometimes triggering excessive inflammatory responses. ADE has been
implicated in the failure or restricted use of some vaccines, such as
Dengvaxia for dengue, where vaccination of seronegative individuals
increased the risk of severe disease upon subsequent infection. There is
an increasing concern regarding the COVID-19 vaccines and the po-
tential for similar issues. A study showed a lower risk of ADE after
human vaccination with mRNA SARS-CoV-2 vaccines compared to
inactivated or adenovirus-vector vaccines (Luo et al., 2025; Tan et al.,
2025; Thomas et al., 2025). However, no conclusive evidence is still in
hand. Moreover, an RSV vaccination was previously linked to an in-
crease in lung infection known as vaccine-associated enhanced respi-
ratory disease (VAERD) (Diamond and Pierson, 2020; Ikewaki et al.,
2023). Given these risks, multiple antigen design strategies have been
proposed to minimize ADE and related immune enhancement. These
include focusing immune responses on neutralizing, type-specific epi-
topes (e.g., DENV envelope domain III), engineering immunogens to
avoid exposure of ADE-prone regions (e.g., fusion loop epitopes), and
modifying antibody Fc regions to reduce Fc receptor binding.
Structure-guided and epitope-focused vaccine approaches are being
developed for DENV, ZIKV, SARS-CoV-2, and other viruses (Shukla
et al., 2020; Slon-Campos et al., 2019a; Wei et al., 2025). A study on the
ADE challenge demonstrated that a ZIKV E-dimer-based subunit vac-
cine, which eliminates the fusion loop epitope of the prM and E proteins,
can generate antibodies highly specific to the E-dimer of ZIKV. The
antibodies generated through ZIKV E-dimer immunization exhibit no
cross-reactivity with DENV, representing a crucial advancement in
preventing ZIKV-related ADE, as no poorly neutralizing antibodies
associated with ADE are produced (Slon-Campos et al.,, 2019b). In
addition, non-neutralizing S2-specific antibodies elicited by
alphavirus-vectored vaccines confer protection against lethal heterolo-
gous disease outcomes in models challenged with SARS-CoV-2 and clade
2 bat sarbecovirus (Adams et al., 2023).

As discussed in the previous sections, the future of vaccination
against viral infections is increasingly linked to precision and specificity,
supported by technologies that can reduce reliance on lengthy and costly
experimental iteration. In silico modelling, structural vaccinology, and
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Antigen & sequence design

Optimized expression and immune focusing

(e.g., Viral-like codon optimization, engineered antigens)

Platform engineering
Modernizing traditional platforms
with more precise control

(e.g., gene-edited attenuation)

Manufacturing & expression
Expanding scalable production systems
(e.g., plant-made proteins/VLPs)

Carriers & formulation
Enhancing delivery to target cells
(e.g., nanoparticles/LNPs)

Computational design

Reducing trial-and-error

(e.g., structural design,in silico modelling &
Al-guided design)

Stability
Improving storage and logistics
(e.g., thermostablility)

Route & devices
Improving administration & tissue targeting

(e.g., microneedles; mucosal/oral delivery)

Platform integration

Heterologous prime—boost

Fig. 1. Innovations reshaping viral vaccination. Al, artificial intelligence; LNP, lipid nanoparticle; VLP, virus-like particle.

computational immunogen design can help prioritize candidates,
anticipate antigenic drift, and refine vaccine constructs before extensive
wet-lab and in vivo testing. These approaches are particularly valuable
for viruses with high mutation rates and pronounced antigenic vari-
ability, and they are expected to play a central role in the rational
development of broader and potentially universal vaccines. Importantly,
this shift does not imply abandoning traditional vaccine approaches;
rather, it enables established platforms to be strengthened through more
rational antigen selection and optimization, improved delivery and
formulation strategies, and more efficient manufacturing and evaluation
pipelines. Combining platforms can also help offset the limitations of
any single approach. For example, heterologous prime-boost regimens
(e.g., an inactivated vaccine prime followed by an mRNA booster) can
enhance both humoral and cellular immune responses by leveraging
complementary immunological strengths across platforms (Zuo et al.,
2022). Together, integrating these computational tools with proven
platform experience may accelerate the development of vaccines that
are not only effective but also safer, more scalable, and more deployable
in diverse real-world settings. Fig. 1 provides an overview of the prin-
cipal innovations reshaping viral vaccination, as discussed in this
review.
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