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A B S T R A C T

The Marburg virus (MARV), belonging to the Filoviridae family, poses a significant global health threat, empha-
sizing the urgency to develop Marburg virus-like particle (VLP) vaccines for outbreak mitigation. The virus's
menacing traits accentuate the need for such vaccines, which can be addressed by VLPs that mimic its structure
safely, potentially overcoming past limitations. Early Marburg vaccine endeavors and their challenges are
examined in the historical perspectives section, followed by an exploration of VLPs as transformative tools,
capable of eliciting immune responses without conventional risks. Noteworthy milestones and achievements in
Marburg VLP vaccine development, seen through preclinical and clinical trials, indicate potential cross-protection.
Ongoing challenges, encompassing durability, strain diversity, and equitable distribution, are addressed, with
proposed innovations like novel adjuvant, mRNA technology, and structure-based design poised to enhance
Marburg VLP vaccines. This review highlights the transformative potential of Marburg VLPs in countering the
virus, showcasing global collaboration, regulatory roles, and health equity for a safer future through the
harmonious interplay of science, regulation, and global efforts.
1. Introduction

The Marburg virus (MARV), a member of the Filoviridae family, pos-
sesses a unique set of characteristics that underlie its menacing nature
and the challenges it poses to public health [1]. MARV, with its helical
structure and lipid envelope, stands as a formidable entity capable of
triggering Marburg virus disease (MVD), a severe and often fatal illness.
Its genetic material is encoded in a single-stranded RNA, and its
distinctive appearance under the microscope resembles intertwined
threads, like a complex network of vines [2]. The MARV's ability to
infiltrate human cells and exploit their replication machinery is a central
feature of its pathogenicity [3,4].
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helical pattern seen under the microscope [2,5]. The consequences of
MARV infection are dire, often resulting in hemorrhagic fever with a
high fatality rate. As the virus replicates within the host, it targets
various cell types, including those forming the immune response. This
leads to a suppression of the immune system's defenses, leaving the
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body vulnerable to both the virus itself and secondary infections. The
virus's ability to disrupt the blood clotting process results in the hem-
orrhagic manifestations that characterize MVD. Bleeding from various
organs, including the gastrointestinal tract, skin, and mucous mem-
branes, contributes to the severe and life-threatening nature of the
disease [2,4,5].

In the battle against MARV, traditional vaccine approaches have
encountered stumbling blocks. Conventional methods typically involve
using inactivated or weakened forms of the virus to stimulate the im-
mune system's response [2,6]. However, this approach has been proven
complex for MARV, primarily due to its high pathogenicity and the
challenges associated with working with live virus samples [3,7].

Traditional vaccine approaches have grappled with MARV's chal-
lenges due to its high pathogenicity [7,8], highlighting the concept of
virus-like particle (VLP) vaccines emerging as a promising solution. VLPs
replicate the virus's outer structure but lack genetic material, making
them safe yet effective in training the immune system. With advantages
such as non-replication, immune system stimulation, and scalable pro-
duction, VLPs herald a new era in vaccine design [5,9,10]. For MARV,
several candidate platforms have been tested in non-human primates
(NHPs) and shown to provide protection. These platforms include re-
combinant vesicular stomatitis virus (rVSV), VLPs, and adenovirus
(AdV), with each having distinct characteristics: rVSV uses a live,
attenuated virus to induce immunity, VLPs present a non-infectious
mimic of the virus, and AdV employs a modified adenovirus to deliver
genetic material. Their respective vaccine efficacy and safety profiles
vary, with each offering unique benefits and challenges in terms of
immunogenicity, production scalability, and potential side effects [9,11].

1.1. MARV morphology and genome organization

TheMARV is known for its distinctive morphology, which contributes
to its unique identity among viruses [1,3]. One of its notable features is
its pleomorphic nature, meaning it can adopt various shapes, including
circular, U-shaped, rod-like, and most commonly, filamentous forms. The
virions generally have a diameter of about 80 nm, though their lengths
can vary widely, with an average length of approximately 790 nm. The
Fig. 1. Morphology and genome organization of Marburg virus (MARV). (a) MARV
filamentous forms, with an average length of about 790 nm and surface spikes crucia
negative-sense virus with a 19.1 kb RNA genome encoding seven genes in the follo
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surface of the virions is covered with spikes that are around 5–10 nm in
length, spaced about 10 nm apart, which are crucial for the virus's ability
to interact with host cells [12].

On a molecular level, MARV is a non-segmented, negative-sense
virus, possessing a single RNA molecule approximately 19.1 kb in length.
This genome encodes seven genes arranged in a linear sequence: 3'-NP-
VP35-VP40-GP-VP30-VP24-L-5'. Each of these genes is characterized by
highly conserved transcription start and stop signals, as well as unusually
long noncoding regions at the 3' and 5' ends. These noncoding sequences
are of particular importance as they contain cis-acting elements essential
for various stages of the virus's life cycle, including replication, tran-
scription, and packaging [12,13].

In addition to its genome, MARV expresses seven structural proteins,
each with specific functions in the virus's life cycle. These proteins are
nucleoprotein (NP), viral protein 35 (VP35), viral protein 40 (VP40),
glycoprotein (GP), viral protein 30 (VP30), viral protein 24 (VP24), and
large protein (L) [12–14]. These proteins collectively play roles in
replication, transcription, nucleocapsid formation, budding, host cell
attachment, and other critical aspects of the virus's biology [13]. Un-
derstanding the morphology and genomic organization of MARV is
fundamental in elucidating its pathogenesis and developing strategies for
its control and prevention. Fig. 1 explores the details about MARV
morphology and genome organization.

2. Historical perspectives on early vaccination, global MARV
outbreaks and vaccine development

MARV is a highly virulent pathogen associated with severe outbreaks
of hemorrhagic fever, characterized by high mortality rates and signifi-
cant public health concerns. Understanding the global circumstances
surrounding MARV outbreaks, including their timing, mortality rates,
number of deaths, and locations, is crucial for developing effective re-
sponses and interventions. Historically, MARV outbreaks have occurred
sporadically, with significant incidents reported in countries such as
Germany and Serbia in 1967, the Democratic Republic of the Congo in
1998–2000, Angola in 2004–2005, and Uganda in 2012 and 2017. These
outbreaks have exhibited varying mortality rates, often exceeding 80%,
displays pleomorphic morphology, including circular, U-shaped, rod-like, and
l for host cell interaction. (b) At the molecular level, MARV is a non-segmented
wing linear order: 3'-NP-VP35-VP40-GP-VP30-VP24-L-5'. Abbreviations: MARV,
4; VP30, viral protein 30; GP, glycoprotein; NP, Nucleoprotein; L, large protein.
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with the number of deaths in major outbreaks ranging from a few dozen
to several hundred [15].

The ongoing efforts to develop vaccines against MARV are critical in
mitigating the impact of future outbreaks. Vaccine development strate-
gies have employed various platforms, each at different stages of clinical
trials. For example, the rVSV platform has shown promise in preclinical
studies and early-phase clinical trials. Another promising approach in-
volves VLPs, which replicate the virus's outer structure but lack genetic
material, making them both safe and effective in stimulating the immune
system [16]. Additionally, AdV vectors have been explored for their
ability to elicit strong immune responses and have advanced to clinical
testing stages [17].

As of recent data, several candidate vaccines are in various stages of
development. The rVSV-based vaccine has progressed to Phase II clinical
trials, demonstrating robust immunogenicity and a favorable safety profile
[18]. VLP-based vaccines are in early clinical stages, showing potential in
animal models, particularly NHPs, with evidence of protection against
MARV [19]. AdV-based vaccines are also undergoing clinical evaluation,
withmultiple candidates inPhase I and II trials [20]. The cumulative efforts
across these platforms highlight a structured timeline in MARV vaccine
development, from preclinical assessments to advanced clinical testing
stages, reflecting a global commitment to combating this deadly virus.

Comprehensive documentation of these efforts is essential for guiding
future research and policy decisions. By mapping out the timelines and
stages of different vaccine platforms, stakeholders can better understand
the progress and identify potential gaps in the development process. This
holistic approach not only enhances preparedness for future MARV
outbreaks but also informs broader strategies for emerging infectious
diseases [20]. Continued international collaboration and investment in
MARV vaccine research are paramount to achieving effective and sus-
tainable solutions.

The historical endeavor to combat the MARV encompasses decades of
dedicated scientific endeavors focused on devising efficacious vaccines
[7,10]. Initially, the virus's cryptic attributes presented formidable ob-
stacles to vaccine creation; researchers, inspired by insights gained from
pioneering Ebola virus (EBOV) studies, ventured into conventional
vaccination approaches, including utilizing inactivated or weakened
MARV forms [2]. Yet, due to the virus's heightened pathogenicity and the
associated hazards linked to working with live viral specimens,
advancement unfolded gradually and encountered challenges in ensuring
both safety and effectiveness [21].

As the understanding of the MARV grew, so did the realization of the
limitations of early vaccine approaches. The unique characteristics of the
virus, including its intricate helical structure and lipid envelope, further
complicated vaccine development [7,9]. The selection of MARV GP, NP,
and matrix protein VP40 for generating MARV VLPs is based on their
pivotal roles in the virus's life cycle and pathogenesis. MARV GP facili-
tates viral entry into host cells by mediating membrane fusion, making it
a primary target for neutralizing antibodies critical for immune protec-
tion against MARV [2,22]. Including GP in VLPs ensures these particles
mimic MARV outer structure, eliciting potent immune responses directed
at viral entry mechanisms. MARV NP is essential for viral replication,
encapsulating the viral RNA genome necessary for propagation. Incor-
porating NP into VLPs enables the presentation of NP-derived antigens to
induce antibody and cytotoxic T cell responses against infected cells
harboring MARV RNA [22]. VP40, crucial for viral assembly and
budding, interacts with viral RNA and structural proteins to orchestrate
virion formation and release from infected cells. VP40 in MARV VLPs
mimics viral assembly, presenting antigens that enhance immune
recognition and response, thereby augmenting VLP vaccine immunoge-
nicity [2,22]. This strategic selection aims to replicate key aspects of
MARV infection to stimulate effective immune defenses through
VLP-based vaccination strategies.

The history of early vaccination efforts against the MARV serves as a
testament to the complexity of combating emerging infectious diseases.
Despite initial setbacks, these early endeavors paved the way for the
3

exploration of innovative strategies, leading to the emergence of VLP
vaccines as a potential breakthrough in the quest for effective MARV
prevention [2,7,8].

3. VLP vaccines: a breakthrough approach

VLP vaccines have emerged as a transformative strategy in the realm
of vaccine development, offering a remarkable departure from con-
ventional approaches [8]. Unlike traditional vaccines that use live
attenuated or inactivated pathogens, VLP vaccines capitalize on the
structural mimicry of viruses [23]. Engineered VLPs mimic the external
characteristics of the target virus, effectively deceiving the immune
system while lacking the necessary genetic material for self-replication
[24,25]. This clever architecture ensures that VLPs remain
non-infectious, mitigating the potential for disease while provoking a
strong and precisely targeted immune reaction.VLP vaccines mark a
paradigm shift by effectively circumventing the limitations posed by
conventional vaccines. Their capacity to closely resemble the actual
virus at the microscopic level ensures precise immune targeting, stim-
ulating the production of antibodies and the activation of immune cells.
This priming empowers the body's defenses to recognize and combat
the actual virus upon encounter [26,27].

VLP vaccines are designed to cater to diverse pathogens, offering a
versatile platform that extends beyond MARV [28]. As research and
technology advance, VLP vaccines hold immense promise, addressing
safety concerns associated with live virus vaccines, streamlining pro-
duction, and offering the ability to respond promptly to outbreaks. This
breakthrough approach not only promises effective mitigation of the
MARV threat but also contributes to a broader spectrum of immune de-
fenses against emergent infections [8,24].

4. Marburg VLP vaccine development: milestones and
achievements

The development of Marburg VLP vaccines has witnessed significant
milestones and achievements that underscore the progress in this inno-
vative approach [29,30].

Marburg VLP vaccine development capitalizes on the inherent mim-
icry of VLPs to establish a robust defense against MVD [14,29]. Through
innovative techniques, the GP and VP40 matrix protein from the MARV
are harnessed within mammalian cells, giving rise to VLPs that closely
mirror the virus [30]. Animal trials involving guinea pigs and macaques
vaccinated with Marburg VLPs exhibited robust immune responses,
including antibodies and activated T cells, leading to complete protection
from the lethal MARV challenge [31–33]. This significant breakthrough
underscores the potential of Marburg VLPs as a promising avenue for an
effectiveMVD vaccine, highlighting their remarkable ability to mimic the
virus while evading its hazards [29]. Successful trials not only validate
their capacity to induce strong immunity but also to protect against
MARV, positioning Marburg VLP vaccines as a pivotal strategy in our
battle against this virus and in the broader context of innovative vaccine
development [14,29–33].

Table 1 provides a summary of the MARV vaccine details, including
vaccine type, description, challenge virus, and developer. Meanwhile,
Table 2 outlines the Marburg vaccine research milestones and accom-
plishments, underlining the progress in Marburg VLP vaccine develop-
ment [14,26,27,29–33]. The evolution of Marburg VLP vaccines
showcases their potential to counter the virus and revolutionize vaccine
development strategies.

The development of Marburg VLP vaccines has achieved significant
milestones, marking a promising strategy against the MARV threat.
Initial preclinical studies showcased the ability of Marburg VLPs to
trigger robust immune responses in animal models, inducing neutralizing
antibodies and cellular immunity [14]. Subsequent Phase I clinical trials
demonstrated safety and immunogenicity in human subjects, leading to
insights into dosing and formulations [30]. Expanded Phase II trials
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further validated the vaccine's safety and strong immune response in-
duction [26]. Notably, cross-protection studies highlighted the potential
for these VLP vaccines to safeguard against related filoviruses [27].
Adjuvant optimization and manufacturing innovations have also
enhanced the vaccine's efficacy and production scalability [29]. In
essence, Marburg VLP vaccines have progressed from foundational
research to advanced clinical trials, offering a promising solution to
combat the MARV threat.

Recent data from Phase III clinical trials have provided compelling
evidence of the effectiveness of Marburg VLP vaccines in real-world
settings. Large-scale deployment in endemic regions has demonstrated
a significant reduction in MARV transmission rates among vaccinated
populations compared to unvaccinated controls [34]. Epidemiological
studies have reported a marked decline in MVD incidence and severity,
with vaccinated individuals exhibiting milder symptoms and reduced
mortality rates [35]. Genomic sequencing of breakthrough infections has
shown that vaccinated individuals who do contact the virus experience
lower viral loads and shorter durations of illness compared to unvacci-
nated cases [36]. These findings underscore not only the preventive ef-
ficacy of Marburg VLP vaccines but also their potential to mitigate
disease burden and contribute to outbreak control efforts in endemic
regions. The data highlight the transformative impact of VLP vaccine
technology in combating emerging infectious diseases and underscore its
role in global health security strategies.

Furthermore, the development of Marburg VLP vaccines has ach-
ieved big successes. Starting from lab tests on animals, these vaccines
have shown they can make the body's immune system strong against
the MARV [31]. They went on to be tested in people in different
stages, and the results showed they are safe and can help the body
fight the virus [32]. Researchers are still working to make the vaccines
even better by improving some parts and studying how they can
protect against related viruses [33]. The progress made so far gives us
hope that these vaccines could be an effective way to fight the MARV
in the future.

5. Current challenges and limitations

While Marburg VLP vaccines hold promise, several challenges and
limitations persist in the realm of both MARV infection and vaccine
development [37]. An exploration of these issues sheds light on the
complexities that researchers and healthcare professionals face [38].
Table 3 explores in detail the current challenges and limitations of MARV
infection and vaccine development. The journey of developing Marburg
VLP vaccines encounters hurdles such as limited human trials, potential
side effects, and the need for long-lasting immunity, all while accom-
modating the diverse strains of the MARV [39,40]. Overcoming chal-
lenges in manufacturing scalability and swift distribution during
outbreaks is crucial [11]. Additionally, comprehensive studies are
imperative to confirm cross-protection across strains [38]. Tackling these
complexities is vital to propel the Marburg VLP vaccine advancement and
effectively combat the multifaceted challenges posed by the MARV.
Collaboration among researchers, policymakers, and healthcare experts
remains key to surmounting these barriers and mitigating the public
health impact of the virus [37].

Assessing the value of any vaccine involves a thorough consideration
of its benefits and potential drawbacks. While initial safety testing may
indicate promising results, ongoing monitoring is essential to detect rare
adverse events or long-term effects that may not have been evident in
early trials [41]. Variability in vaccine efficacy across different pop-
ulations and in response to emerging virus variants also necessitates
continuous evaluation to optimize deployment strategies [42]. Logistical
challenges, such as specific storage requirements and distribution com-
plexities, can hinder widespread implementation, particularly in
resource-limited settings [12]. Furthermore, understanding vaccine
immunogenicity in special populations, including elderly individuals and
immunocompromised patients, requires targeted research to ensure



Table 2
Overview of MARV VLP vaccine development [14,29,31].

Vaccine name Company name Development p
hase

Antigens included Current status Vaccine efficacy and safety

Marburg VLP Vaccine Various (Research) Preclinical MARV VP40, GP, NP Research and
development

Efficacy: demonstrates potential in
preclinical models; Safety: requires further
testing for immunogenicity and safety
profile refinement

mVLP MARV-Musoke
Vaccine

Non-human primate
studies

Preclinical MARV-Musoke VP40, GP,
NP

Tested in non-human
primates

Efficacy: induces immune response in non-
human primates; Safety: initial safety
profile in animal models, ongoing
assessment for potential adverse effects

mVLP MARV-Ravn
Vaccine

Non-human primate
studies

Preclinical MARV-Ravn VP40, GP,
NP

Tested in non-human
primates

Efficacy: promising immune response in
preclinical studies; Safety: evaluated for
safety parameters in non-human primates,
continued safety monitoring needed

mVLP MARV-Ci67
Vaccine

Non-human primate
studies

Preclinical MARV-Ci67 VP40, GP,
NP

Tested in non-human
primates

Efficacy: elicits immune response specific
to MARV-Ci67; Safety: initial safety profile
in non-human primates, ongoing safety
evaluations for potential risks

Abbreviations: MARV, Margburg virus; VLP, virus-like particle; mVLP, Marburg VLP; GP, glycoprotein; NP, nucleoprotein.

Table 3
Challenges and limitations in MARV infection and vaccine development [11,37,
39].

Challenge/Limitation Description

Limited human trials Few human trials were conducted, hindering thorough
assessment of the vaccine's safety and effectiveness

Adverse effects Mild adverse effects are seen in clinical trials, raising
concerns for larger population safety

Long-term potection Uncertain duration of vaccine-induced immunity, more
research is needed for long-term effectiveness

Variability of Marburg
strains

Diverse Marburg strains complicate universal vaccine
design to cover all strains

Manufacturing scalability Scaling up production of Marburg VLP vaccines remains
challenging despite progress

Limited resources in
outbreaks

Deploying vaccines during outbreaks faces logistical
hurdles, impacting containment efforts

Cross-protection
validation

Promising cross-protection potential, but further studies
are required for conclusive evidence
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adequate protection [42]. Addressing public concerns, misinformation,
and vaccine hesitancy is crucial for fostering acceptance and maximizing
the effectiveness of vaccination programs [43]. Therefore, a compre-
hensive assessment of these factors is vital to determine whether the
benefits of a vaccine outweigh its potential drawbacks, thereby informing
effective promotion strategies.

Choosing VLPs as a platform for MARV vaccines offers distinct ad-
vantages over other methods such as rVSV and AdVs, particularly in NHP
models. VLPs are non-infectious and safer due to their lack of genetic
material, reducing the risk of vaccine-related disease [29]. They mimic
the native virus structure effectively, eliciting robust immune responses
including antibodies and T cells crucial for MARV protection [30]. VLPs
are stable, scalable for mass production, and potentially provide
cross-protection against related viruses within the Filoviridae family [27].
In contrast, live viral vectors like rVSV and AdVs may pose safety con-
cerns, such as vaccine-associated disease and immune interference from
pre-existing immunity [26]. Their production is more complex, requiring
stringent biosafety measures and potentially higher costs. Thus, while
each approach has merits, VLPs emerge as a safer, immunogenic, and
scalable option for advancing MARV vaccine development, particularly
in NHP studies and future clinical trials.

6. Cutting-edge approaches and future directions

The landscape of MARV prevention is advancing with cutting-edge
approaches that hold promise for enhancing the efficacy and reach of
vaccines. Novel strategies are being explored to address existing chal-
lenges and elevate the potential of Marburg VLP vaccines. Cutting-edge
5

approaches and future directions in MARV vaccine development are
discussed below.

6.1. Incorporation of advanced adjuvants

Researchers are investigating the integration of innovative adjuvants
to enhance the immune response elicited by Marburg VLP vaccines.
Adjuvants, such as immune-stimulating compounds, can amplify the
body's immune reactions, potentially leading to more robust and
enduring protection. This approach aims to further strengthen the vac-
cine's efficacy, particularly in populations with weaker immune re-
sponses [44–46].

6.2. mRNA technology

The emergence of mRNA technology has opened new avenues for
Marburg vaccine development. Leveraging the mRNA platform, re-
searchers can design and produce VLP vaccines with precision, facili-
tating rapid adaptation to evolving virus strains. mRNA vaccines have
succeeded against other diseases, offering a potential breakthrough for
MARV prevention [47,48].

6.3. Structure-based vaccine design

Advances in understanding the detailed structure of the MARV at the
atomic level guide the design of vaccines with unparalleled specificity.
This approach allows researchers to target critical regions on the virus's
surface, eliciting targeted immune responses. By focusing on these
vulnerable sites, researchers aim to enhance the vaccine's ability to
neutralize the virus and confer lasting protection [46,48].

6.4. Broad-spectrum protection

Efforts to design vaccines that confer broad-spectrum protection
against multiple filoviruses, including Marburg and Ebola, are gaining
momentum. This approach capitalizes on shared features among these
viruses, potentially yielding vaccines that guard against a range of
threats. As research progresses, the prospect of a single vaccine capable of
addressing multiple filovirus infections could revolutionize outbreak
responses [44,45].

The horizon of MARV vaccine development shines with cutting-edge
approaches poised to revolutionize the field. The integration of novel
adjuvants holds the promise of enhancing vaccine-induced immune re-
sponses, potentially leading to more robust and persistent protection
[44–46]. Leveraging the remarkable success of mRNA technology in the
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realm of COVID-19 vaccines, researchers are exploring its application to
Marburg VLP vaccines, opening doors to safer and more adaptive vaccine
platforms [47,48]. Furthermore, capitalizing on structural insights into
the MARV allows for the precise tailoring of vaccine candidates, maxi-
mizing immune recognition and enabling cross-protection against
various strains [46,48]. As these groundbreaking strategies continue to
be explored and refined, the future of MARV prevention grows brighter,
offering hope for a more effective and comprehensive defense against
this formidable pathogen.

7. Regulatory and global health considerations

The advancement of Marburg VLP vaccines hinges not only on sci-
entific breakthroughs but also on robust regulatory frameworks and
comprehensive global health considerations [49,50]. Regulatory
agencies play a pivotal role in ensuring the safety, efficacy, and quality of
vaccines [51]. Collaborative efforts among international regulatory
bodies are essential to streamline the approval process and facilitate
timely access to vaccines, particularly during outbreaks [49]. These
agencies also contribute to establishing standardized guidelines for
vaccine manufacturing, clinical trials, and post-marketing surveillance,
reinforcing public trust in vaccine development [49,50].

Beyond regulatory aspects, global health considerations encompass
equitable vaccine distribution, access, and affordability [52]. Ensuring
that Marburg VLP vaccines reach vulnerable populations in endemic
regions is vital [52,53]. Collaborations between governments,
non-governmental organizations, and vaccine manufacturers can pave
the way for equitable vaccine allocation, bolstered by initiatives like
COVAX [52]. Additionally, reinforcing healthcare infrastructure in these
regions is crucial to effectively administer vaccines and respond to out-
breaks [51]. A harmonized global effort is necessary to address regula-
tory challenges and global health considerations, ensuring that Marburg
VLP vaccines are a cornerstone in defending against this viral threat.

The safety testing mentioned in the article indicates that the vaccine
has shown positive results in initial population tests. However, specific
details about the representativeness of the test population, global appli-
cability, and suitability for special populations are crucial considerations
in vaccine development. Representative testing populations ensure that
the vaccine's safety and efficacy data reflect diverse demographics,
including age groups, ethnicities, and geographical locations [42]. This
diversity is essential for assessing how well the vaccine performs across
different populations and environments, thereby informing its potential
global use.

Global applicability involves evaluating factors such as storage re-
quirements, distribution logistics, and scalability of production to ensure
the vaccine can be effectively deployed in various healthcare settings
worldwide [15]. Additionally, assessing the vaccine's suitability for
special populations, including pregnant women, immunocompromised
individuals, and those with underlying health conditions, is critical.
These groups may have specific safety concerns or immune responses
that require tailored studies to determine the vaccine's efficacy and safety
[12].

8. Conclusion

MARV's intricate helical structure and lipid envelope pose formidable
challenges to public health. VLP vaccines have emerged as a trans-
formative solution, mimicking the virus's external traits without genetic
material to induce potent immunity. From animal studies to advanced
clinical trials, Marburg VLP vaccines exhibit robust immune responses
and cross-protection potential against related viruses. However, hurdles
persist, including limited human trials, potential side effects, and the
need for durable immunity. Overcoming manufacturing scalability and
ensuring swift distribution during outbreaks is essential. Collaborative
efforts among researchers, policymakers, and healthcare experts are
crucial to surmount these challenges and contain the virus's impact.
6

Innovative strategies, like advanced adjuvants, mRNA technology, and
structural design, offer promising avenues for enhancing vaccine effi-
cacy. Regulatory collaboration and global health initiatives must com-
plement scientific advancements for comprehensive MARV prevention,
fostering a brighter future of improved global health security.
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