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Abstract: Disease prevention in animals is of paramount importance not only for
animal welfare but also within a One Health framework, as most emerging and
zoonotic pathogens originate from wildlife reservoirs. Preventing disease also
delivers economic benefits for livestock production. Vaccination has always been a
cornerstone of animal health, with a wide range of vaccines and vaccination
technologies successfully introduced to the market, among them inactivated
vaccines, live attenuated vaccines, vector-based vaccines, immune complex
vaccines and subunit vaccines. Continuous research has brought major
improvements, enabling better immune protection, improved tolerance, simplified
vaccination programmes, easier manufacturing processes and faster antigen design.
The Covid-19 pandemic highlighted the potential of RNA vaccines. Compared to
conventional messenger RNA vaccines, self-amplifying RNA (saRNA) vaccines offer
significant advantages, including enhanced immunogenicity at lower doses and more
efficient and versatile antigen expression. This article reviews i) the key features of
saRNA vaccine technology in comparison with other RNA/DNA platforms, ii) the
principles of saRNA design and manufacturing for animal health applications and
iii) the advantages of saRNA vaccines for immunisation of livestock and wildlife, with
a focus on wild bird species. Practical examples are presented to illustrate the
application of saRNA vaccines in animals. Finally, future perspectives are discussed,
highlighting the promise of saRNA technology.
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Introduction

According to the Food and Agriculture Organization of the United Nations [1],
20% of the world’s livestock is lost to infectious disease every year. This loss is
equivalent to the annual consumption needs of 1.6 billion people [2].
Consequently, disease prevention is of paramount importance in terms of food
security and beyond, with implications for food safety, animal welfare, reduction
of the use of anti-infective drugs, carbon footprint management, biodiversity
preservation and sustainable economic development. The first animal vaccine
was developed by Louis Pasteur for fowl cholera in 1879. Now, around a hundred
major animal diseases can be prevented through vaccination of poultry, cattle,
swine, sheep and goats, horses, rabbits, fish, dogs, cats, pigeons, game birds,
camels, fur animals, etc. A wide range of vaccine types and technologies have
been brought to market, including inactivated, modified live attenuated, immune
complex (whole virus in complex with a specific antiserum) and genetically
engineered vaccines (e.g. gene deleted, reverse genetics derived, recombinant
and DNA vaccines). For an extensive review, see Aida et al. [3], Entrican and
Francis [4] and Mossie [5].

The SARS-CoV-2 (Covid-19) pandemic suddenly brought to light the assets of
the messenger RNA (mRNA) vaccine technology in human medicine [6,7]. Its
attractiveness in veterinary vaccinology has also been recently reviewed [8]. The
aim of this article is to summarise the key features and benefits of the self-
amplifying RNA (saRNA) technology in veterinary medicine, both in livestock and
in wildlife, and how it differs from mRNA technology. Some key scientific
background elements, manufacturing considerations and practical usage
examples and perspectives are provided.

elf-amplifying szszs messenger ANA or DNA: features and benefits

RNA- and DNA-based nucleic acid vaccines have been developed both
preclinically and clinically for a range of infectious diseases, including avian
influenza [9,10]. DNA vaccines are typically delivered using a plasmid that
contains DNA-dependent RNA polymerase promoters that drive transcription of
a gene of interest into mRNA from the plasmid template. The mRNA is then
translated by the host’s cellular protein synthesis machinery. Plasmid DNA
vaccines are more stable than RNA-based vaccines. One caveat of DNA vaccines
is that the mRNA must first be processed in the nucleus before being exported
to the cytoplasm for translation.

Delivery of DNA vaccines has largely been done by direct inoculation of
unformulated material [11]. More recently, lipid-based approaches have been
used to increase the efficiency of DNA delivery to cells [12]. This is important
because plasmid DNA must enter cells and subsequently reach the nucleus for
transcription, making intracellular delivery and nuclear translocation a key
determinant of vaccine potency. In contrast, RNA vaccines also depend on
efficient cellular uptake but do not require nuclear import because translation
occurs directly in the cytoplasm [9]. Most saRNA systems are based on the
alphavirus genome, such as Venezuelan equine encephalitis and Sindbis and
Semliki Forest viruses, and these systems therefore constitute the primary focus
of this review. Other saRNA approaches, including flavivirus- and pestivirus-
derived amplicons, have shown promising features for veterinary vaccine
applications but are currently less advanced in development [13].
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The speed of development and efficacy of mRNA vaccines were demonstrated
during the SARS-CoV-2 global pandemic, which revealed the benefits of this
technology [14]. The relative dose of RNA required to induce an immune
response differs between mRNA and saRNA vaccine platforms. Vaccines based
on mRNA require higher doses (for SARS-CoV-2, 30 ug-100 ug per injection),
whereas saRNA-based vaccines can achieve efficacy at doses below 1 ug per
injection because saRNA can express vaccine antigen for several weeks as the
RNA amplifies itself in cells [15]. Similarly, DNA vaccines have generally required
comparatively large doses in veterinary species and often necessitate dose
optimisation when translated between animal species, reflecting the lower
transfection efficiency observed in larger animals compared with rodent
models [16].

Nucleic acid vaccines are seen as foreign to the host they are administered
to [17]. This induces an innate immune response and inflammation, which results
in generalised protein synthesis shutdown. Although induction of the innate
immune system is key to the development of a robust immune response, all
nucleic acid vaccines can be negatively impacted by the inflammatory response
due to protein synthesis shutdown. Use of modified ribonucleotides (rNTPs),
such as pseudouridine and 1-methylpseudouridine, prevents the innate immune
system from sensing in vitro transcribed mRNA, thus reducing the impact on
protein synthesis [18,19]. Use of these modified rNTPs is beneficial for mRNA
vaccines, but less so for saRNA because the structure of the modified rNTP
upsets secondary structures required for amplification of saRNA to occur
effectively. Development of saRNA platforms that can function in the face of the
innate immune response has removed the negative impact of inflammation on
vaccine effectiveness in immunised animals. This has been accomplished by
either codelivering interferon inhibiting factors or introducing them into the
design of the saRNA to increase antigen expression [20,21].

To achieve robust cellular immune responses and effective immunologic
memory, activation of the innate immune system is required [9]. This can be
accomplished using different lipid formulations with which nucleic acid vaccines
are delivered. The generation of double-stranded RNA during production of
mRNA and as part of amplification with saRNA systems stimulates many arms of
the innate immune system. Carefully balancing the induction of the innate
immune system with the ability to express vaccine antigens is key to
development of an effective immune response [22].

Key assets in Synthetic design and production

The latest generations of RNA vaccines are produced fully synthetically and
comprise the production of the RNA by in vitro transcription from a DNA
template as well as formulation with a suitable carrier. The genetic design of the
RNA molecule is critical for its performance in the host cell. As with conventional
mRNA, all genetic elements - such as the 5' cap, untranslated regions and the
poly(A) tail - contribute to RNA stability and translational efficiency; however,
these elements are comparatively less critical for saRNA.

In saRNA systems, most RNA is produced intracellularly after delivery, requiring
only a small number of well-designed input molecules to initiate amplification.
Newly synthesised RNAs possess cap structures and poly(A) tails, enabling
efficient protein expression. This reduces manufacturing demands compared to
conventional mRNA, making saRNA more cost-effective for veterinary
applications.
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In addition to these assets of the saRNA replication cycle, several genetic
engineering strategies have been explored to further improve vaccine
performance. One example is modification of the 5' cap structure. Alphaviral
RNAs naturally carry a cap O structure that supports RNA stability and initial
translation of non-structural proteins required for replicase expression. The
replicase generates new genomic and subgenomic RNAs that are capped
intracellularly by the viral capping machinery. While cap O is sufficient for
amplicon activity, incorporating a cap 1 structure can reduce recognition by
innate immune sensors such as interferon-induced proteins with
tetratricopeptide repeats, potentially enhancing vaccine performance without
compromising amplification.

Another strategy to enhance saRNA vaccine performance involves modifying
the poly(A) tail, which plays roles beyond RNA stabilisation. Poly(A)-dependent
interactions with the 3' untranslated region are essential for efficient
amplification, and their disruption reduces subgenomic RNA synthesis and
protein expression, as shown in Sindbis virus replicons [23]. Extending the
templated poly(A) tail from 30 to ~68 residues further enhances the
dose-dependent bioactivity [24].

Genetic design considerations for both mRNA and saRNA include codon
optimisation and control of RNA secondary structure. RNA structure affects
transcription efficiency at the DNA template level, RNA stability and translation
in host cells, with the latter also impacting the stability and translation of
saRNA-derived subgenomic RNA. Minimising strong RNA secondary
structures - particularly at the promoter and transcription start site - is critical
for efficient and reproducible RNA production [25,26]. RNA structure modulates
stability and translation: structured regions can protect transcripts from
degradation, whereas excessive structure can impair ribosome loading or cause
translational arrest, reducing protein expression [27-29]. In saRNA systems,
defined secondary and tertiary RNA structures are additionally required for viral
replicase recognition and efficient genomic and subgenomic RNA synthesis,
directly affecting antigen expression [23].

An additional relevant aspect for veterinary medicine is species-specific codon
optimisation, which ensures efficient protein expression across different animal
hosts [30].

RNA technologies allow rapid exchange of antigen sequences once the platform
is established, making them well suited for emerging or highly variable
pathogens. However, no single platform is universally optimal, as delivery
methods shape the immune response and may not match all protection
requirements. RNA vaccines tend to favour cellular immunity, while some
pathogens require strong neutralising antibody responses or multiple antigens,
which can exceed the payload capacity of a single RNA construct. Thus, while
rapid adaptability is a major strength, vaccine efficacy ultimately depends on
antigen design and delivery.

For veterinary vaccines, saRNA platforms must function across multiple species.
While codon optimisation can address expression differences, replicase activity
is more complex, and no universally effective saRNA system currently exists.
This may reflect species-specific virus co-evolution or innate immune responses
to alphaviral replication. Using replicase proteins from different host-adapted
viruses may help, but where this is insufficient, conventional mMRNA - so far not
species-specific — may be a viable alternative.
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For veterinary vaccines, delivering multiple antigens from a single RNA molecule
is important for both efficacy and cost reduction. Multigenicity can be achieved
using internal ribosome entry sites, viral 2A peptides or protease-mediated
polyprotein cleavage, each offering advantages but also trade-offs related to
expression balance, residual peptide sequences or control of cleavage
efficiency [31-33]. Despite these available strategies, monogenic constructs
remain the most used, as they generally ensure higher protein expression levels
and proper protein conformation.

RNA is most manufactured by single-step in vitro transcription with
cotranscriptional capping using cap analogues, but this approach remains
relatively costly for veterinary applications.

To the best of the authors’ knowledge at the time of writing, only one synthetic
saRNA commercial vaccine is currently available on the market (from Ceva
Animal Health) against avian influenza of H5 subtype, 2.3.4.4b clade. An
innovative manufacturing process has been developed for the commercial
production of this vaccine, enabling in vitro transcription and enzymatic capping
to occur simultaneously in a single step. This is achieved using a specially
optimised buffer that supports the concurrent activity of the RNA polymerase,
pyrophosphatase and capping enzyme. The process is streamlined, cost
efficient and scalable to litre scale, making it well suited for veterinary vaccine
production.

RNA produced by this process is compatible with multiple carriers, which
strongly influence delivery efficiency, immune responses and species
adaptation. Consequently, delivery technology is a critical component of saRNA
vaccine design. Lipid nanoparticles are currently the most widely used system.
However, their manufacturing requires specialised and costly equipment.
A cost-efficient alternative is lipid inorganic nanoparticles, which are
manufactured independently of the RNA and allow surface association during
formulation without specialised equipment. In addition, nonviral delivery
systems such as virus-like replicon particles have been developed to package
RNA within a viral envelope, enabling efficient cell entry and potent
immunogenicity. These systems, however, are dependent on cell culture for
packaging of RNA into viral structural proteins and are generally more complex
and costly to manufacture than synthetic saRNA vaccines.

Taken together, the manufacturing process, genetic design and delivery system
position the saRNA platform as a cost-effective RNA technology suitable for
commercial veterinary use. However, the practical implementation of saRNA
vaccines remains dependent on overcoming formulation and storage
challenges, as RNA molecules are inherently less stable than DNA and may
require specialised conditions. These considerations are particularly important
for large-scale adaptation in livestock and wildlife vaccination programmes.
Figure 1 provides a summary of saRNA features.

Experience of use in wildlfe/endangered species

Following the loss of Australian pelicans due to an outbreak of H5Nx high
pathogenicity avian influenza (HPAI) in Belgium’s main zoo in 2022, zoo
veterinarians, researchers and industry partners joined forces to seek a
prevention strategy against recurring outbreaks. A pilot study was initiated in
2023 in 27 African and Australian pelicans with the usage of Ceva’s saRNA
commercial vaccine, comparing vaccination protocols. This study marked the
first attempt to vaccinate zoo birds using such technology. Vaccination was well
tolerated, with no reported adverse effects.
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Immune response steadily increased after vaccination and despite a previous
exposure to influenza [34]. Sixty African penguins were also vaccinated after this
first study; vaccination safety and immune response were confirmed [Mistou et
al, manuscript in preparation]. Furthermore, a vaccination campaign was
conducted with the same vaccine in 8 Hungarian zoos in 2024-2025, with
1,117 birds vaccinated from over 100 bird species [35].
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Figure 1. Presentation of self-amplifying RNA technology

Figure created with the assistance of ChatGPT (OpenAl) using generative Al. The authors reviewed and
edited the generated content and take responsibility for its scientific accuracy.

Safety and vaccine response were confirmed, with some variability in the
immune response according to the bird species as well as individual variability.
In addition, in France, where zoos have been vaccinating birds for over 15 years
with an inactivated vaccine of a heterologous clade (H5N2), 6 zoos decided to
include this homologous saRNA vaccine after regulation allowed the vaccine to
be changed. Vaccination of 599 birds from those zoos was initiated in November
2025 in more than 20 species. Lastly, a vaccination study was conducted in
50 wild King penguin chicks in a colony based on the Crozet Islands, with
longitudinal monitoring for 250 days. The study showed a high and persistent
immune response in vaccinated individuals [36]. These various studies enabled
consolidation of the vaccination programme: prime/boost schedule with priming
at any age (that could be compatible with welfare and safe handling of injection),
boost 4 to 5 weeks later, intramuscular route (thigh or breast), 0.2 mL, 3 microg
per injection. A boost 6 to 12 months after the first boost may be applied
according to the context (e.g. epidemiological risk). Moreover, these various
studies demonstrated that cutting-edge vaccines can be safely used in
nontraditional species. The results opened perspectives for protecting
vulnerable captive birds at large scale and taking a proactive approach in wildlife
health management.
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While administering vaccines and monitoring vaccination in wildlife populations
remains too complex — especially with injectable vaccines such as saRNA - and
poses conservation issues, these initial results open perspectives for potential
needs in specific populations.

Experience and perspectives in livestock species

This vaccine is already used in large-scale conditions in the field, namely in
France, as part of the vaccination campaign against HPAI in meat-type ducks
that started in the winter of 2023-24. After approval by the French Medicines
Agency, approximately 100 million doses have been used. Safety and
immunogenicity in field conditions have been confirmed in thousands of birds,
with no side effects [37,38]. Due to its nature, a differentiating infected from
vaccinated animals, or DIVA, strategy can be implemented efficiently.

An independent challenge trial confirmed the product’s ability to elicit
satisfactory protection and shedding control against HPAI in commercial
geese [39]. Additional unpublished experiments in controlled conditions showed
promising immunogenicity results in other poultry species, further supporting
the species flexibility of this platform. Another area of research would include
mammalian species as well. Further investigation is warranted to assess these
options. Other diseases of importance to domestic and/or wild animals should
be investigated as well. Figure 2 summarises the main assets and limitations of
saRNA technology.

Advantages and drawbacks of saRNA vaccines in veterinary medicine
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Figure 2. Assets and limitations of self-amplifying RNA vaccines

Figure created with the assistance of ChatGPT (OpenAl) using generative Al. The authors reviewed and
edited the generated content and take responsibility for its scientific accuracy.

Regulatory as well as societal acceptance remain significant milestones, since
thistechnology is still poorly known both in veterinary medicine and to the public.
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Conclusion

In conclusion, saRNA technology appears to be an attractive option for disease
prevention in livestock, companion animals and even wildlife. Its versatility, quick
adaptability to emerging new pathogens and strains, and outstanding safety
show promise for future innovation. Further investigation is needed to address
whether and how this technology could be safely and efficiently associated with
other prevention tools to maximise infectious disease management,
sustainability, rational use of antimicrobials and animal welfare.

Disclaimer

The authors are employed by Ceva Animal Health, which manufactures and
markets a saRNA vaccine. This article addresses only scientific and technical
features of this technology.
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Technologie de IARN auto-amplificateur : une avancée majeure en médecine
Vétérinaire pour le hetal et a faune Sauvage

C. Cazaban, G. Dauphin, F. Deutskens, S. Hundt, K. Kamrud & P. Anjot

Résume

La prévention des maladies chez les animaux revét une importance capitale non
seulement pour le bien-&tre animal, mais également dans le cadre de I'approche
«Une seule santé», car la plupart des agents pathogénes émergents et
zoonotiques proviennent de réservoirs présents dans la faune sauvage. La
prévention des maladies apporte également des avantages economiques a la
production animale. La vaccination a toujours constitué la pierre angulaire de la
santé animale, et une large gamme de vaccins et de technologies vaccinales ont
été commercialisés avec succes, notamment les vaccins inactivés, les vaccins
vivants atténués, les vaccins vectorisés, les vaccins a complexes immuns et les
vaccins a sous-unités. La recherche continue a permis des avancées majeures,
se traduisant par une meilleure protection immunitaire, une tolérance accrue,
des programmes de vaccination simplifiés, des procédés de fabrication plus
faciles et une conception plus rapide des antigenes. La pandémie de Covid-19 a
mis en évidence le potentiel des vaccins a ARN. Par rapport aux vaccins
conventionnels a ARN messager, les vaccins a ARN auto-amplificateur (saRNA)
offrent des avantages significatifs, notamment une immunogénicité accrue a
plus faibles doses et une expression antigénique plus efficace et plus
polyvalente. Cet article passe en revue i) les principales caractéristiques de la
technologie des vaccins a saRNA par rapport a d’autres plateformes ARN/ADN,
ii) les principes de conception et de fabrication des vaccins a saRNA destinés a
la santé animale et iii) les avantages des vaccins a saRNA pour 'immunisation du
bétail et de la faune sauvage, en mettant I'accent sur les espéces d'oiseaux
sauvages. Des exemples concrets sont présentés pour illustrer 'application des
vaccins a saRNA chez les animaux. Enfin, les perspectives d’avenir sont
abordées, en soulignant le potentiel prometteur de la technologie saRNA.

Mots-clés

ARN, Auto-amplificateur, Faune sauvage, Immunisation.
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Tecnologia de ARN autoamplificable; un importante avance en medicing
Veterinaria para el ganadoyy la fauna silvestre

C. Cazaban, G. Dauphin, F. Deutskens, S. Hundt, K. Kamrud & P. Anjot

Resumen

La prevencion de enfermedades en los animales reviste una importancia
fundamental, no solo para el bienestar animal sino también en el marco del
enfoque «Una sola salud», puesto que la mayoria de los patégenos emergentesy
zoonoticos provienen de reservorios de fauna silvestre. La prevencion de
enfermedades también aporta beneficios econémicos ala produccién ganadera.
Lavacunacién siempre ha sido un pilar fundamental de la sanidad animal; se han
introducido satisfactoriamente en el mercado una amplia gama de vacunas y
tecnologias de vacunacion, incluyendo vacunas inactivadas, vacunas vivas
atenuadas, vacunas vectorizadas, vacunas de complejos inmunes y vacunas de
subunidades. Gracias a la investigacion continua, se han logrado avances
considerables, lo que ha permitido mejorar la protecciéon inmunitaria y la
tolerancia, simplificar los programas de vacunacion, facilitar los procesos de
fabricacion, y acelerar el disefio de antigenos. Con la pandemia de COVID-19, se
hizo evidente el potencial de las vacunas de ARN. En comparacién con las
vacunas convencionales de ARN mensajero, las vacunas de ARN
autoamplificable (saRNA) ofrecen ventajas significativas, como una mayor
inmunogenicidad con dosis mas bajas y una expresiéon de antigenos mas
eficiente y versatil. Este articulo examina: i) las caracteristicas clave de la
tecnologia de vacunas de saRNA en comparacion con otras plataformas de
ARN/ADN; i) los principios de disefio y fabricacion del saRNA para aplicaciones
en sanidad animal, y iii) las ventajas de las vacunas de saRNA para la
inmunizacién del ganadoy lafauna silvestre, con especial atencién alas especies
de aves silvestres. Se presentan ejemplos practicos para ilustrar la aplicacién de
las vacunas de saRNA en animales. Por ultimo, se analizan las perspectivas
futuras, haciendo hincapié en el prometedor potencial de la tecnologia saRNA.

Palabras clave

ARN, Autoamplificable, Fauna silvestre, Inmunizacion.
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