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ABSTRACT

The rapid clinical translation of mMRNA vaccines against SARS-CoV-2 demonstrated that a
lipid-nanoparticle-formulated messenger RNA platform can move from sequence to authorised vaccine in under a
year, a timeline that has since reshaped expectations for how the field should respond to future zoonotic spillover
events. This review synthesises the current state of mMRNA vaccine development against six zoonotic pathogens
judged by the World Health Organization and comparable bodies to carry substantial pandemic potential -- Nipah
virus, Lassa virus, Middle East respiratory syndrome coronavirus, highly pathogenic avian influenza H5N1, Rift
Valley fever virus, and mpox virus -- drawing on 61 peer-reviewed sources spanning preclinical immunogenicity
studies, completed and ongoing clinical trials, and platform technology development. Across candidates in at least
Phase 1 clinical evaluation, mRNA platforms have generally shown favourable reactogenicity and immunogenicity
profiles comparable to or exceeding recombinant protein and viral-vector comparators, with self-amplifying RNA
constructs achieving equivalent neutralising antibody titres at substantially lower RNA doses than conventional
non-replicating mMRNA in head-to-head preclinical comparisons. Persistent technical obstacles include lipid
nanoparticle cold-chain requirements that limit deployability in the resource-limited settings where several target
pathogens are endemic, incompletely characterised long-term durability of mRNA-induced immunity relative to
some live-attenuated comparators, and, for several target pathogens, an absence of correlates of protection that
complicates efficacy-trial design in the typically small and geographically restricted outbreak settings where these
pathogens circulate. We conclude that mRNA platforms are a credible and in several respects favourable
technology for pandemic-potential zoonotic pathogen vaccine development, but that platform-level advantages
demonstrated during the COVID-19 pandemic response will not translate automatically to pathogens lacking
equivalent manufacturing scale, regulatory precedent, and sustained funding commitment.
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1. INTRODUCTION Zoonotic spillover, the transmission of a pathogen from
an animal reservoir into the human population, has
preceded essentially every major infectious disease
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pandemic and epidemic of the past half-century, from
HIV-1 and successive influenza pandemics to Ebola,
Nipah, Middle East respiratory syndrome, and, most
recently, SARS-CoV-2 [1,2]. The World Health
Organization's periodically updated priority pathogen list,
developed to focus research and development attention
on pathogens with substantial epidemic or pandemic
potential but no or inadequate existing countermeasures,
is dominated by zoonotic agents, reflecting both the
genuine biological unpredictability of spillover events and

the chronic historical underinvestment in vaccine
development for pathogens that, prior to a given
outbreak, affect comparatively small and often

low-income or middle-income populations [3,20].
Messenger RNA vaccine technology, in development for
over two decades before its pandemic-era breakthrough,
differs from conventional vaccine platforms in ways that
are particularly relevant to zoonotic pathogen
preparedness. Because an mRNA vaccine's antigen is
encoded rather than manufactured as protein or
attenuated virus, updating the vaccine for a new or
antigenically drifted target requires only a change to the
encoded sequence, with the lipid nanoparticle
formulation, manufacturing process, and much of the
regulatory dossier remaining largely constant across
candidates targeting different pathogens [4,21]. This
platform interchangeability was central to the speed of
the SARS-CoV-2 vaccine response, and has motivated
substantial investment in applying the same platform
prospectively to pathogens that have not yet caused a
large human outbreak but are judged likely to do so
eventually, an approach sometimes described as
prototype pathogen preparedness [5,22].

The  mechanistic  basis for mRNA  vaccine
immunogenicity is now reasonably well understood.
Following intramuscular injection,
lipid-nanoparticle-encapsulated mRNA is taken up
predominantly by antigen-presenting cells and myocytes
at the injection site and draining lymph node, where the
encoded antigen is translated, processed, and presented
on both major histocompatibility complex class | and
class Il pathways, driving a combined humoral and
cellular immune response that in several head-to-head
comparisons has matched or exceeded that achieved by
recombinant protein subunit vaccines against the same
antigen [6,23]. The lipid nanoparticle itself is not an inert
delivery vehicle: its ionisable lipid component has
intrinsic adjuvant activity, contributing to the robust innate
immune activation that appears to underlie much of the
platform's immunogenicity, though this same property is
also implicated in the reactogenicity, principally
injection-site pain and transient systemic symptoms, that
has been consistently reported across mRNA vaccine
candidates [7,24].

This review synthesises the current evidence base for
MRNA vaccine development against six zoonotic
pathogens identified as priority targets by the World
Health Organization and the Coalition for Epidemic
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Preparedness Innovations: Nipah virus, Lassa virus,
Middle East respiratory syndrome coronavirus
(MERS-CoV), highly pathogenic avian influenza H5N1,
Rift Valley fever virus, and mpox virus. For each
pathogen we summarise preclinical immunogenicity and
challenge-protection data, the status of clinical
development where trials have been initiated, and
pathogen-specific technical obstacles, before drawing
broader conclusions about where mRNA platform
advantages are likely to generalise across this pathogen
set and where pathogen-specific biology or logistical
constraints are likely to limit that generalisation.

It is worth stating at the outset what this review does not
attempt. We do not offer a comprehensive technical
account of mRNA vaccine chemistry, lipid nanoparticle
formulation  science, or manufacturing process
development, each of which has been the subject of
dedicated technical reviews elsewhere and would be
redundant to repeat here in full [6,19]. Nor do we attempt
to adjudicate mRNA platform technology against every
possible comparator vaccine modality for each pathogen,
since viral-vector, recombinant protein, and virus-like
particle candidates exist at varying stages of
development for several of the pathogens reviewed and
a fair head-to-head comparison across modalities would
require a separate, dedicated synthesis effort beyond the
scope of the present review. Our focus instead is
narrower and, we think, currently underserved in the
literature: a structured, pathogen-by-pathogen
accounting of where mRNA-specific development stands
today, and an honest assessment of which obstacles to
further progress are platform-technical in nature versus
rooted in funding, epidemiological, or regulatory
constraints that a better mRNA construct alone cannot
solve.

2. MATERIALS AND METHODS

This review synthesises peer-reviewed literature
identified through structured searches of PubMed, Web
of Science, and the World Health Organization's
COVID-19 and priority pathogen research databases,
supplemented by hand-searching of clinical trial
registries.

| 2.1 Literature search and pathogen selection

Pathogens were selected from the World Health
Organization's 2024 priority pathogen list and the
Coalition for Epidemic Preparedness Innovations'
prototype pathogen framework, restricted to zoonotic
agents with at least one mRNA vaccine candidate
reported in preclinical or clinical development as of early
2025. Searches combined pathogen-specific terms with
"mMRNA vaccine", "lipid nanoparticle", and
"self-amplifying RNA", restricted to English-language
peer-reviewed publications from January 2015 onward,
reflecting the period in which mRNA vaccine technology
matured toward clinical relevance. Reference lists of
identified reviews and major primary studies were
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hand-searched for additional relevant citations not
captured by the structured search terms.
| 2.2 Evidence synthesis approach

For each pathogen, we extracted and synthesised
preclinical immunogenicity data (neutralising antibody

titres, T-cell response magnitude where reported),
challenge-protection outcomes in relevant animal
models, and, where available, clinical trial phase,

reported immunogenicity, and safety and reactogenicity
findings. Given the heterogeneity of study designs,
animal models, and reported outcome measures across
this literature, we did not attempt a formal quantitative
meta-analysis and instead present a structured narrative
synthesis organised by pathogen, supplemented by a
comparative summary table standardising the key
development-stage and platform-design variables across
candidates where sufficient information was reported to
allow comparison.

| 2.3 Platform technology classification

Candidates  were  classified as  conventional
non-replicating mRNA, self-amplifying RNA (encoding a
viral replicase in addition to the antigen of interest,
enabling intracellular RNA amplification and, in principle,
a lower effective dose), or circular RNA, based on the
construct design reported in the primary source. Lipid
nanoparticle formulations were classified by ionisable
lipid identity where reported, since this component is the
primary determinant of both delivery efficiency and
intrinsic adjuvanticity across the platform variants
reviewed here.

3. RESULTS

Nipah virus, a bat-borne henipavirus with case fatality
rates historically ranging from 40% to 75% depending on
outbreak and region, has been targeted by at least four
mRNA vaccine candidates encoding the viral fusion (F)
or attachment glycoprotein (G) antigens, individually or in
combination. Preclinical studies in the African green
monkey model, the most stringent available surrogate for
human Nipah disease, have reported complete
protection from lethal challenge following two-dose
mRNA vaccination in several independent studies, with
neutralising antibody titres comparable to those achieved
by an earlier recombinant subunit candidate that itself
demonstrated protection in the same model [8,25]. No
Nipah mRNA candidate had entered Phase 1 clinical
trials as of the literature search cutoff, reflecting both the
comparatively low and geographically concentrated
incidence of confirmed human Nipah cases, which
complicates efficacy-trial recruitment, and the absence of
a well-validated immune correlate of protection that
would support an immunobridging approach to licensure
in the absence of a conventional efficacy trial.

Table 1. Development stage and platform design of leading
mRNA vaccine candidates by pathogen.
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Furthest de

Pathogen Target Platform VEIOEmETS
antigen(s) stage
reported
Fusion (F) / Non-repli  Preclinical
Nipah virus  attachment (G) cating (NHP
glycoprotein mRNA challenge)
. Non-repli Phase 1
. Glycoprotein - .
Lassa virus complex (GPC) cating (endemic
P mRNA region)
Stabilised Non-repli - ppase 1
MERS-CoV refusion spike cating completed
P P MRNA P
Awan Hemagglutinin Nop-repll Early Phase
influenza (clade 2.3.4.4b) cating 1
H5N1 T mRNA
Rift Valley Gn/Gc envelope ﬁ;:;—gmp (P’\rleHclllnlcal
fever virus glycoproteins RNA challenge)
Multi-antigen Non-repli
Mpox virus (MPXV IMV + cating Phase 1
EEV) MRNA

NHP = non-human primate. Development stage reflects the
furthest-advanced publicly reported candidate for each pathogen
as of the literature search cutoff.
Lassa virus, endemic across parts of West Africa with an
estimated 100,000 to 300,000 infections annually, has
proven a more difficult mMRNA vaccine target than Nipah
virus, in substantial part because of the virus's
pronounced genetic diversity across circulating lineages
and the resulting uncertainty about whether a vaccine
based on a single reference strain's glycoprotein
sequence would protect against genetically divergent
field strains [9,26]. Preclinical mRNA candidates
encoding the Lassa glycoprotein complex have shown
protection against homologous strain challenge in guinea
pig and non-human primate models, but cross-lineage
protection data remain sparse, and at least one mRNA
candidate has progressed to Phase 1 clinical trial in a
Lassa-endemic region, with safety and immunogenicity
results pending at the time of this review. Table 1
summarises the development stage and platform design
of the leading candidates across all six pathogens
reviewed.

Furthest reported clinical development stage of mRNA candidates by zoonotic pathogen

Phase 1 |
completed

Early |
Phase 1

Phase 1 |
pending/early

Preclinical -

Furthest clinical development stage

Nipah Lassa MERS-CoV H5N1 Rift Valley

fever

Mpox

Figure 1. Furthest reported clinical development stage for mMRNA
vaccine candidates against each of the six zoonotic pathogens
reviewed, illustrating the disparity in clinical translation progress
across pathogens with broadly comparable preclinical
immunogenicity.

MERS-CoV and highly pathogenic avian influenza HSN1
occupy an intermediate position: both have caused
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repeated but so far limited human outbreaks with high
case fatality (approximately 35% for MERS-CoV,
variable but often exceeding 50% for confirmed H5N1
human cases), and both have mRNA vaccine candidates
that have progressed further through clinical
development than the Nipah or Lassa candidates
discussed above, aided in part by structural and
immunogen-design knowledge transferred directly from
SARS-CoV-2 spike-based vaccine development [10,27].
A stabilised prefusion MERS-CoV spike mMRNA
candidate has completed Phase 1 evaluation with a
favourable safety profile and neutralising antibody
responses in the majority of participants, while H5N1
MRNA candidates encoding hemagglutinin from currently
circulating clade 2.3.4.4b viruses have shown robust
preclinical immunogenicity and are in early clinical
evaluation, motivated in part by the ongoing, unusually
broad H5N1 outbreak in dairy cattle and associated
human cases first documented in 2024 [11,28].

Table 2. Reported preclinical protection and clinical safety
summary by pathogen.

Correlate of

Preclinical Clinical safety

Pathogen - — protection
P 9 established
. . Complete -
Nipah virus (NHP) Not yetintrial  No
. Homologous .
Lassa virus strain (NHP) Pending No
Complete Favourable .
MERS-Cov (mouse/NHP)  (Phase 1) Partial
Avian influenza Complete Favourable Partial (HAI
H5N1 (ferret/NHP) (early) titre)
Rift Valley fever Complete -
virus (mouse/NHP) Notyetintrial  No
MDOX Virus Complete Favourable No
P (NHP) (Phase 1)

Rift Valley fever virus and mpox virus present contrasting
pictures. Rift Valley fever mRNA candidates encoding
the Gn and Gc envelope glycoproteins have shown
strong preclinical immunogenicity and protection from
lethal challenge in mouse and non-human primate
models, but clinical development has lagged behind the
other pathogens reviewed here, plausibly reflecting the
disease's predominant burden in livestock and
comparatively limited historical human outbreak scale
outside periodic regional epizootics [12,29]. Mpox, by
contrast, saw accelerated interest in mRNA vaccine
development following the 2022 global outbreak and the
subsequent 2023-2024 clade Ib outbreak in Central
Africa, with at least two mRNA candidates encoding a
multi-antigen combination targeting both the intracellular
mature virion and extracellular enveloped virion forms
entering Phase 1 clinical trials, motivated by the existing
live-attenuated and non-replicating vaccinia-based
vaccines' logistical and, for some populations, safety
limitations relative to an mRNA alternative [13,30].

4. DISCUSSION
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Across the six pathogens reviewed, mRNA platform
technology has generally delivered strong preclinical
immunogenicity and, where tested, protection from lethal
challenge, broadly consistent with the platform's track
record against SARS-CoV-2 and with the mechanistic
rationale for robust humoral and cellular immunogenicity
discussed in the introduction. What varies considerably
across pathogens is not preclinical performance but the
speed and completeness of clinical translation, and that
variation tracks disease burden, outbreak predictability,
and, candidly, historical research investment at least as
closely as it tracks any underlying biological difficulty
specific to a given pathogen's antigen [14,31].
MERS-CoV and H5N1, both benefiting from direct
methodological and immunogen-design transfer from the
SARS-CoV-2 programme and from sustained public
attention driven by recurring outbreaks, have progressed
furthest clinically; Nipah and Lassa, despite comparable
or greater case fatality, have progressed more slowly,
and Rift Valley fever furthest of all, in a pattern that maps
onto historical funding allocation more clearly than onto
any technical obstacle unique to those pathogens.

Self-amplifying RNA constructs deserve particular
attention as a platform variant with specific relevance to
zoonotic pathogen preparedness in resource-limited
settings, since head-to-head preclinical comparisons
across several of the pathogens reviewed here have
shown that self-amplifying constructs can achieve
comparable immunogenicity to conventional
non-replicating MRNA at RNA doses roughly one to two
orders of magnitude lower, potentially easing the
manufacturing-scale and cost constraints that a
large-scale outbreak response in a low-resource setting
would otherwise face [15,32]. Self-amplifying RNA is not
without its own trade-offs, however: the additional
replicase-encoding sequence increases construct length
and manufacturing complexity relative to conventional
mRNA, and reactogenicity profiles in early clinical trials
of self-amplifying candidates against other pathogens
have in some cases exceeded those of conventional
MRNA comparators, a finding that will need
pathogen-specific confirmation before self-amplifying
RNA can be considered a straightforwardly superior
default choice for zoonotic pathogen preparedness

programmes.
The cold-chain requirement of
lipid-nanoparticle-formulated mRNA remains, in our

reading of this literature, the most consequential
unresolved logistical obstacle to deploying mMmRNA
vaccines against pathogens such as Lassa, Nipah, and
Rift Valley fever virus that are endemic primarily in
regions with limited reliable ultra-cold or even standard
cold-chain infrastructure [16,33]. Thermostable lipid
nanoparticle formulations and lyophilised mRNA vaccine
presentations are under active development and have
shown promising stability data in early studies, but none
of the candidates reviewed here for the zoonotic
pathogens with the greatest cold-chain-access mismatch
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have yet incorporated a validated thermostable
formulation into clinical development, representing a
clear priority area where platform-level technical
investment could disproportionately benefit exactly the
pathogens for which conventional cold-chain-dependent
MRNA vaccines are least deployable.

A further, less technical but equally consequential
obstacle is the absence of an established correlate of
protection for most of the pathogens reviewed here,
which complicates the regulatory pathway for licensure in
the near-certain scenario that a conventional randomised
efficacy trial is not feasible because outbreaks are too
sporadic, geographically dispersed, or logistically difficult
to support adequately powered case accrual [17,34]. For
SARS-CoV-2, sufficiently large and geographically
concentrated outbreaks during the pandemic allowed
efficacy to be established directly, but for a pathogen like
Nipah virus, with typically dozens rather than thousands
of confirmed cases per outbreak, an immunobridging
approach, in which vaccine-induced immune responses
are compared against a threshold associated with
protection in animal models or limited human data, is
likely the only practical licensure pathway, and
establishing a validated correlate of protection for each
target pathogen should be treated as a research priority
coequal with vaccine candidate development itself rather
than as a downstream regulatory detail to be resolved
later.

Manufacturing and regulatory infrastructure built during
the COVID-19 pandemic response represents a genuine,
if partial, asset for zoonotic pathogen preparedness
going forward: several of the mRNA manufacturing
facilities, quality-control methods, and regulatory review
pathways established or substantially expanded during
2020-2021 remain in place and have already been
leveraged for at least some of the candidates reviewed
here, particularly the MERS-CoV and H5N1 programmes
with direct institutional continuity from SARS-CoV-2
vaccine developers [18,35]. Whether this infrastructure
will be sustained at a level sufficient to support rapid
platform-switching for a genuinely novel spillover
pathogen, as opposed to incremental extension to the
already-known priority pathogens discussed in this
review, remains an open and, we would argue,
underexamined question that depends more on
sustained funding commitment than on any remaining
purely technical obstacle, echoing similar
infrastructure-retention concerns raised after the

2014-2016 West African Ebola epidemic once that
outbreak’s visibility to funders subsequently faded.

5. CONCLUSION

MRNA vaccine platforms have demonstrated strong and
broadly consistent preclinical immunogenicity across the
six zoonotic pathogens reviewed here, with clinical
translation  progress tracking historical research
investment and outbreak visibility at least as closely as
underlying pathogen biology. Self-amplifying RNA
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constructs  offer credible route to easing
manufacturing-scale constraints relevant to
low-resource, outbreak-endemic settings, but require
pathogen-specific reactogenicity confirmation before
being adopted as a default platform choice. Persistent
cold-chain logistics constraints and the absence of
validated correlates of protection for most reviewed
pathogens represent the two obstacles most likely to
determine  whether mRNA platform advantages
demonstrated during the COVID-19 response translate
into deployable vaccines for the next zoonotic spillover
event, rather than remaining confined to well-resourced,
high-visibility pathogens with existing institutional
continuity from the pandemic-era mMRNA vaccine
programmes. We would prioritise three areas for
near-term investment: thermostable lipid nanoparticle
and lyophilised mRNA formulation development
specifically targeted at the pathogens reviewed here with
the greatest cold-chain-access mismatch; coordinated,
prospective establishment of correlates of protection for
Nipah, Lassa, and Rift Valley fever virus vaccines using
the limited human immunogenicity and animal challenge
data already available, rather than waiting for a large
outbreak to generate that evidence under crisis
conditions; and sustained, dedicated funding for the
manufacturing and regulatory infrastructure built during
the COVID-19 response, explicitly extended to genuinely
novel prototype pathogens rather than concentrated
solely on the already-prioritised pathogen set discussed
in this review, so that platform readiness translates into
deployment speed the next time a zoonotic pathogen
crosses into the human population with pandemic
potential.
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