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Abstract

Antibodies are a cornerstone of antiviral immunity, yet conventional recombinant anti-
body production remains costly and time-consuming. mRNA technology, based on syn-
thetic mRNA encapsulated in lipid nanoparticles, offers an alternative strategy by ena-
bling direct in vivo expression of therapeutic antibodies. This review examines recent ad-
vances in the development of mRNA-encoded antibodies for antiviral applications. We
outline key technological principles, including mRNA construct design, delivery plat-
forms, and pharmacokinetic properties, and compare this approach with established pro-
tein-based antibody therapies. We then summarize preclinical studies targeting a broad
spectrum of viral pathogens, which collectively demonstrate rapid antibody expression,
high serum concentrations, and strong prophylactic and therapeutic efficacy in animal
models. Finally, we discuss the translation of this platform toward clinical application,
highlighted by the completion of Phase I evaluation of Moderna mRNA-1944 against
chikungunya virus. Together, these studies position mRNA-encoded antibodies as a flex-
ible and rapidly deployable platform for passive immunization against emerging viral
threats.

Keywords: mRNA-encoded antibodies; mRNA therapeutics; antibody engineering;
broadly neutralizing antibodies (bnAbs); passive immunization; lipid nanoparticles
(LNPs); in vivo expression; antiviral prophylaxis; viral infections; infectious diseases

1. Introduction

Antibodies generated by the human immune system in response to infection or vac-
cination are key defenses against viruses. In recent years, recombinant monoclonal anti-
bodies have entered the biopharmaceutical market as a new class of antiviral drugs. How-
ever, their broader use is still limited due to expensive, labor-intensive, and time-consum-
ing manufacturing. Many of these constraints can be bypassed by packaging exogenous
synthetic mRNA sequences that encode neutralizing antibodies into lipid nanoparticles
(LNPs). This approach provides rapid, efficient, sustained, and safe targeted expression
of full-length functional antibodies or their truncated forms directly in the patient. It also
allows for expressing alternative antibody formats, such as intracellular or membrane-
anchored antibodies, in specific target cells.

Since 2021, thousands of studies have explored mRNA as a platform for vaccines and
therapeutics. This review focuses on an emerging paradigm in antiviral therapy that relies
on synthetic mRNA encoding recombinant antibodies against target viral pathogens. We
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describe key aspects of this platform, including mRNA sequence design and optimization,
LNP-mediated delivery, and pharmacokinetic advantages that distinguish mRNA-ex-
pressed antibodies from their protein-based counterparts. We also overview preclinical
studies evaluating mRNA-based therapeutics that encode neutralizing antibodies against
a wide range of viruses including HIV-1, hepatitis B virus, Ebola virus, poxviruses, rabies
virus, henipaviruses, arboviruses, influenza viruses, coronaviruses, etc. mRNA-encoded
antibodies are rapidly expressed, reach high serum concentrations, and show prolonged
circulation in the bloodstream, providing robust protection in both prophylactic and ther-
apeutic applications across animal models. To date, the only mRNA-encoded antibody
therapeutic that has completed a Phase I clinical trial is Moderna mRNA-1944 for
chikungunya virus.

Over the past decade, an experimental idea of expressing therapeutic antibodies
through exogenous mRNA has rapidly evolved into a functional technological platform
for passive immunization. It offers new ways for emergency prophylaxis and treatment
of both existing and emerging viral infections, especially when effective conventional vac-
cines are unavailable.

2. Rationale for Using Recombinant Antibodies in Antiviral Therapy

As the leading cause of infectious disease in humans, viruses remain one of the most
persistent challenges in global healthcare [1]. Unlike bacterial infections, which can be
largely controlled with antibiotics, viral infections still lack broad-spectrum therapeutic
drugs. Vaccines are the primary defense against both existing and emerging viruses, yet
effective vaccines are still unavailable for many infectious diseases [2].

Based on their mechanism of action, antiviral therapeutics can be categorized into
two main groups: virus-targeted drugs that interfere with the viral life cycle, and host-
targeted drugs that activate the host immune system to combat infection [3]. An under-
standing of the viral replication cycle and structural features of the virions has paved the
way for developing antiviral drugs that target the function and enzymatic activity of viral
proteins [4]. As a result, the vast majority of antimicrobial drugs currently used in clinical
practice are chemotherapeutic agents. However, developing them is very time- and labor-
consuming, especially considering that viruses are highly likely to acquire drug re-
sistance.

Historically, even before the discovery of antibiotics and vaccines, intravenous injec-
tions of serum containing antibodies from recovering humans or animals served as the
main therapeutic approach to infectious diseases [5,6]. In recent decades, scientific and
technological advances have brought therapeutic recombinant monoclonal antibodies to
the biopharmaceutical market as a new class of antiviral drugs [7-9]. Antibodies, also
called immunoglobulins (Igs), are components of the adaptive immune system, produced
in response to viral infections or vaccination [10]. Native antibodies are highly specific
antiviral agents, which are generated via a stochastic yet remarkably efficient process of
somatic rearrangement [11] and then refined through affinity maturation in germinal cen-
ters [12]. Apart from interacting with viral antigens, antibodies can neutralize viruses by
blocking their attachment to the cell surface and subsequent cell entry [13]. Using neutral-
izing antibodies to prevent and treat viral infections is considered a very promising direc-
tion in antiviral drug discovery.

There are five classes of immunoglobulins (IgG, IgA, IgM, IgD, and IgE) that differ
in their size, molecular charge, amino acid composition, and carbohydrate content. Each
antibody isotype contains heavy (HC) and light (LC) chains that form a unique antigen
recognition site. Under normal conditions, IgG is the most abundant antibody class in
humans, accounting for about 70-75% of all serum antibodies. IgG has a high affinity for
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specific antigenic determinants or epitopes and thus holds the greatest biotechnological
potential [14].

Typically, only a portion of newly generated antibodies exhibits protective activity.
The ability to identify and isolate broadly neutralizing immunoglobulins from memory B
cells and plasma cells of immune donors, including immunized animals, has enabled an
innovative approach that gave rise to a new class of antiviral drugs based on therapeutic
antibodies [15-22]. Amino-acid sequences of these antibodies can be genetically engi-
neered to improve their affinity, specificity, stability, reactogenicity, pharmacokinetic
properties, effector functions, and tissue permeability [23].

3. The Structure and Therapeutic Potential of Recombinant Antibodies

Correct immunoglobulin function depends on two structural elements: the antigen-
binding Fab fragment and the effector Fc fragment (Figure 1A). The Fab fragment forms
a unique antibody paratope composed of the variable domains of heavy and light chains
(VH and VL). It enables specific antigen recognition, affinity for the antigen, and protec-
tive potential [24]. The effector functions of the Fc fragment are determined by the heavy-
chain constant domains (CH) and include antibody-dependent cytotoxicity, cell-mediated
phagocytosis, and complement-dependent cytotoxicity [25,26]. Within a species, IgG Fc
fragments are highly similar, although allotypic differences create subtle variations be-
tween individuals. In contrast, cross-species IgG—for instance, using murine antibodies
in humans—can trigger an undesirable immune response [14].

Targeted Fc engineering optimizes the properties of therapeutic antibodies by ex-
tending their half-life and modulating effector functions. Mutations such as YTE and LS
enhance FcRn binding, prolonging circulation time and reducing dosing frequency. To
minimize unwanted immune activity, approaches like the LALA mutations reduce effec-
tor functions, which is critical for antagonists or antibody-drug conjugates. These refine-
ments improve the clinical profile and therapeutic risk-benefit ratio for patients [27,28].

The sequences of the variable VH and VL regions from neutralizing immunoglobu-
lins identified in recovering and recovered individuals can be used to create candidate
drugs with high therapeutic potential, based on either full-length recombinant antibodies
or antibody fragments [29-31]. Truncated antibodies (Figure 1B) retain the antigen-bind-
ing affinity of the original molecules. They are also more economical to produce and can
penetrate tissues and organs more efficiently, while their small size allows access to com-
plex or shielded antigen epitopes. On the other hand, the smaller size of truncated anti-
bodies accelerates their clearance from the bloodstream through renal excretion, which
can necessitate higher doses and/or more frequent administration in vivo. Their limited
effector functions also reduce reactogenicity [32]. These features typically restrict the ap-
plication of truncated immunoglobulins to cancer therapy rather than viral infections.

Monoclonal antibodies are an important class of biologics. To date, the US Food and
Drug Administration (FDA) has approved over 150 monoclonal antibody-based drugs,
with hundreds more in various stages of preclinical and clinical development. For in-
stance, in 2024 alone, the FDA approved 13 new therapeutic antibodies, marking the 30th
anniversary of the first recombinant antibody approval [33,34]. In 2025, the agency ap-
proved 11 monoclonal antibody-based therapeutics, including clesrovimab for respira-
tory syncytial virus (RSV) infection [35]. The vast majority of licensed therapeutic anti-
bodies are used to treat autoimmune/inflammatory diseases and cancer.
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Figure 1. Structure and types of therapeutic antibodies encoded by exogenous mRNAs. (A) The
structure of full-length class G immunoglobulins (IgG) consists of two light chains (LC, blue) and
two heavy chains (HC, orange). Each LC includes a variable (VL) and a constant (CL) domain, and
each HC includes one variable (VH) and three constant domains (CH1-CH3). An IgG antibody has
an antigen-binding Fab fragment and an effector Fc fragment. (B) Truncated forms of antibodies
used as therapeutics: Fab' is a truncated form containing an LC and a fragment of HC (VH and CH1
domains); scFv is a single-chain variable fragment composed of a VH and a VL region connected
with a peptide linker; VHH represents a single variable domain (VH) of the camelid heavy-chain-
only antibody and can be engineered into homodimers to increase affinity or broaden neutraliza-
tion; membrane-anchored and intracellular antibodies are examples of antibody formats that can be
developed using mRNA technology. (C) The general structure of exogenous mRNAs designed to
co-express and produce a full-size IgG antibody. (D) A schematic overview of how mRNA-encoded
therapeutic antibodies are produced in vivo. After administration, the mRNA-lipid nanoparticle
complex enters the cell, where the mRNA is released into the cytosol and engages with ribosomes
to initiate translation. The antibody chains undergo glycosylation and assembly in the endoplasmic
reticulum, followed by processing in the Golgi apparatus [36]. The resulting therapeutic antibodies
either remain inside the cell to act on intracellular targets or are secreted into the bloodstream, where

they bind to extracellular targets.

The tables below list therapeutic monoclonal antibodies with direct antiviral activity
that have either been approved for clinical use in different countries (Table 1) or are in
late-stage clinical trials as of the beginning of 2026 (Table 2) [34,37—41]. Importantly, most
of them are recommended either for emergency use (for instance, against COVID-19) or
for the treatment of viral infections when the risks of poor outcomes are extremely high.
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These antibodies primarily target viral surface proteins to prevent receptor binding and
membrane fusion, thereby inhibiting viral entry into the target cell [42]. Antibody cock-
tails containing two or more different antibodies are often used to improve efficacy and
counteract viral evasion driven by mutational variability. For example, this strategy is
used to treat COVID-19 [43] and Ebola fever [44], as well as in post-exposure rabies
prophylaxis [45].

Antibodies as therapeutic agents may be particularly beneficial when effective vac-
cine-based prevention is difficult to achieve. For instance, since developing an effective
RSV vaccine proved challenging, the FDA has approved three monoclonal antibody ther-
apeutics against RSV infection: palivizumab [46,47], nirsevimab [48-50], and clesrovimab
[35,51-53]. They are now routinely used in clinical practice to prevent complications in
high-risk patients, including newborns [50,54,55].

Although therapeutic antibodies are one of the fastest-growing sectors in the phar-
maceutical industry, their main challenges remain unresolved. These include the high
production cost of the final therapeutic, multi-stage purification process with protocols
that vary depending on the antibody, and limited stability of the final formulation [56—
61]. An alternative approach is delivering genetic information encoding an antibody to
target cells as mRNA or DNA [62-65]. Unlike DNA, mRNA offers a safer and more flexi-
ble therapeutic approach. For example, it does not need to enter the nucleus, reduces the
risk of insertional mutagenesis, and induces shorter expression of the encoded protein,
allowing for adjustable treatment duration.

Nucleic acid-mediated expression not only overcomes the limitations of complex
protein production and purification but also helps avoid aberrant post-translational mod-
ifications of recombinant antibodies. This strategy can significantly shorten the drug dis-
covery pipeline and accelerate the introduction of therapeutic antibodies against emerg-
ing infectious agents into clinical practice, which is a particularly important consideration
given the growing incidence of viral epidemics.
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Table 1. Licensed recombinant antibody therapeutics against viral pathogens.
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Table 2. Recombinant antibody-based antivirals in late-stage clinical trials.
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4. mRNA-Based Platforms for Antibody Therapeutics

The application of targeted exogenous mRNA delivery for transient in vivo protein
expression has become widespread over the past decade [90,91]. Today, mRNA-based
therapeutics are considered one of the most promising tools for the prevention and treat-
ment of a broad range of diseases, including viral infections [92-99].

Exogenous mRNA sequences are obtained by in vitro transcription. This typically
involves a DNA-dependent RNA polymerase, usually from the T7 phage, and a linear
plasmid that serves as the DNA template. The plasmid contains the T7 promoter and the
protein-coding sequence flanked by 5'- and 3'-untranslated regions (UTRs) [100,101].
Translation efficiency and stability of exogenous mRNA are ensured by the 5'-end cap
[102] and the 3"-end poly-A tail [103-105], which can be incorporated during either co-
transcription or individual enzymatic reactions [106,107]. Although modern technology
makes mRNA synthesis relatively simple and fast, specific synthesis conditions can sub-
stantially influence the amount of translated protein, the reactogenicity of mRNA in vivo,
and its therapeutic potential [108-110].

Thus, when designing mRNA (Figure 1C), much attention is paid to the UTR se-
quences [111]. The UTRs of mRNA molecules form secondary structures that are essential
for proper ribosome scanning and dissociation, and they affect both the translation rate
and the mRNA half-life in cells [112]. In native human mRNAs, the 5-UTR typically
ranges from 53 to 218 nucleotides, whereas the 3'-UTR is highly heterogeneous, varying
from hundreds to thousands of nucleotides, with an average length of roughly 1000 [113].
When designing exogenous mRNA, the UTRs are shortened to reduce the risk of generat-
ing aberrant transcripts and unintended protein products [114].

Another equally important factor that can affect mRNA translation efficiency and
potentially cause serious side effects is mRNA reactogenicity [115,116]. Exogenous
mRNAs are recognized by the innate immune system via the pattern recognition receptors
(PRRs), particularly Toll-like receptors (TLR3, TLR7, and TLR8) and RIG-I-like receptors
[117,118]. This triggers an immune response that can suppress protein translation and
cause undesirable side effects. One efficient approach to reducing mRNA reactogenicity
is the inclusion of modified natural nucleotides to decrease mRNA affinity towards PRRs
and prevent immune activation [118-124]. It is chemical nucleotide modifications that un-
derpinned the progress in mRNA technology [125], and Katalin Kariké and Drew Weiss-
man were awarded the 2023 Nobel Prize in Physiology or Medicine for their discoveries
concerning nucleoside base modifications that enabled the development of effective
mRNA vaccines against COVID-19 [126,127].

The final step in exogenous mRNA production is purification. Byproducts generated
during abortive reactions, such as double-stranded RNA impurities and DNA fragments,
can also activate TLRs and trigger immunostimulatory responses [128]. Purification of
mRNA with modified bases using high-performance liquid chromatography or cellulose
chromatography with an ethanol-containing buffer has been shown to remove up to 90%
of these contaminants, regardless of mRNA length, coding sequence structure, or nucleo-
tide composition, thereby reducing reactogenicity [129,130].

To summarize, the therapeutic potential of exogenous mRNAs that encode antibod-
ies is based on three pillars of synthetic technology: (1) plasmid engineering for in vitro
synthesis, including the intracellular kinetic regulators (UTR) and the consensus protein
translation initiation site, such as the Kozak sequence; (2) an optimized synthesis protocol,
incorporating modified nucleotides, the 5'-cap or its highly efficient synthetic analogs, and
a high-performance enzyme (e.g.,, mutant T7 polymerase); (3) optimized high-perfor-
mance liquid chromatography purification of exogenous mRNA. It is important to note
that, while some immunogenicity is acceptable and potentially beneficial for mRNA
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vaccines, it is highly undesirable in mRNA-based drugs, as it directly limits their thera-
peutic potential.

mRNA therapeutics are considered effective if they achieve the desired concentration
of the encoded antibody in target cells, the bloodstream, or specific organs or tissues [131].
In principle, exogenous mRNA must cross the lipid bilayer to enter target cells and be
translated into functional protein [63]. Various cell types can spontaneously take up
mRNA through different mechanisms, although this often results in mRNA being cap-
tured in acidic endolysosomal compartments, leading to its degradation [132]. Conse-
quently, the safety and efficacy of mRNA-based therapy can be improved by developing
delivery systems that enable targeted and secure transport [133-137]. Delivery systems
generally serve to protect mRNA from degradation and facilitate its cellular entry and
efficient translation (Figure 1D).

To date, lipid nanoparticles (LNPs) remain the most widely used tool for the delivery
of exogenous mRNA [138-141]. All LNPs approved for clinical use are composed of four
lipid types: an ionizable cationic lipid, cholesterol, an auxiliary phospholipid, and a lipid
conjugated with polyethylene glycol (PEG) [142-145]. Such a composition creates a mon-
odisperse LNP system, which can efficiently encapsulate exogenous mRNA and deliver it
into cells [146]. The lipid component ratio, and particularly the proportion of the auxiliary
phospholipid, can be adjusted to modify the LNPs’ charge, which facilitates targeted de-
livery of mRNA to specific organs, primarily the spleen and lungs. A variety of lipids are
currently commercially available, and methods for formulating LNP compositions that
ensure selective action of therapeutic mRNA in target organs and tissues have been de-
scribed [147-154]. In addition, novel approaches for mRNA delivery are being developed
in which LNPs are functionalized with single-domain antibodies that interact with recep-
tors of target cells [155-157]. However, despite these advances, targeted in vivo delivery
of therapeutic mRNA to specific cell populations remains challenging [158].

Most mRNA-LNP formulations contain lipids conjugated to PEG. In clinical studies,
mRNA-LNPs have been shown to induce anti-PEG antibodies that may compromise ther-
apeutic efficacy upon repeated administration [159,160]. Importantly, pre-existing anti-
PEG antibodies do not appear to interfere with the primary immune response to mRNA
therapeutics; however, antibody titres increase with repeated dosing, which raises con-
cerns for long-term treatment regimens [161]. One strategy to mitigate this effect is opti-
mization of the route of administration, as intramuscular injection elicits a weaker anti-
PEG response than subcutaneous delivery [162]. In parallel, research efforts are focused
on the development of alternative polymeric lipids with reduced immunogenicity. For
example, safer repeated administration can be achieved by substituting PEG with poly(2-
oxazoline) [163] or using brush-shaped polymeric lipids [164], which creates a steric shield
that limits antibody binding.

Much of the current research focuses on the development of LNPs for intranasal (i.n.,)
and pulmonary mRNA delivery, which enables mRNA to cross epithelial barriers in the
respiratory tract. The main goal is to optimize LNP composition since stability of LNPs
during aerosolization depends on the PEG-lipid content and the nature of the auxiliary
lipid. These parameters also influence how effectively LNPs move through the mucosal
layer, ultimately affecting the efficiency of mRNA transfection and target protein expres-
sion [165-172].

For in vivo applications, several routes of administering mRNA-LNP complexes are
being explored, including intramuscular (i.m.,), intradermal, subcutaneous, intravenous
(i.v.,), and intratracheal (i.t.,) delivery, as well as spinal injections and delivery to regional
lymph nodes [100]. For therapeutic exogenous mRNA encoding antibodies against respir-
atory viruses, local delivery to the lungs via aerosol spray [173-176], e.g., unformulated
mRNA in nuclease-free water, is considered the most suitable approach [177-180].
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Unlike recombinant antibodies, which are usually given as a single—and typically
the highest tolerable —dose, exogenous mRNA can support sustained antibody produc-
tion for multiple days. mRNA half-life varies substantially depending on system design,
including the UTRs used and the mode of mRNA delivery, particularly the structure of
LNPs [181,182]. At later stages, antibody levels are mostly determined by the pharmaco-
kinetics of the protein itself, which depends on its structure. For instance, fragments and
truncated forms of antibodies are known to have a shorter half-life in the bloodstream
than full-length IgG because they lack the Fc domain. The interaction between the IgG Fc
region and the neonatal Fc receptor, located in endothelial cells, intestinal epithelium, and
antigen-presenting cells, protects IgG from lysosomal degradation during endocytosis
and promotes its transport to the cell surface, where it is released into the alkaline envi-
ronment of the bloodstream [183]. Still, truncated mRNA-encoded immunoglobulins can
reach and maintain therapeutic levels without frequent repeat dosing [184].

Thus, exogenous mRNAs that encode antibodies offer several advantages over pro-
tein-based antibody therapy: (1) rapidly advancing technologies help lower production
costs and standardize manufacturing of mRNA therapeutics; (2) design and development
of new antibody-encoding mRNAs can be completed more quickly using established tech-
nological platforms; (3) mRNA technology allow creating new antibody formats, such as
intracellular or membrane-anchored variants, although this will require further progress
in delivery systems; (4) this approach reduces contamination of exogenous mRNA prep-
arations with components of animal or cell origin; (5) purification protocols are universal
across mRNAs with different coding sequences and, therefore, require minimal optimiza-
tion; (6) high translation rates and elevated local antibody concentration in situ can lower
the dose needed to achieve a therapeutic effect.

This review primarily focuses on the development of mRNA-encoded therapeutic
antibodies for passive immunization and the assessment of their antiviral efficacy in vivo.
However, the success of mRNA vaccine technology has enabled an alternative strategy
that is gaining increasing attention: inducing neutralizing antibodies by delivering mRNA
that encodes a target viral protein—an approach known as mRNA immunization.

This antigen-encoding mRNA-LNP platform has proven highly versatile and effi-
cient for the rapid generation of high-affinity, neutralizing monoclonal antibodies against
a wide range of pathogens and challenging biological targets [185-188]. Moreover, it can
be integrated with classical technologies, such as hybridoma [185,187-189], as well as with
modern high-throughput approaches, including single B cell receptor sequencing (scBCR-
seq) [186,190]. mRNA immunization overcomes several limitations associated with re-
combinant protein-based immunization, including antigen instability, the absence of na-
tive post-translational modifications (e.g., glycosylation), and difficulties in the expression
and purification of transmembrane proteins [186,188,191].

Studies on SARS-CoV-2 illustrate the strengths of this approach: mRNA immuniza-
tion not only enables the rapid generation of high-affinity antibodies with broad neutral-
izing activity against multiple viral variants [187,192], but also reduces overall develop-
ment timelines by nearly twofold [185]. Beyond SARS-CoV-2, the platform has been suc-
cessfully applied to the generation of antibodies against HIV-1 [191], mpox virus (for-
merly monkeypox) [190], and feline herpesvirus [189]. The last two examples also suggest
potential diagnostic applications due to the rapid production of highly sensitive antibod-
ies. Moreover, mRNA immunization has proven effective for generating antibodies
against structurally complex transmembrane therapeutic targets, including GPCR (PAR4)
[188], CD22, and GPRC5D [186], while preserving their native conformations and confor-
mational epitopes.

Together, these findings establish mRNA-LNP-based immunization as a promising,
versatile, and highly adaptable platform that allows for a faster development of
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therapeutic and diagnostic antibodies. This is particularly relevant for emerging and re-
emerging infectious diseases, as well as for structurally complex transmembrane targets
that remain difficult to address using conventional technologies.

5. Rational Design of Antibody-Encoding mRNAs

Like protein-based therapeutics, mRNA-encoded antibodies can adopt various struc-
tures but are translated in vivo. Various approaches to mRNA design have been devel-
oped to ensure efficient expression of antibodies targeting viral pathogens (Figure 2).

The most direct extension of recombinant antibody technology is the dual HC/LC
mRNA system (Figure 2A), which enables co-expression of mRNAs encoding both HC
and LC of an immunoglobulin. The two mRNAs can be formulated at a defined ratio,
most commonly 2:1 (HC:LC), and encapsulated either within a single LNP or in separate
LNPs. This design is used in most studies discussed in this review. Its limitations include
the risk of imbalanced HC and LC expression, potentially resulting in non-functional an-
tibody molecules, as well as the added complexity of combination therapies involving
antibody cocktails. A case in point is a 2025 study from the Santangelo group [180], which
showed that partial or complete heavy-light mismatched antibodies can form when four
mRNAs encoding the chains of two distinct antibodies are delivered simultaneously.

To optimize the HC and LC assembly, a single-chain mRNA (SC-mRNA) strategy
has been suggested (Figure 2B). In this configuration, a single transcript encodes both
chains of a full-length antibody. The two chains can be separated by a flexible linker [193]
that permits heterodimer formation from a single polypeptide, or by an internal ribosome
entry site (IRES) enabling independent translation, or by a proteolytic cleavage site such
as P2A or T2A [194]. The SC-mRNA format also offers practical advantages for combina-
tion antibody therapies. Co-expression of two SC-mRNAs encoding distinct antibodies
results in the formation of three functional recombinant antibody species with correctly
paired HC and LC: two monospecific antibodies and one bispecific antibody [195-198]. In
this context, SC-mRNA offers a decisive advantage over dual HC/LC mRNA systems that
can produce non-functional antibodies due to partial or complete HC-LC mismatching.

mRNA technology enables therapeutic application of rare antibody formats that are
difficult or impractical to produce as proteins. For example, mRNA-encoded antibodies
targeting HIV-1 [178,180], RSV [177], or SARS-CoV-2 [199] have been engineered to re-
main anchored in the membranes of producer cells (Figure 2C). Such constructs can be
implemented using either the dual HC/LC mRNA system or SC-mRNA. In these designs,
the C terminus of the HC is fused to a glycosylphosphatidylinositol (GPI) anchor derived
from decay-accelerating factor (DAF) [200], which retains the antibody at the cell surface
after export. Compared to systemic antibody delivery, membrane anchoring of neutraliz-
ing antibodies has several advantages: (1) it limits antibody diffusion away from infected
tissues, (2) increases the local concentration of antibody in the target organ, and (3) may
prolong antibody residence at mucosal surfaces [177].
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(A) Dual-chain mRNA-encoded antibodies

poly~A‘-ra/'l

scFv Fc

(B) Single-chain mRNA-encoded antibodies (C) mRNA-encoded GPl-anchored antibodies

(E) mRNA-encoded VHH single-domain antibodies (F) mRNA-encoded dimeric IgA antibodies
(secreted and GPl-anchored) (secreted and GPl-anchored)

OO ®Oe

(H) saRNA-encoded antibodies (|) circRNA-encoded antibodies

(shown for full-length IgG and scFv formats) (shown for the scFv—Fc format)

replicative complex

Figure 2. Design strategies for antibody-encoding mRNA constructs. (A) A dual HC/LC mRNA system contains two separate mRNAs encoding heavy (HC,
orange) and light (LC, blue) chains of immunoglobulin G. A functional antibody is formed when both chains are co-expressed in a cell. (B) SC-mRNA format is a
single mRNA sequence that encodes both antibody chains. HC and LC can be translated as a single polypeptide that subsequently folds into a mature antibody
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(in the presence of a glycine-serine linker), translated independently (using an IRES), or expressed as a single polypeptide with subsequent proteolytic cleavage
(via a cleavage site). Co-expression of two SC-mRNAs encoding different full-length antibodies generates three functional products: two parental monospecific
antibodies and one bispecific antibody. (C) A construct encoding membrane-anchored antibodies with a GPI anchor at the C-terminus of the heavy chain (HC).
(D) Schematic design principles of mRNAs for generating scFv and scFv-Fc (Fc domain shown in orange). The Fc domain can be fused to the VH domain either
directly or via a glycine—serine linker. Co-expression of two mRNAs encoding distinct scFv—Fc constructs produces three chimeric antibody species: two mono-
specific homodimers and one bispecific heterodimer. (E) mRNA sequences encoding VHH single-domain antibodies (yellow) in various formats: monomeric,
anchored, fused VHH-Fc, and anchored VHH-Fc (with an Fc domain shown in orange). (F) Assembly of IgA antibody dimers (dIgA) is achieved by co-expression
of mRNAs encoding HC, LC, and the joining chain (JC) required for dimerization. The addition of GPI anchor at the C-terminus of JC anchors dIgA in the
membrane. (G) Construct encoding pentameric IgM-like antibodies. Multimerization is achieved through co-expression of SC-mRNA containing an IgM tailpiece
sequence (aquamarine) fused to the IgG-CH domain and JC. (H) saRNA design: after translation, the replicative complex (nsP1-4) amplifies the antibody genes
controlled by one or two subgenomic promoters. (I) circRNA encoding an antibody in the scFv-Fc format. All schematics depict a cell (light green) with a nucleus
(dark green). The main structural elements of the RNA constructs are: 5'- and 3'-UTR (pink)—5'- and 3'-untranslated regions; SP (white) —signal peptide for
antibody secretion; VH (orange), VL (blue)—variable domains of HC and LC; CH1-CH2-CH3 (dark orange) — constant domains of HC; CL (dark blue) —constant
domain of LC; (GsS)12 (grey) —glycine—serine linker; IRES (grey) —internal ribosome entry site; cleavage (grey) — proteolytic cleavage site; GPI (green) —GPI anchor
sequence; VHH (yellow) —single-domain antibody; JC (violet) —joining chain sequence; IgA-constant (red) —constant region of IgA; IgM-tail (aquamarine)— tail-
piece sequence (PTLYNVSLVMSDTAGTCY); nsP1, nsP2, nsP3, nsP4 (cyan)—alphavirus nonstructural proteins that assemble into an saRNA replication complex;
Promoter (light blue)—subgenomic promoter; 5'- and 3'-H. arm (pink)—5'- and 3-homology arms; I+E—exon and intron. Circled numbers indicate individual

mRNA constructs and their corresponding expressed antibody products.
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In addition to full-length immunoglobulins, mRNA platforms enable the in situ pro-
duction of diverse antibody formats. These include truncated designs, such as scFv (Fig-
ure 2D) [201], as well as monomeric or oligomeric VHH single-domain antibodies (Figure
2E) [202-206]. To enhance their therapeutic properties, these formats can be fused to an Fc
domain or attached to the membrane via a GPI anchor. Co-expression of two mRNAs
encoding different scFvs fused to a common Fc domain (Figure 2D) yields two homodi-
meric and one heterodimeric chimeric antibody species with correct pairing, enabling ef-
fective combination therapy [207]. In addition, mRNA constructs encoding intrinsically
bispecific antibodies, such as RiboBiFEs [208], have been developed. These molecules in-
corporate two VHH single-domain antibodies connected by a linker (Figure 2E), with each
VHH capable of selectively binding a distinct target, which confers high specificity to the
immune response.

Literature describes mRNAs encoding IgA dimers (dIgA) that demonstrate increased
avidity and enhanced protective activity at mucosal surfaces [180,209-211]. This antibody
format remains effective when expressed in a membrane-anchored configuration (Figure
2F). A similar mRNA design can be extended to secreted antibodies assembled as IgM-
like pentamers (Figure 2G) [180].

In addition to conventional mRNA constructs, antibodies encoded by self-amplifying
RNA (saRNA) [212,213] have shown strong protective efficacy in animal models of Zika
virus infection [214] and SARS-CoV-2 [215,216]. saRNA constructs encode the alphavirus
replicative machinery, which drives intracellular amplification of HC- and LC-encoding
sequences regulated by one or two subgenomic promoters (Figure 2H). This design ena-
bles more sustained and efficient antibody expression. The HC and LC can also be pro-
duced using two separate saRNAs. Furthermore, saRNA technology is applicable for ex-
pressing antibodies in the scFv format.

Circular RNAs (circRNAs) are being actively explored as an alternative to linear
mRNAs for therapeutic antibody expression [217-220]. Figure 2I illustrates the structure
of a circRNA encoding an scFv—-Fc antibody targeting SARS-CoV-2 [174]. Due to their co-
valently closed architecture, which lacks free 5'- and 3'-ends, circRNAs are more resistant
to exonuclease-mediated degradation. This helps substantially increase their intracellular
stability: reported in vitro half-lives reach up to 90 h, compared with 15-24 h for linear
mRNAs. The increased stability supports more prolonged and intensive expression of the
encoded protein, an advantage for therapeutic applications requiring sustained expres-
sion. Furthermore, the circular structure may help reduce immunogenicity, although this
remains debated. While some studies report activation of RIG-I signaling, others observe
minimal innate immune responses, particularly with highly purified or chemically modi-
fied circRNAs. Overall, circRNAs represent a promising platform for therapeutic anti-
body expression, combining enhanced stability, prolonged expression, and a potentially
improved safety profile.

Moreover, exogenous mRNA technology enables the use of therapeutic intracellular
antibodies (intrabodies), which are difficult to deliver into cells as mature proteins [221-
224]. These antibodies do not exit the cell after maturation, binding target antigens in the
cytoplasm or other intracellular compartments, whereas conventional circulating thera-
peutic antibodies interact with serum or membrane antigens [225-228]. In comparison,
proteins translated from exogenous mRNA can function as highly specific intracellular
inhibitors with high affinity [229] and can be engineered to target non-structural viral pro-
teins, such as the polymerase complex [230]. It should be noted that, despite growing in-
terest in this approach, no animal studies evaluating the efficacy of mRNAs encoding an-
tiviral intrabodies have been reported as of January 2026. To date, only two studies have
reported successful in vivo delivery of intrabodies using the mRNA-LNP platform. In a
murine model, mRNA-encoded intracellular VHH single-domain antibodies specifically
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inhibited the bacterial effector proteins Etf-2 [231] and Etf-3 [232] of Ehrlichia chaffeensis,
disrupting its survival in infected cells.

6. mRNA-Encoded Recombinant Antibodies in Antiviral Therapy
6.1. mRNA-Encoded Recombinant Antibodies

Since 2021, over a thousand peer-reviewed articles on mRNA design and its clinical
applications as vaccines and therapeutic agents have been published each year. This sec-
tion highlights key examples of the development and in vivo evaluation of exogenous
mRNAs encoding various antibodies against viral pathogens [233-236]. Table 3 summa-
rizes mRNA-based therapeutics developed since 2017 for in vivo production of recombi-
nant antibodies targeting viral pathogens.

The introduction of hybridoma technology for monoclonal antibody production in
1975 by Jerne, Kohler, and Milstein [237], later recognized with the 1984 Nobel Prize in
Physiology or Medicine, catalyzed the use of specific antibodies, both monoclonal and
polyclonal, as therapeutic agents. Early studies were focused on the efficiency of mono-
clonal antibodies in leukemia treatment [238-242].

One of the earliest well-known studies on the activity of mRNA-encoded antibodies
was published in Cell by a German research group in 1984 [243]. The work evaluated the
antiviral activity of exogenous mRNAs that encoded antibodies against Golgi a-
mannosidase II (GMII). Total mRNA was isolated from mouse hybridoma cells producing
the 53FC3 antibodies against GMII [244] and then introduced into the cytoplasm of eukar-
yotic BHK-21 cells by direct microneedle injection. Within 5-6 h, mouse immunoglobulins
accumulated in the Golgi complex, inhibiting the intracellular transport of viral mem-
brane proteins. After infection with vesicular stomatitis virus, cells containing the 53FC3
mRNA showed significantly lower expression of the viral G protein on their surface com-
pared to control cells [244].

In 1990, Wolff et al. [245] demonstrated that, in mice, exogenous mRNA can be suc-
cessfully translated into proteins in muscle cells by cellular enzymes in situ. Despite this
promising discovery, clinical application of in vitro-produced mRNA has long been lim-
ited by its instability, susceptibility to ribonuclease degradation, immunogenicity, and the
complexity of developing suitable delivery systems. The concept of employing exogenous
mRNA to encode therapeutic antibodies rather than directly administering immunoglob-
ulins was officially introduced in 2008 by the German company CureVac in its patent ap-
plication ‘RN A-coded antibody’ [246].

Beyond viral infections, mRNA-encoded antibodies also represent a promising ther-
apeutic modality for a broad spectrum of bacterial diseases. For example, mRNAs encod-
ing monoclonal antibodies against the VapA protein of Rhodococcus equi have been devel-
oped for inhalational treatment of pneumonia [172]. Both full-length antibodies [247] and
scEv-fragments [248] targeting the type III secretion system have been generated to com-
bat infections caused by multidrug-resistant Pseudomonas aeruginosa. Against botulinum
neurotoxins serotypes A, B, and E produced by Clostridium botulinum, chimeric antibodies
based on VHH single-domain antibodies fused to the human IgG1 Fc region (VHH-Fc)
have been developed [249,250], and multimeric antibody formats providing broad neu-
tralization have also been reported [251]. To address intracellular bacterial infections such
as human monocytic ehrlichiosis (Ehrlichia chaffeensis), mRNA-encoded intracellular VHH
single-domain antibodies targeting the effectors Etf-2 [231] and Etf-3 [232] are under active
investigation. Other applications include mRNA-encoded VHH-based antibodies against
toxins A and B of Clostridioides difficile [252]; passive immunization through breast milk
expressing IgG ZAC-3 against Vibrio cholerae [253]; and mucosal expression of IgA-class
antibodies in the intestinal and respiratory tracts targeting Salmonella enterica and Pseudo-
monas aeruginosa [211].
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Table 3. nRNA-based therapeutics for in vivo expression of neutralizing antibodies against viral pathogens.
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12 h prior to infection an HIV-based Ebola
pseudovirus infection
model)
Three chi- Co-expression of
meric full- mRNAs encoding HC
VACV-L1 pro- length IgG and LC from the c7D11,
tein of the intra- antibodies ¢8A, and c6C antibod-
cellular mature containing ies; expressed both in-
Or- virion (IMV) human con- dividually and in com-
thopox- c7D11 [264], cBA c7D11 (c7D11), VACY_ s.tant re-  binations, ad‘m'lms'tere‘d LNPs (proprietary, Arcturus New Zealand White
viruses: 8 [265], and c6C mRNA, ¢84 - B5 glycoprotein glons and - as separfalte injections; Therapeutics), im., up to 0.9  rabbits (pharmacoki- [267]
. mRNA, and of the extracellu- variable re- each antibody was en- . (CureVac)
vaceima [266] c6C mRNA lar enveloped vi- gionsde- coded by its own pair mg/kg netic study)
(V‘Zr(ljl\sl) rion (EEV) (c8A), rived from  of mRNAs (HC and
o and VACV-A33 mouse LC), with each pair in-
mpox Vi glycoprotein of (c7D11)and dividually encapsu-
(M];;(SV) the EEV (c6C) monkey lated in LNPs; mRNAs
o (c8A and contained no modified
variola .
. c6C) nucleotides
(\;IXE;) BALB/c mice (protec-
Mix2a: VACV-A33 EEV A cocktail of  Co-expression of LNPs (ionizable li- tive efficacy was
mAb22, mAb26  mRNA- glycoprotein two full-  mRNAs encoding HC pid/DSPC/cholesterol/PEG-li- demonstrated under a
9 ([268], S1, Table mab22-LNP + (mAb22) and length IgG and LC from two anti- pid at molar ratios of prophylactic mRNA [268]
2) mRNA-  MPXV-M1 IMV o . 50:10:38.5:1.5), i.v., 1 mg/kg, administration regimen
antibodies bodies

mADb26-LNP (mAb26) protein

24 h prior to infection

in a lethal VACV-in-
duced infection model)
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Swiss albino mice (pro-
. tective efficacy was
Co-expression of . ) [270]
LNP A
Fullngn, iAo 1 LN oyt demorstl
. 10 CR57 [269]  encoding anti- G glycoprotein  IgG anti- and LC; the mRNA did P )y LV 2 TBIEE prophy Acuitas
virus ) ) i h prior to infection and 2h  therapeutic mRNA ad-
rabies mAb body not contain modified . . . . . Therapeu-
. post-infection ministration regimens .
nucleotides . Lo tics)
in a lethal rabies infec-
tion model)
VHH single-
t(iibO:cllal?uasIel;i Expression of mRNA LNPs (ionizable li- f(i?f!;:;f d(p:ign;i_
Spike protein re- . y encoding the VHH sin- pid/DOPE/cholesterol/PEG-li- . . y .
MERS- LNP-mRNA- ... with the hu- . . . o tivity evaluation in an
CoV 11 NbMS10 [271] NbMS10 ceptor-binding man IeG Fe gle-domain antibody  pid/targeting lipid at molar HIV-based MERS-CoV [175]
domain (RBD) . & . fused with the human ratios of 24.5:4.7:20:0.8:50), . .
region (chi- IeG Fe region iv. 1 me/k pseudovirus neutraliza-
meric di- & & Vo L IEEE tion assay)
mer)
BALB/c mice (protec-
tive efficacy was
Hendra LNPs (SM-102/DSPC/choles- demonstrated under a
virus and MRNA-1E5- Full-length Co-expression of terol/DMG-PEG2k at molar ~ prophylactic mRNA
. _ 12 1E5 [272] G glycoprotein  IgG anti- mRNAs encoding HC  ratios of 50:10:38.5:1.5), i.v., administration regimen  [273]
Nipah vi- LNPs . . .
body and LC up to 0.5 mg/kg, 12hand 7  in an infection model
rus . . . .
days prior to infection using the HIV-based
Nipah and Hendra
pseudoviruses)
Expression of mRNA
Full-length . LNPs (113-010S/choles- .
Pengue ;5 VDBLL(I274], oA mRNA E glycoprotein  IgAl anti- Cncoding PothHCand = 0 ope/pMG-PEGaK), ©27BL/6 (Pharmacoki-—— )
virus Appendix Al) LC as a single-chain . netic study)
body iv., 0.2 ug/kg
construct
LNPs (ionizable li- AGI129 mice (protective
Chikung Full-length Co-expression of pid/DSPC/cholesterol/DMG-  efficacy was demon-
unyavi- 14  CHKV-24[275] mRNA-1944 > urfacfi;ilyco IgG anti- mRNAs encoding HC ~ PEG2k at molar ratios of ~ strated under a prophy- ([]3470362;6;)
rus P body and LC 50:10:38.5:1.5), i.v.; AG129 lactic mRNA admin-

mice: up to 0.5 mg/kg, 24 h  istration regimen in a
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prior to infection; C57BL/6 lethal infection model);
mice: up to 10 mg/kg, 4h  C57BL/6 mice (efficacy
post-infection; cynomolgus  was assessed under a
macaques: up to 3 mg/kg; hu- therapeutic regimen);
mans: up to 0.6 mg/kg cynomolgus macaques
(pharmacokinetic stud-
ies); humans (Phase I
clinical trial for safety,
tolerability, pharmaco-
kinetics, and pharmaco-

dynamics)
Expression of the scFv;
co-expression of two C57BL/6 mice (protec-
saRNAs encoding HC tive efficacy was
and LC; bicistronic demonstrated in both
RNA with H hylacti hera-
saRNA with HC and Nanostructured LNPs (squa- prophy actlc. and thera
LC separated by IRES; peutic regimens of
Full-length . . lene/Dynasan 114/Span .. .
. . . . bicistronic saRNA with . saRNA administration
Zika vi- ZIKV-117  Surface E protein IgGl anti- 60/DOTAP), im., up to 2 . . .
15 ZIKV-117 [277] . ) HC and LC separated in a lethal infection [214]
rus RNA dimer body or its . mg/kg, 7, 5, and 1 days before .
ScFv by the furin cleavage infection or 24 h and 3 davs model using a mouse-
site and the viral T2A . . y adapted Zika virus
. . post-infection o -
peptide; both variants strain, in combination
of chain orientations with a single dose of a
(HC-LC and LC-HC) monoclonal antibody
in a single-chain con- inhibiting IFNAR1)
struct have been tested
Rift Val- Full-length ~ Co-expression of ~ LNPs (ALC-0315/DSPC/cho- ,
ley fever 16 A38 [278] A38-mRNA- Gn glycoprotein  IgG anti- mRNAs encoding HC  lesterol/PEG-lipid), im., 1 BALB/C, mlFe (pharma- [279]
. LNP cokinetic study)
virus body and LC mg/kg
LNPs (ALC-0315/DSPC/cho-  C57BL/6 mice with
Severe ADB10 (S/A-TEN) mRNA S/A- ‘ Full-length Co—expresspn of lest.erol/DMG—PEGZk at @olar . transient b‘lockere of
fever 17 Gn glycoprotein  IgG anti- mRNAs encoding HC ratios of 50:10:38.5:1.5), i.v., 3 interferon signaling us-  [281]
. [280] TEN . . . . .
with body and LC mg/kg, 24 h post-infection,  ing anti-IFNAR anti-

twice with a 3-day interval bodies, IFNAR-
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thrombo- knockout mice (protec-
cytope- tive efficacy was
nia syn- demonstrated under
drome the therapeutic mRNA
virus administration regimen
(SFTSV) in a lethal infection
model)
. LNPs (ionizable li-
Human IgG Full-length Co-expresspn of pid/DSPC/cholesterol/PEG-Ii- Cynomolgus macaques [282]
18 — — IgG anti- mRNAs encoding HC . . (pharmacokinetic
mRNA bod and LC pid at molar ratios of study) (Moderna)
Y 50:10:38.5:1.5), i.v., 0.1 mg/kg y
BALB/c mice, wild-type
- ,/,
FeyRIV VHH- 11:\/?2/5 in\I/{HI;I Influenza virus Expression of mRNA alr;}cic(y I:i:]ecti(\:fiﬁzm
M2e VHH [283] ) Bispecific encoding bispecific DOTAP/cholesterol-based p
boBiFEs M2e pro- . . . . cacy was demonstrated
19 (FcyRIV VHH- (FcyRIV tein/mouse VHH single- VHH single-domain = LNPs at molar ratios of 2:3, under a prophylactic [208]
RSVF VHH [284] VHH-RSVF  FeyRIV (RSV F dO-I’I‘laII'.l an- antlb(.)dles (Rlb.OBlFE) i.t., 0.25 mg/kg, .4 h prior to in- MRNA administration
used as a nega- ) . tibodies  as a single-chain con- fection . . .
tive control) VHH RiboB-  glycoprotein) atruct regimen in a lethal in-
Influenza iFEs) fluenza A/X47 (H3N2)
A virus infection model)
LNPs (ALC-0315: ALC-
0315/DSPC/Cholester‘ol/ALC— C57BL/6 mice (protec-
0159 at molar ratios of tive efficacy was
. 46.3:9.4:42.7:1.6, i.v., i.m.; or
HV-B10 HC- Full-length ei’g;e;“‘;r;;f Egtlﬁ‘d MC3/DOTAP: Dlin-MC3- dezoiszactteif ;rl‘;ll\ia
20 HV-B10[285] ~ P2A-LC  Hemagglutinin IgGanti- ©) 0 agsm o DMA/DSPC/choles- aé’miﬁis}t’raﬁon i [286]
mRNA/LNP body & terol/DSPE-PEG2k/DOTAP at . on reg
construct molar ratios of in a lethal influenza
A/California/04/2
25:5:19.2:0.8:50, in.), i.v., up to * " niomnia/04/2009
) . infection model)
0.5 mg/kg, 24 h prior to infec-
tion
Full-length Co-expression of LNPs (Acuitas Therapeutics), Swiss albino mice (used  [270]
Influenza ) CR8033[287] RNATND  magglutinin IgGanti-  mRNAs encoding HC i.v., 2 mg/kg, 24 h prior to in- _for pharmacokinetic  (CureVac,
B virus encoding anti-

body  and LC; the mRNA did fection and 2 h post-infection studies and as a Acuitas
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influenza B not contain modified negative control for  Therapeu-
mAb nucleotides evaluating protective tics)
efficacy under prophy-
lactic and therapeutic
mRNA administration
regimens in a lethal ra-
bies infection model)
Full-length
IgG antibod-
ies: secreted
(sPali, Co-expression of
livi- RNA ing H
palivi- - mRNAs encoding HC ' RED, in vivo-jetPEI, .
zumab) and and LC (for the assem- . BALB/c mice (protec-
. and unformulated mRNA in . .
sPali mRNA, GPI-an- Dbly of both secreted IgG tive efficacy was
MEDI-493 . L. . nuclease-free water; aerosol
(palivizumab) aPali mRNA, F glycoproteinin choredin and the GPI-anchored deliverv usine the Mi demonstrated under a
RSV 22 P aVHH a prefusion con- HC (aPali); forms); expression of y & . prophylactic mRNA [177]
[46], F-VHH-4 . . . croSprayer IA-1C device . . .
mRNA, formation =~ VHH single- mRNA encoding VHH . administration regimen
[284] . . ) . (Penn-Century), it, upto5 = . : i
sVHH mRNA domain an- single-domain antibod- . in an RSV infection
01 . mg/kg, administered 24 h and
tibodies: se- ies (secreted or fused to 7 davs prior to infection model)
creted a GPI anchor) as a sin- ysp
(sVHH) and gle-chain construct
fused to a
GPI anchor
(aVHH)
BALB/c mice (protec-
Expression of saRNA tive efficacy was
Full-leneth encoding HC and LC Virus replicon particles demonstrated under a
SARS- VEEV-VRP-  Spike protein 5 separated by a subge- (VRDPs), alphaviral particles, prophylactic saRNA
23 CB6 [288] IgG anti- . . . . . Iy . . [215]
CoV-2 CBé6 RBD bod nomic promoter; in., 5 x 10° infectious parti- administration regimen
y saRNA did not contain cles, 24 h prior to infection = in a mouse-adapted

modified nucleotides coronavirus infection

model)
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24

Syrian hamsters (pro-

Expression of saRNA . .
tective efficacy was

encoding HC and LC Virus replicon particles
separated by a subge- (VRPs), alphaviral particles,
nomic promoter; in., 5 x 10* infectious parti-
saRNA did not contain cles, 24 h prior to infection
modified nucleotides

Human angio-
VEEV-VRP- tensin-converting
3E8 enzyme 2
(hACE2)

demonstrated under a
prophylactic saRNA [216]
administration regimen
in an Omicron BA.1 in-
fection model)

Full-length
IgG anti-
body

3E8 [289]

25

BALB/c mice (protec-
tive efficacy was
demonstrated under a
prophylactic mRNA
administration regimen
in a coronavirus infec-
tion model using the
mouse-adapted
MASCp36 strain and
the SARS-CoV-2 Beta
variant); Syrian ham-
sters (protective effi-
cacy was demonstrated
under a prophylactic

LNPs (ionizable li-
Full-length Co-expression of  pid/DSPC/cholesterol/PEG-li-
IgG anti- mRNAs encoding HC pid at molar ratios of
body and LC 50:10:38.5:1.5), i.v., up to 1
mg/kg, 24 h prior to infection

mRNA-HB27- Spike protein

LNP RBD [291]

HB27 [290]

mRNA administration
regimen in a close-con-
tact transmission
model)

26

Aged cynomolgus ma-
caques (protective effi-
cacy was demonstrated

Full-length Co-expression of LNPs (novel ionizable li- .
under a prophylactic

IgG anti- mRNAs encoding HC pid/DSPC/cholesterol/PEG-li-
body and LC pid), i.v., up to 1 mg/kg

mRNA- Spike protein

XGv264-LNP RBD [293]

XGv264 [292] mRNA administration

regimen in an Omicron
BA.1 coronavirus infec-
tion model)
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Syrian hamsters (pro-

Two full- Co-expression of tective efficac s
COV2-2832 length IgG  mRNAs encoding LC  Polymeric PBATE nanoparti- demozstratej anzr .
7 COV2-2832 [294], mRNA, Spike protein  antibodies and the GPl-anchored cles, i.n. using the Aerogen rophvlactic mRNA [199]
DH1041[295]  DH1041 RBD with the HC (two GPl-anchored Solo nebulizer (Tri-anim), 2.5 a(fmiiiszraﬁon e
mRNA GPl-an-  IgG studied individu- mg/kg, 48 h prior to infection &
in a WA-1 coronavirus
chored HC ally) _ .
infection model)
Liver LNPs (Liver-LNPs: ionizable K;?;:?p?jii?:ji?gm
LNPs@mRNA llplc,l/l,DSPC/ChOleSteFOI/PEG_ cacy was demonstrated
890, Lung- Full-length Co-expression of lipid at molar ratios of under both prophylac-
, -ung IgG anti- Pressio 49.1:9.4:40.0:1.5, Lung-LNPs: ProPiy.
LNPs@mRNA . . mRNAs encoding HC | . . tic and therapeutic
) Spike protein ~ body and . ionizable lipid/DOPE/choles- . )
28 8-9D [174] 89Dg, Liver- ) . and LC; expression of L L mRNA administration [174]
. RBD chimeric . . terol/PEG-lipid/Cationic tar- . .
LNPs@CircR circRNA encoding e . regimens in a corona-
scFv-Fc an- . geting lipid at molar ratios of 7 .
NA83P, Lung- tibod scFv—Fc antibody 24.5:4.7:20.0:0.8:50.0), i.v., 0.25 virus infection model
LNPs@CircR y m' /.k' ) 0 4.h. .ri'or ;co ,in. fe"cti'on using the SARS-CoV-2
NAs<D 858, prot. . Beta and Omicron BA.2
and 24 h post-infection .
variants)
Human airway epithe-
lial 3D cell cultures de-
rived from the upper
LNPs (C12-200/DOPE/choles-  respiratory tract of
VHH single- Expression of mRNA terol/DMG—PEG/DOTAP at hea'lth}f donors (viral
29 INSP23 [296] LNP-mRNA- Non-structural domain an- encodine a VHH sin molar ratios of replication was shown [297]
2NSP23 protein NSP9 . & . . 29.8:13.6:39.5:2.1:15), ex vivo, to be inhibited under a
tibody gle-domain antibody . )
up to 30 ng/uL, 24 h priorto  prophylactic mRNA
infection administration regimen
in a coronavirus infec-
tion model using multi-
ple strains)
LY1404 (bebtelo-  LY1404 R%%kselpsfg‘:;‘it Full-length ~ Co-expressionof  LNPs (SM-102/DSPC/choles- BAﬁLV]Z/ Cefrfri:ec (pvrv(:sec'
30 vimab) [298], HC/LC (LY1404), FP fu- IgG antibod- mRNAs encoding HC  terol/DMG-PEG2k at molar demonstrate dyun der a [300]
76E1[299] mRNA-LNP, " ies and LC ratios of 50:10:38.5:1.5), i.m., _
sion peptide of prophylactic nRNA
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76E1 HC/LC the spike protein
mRNA-LNP S2 subunit (76E1)

0.75 mg/kg, 24 h prior to in-
fection

administration regimen
in a mouse-adapted
CMA4 coronavirus in-
fection model); Syrian
hamsters (protective ef-
ficacy of a prophylactic
mRNA administration
regimen was demon-
strated in two SARS-
CoV-2 challenge mod-
els: one with the Omi-
cron BQ.1 variant and
another with the highly
pathogenic Delta vari-
ant)

LNPs (ALC-0315: ALC-
0315/DSPC/cholesterol/ALC-
0159 at molar ratios of
46.3:9.4:42.7:1.6, i.v., i.m.; or

PDI204HC- . . Fulllength EXPZ?SS“]’: S}f EﬁNAd MC3/DOTAP: Dlin-MC3-
31 PDI204[301]  P2A-LC Pl ;Bplr)o ‘M IgG anti- ericc"a;“agsir(: le_ch:i‘;l DMA/DSPC/choles-
mRNA/LNP body & terol/DSPE-PEG2k/DOTAP at

construct .
molar ratios of

25:5:19.2:0.8:50, i.n.), i.v., up to

0.5 mg/kg, 7 days prior to in-
fection

K18-hACE2 transgenic
mice (protective effi-
cacy was demonstrated
under a prophylactic
mRNA administration
regimen in an Omicron
BA.1 coronavirus infec-
tion model)

[286]

Abbreviations: LNPs, lipid nanoparticles; HC and LC, heavy and light immunoglobulin chains, respectively; i.v., intravenous; i.m., intramuscular; i.n., intranasal;

i.t., intratracheal.
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The remainder of Section 6 provides a systematic overview of contemporary ap-
proaches to the development of mRNA-encoded therapeutic antibodies against viral path-
ogens, the central focus of this review, drawing on over 30 in vivo studies. Viruses are
grouped according to their primary routes of transmission, and within each group, indi-
vidual pathogens are discussed in descending order of epidemiological relevance.

First, we address viruses transmitted predominantly through direct human-to-hu-
man contact (HIV-1 [302,303], hepatitis B virus [304,305], Ebola virus [306], and mpox vi-
rus [307-309]) via blood, bodily fluids, skin lesions, or close physical or sexual contact. In
these settings, the principal therapeutic challenges include efficient neutralization of ex-
tracellular virions and protection of mucosal surfaces. Long-term efficacy is especially im-
portant for chronic infections such as HIV-1 and hepatitis B virus, whereas rapid neutral-
ization is paramount for acute infections such as Ebola virus and mpox virus.

The discussion continues with zoonotic viruses, including rabies virus [310], MERS-
CoV [311], Hendra virus [312], and Nipah virus [313]. These pathogens are maintained in
animal reservoirs, with human infection typically occurring through direct contact with
animals or their tissues. Such infections often involve cross-species transmission and high
pathogenicity. In the case of MERS-CoV and Nipah virus, subsequent direct human-to-
human transmission imposes additional constraints on therapeutic design.

The following subsection is devoted to arboviruses transmitted by arthropod vectors,
including dengue virus [314,315], chikungunya virus [316,317], Zika virus [318,319], Rift
Valley fever virus [320], and severe fever with thrombocytopenia syndrome virus (SFTSV)
[321,322]. In addition to vector-borne transmission, these viruses may also spread verti-
cally from mother to fetus (dengue virus, chikungunya virus, Zika virus), sexually (Zika
virus), through contact-associated zoonotic routes (Rift Valley fever virus), or via direct
human-to-human contact (SFTSV). As a result, therapeutic strategies for this group must
emphasize rapid neutralization while accommodating substantial antigenic diversity.

The section concludes with respiratory viruses transmitted via droplets and aerosols,
including influenza A and B viruses [323], RSV [324], and SARS-CoV-2 [325-328]. This
group appears the most promising in terms of developing universal or platform-based
antibody solutions suitable for large-scale prophylaxis and treatment during seasonal ep-
idemics and global pandemics.

Overall, this framework illustrates how pathogen biology and transmission dynam-
ics shape target selection, define therapeutic requirements, and guide strategic priorities
in the development of mRNA-encoded antibodies.

6.2. mRNA-Encoded Antibodies Against Viruses Transmitted via Direct Human-to-Human
Contact

(1, as listed in Table 3) In 2017, a team of US and Canadian scientists, led by the 2023
Nobel prize winner Drew Weissman, published the first paper on mRNA application for
passive immunotherapy [255]. They evaluated the practical feasibility of translating exog-
enous mRNAs with modified bases into a full-length IgG with broad neutralizing activity
in mice. This mRNA sequence encoded the heavy (HC) and light (LC) chains (Figure 2A)
of the VRCO1 antibody [254] against HIV-1. Twenty-four hours after administering a sin-
gle 1.4 mg/kg i.v. dose of mRNA-LNPs in humanized immunodeficient mice, approxi-
mately 170 pug/mL of the VRCO1 protein was detected in blood serum, a level that ex-
ceeded the concentration achieved when the same antibody was injected in its protein
form (600 ug). High levels of the mRNA-encoded antibody persisted for 5 days. Combined
i.v. delivery of LNPs and mRNA with modified nucleotides, purified by chromatography,
did not increase type I interferon or pro-inflammatory cytokine production. Weekly injec-
tions of mMRNA-LNPs-VRCO01 at 1 mg/kg maintained serum antibody levels at or above
40 pg/mL. The antibodies generated after a single mRNA injection efficiently suppressed
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viral replication, protecting mice from infection after i.v. HIV-1 challenge. This study was
the first in vivo experiment to show the strong therapeutic potential of mRNA-encoded
antibodies.

(2) Three years later, Philip Santangelo’s team from Georgia Institute of Technology
and Emory University, USA, evaluated the activity of an mRNA-encoded antibody [178]
based on the broadly neutralizing antibody (bnAb) PGT121 that targets the HIV-1 surface
glycoprotein gp120 [83]. The therapeutic mRNA PGT121 formulation was administered
to the cervix of sheep, which is anatomically similar to the human cervix, as an aqueous
spray containing either the secreted form of the mRNA-encoded antibody (sPGT121) or
the antibody carrying a GPI anchor (aPGT121) (Figure 2A,C). To compare the pharmaco-
kinetics and distribution of PGT121 on the mucosal surface over time, the authors used
chimeric mRNA constructs that encoded the HC conjugated with NanoLuc. The results
were also confirmed on epithelial samples from the female genital tract using Western
blotting [178]. Pharmacokinetic studies using a single 750 ug dose showed that the GPI
anchor in aPGT121 promoted high and sustained antibody expression in the reproductive
tract. Antibody levels peaked at 100 ug/mL at 24 h and then gradually decreased to 40
ug/mL by day 28. In contrast, sSPGT121 declined to about 10 pug/mL by day 14. Thus, in-
troducing the GPI anchor extended antibody expression and improved its efficiency in
topical application. Additionally, to assess the neutralizing activity of mRNA-encoded
antibodies ex vivo, female monkeys received several doses of aPGT121 mRNA, and bio-
specimens were collected 24 h later. Explants and vaginal secretions containing the anti-
body demonstrated high antiviral activity in neutralization reactions with simian HIV.
This work also showed that an aqueous mRNA formulation applied as a spray could po-
tentially be used for self-administered prophylaxis.

(3) The study by Moderna [207] used the mRNA-LNPs platform to co-express three
bnAbs, PGDM1400, PGT121, and N6, which target the HIV-1 envelope protein [79,83,84].
Single-chain scFv-Fc antibodies were designed based on the sequences of the correspond-
ing full-length immunoglobulins. Each construct contained the variable regions of HC and
LC, as well as the IgG Fc region composed of the CH2 and CH3 heavy-chain domains.
Two of the three antibodies, PGDM1400 and PGT121, showed neutralizing activity com-
parable to that of the original IgG, and their expression levels in mice exceeded 30 pug/mL.
In contrast, the N6 antibody was functional only as a full-length IgG, reaching a peak
concentration of approximately 1 mg/mL. A mixture of four mRNAs encoding the HC
and LC of N6 (Figure 2A) and the scFv-Fc forms (Figure 2D) of PGDM1400 and PGT121
was efficiently expressed in Tg32 hemizygous mice [329], inducing high IgG levels in
blood. Antibody levels above 10 ug/mL were observed for 90 days after i.v. delivery of
the 1 mg/kg mRNA cocktail. Sera from these immunized mice exhibited neutralizing ac-
tivity against multiple HIV-based pseudovirus strains.

(4) The latest study from the Santangelo group [180], published in November 2025,
introduces an innovative strategy to advance HIV prevention through intravaginal deliv-
ery of mRNA encoding bnAbs against HIV-1 surface proteins. Central to this work is the
development of a SC-mRNA platform (Figure 2B) that enables more efficient assembly of
antibody HC and LC compared to conventional dual-chain systems. This design reduces
the likelihood of non-functional antibody species and free light chains. The authors used
previously reported anti-HIV-1 bnAbs to demonstrate feasibility in vitro. These bnAbs
were encoded by mRNA either in a secreted IgG format or as membrane-anchored anti-
bodies via a GPI anchor, including PGT121 [83], VRCO07 [80], 10E8.4 [256], iMab [257],
CAP256 [258], and PGDM1400 [84] (Figure 2C). Based on in vitro neutralization profiles,
the study selected PGT121 and VRCO07 for in vivo evaluation, as these antibodies exhibited
the broadest activity and targeted distinct epitopes on the HIV-1 gp120 envelope glyco-
protein.
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Building on the SC-mRNA platform, the study evaluated multiple strategies to en-
hance neutralizing potency. These included co-expression of two bnAbs (PGT121 and
VRCO07) (Figure 2B), isotype switching from IgG to IgA (Figure 2F), extension of the IgG
constant region with an IgM tailpiece (Figure 2G) to promote multimer formation while
preserving variable domains, and structural engineering of J3-VHH single-domain anti-
body (Figure 2E) [259] to increase antigen-binding valency and incorporate an IgG Fc do-
main.

Earlier work from Moderna [207] generated functional mRNA constructs encoding
single-chain Fv—Fc fusion proteins that lacked the CH1 constant domain. In contrast, the
SC-mRNA system described by Santangelo and colleagues [180] retains full-length IgG
constant regions, including CH1, which may be instrumental in regulating variable-do-
main affinity. To further support multimerization, the authors introduced mRNA encod-
ing the JC, a critical component in the formation of multimeric IgA and IgM. Co-transfec-
tion of antibody-encoding SC-mRNA with JC mRNA enabled efficient generation of mul-
timeric antibody species (Figure 2F,G). Multimeric antibodies may exhibit enhanced ther-
apeutic efficacy due to their increased avidity and improved effector functions.

These structural modifications of mRNA-encoded bnAbs, designed to enhance mu-
cosal immunity [330,331], markedly expanded neutralization breadth and increased po-
tency compared with parental IgG-format bnAbs. The most pronounced effects were ob-
served when PGT121 and VRC07 were co-expressed as IgM-like multimers (Figure 2G).
These engineered antibodies neutralized a broad panel of SHIV/HIV isolates, including
clades A, B, C, and AE, many of which resisted neutralization by IgG-format bnAbs.

In rhesus macaques, a single intravaginal aerosol administration of unformulated
mRNA in nuclease-free water encoding IgM-like multimeric PGT121 and VRC07 induced
sustained local antibody production at the vaginal mucosa. This approach provided near-
complete tissue protection during ex vivo challenge with all tested SHIV strains, including
SHIV-KNH1144, SHIV-162, SHIV-C109, and SHIV-AE16. Comprehensive safety assess-
ments detected no significant systemic or local toxicity, immune activation, or tissue dam-
age at 24 h post-administration. Parallel experiments in mice further supported these find-
ings. Administered on day 0 and day 2, two intravenous doses of mRNA-LNPs encoding
single-chain PGT121 and VRCO07 in secreted IgA or multimeric IgM formats produced ro-
bust serum antibody levels, reaching 19.2 ug/mL for IgA and 82.8 ug/mL for IgM by day
3.

Thus, the study demonstrated that a SC-mRNA antibody platform, combined with
strategic structural design, can overcome key limitations of existing HIV-1 prevention
strategies. This work establishes a promising foundation for the development of effective
and safe mucosal prophylactics against HIV, particularly for women, and suggests broad
potential for adaptation to other sexually transmitted infections.

(5) In 2026, Davin Sok’s group, in collaboration with researchers from Moderna, re-
ported a successful application of mRNA-LNPs encoding both IgG1 (Figure 2A) and IgA2
(Figure 2F) isotypes of the monoclonal ePGDM1400v9 antibody against HIV-1 in rhesus
macaques [209]. ePGDM1400v9 is an optimized antibody derived from the bnAb
PGDM1400 described earlier [84]. An M4281./N434S mutation (LS mutation) [332] was in-
troduced into the Fc region of IgGl1 to increase its half-life. Three separate mRNA mole-
cules encoding the heavy, light, and J-chains, which are required to form IgA2 dimers,
were used to produce IgA2. After i.v. administration of mRNA-LNPs, the corresponding
serum antibodies were detected in all animals. Peak levels were significantly higher for
IgG1 than IgA2 (23.7-34.5 pg/mL vs. 1.4-5.4 ug/mL), and IgG1 had a longer half-life com-
pared to IgA2 (7.3-15.4 days vs. 3.4-3.6 days). However, both immunoglobulin isotypes
retained HIV-neutralizing activity in vitro, similar to their recombinant analogs. Mass
spectrometry analysis revealed that mRNA-encoded IgA2 antibodies carried a native
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glycosylation pattern, including N-glycolylneuraminic acid, which is not usually present
in recombinant antibodies produced in CHO or HEK cell lines. These findings point to the
potential of the mRNA platform to express functionally active IgA-isotype antibodies
with characteristics similar to native immunoglobulins.

(6) In China, Tianlei Ying and collaborators explored three homologous antibodies
against the hepatitis B surface antigen S protein (HBsAg): G12-scFv, G12-scFv-Fc, and
G12-IgG [261]. The G12 antibody was developed as a candidate drug against chronic hep-
atitis B infection [260]. Two formats of this antibody, G12-scFv-Fc (Figure 2D) and G12-
IgG (Figure 2A), were tested in a murine model of infection. After a single i.v. administra-
tion of mMRNA-LNPs at 2.5 mg/kg, serum HBV DNA and HBsAg levels were significantly
reduced for 30 days in mice infected with an adeno-associated virus expressing HBsAg,
which indicates sustained passive immunity. By comparison, the recombinant G12 anti-
body at a dose of 6.7 mg/kg became ineffective as early as 9 days after administration.

(7) Wei Chen’s team from the Laboratory of Advanced Biotechnology in Beijing [263]
developed and evaluated mRNA-LNPs as a potential emergency prophylaxis agent
against hemorrhagic fever caused by Ebola virus. The mRNA molecules encoded the HC
and LC (Figure 2A) of a previously isolated universal human bnAb 2G1, which targeted
the viral surface glycoprotein and recognized four Ebolavirus species [262]. The animals
received up to 1 mg/kg of mRNA-2G1-LNPs via i.v. injection and up to 5 mg/kg of the
2G1 protein 12 h before intraperitoneal injection (i.p.) of pseudoviruses. Delivered as
mRNA-2G1-LNPs, this antibody demonstrated high neutralizing activity against HIV-
pseudotyped Ebola virus (EBOV) and Sudan virus (SUDV) in mice: 19.8-fold and 12.5-
fold higher, respectively, than that of the original recombinant 2G1 IgG protein. The anti-
bodies encoded by mRNA-2G1 peaked at 24 h, which effectively prevented the invasion
of pseudoviruses. The minimum prophylactic dose of these mRNA-LNPs that completely
suppressed pseudovirus infection in mice was 0.25 mg/kg.

(8) Researchers from the U.S. Army Medical Research Institute of Infectious Diseases
(USAMRIID), in collaboration with the German company CureVac, evaluated mRNA-en-
coded antibodies (Figure 2A) against poxviruses in macaques and rabbits [267]. They ex-
plored the feasibility of using unmodified mRNAs for passive immunotherapy. These
mRNAs encoded three previously described chimeric antibodies, ¢7D11, c8A, and c6C
[264-266], which target poxviruses, including variola virus (VARV), vaccinia virus
(VACV), and mpox virus (MPXV). The mRNA constructs were delivered within a rela-
tively short time frame via several sequential injections. High antibody concentrations
were detected 24 h after i.m. administration of mMRNA-LNP complexes to rabbits at doses
up to 0.9 mg/kg. However, pharmacokinetic studies suggested that these mRNA-encoded
antibodies might fail to provide effective protection against viral infection in large labor-
atory animals due to their short circulation half-life.

(9) A group of Chinese researchers led by Cheng-Feng Qin explored several combi-
nations of mRNA-encoded antibodies with broadly neutralizing activity against pox-
viruses [268]. In vivo work resulted in the development of an anti-smallpox cocktail com-
prising two therapeutic mRNA-encoded antibodies, mAb22 and mAb26. These antibodies
targeted two major antigens present during infection: the intracellular mature virion
(IMV) and the extracellular enveloped virion (EEV). Antibody expression was achieved
using a dual HC/LC mRNA system (Figure 2A): mRNAs encoding the HC and LC of each
antibody were separately encapsulated in LNPs and then combined as a cocktail for ad-
ministration to animals. Antibody concentrations peaked one day after mRNA admin-
istration in mice. A single i.v. injection of the antibody cocktail at a dose of 1 mg/kg one
day prior to infection prevented weight loss and mortality, as shown using the lethal cow-
pox infection model.
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6.3. mRNA-Encoded Antibodies Against Zoonotic Viruses Transmitted Through Direct Contact

(10, 21) An international team from Tufts University (USA), Acuitas Therapeutics (Can-
ada), and CureVac (Germany) investigated mRNAs encoding full-length antibodies (Fig-
ure 2A) that provided protective immunity against rabies and influenza B in a lethal
mouse model [270]. In the prophylactic regimen, mice received a single i.v. dose of
mRNA-LNPs (2 mg/kg) encoding the CR57 anti-rabies antibody [269], and 24 h later, were
challenged with rabies via i.m. injection. In the therapeutic regimen, animals received
mRNA-LNPs 2 h after infection. No lethal outcomes were registered in the groups treated
with anti-rabies mRNA-LNPs, whereas the control group that received mRNA-LNPs en-
coding anti-influenza antibodies [287] showed 100% mortality.

(11) mRNA-encoded antibodies have also been designed to target the spike protein
RBD of the MERS-CoV virus, causing Middle East Respiratory Syndrome [175]. To im-
prove antibody stability and reduce reactogenicity, Guangyu Zhao's team from China de-
veloped chimeric dimerized antibodies consisting of the NbMS10 VHH single-domain an-
tibody (Figure 2E) [271] fused to the Fc region of human IgG. mRNA was packaged in
LNPs for targeted delivery to the lungs. In a pharmacokinetic study, mice received the
mRNA-encoded antibodies at a dose of 1 mg/kg via i.v. injection. The results confirmed
efficient lung targeting and high expression of the chimeric antibody, which persisted for
24 h. It was also shown that sera from immunized mice had virus-neutralizing activity
against a MERS-CoV pseudovirus.

(12) A 2025 study by Changming Yu's team from Beijing Institute of Biotechnology
[273], who previously developed mRNA-encoded antibodies against Ebola virus [263],
evaluated the stability, efficacy, and therapeutic potential of mRNA-encoded antibodies
for henipavirus infections. The team screened UTRs and identified an optimal combina-
tion for mRNA-mediated expression of the bnAb 1E5 [272], which targets the G glycopro-
teins of Nipah and Hendra viruses. The resulting mRNA-LNPs-1E5 formulation (Figure
2A) produced high levels of functional antibody after i.v. administration in mice. Anti-
body levels peaked at day 3 post-injection with no signs of hepatotoxicity or tissue inflam-
mation. In two mouse infection models using Nipah and Hendra pseudoviruses, prophy-
lactic mRNA administration demonstrated high protective efficacy: both at a low dose
(0.125 mg/kg) given 12 h before challenge and at a higher 0.5 mg/kg single dose of mRNA,
stored at 4 °C for two months and administered 7 days prior to infection.

6.4. mRNA-Encoded Antibodies Against Viruses with Vector-Borne Transmission

(13) The protective potential of candidate therapeutics based on mRNA-encoded an-
tibodies has been explored for several arboviruses as well [333]. Published in February
2025, the paper by the Waickman lab was the first to describe the design of antiviral
mRNA-vectored antibodies of the IgA isotype (Figure 2F) [210]. Before this work was re-
leased, the only study on the topic was published in 2023 by Moderna. It investigated the
specific activity of in vivo mRNA-encoded IgA antibodies targeting bacterial pathogens
[211]. Waickman and colleagues worked with VDB11 [274], a bnAb they previously de-
veloped against the viral E glycoprotein of dengue virus, which is transmitted by mosqui-
toes. This is particularly relevant for developing a safe strategy to prevent and treat den-
gue fever, as, in this case, IgG antibodies should be avoided due to the risk of antibody-
dependent enhancement (ADE). The researchers used several strategies to design con-
structs that expressed anti-dengue antibodies from a single-chain IgA-encoding segment
(scIgA). In particular, they tested antibody variants with different VL and VH fragment
orientations and hinge regions derived from both IgA and IgG isotypes. In mice, i.v. ad-
ministration of mMRNA-LNPs-scIgA induced sustained production of human IgA anti-
bodies for 3—4 days. These serum antibodies were specific to the dengue virus E protein,
with a half-life of approximately 19 h.
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(14) The first and, to date, the only mRNA-based antiviral therapeutic to enter clinical
trials is mRNA-1944 developed by Moderna [334]. It encodes the HC and LC domains of
the full-length IgG antibody (Figure 2A) CHKV-24 that targets the mosquito-borne
chikungunya virus, and has successfully completed Phase I. The highly neutralizing
CHKV-24 antibody against the E2 glycoprotein was isolated from B cells of a recovered
patient [275]. Administration of CHKV mRNA-LNPs—24 via i.v. injection in mice at a dose
of 200 pg induced high levels of bnAbs within 24 h and prevented mortality, as well as
virus-induced arthritis and musculoskeletal disorders. In cynomolgus macaques, i.v. de-
livery of CHKV-24 mRNA-LNPs at 0.5 mg/kg achieved therapeutically significant serum
concentrations of up to 36 ug/mL, with a half-life of 23 days. These results have supported
the progression of CHKV-24 in mRNA format to clinical trials.

In a randomized, placebo-controlled phase I clinical trial evaluating the safety, toler-
ability, pharmacokinetics, and pharmacodynamics of mRNA-1944, 38 healthy partici-
pants aged 18-50 received LNP-mRNA-1944 complexes either as a single dose of 0.1, 0.3,
or 0.6 mg/kg, or as two weekly doses of 0.3 mg/kg. No serious adverse events were ob-
served after mRNA administration. CHKV-24 IgG expression was dose-dependent, de-
tectable 12, 24, and 48 h after a single dose, and reached therapeutically relevant levels (>1
ug/mL) with a half-life of approximately 69 days. Administration of mRNAs encoding the
HC and LC of CHKV-24 IgG induced high circulating levels of functional bnAbs that ex-
ceeded expected protective titers while remaining safe and persisting for several months
[276]. Re-administration one week later almost doubled serum antibody concentrations.

(15) saRNA technology [212,213] was employed to express a full-length human mon-
oclonal antibody ZIKV-117 against the Zika virus, also a mosquito-transmitted pathogen.
ZIKV-117 has broad neutralizing activity against both African and Asian lineages of the
virus [277]. A group of American researchers led by Neal van Hoeven designed an saRNA
replicon containing the genes for four non-structural proteins of Venezuelan equine en-
cephalitis virus (VEEV; nsP1-nsP4) [335]. The downstream genes for viral structural pro-
teins were replaced with sequences encoding the HC and LC of ZIKV-117 (Figure 2H)
[214]. To enable full-length antibody expression, four different strategies were applied: (1)
separate saRNAs encoding HC and LC individually; (2) an saRNA sequence encoding the
ZIKV-117 scFv; (3) a single-chain saRNA encoding HC and LC separated by an encepha-
lomyocarditis virus (EMCV) internal ribosome entry site (IRES); (4) a single-chain saRNA
encoding HC and LC separated by a furin cleavage site and a viral T2A peptide in order
to enable ribosomal skipping (Figure 2H). The last two strategies were tested for both ori-
entations of the antibody chains, e.g., H-IRES-L and L-IRES-H.

The study showed that ZIKV-117 serum levels were dose-dependent up to 10 pg of
saRNA and then plateaued, even at the highest tested dose of 200 ug. When delivered
intramuscularly in mice, saRNA encoding HC and LC separated by the furin-T2A se-
quence resulted in 32-fold higher antibody levels compared to conventional mRNA en-
coding the same antibody. Peak concentrations of various saRNA-encoded antibodies
were observed 5-7 days after saRNA administration. Suppression of the immune re-
sponse through interferon-alpha receptor (IFNAR) inhibition was initially developed to
create a lethal mouse model of Zika virus infection [336]. It is worth noting that prophy-
lactic IFNAR blockade one day before infection significantly enhanced saRNA-mediated
expression of ZIKV-117. Overall, i.m. administration of saRNA encoding neutralizing
ZIKV-117 antibodies demonstrated strong protective potential in a lethal mouse model,
under both prophylactic and therapeutic regimens.

(16) Based on the previously patented bnAb A38 [278], a research group from
Zhejiang University, led by Jianmin Li, developed an mRNA-LNPs formulation to deliver
an antibody against another mosquito-transmitted pathogen—Rift Valley fever virus.
They compared the pharmacokinetics of the antibody in mice following i.m. injection of
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the mRNA-encoded form (Figure 2A) with i.v. administration of the protein form [279]. A
1 mg/kg dose of the mRNA-encoded antibody provided a longer bloodstream half-life
than the protein injection, persisting for more than 20 days.

(17) In 2025, a South Korean research group led by Jae-Hwan Nam developed an
mRNA-based drug [281] that encodes the bnAb Ab10 (Figure 2A) [280] against the Gn
glycoprotein of SFTSV, which is transmitted through tick bites. A single i.v. dose of A—
TEN-mRNA-LNPs in mice induced rapid antibody expression, peaking at 6 h, and gen-
erated high neutralizing titers against multiple viral strains. In a therapeutic regimen, the
treatment provided 100% protection in two lethal infection models: in C57BL/6 mice with
a temporary interferon blockade using anti-IFNAR antibodies, and in immunodeficient
C57BL/6 IFNAR-knockout mice. The mRNA-encoded antibodies were administered
twice, 3 days apart, starting 24 h after infection. This regimen completely prevented mor-
tality, promoted rapid body weight recovery, significantly reduced viral loads in organs,
and prevented liver and spleen pathology, indicating its strong therapeutic potential.

6.5. mRNA-Encoded Antibodies Against Airborne Viruses

(19) Xavier Saelens’ team from Belgium and German collaborators developed a chi-
meric construct consisting of two bispecific single-domain llama antibodies (VHH). One
VHH single-domain antibody targeted the ectodomain of the influenza A virus M2 pro-
tein (M2e), and the other targeted the murine Fcy receptor IV (FcyRIV) [283]. Bispecific
antibodies can engage two different antigenic epitopes, which can broaden their thera-
peutic effect compared to conventional monoclonal antibodies [195-198]. This chimeric
antibody was designed to selectively recruit innate immune cells to influenza-infected
cells by bridging the conserved M2e region, exposed on the surface of infected cells, with
the activating FcyRIV. FcyRIV, which is expressed on monocytes, macrophages, and neu-
trophils, plays an important role in IgG2a-dependent effector activity in vivo [337]. In this
way, the genetically engineered antibody helps direct innate immune cells to sites of viral
replication [338]. RiboBIFE, a related class of mRNA-encoded antibodies consisting of two
VHH single-domain antibodies (Figure 2E) [208], were encapsulated into DOTAP/choles-
terol-based particles. After i.t. administration, RiboBIFE remained detectable in bron-
choalveolar lavage fluid for 48 h, whereas the corresponding protein antibody was no
longer detectable after 24 h. In vivo, mice given RiboBIFE one day before infection with a
lethal dose of influenza A virus lost less weight, showed higher survival rates, and had
lower viral loads in the lungs compared to controls.

(22) mRNA technology has also been used to express palivizumab, the first monoclo-
nal antibody approved for the prevention of a viral infection. It was licensed in 1998 for
prophylaxis against RSV in high-risk pediatric populations [46,47,324] and has since
shown effectiveness in clinical practice. The Santangelo group evaluated several antibody
variants encoded by exogenous mRNA [177]: soluble palivizumab (sPali) (Figure 2A); a
membrane-anchored form of palivizumab fused to a GPI anchor appended to an immu-
noglobulin HC (aPali) (Figure 2C); a secreted VHH single-domain antibody (Figure 2E)
against the RSV F glycoprotein (sVHH; heavy chain variable domains of llama antibod-
ies), originally developed by Xavier Saelens” team [284]; and a membrane-anchored ver-
sion of the same VHH single-domain antibody (aVHH). In mice, prophylactic administra-
tion of 5 mg/kg of sPali or aPali as an aqueous mRNA spray reduced RSV titers in the
lungs by 65% and 89%, respectively. The aqueous mRNA spray was also more effective
than commercial liposomal carriers and did not elicit an immune response. These results
clearly demonstrated that GPI anchors can be used to increase the bloodstream circulation
time of small single-domain antibodies such as VHH, which typically have short half-lives
(30 min to 2 h). In this study, the aVHH single-domain antibody remained detectable in
the lungs for 28 days after i.v. administration of the exogenous mRNA. It also significantly
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lowered RSV titers in infected mice 7 days after mRNA delivery. Administration of 100
ug of mRNA encoding either secreted or membrane-anchored palivizumab provided the
same level of protection as an i.m. dose of the commercial protein form of palivizumab.
mRNA encoding anchored antibodies enables immunoglobulins to remain on the epithe-
lial surface, increasing their concentration in the lungs and improving efficacy. Overall,
these findings indicate that mRNA-encoded antibodies can prevent RSV infection, with
membrane-anchored variants producing stronger antiviral effects than their secreted
counterparts.

6.6. mRNA-Encoded Antibodies Against SARS-CoV-2

(23) Since 2020, numerous studies have focused on the development of exogenous
mRNA encoding antibodies against SARS-CoV-2. Led by Han-Qing Ye, a research team
from Wuhan Institute of Virology in China [216] designed a construct based on a modified
self-amplifying VEEV alphavirus replicon with two subgenomic promoters (Figure 2H).
This enabled simultaneous translation of HC and LC and the assembly of the full-length
bnAb CB6 against the SARS-CoV-2 spike protein RBD [288]. VEEV-VRPs (alphavirus re-
plicon particles) were used for targeted delivery to the lungs via i.v. injection in mice. This
saRNA protected mice from infection in the prophylactic administration regimen, as re-
flected by lower viral titers and reduced lung tissue damage. (24) Furthermore, i.n. deliv-
ery of saRNA encoding the 3E8 antibody against human angiotensin-converting enzyme
[289] protected hamsters from both the Omicron and Delta strains of coronavirus [216].

(25) Another study by Cheng-Feng Qin’s group from China [291] showed that
mRNAs encoding the HC and LC (Figure 2A) of the HB27 bnAb [290] against the SARS-
CoV-2 spike protein RBD produced antibodies with an extended half-life. A single
prophylactic i.v. dose of this mRNA-LNPs formulation provided a 50% survival rate in
mice challenged with a lethal dose of the virus for up to 63 days, whereas the protein form
of HB27 administered in the same regimen was associated with 100% mortality as early
as 9 days after infection. In a prophylactic administration regimen, dose-dependent pro-
tection was also observed in a close-contact transmission model in hamsters.

(26) In a follow-up study [293], Qin and colleagues described mRNA (Figure 2A) en-
coding another bnAb against the SARS-CoV-2 spike protein RBD —XGv264 [292]. A single
i.v. administration of mRNA-LNPs-XGv264 in cynomolgus macaques resulted in rapid
and sustained antibody expression, with peak serum concentrations of 9.6 pug/mL and a
half-life of 16.2 days. These antibodies exhibited broad neutralizing activity against vari-
ous SARS-CoV-2 variants, including Omicron BA.1 and BA.2. Prophylactic administration
of mMRNA-LNPs-XGv264 to aged macaques at 0.3 and 0.6 mg/kg two days before infection
provided dose-dependent protection. It completely suppressed viral RNA shedding from
both the upper and lower respiratory tract, significantly decreased viral loads in the lungs,
and reduced lung pathology. This mRNA-based drug demonstrated a satisfactory safety
profile, leading to only minor and reversible changes in certain hematological parameters.

(27) The Santangelo group also explored mRNA-based therapeutics against SARS-
CoV-2. In their 2022 study, they developed an inhalable, nebulized form of mRNA-en-
coded antibodies against the spike protein RBD, which contained a GPI anchor in the HC
to tether the antibody to cell membranes (Figure 2C) [199]. mRNA encoding neutralizing
monoclonal antibodies COV2-2832 [294] and DH1041 [295] was encapsulated in a PBATE
polymer [179] for targeted delivery to the lungs. Antibody expression mediated by this
mRNA persisted in the lungs of hamsters for several weeks. Nebulized mRNA-encoded
antibodies achieved higher neutralizing activity at lower doses than i.v. delivery of the
corresponding protein antibodies. In a hamster coronavirus infection model, prophylactic
administration of 312 pug of mRNA two days before infection had a significant positive
effect on animal weights and lung viral titers.
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(28) Gong Cheng’s team from Tsinghua University in Beijing focused on lung-selec-
tive delivery of mRNA encoding the human bnAb 8-9D against various SARS-CoV-2 var-
iants (Figure 2A) [174]. In particular, the antibody expression efficiency was evaluated in
K18-hACE2 transgenic mice following i.v. administration of mRNA encapsulated in
LNPs, either selectively targeted to the lungs or predominantly delivered to the liver.
Lung-targeted delivery of the 8-9D mRNA enabled the expression of bnAbs in the lungs,
which blocked virus invasion and effectively protected animals from infection with the
Beta or Omicron BA.1 coronavirus variants. Both mRNA-LNP formulations significantly
reduced viral loads in the lungs and trachea compared to the untreated group.

Importantly, in this study, the authors also reported the first—and, thus far, only —
application of circRNA technology [217-220] for targeted expression of therapeutic anti-
bodies against viruses. They engineered a circRNA (Figure 2I) encoding the 8-9D antibody
in a single-chain scFv-Fc format, encapsulated in LNPs, and showed it to be effective in
vivo. The enhanced stability of circRNA extended the half-life of the 8-9D antibody in
mouse lungs and bronchoalveolar lavage fluid to nearly two weeks. As of February 2026,
only one additional study has reported another application of the novel circRNA-LNP-
based platform for sustained antibody expression. In a colorectal cancer model, prolonged
expression of a circRNA-encoded bispecific antibody targeting PD-L1 and CD3 resulted
in robust therapeutic efficacy [339].

(29) In this review, we do not cover studies that evaluated the antiviral activity of
mRNA-encoded antibodies only in vitro. Still, we would like to highlight a study led by
Piergiorgio Percipalle and an international team from Belgium, Germany, Italy, and the
UAE [297], as they were the first to experimentally validate the concept of therapeutic
mRNA-encoded intrabodies directed against viral non-structural proteins [230]. Before
this work, several research groups had already evaluated various formats of plasmid-en-
coded intrabodies against non-structural proteins of influenza virus in vitro [340-343]. In
2024, the Percipalle lab assessed the antiviral activity of the mRNA-encoded 2NSP23 VHH
single-domain antibody (Figure 2E) [296] targeting the highly conserved SARS-CoV-2 in-
tracellular non-structural protein NSP9, which plays a key role in the assembly of the viral
replication-transcription complex (RTC). Delivery of mRNA-LNPs-2NSP23 to infected
cells induced intracellular expression of the single-domain antibody that specifically
bound NSP9. This interaction suppressed the replication of multiple SARS-CoV-2 vari-
ants, including Hu-1, Alpha, Delta, Mu, and Omicron. It also restored the host cell tran-
scriptional program disrupted by the virus, such as genes linked to mitochondrial func-
tion and antiviral immune response. The effectiveness of this approach was confirmed in
both cell culture and a physiologically relevant 3D model of reconstructed human respir-
atory epithelium [344], suggesting its potential as a new strategy for the development of
antiviral mRNA therapeutics.

(30) In their 2026 study [300], Haitao Hu's team from the University of Texas Medical
Branch describe an mRNA-LNP complexes encoding two bnAbs against SARS-CoV-2
(Figure 2A): LY1404 [298], targeting the RBD within the spike protein S1 subunit, and 76E1
[299] directed at the fusion peptide (FP) epitope within the spike protein S2 subunit. A
single i.m. injection of MRNA-LNPs 24 h before infection resulted in efficient serum anti-
body production in mice, which peaked on day 3 and was sustained for 7-14 days. Both
mRNA-encoded antibodies significantly reduced viral loads in the lungs of mice chal-
lenged with an adapted SARS-CoV-2 strain (CMA4). In hamsters infected with the im-
mune-evasive Omicron BQ.1 or the highly pathogenic Delta variant, however, only the
76E1 antibody provided significant protection. It reduced viral load both locally in the
upper respiratory tract (nasal washes) and in the lungs, while also preventing lung pa-
thology. These results demonstrate that mRNA-delivered bnAbs, particularly 76E1,
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confer protection against SARS-CoV-2 infection by reducing both viral burden and dis-
ease severity.

(31, 20) A recent study from Adam Wheatley’s group at the University of Melbourne
[286] describes an SC—-mRNA-LNPs platform (Figure 2B) designed for efficient delivery
and in vivo co-expression of two bnAbs: PDI 204 [301], which targets the SARS-CoV-2
spike protein RBD, and HV-B10 [285], which targets influenza A virus hemagglutinin. A
single i.v. or i.m. administration of these mRNA-LNPs in mice produced high levels of
functional antibodies in both blood serum and the respiratory mucosa. Moreover, the con-
struct that contained a SC-mRNA encoding the HC and LC linked by a P2A peptide was
more effective than using separate mRNAs for each chain. A key limitation, however, was
the induction of anti-drug antibodies (ADA) against the therapeutic, triggered by the ad-
juvant properties of the LNPs. ADA promoted faster clearance of the mRNA-encoded an-
tibodies from the bloodstream compared with recombinant antibodies. This, in turn, di-
rectly affected protective efficacy: when given one week before challenge, the mRNA-
LNPs provided weaker protection from SARS-CoV-2 than the corresponding protein an-
tibodies, whereas the mRNA-encoded antibody HV-B10 administered one day before
challenge offered complete protection against a lethal influenza infection. Overall, the
study reinforced the potential of mRNA-LNPs for rapid antibody delivery, yet empha-
sized the need to optimize LNP formulations to reduce the reactogenicity of mRNA-based
therapeutics and prolong their activity.

mRNA-encoded antibodies as a therapeutic modality are advancing exceptionally
rapidly, and new studies continue to emerge even during the preparation of this review.
Notably, just a week before our manuscript was accepted, the first antiviral intrabody
with demonstrated in vivo efficacy was reported in a study by Shaowei Li's team from
Xiamen University in China. Their work described intrabody 17F2, delivered in an
mRNA-LNP-scFv format [345]. This antibody targets human papillomavirus type 18
(HPV18) [346] and recognizes a previously uncharacterized a3 helix in the C-terminal re-
gion of the intracellular oncoprotein E7. Functionally, mRNA-encoded scFv-17F2 inhib-
ited the proliferation of HPV18-positive HeLa cells in vitro and suppressed tumor xeno-
graft growth in immunodeficient mice in vivo, with enhanced efficacy observed for con-
structs incorporating a nuclear localization signal.

Taken together, recent studies have clearly demonstrated the biological activity of
therapeutic mRNAs that encode recombinant antiviral antibodies in various formats. Sev-
eral strategies have been suggested and validated for in vivo production of antibodies
encoded by exogenous mRNAs, highlighting the pharmacokinetic advantages of this ap-
proach compared to protein-based immunoglobulin therapeutics. These findings un-
doubtedly establish mRNA-based recombinant antibody therapy as a promising platform
for developing novel antiviral strategies.

7. Discussion

For more than a century, convalescent serum from humans or animals has been used
to prevent and treat infectious diseases. As a therapeutic approach, passive antibody
transfer gained new momentum once immunoglobulins were characterized and mono-
clonal antibody technology emerged. These advances reshaped immunology and laid the
groundwork for the discovery of a novel class of therapeutics: monoclonal antibodies.
Recreating a natural, immune-derived ‘therapeutic’ that undergoes strict selection in vivo
and binds foreign antigen epitopes with high specificity proved to be an extremely prom-
ising direction for antiviral therapy.

The research covered by this review clearly indicates that mRNA-encoded antibody
technology is rapidly progressing from proof of concept toward a viable therapeutic plat-
form. Their potential for emergency prophylaxis and treatment of viral infections is
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particularly high, especially for pathogens for which effective vaccines or direct-acting
therapies are unavailable. The defining strength of this platform is its speed: within weeks,
it is possible to generate a therapeutic agent capable of sustained in vivo expression of
functional antibodies with native post-translational modifications.

Nevertheless, broad clinical application of mRNA-encoded antibodies is still sub-
stantially limited by several technological, manufacturing, and economic barriers. First,
even though the platform is inherently versatile, the cost of producing mRNA that meets
stringent GMP requirements remains high. The synthesis of highly purified mRNA tem-
plates, incorporation of modified nucleosides, co-transcriptional capping, and multistep
chromatographic purification to remove immunogenic contaminants (e.g., double-
stranded RNA) are all technically demanding and resource-intensive processes [347-349].

Second, logistics associated with the storage and distribution of ready-to-use thera-
peutics also represent a major constraint. To maintain their stability and prevent aggrega-
tion, most currently available LNP formulations and the mRNAs they encapsulate require
cold-chain conditions, often at temperatures as low as =80 °C. This significantly restricts
large-scale distribution, particularly in settings with limited infrastructure, where the
need for effective prophylactic and therapeutic interventions is often greatest.

A third critical challenge lies in targeted delivery. Intravenous administration of
LNPs is suitable for mRNA delivery predominantly to the liver and spleen, which is an
advantage when aiming for systemic expression of secreted antibodies. However, achiev-
ing therapeutically relevant antibody concentrations in specific target organs remains dif-
ficult. This limitation is particularly evident for respiratory infections, where high local
antibody levels in the lungs are required. Despite recent advances in selective delivery
strategies, including SORT technology [147,151] and the PILOT and POST platforms
[153,154], the development of LNPs capable of highly efficient and cell-type-specific
mRNA delivery in vivo is still at an early stage. Moreover, LNPs may exhibit residual
reactogenicity, inducing ADA that accelerate clearance of the expressed therapeutic anti-
bodies and shorten the duration of their protective effect.

Finally, an additional fundamental limitation arises from the intrinsic properties of
mRNA itself, namely, the transient nature of its expression. Although this makes the plat-
form well-suited for short-term, emergency interventions, it restricts the duration of pro-
tection and poses challenges for applications requiring sustained antibody levels, such as
chronic infections. Overcoming this constraint will likely require repeated dosing or the
adoption of more complex approaches, including saRNA. However, these strategies are
associated with additional technological and regulatory complexities.

It is essential to have a clear understanding of the mechanistic differences between
mRNA vaccines and mRNA-encoded antibody therapeutics. mRNA vaccines function
through active immunization: they encode viral antigens, such as the coronavirus spike
(S) protein, that are expressed in antigen-presenting cells, particularly dendritic cells,
thereby initiating adaptive immune responses and the formation of long-lived B cells and
memory T cells [350]. Although this process unfolds over several weeks, it confers durable
immunity. By contrast, mRNA-encoded antibodies represent a form of passive immun-
ization. Here, a template sequence for the immediate production of neutralizing antibod-
ies is delivered directly to the patient’s cells, bypassing the time-consuming process of
developing adaptive immunity. Protective effects therefore appear within hours to days
but are inherently transient, limited by both the duration of mRNA expression and the
half-life of the synthesized antibody. Thus, rather than competing strategies, these ap-
proaches are complementary: vaccines are optimal for long-term population-level
prophylaxis, whereas mRNA-encoded antibodies are well suited for emergency protec-
tion of vulnerable individuals, post-exposure prophylaxis, and therapeutic intervention.
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One of the most distinctive and promising advantages of the mRNA platform is that
it supports novel antibody formats, including membrane-anchored antibodies and intra-
bodies. The intracellular delivery of functional immunoglobulins or their variable frag-
ments in protein form remains technically challenging. In contrast, nRNA delivery allows
antibodies to be synthesized directly within the cytosol, where they can target and neu-
tralize intracellular viral components, such as conserved proteins of the viral replication
complex [230]. This capability introduces a new paradigm in antiviral therapy, as it ena-
bles targeting of viral proteins that are inaccessible to conventional secreted antibodies
and are often less susceptible to escape mutations.

Future development of mRNA-encoded antibody technology is likely to focus on
several key areas. First, optimization of delivery systems will be essential. This includes
the design of more stable and less immunogenic lipids for LNPs, the development of bio-
degradable polymeric or hybrid nanoparticles that eliminate the need for ultra-low-tem-
perature storage, and improved strategies for organ- and cell-specific targeting. In partic-
ular, optimizing formulations for inhalational or intranasal administration is expected to
receive increasing attention because these routes allow high local antibody expression at
mucosal surfaces—the primary portals of infection for many pathogens. Second, the ther-
apeutic arsenal will be expanded, which will involve the development of combination
mRNA cocktails encoding multiple antibodies with complementary mechanisms of action
to overcome viral resistance, as well as the creation of bispecific and multispecific anti-
bodies encoded by a single mRNA molecule. Third, personalized approaches represent a
promising direction that can leverage the mRNA platform for rapid production of mRNA-
based therapeutics encoding antibodies isolated from individual convalescent patients.
Another promising approach is extending the duration of antibody expression to reduce
the frequency of drug administration. This can be addressed by engineering mRNA con-
structs with modifications in untranslated regions or using self-amplifying replicons, as
well as by optimizing antibody protein sequences, e.g., through mutations in the Fc frag-
ment to increase the half-life. Finally, and critically important for translating laboratory
advances into routine clinical practice, efforts will be made to streamline regulatory path-
ways, standardize manufacturing processes, and improve product stability to reduce
costs and logistical barriers [97,348,349,351,352].

In conclusion, mRNA-encoded antibody technology represents a revolutionary
breakthrough in biotechnology and antiviral therapy. Despite ongoing challenges related
to manufacturing, logistics, and targeted delivery, its unique advantages —rapid develop-
ment of new therapeutics, versatility, the ability to express complex antibody formats in
vivo, and the potential to target intracellular pathogens —make it indispensable for com-
bating current and future pandemic threats. Continued research and investment in mRNA
antibody platforms are essential to transform this highly promising technology into a
widely accessible and effective clinical tool.

8. Conclusions

Recent research suggests mRNA-encoded antibodies as a particularly promising
platform for the prevention and treatment of viral infections. Optimized exogenous
mRNA delivered in LNPs enables antibodies to be synthesized in vivo and, thus, bypasses
many of the bottlenecks of traditional recombinant protein therapy, such as limited sta-
bility, labor-intensive and expensive manufacturing, and complex purification processes.
Importantly, antibodies translated in vivo acquire native co-translational and post-trans-
lational modifications that are essential for their optimal biological activity.

Numerous preclinical studies across diverse viral infection models, such as HIV, hep-
atitis viruses, Ebola virus, smallpox, rabies, henipaviruses, arboviruses, and respiratory
viruses, etc., have demonstrated high protective efficacy of mRNA-encoded antibodies. In
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some cases, a single dose fully prevented lethal infection and significantly reduced viral
loads. The completion of Phase I clinical trials for Moderna’s mRNA-1944 therapeutic
against chikungunya virus has become a milestone that confirmed the safety and practical
feasibility of this technology in humans.

The mRNA-based platform supports a functionally diverse range of therapeutic
agents. It includes not only conventional, secreted IgG antibodies, but also more advanced
formats, such as intrabodies, membrane-anchored antibodies, chimeric scFv-Fc con-
structs, bispecific antibodies, IgA-isotype dimers, and IgM-like multimers. This flexibility
enables targeted therapeutic strategies, including those aimed at neutralizing intracellular
viral proteins that were previously inaccessible to antibody-based approaches. Local de-
livery is also feasible, and intranasal administration of mRNA-LNP complexes has been
shown to achieve high antibody levels directly at the infection site. This approach helps
improve protection against respiratory pathogens while reducing systemic doses and po-
tential side effects.

Continued progress in targeted delivery, lower residual reactogenicity of LNPs, new
mRNA cocktail formulations, and optimized expression profiles will further strengthen
the potential of mRNA-encoded therapeutic antibodies as a powerful tool for emergency
prevention and treatment of viral infections. In many scenarios, this technology could not
only complement traditional approaches to passive immunization but also outperform
them, especially during pandemics and outbreaks of newly emerging viruses.
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Abbreviations

The following abbreviations are used in this manuscript:

ADA Anti-drug antibodies

ADARC Aaron Diamond AIDS Research Center

ADE Antibody-dependent enhancement

algA GPI-anchored version of the same IgA

BHK Baby Hamster Kidney

BLT Bone Marrow-Liver-Thymus

bnAbs Broadly neutralizing antibodies

CH Constant domain of Heavy chains (CH1, CH2, CH3)
CHO Chinese Hamster Ovary

circRNA Circular RNA

CL Constant domain of Light chains

DAF Decay-accelerating factor

dIgA IgA antibody dimers

DMG-PEG2k  1,2-dimyristoyl-rac-glycero-3-methoxy(polyethylene glycol)-2000
DOPE 1,2-Dioleoyl-sn-glycero-3-phosphatidylethanolamine
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DOTAP
DSPC

DSPE-PEG2k

EBOV
EEV
EMCV
EU
EUA
Fab

Fc
FcyRIV
FDA
FP

GsS
GMII
Gn

GP
GPI
hACE2
HBsAg
HBV
HC
HEK
HPV18
hFcRn
HIV
im.

in.

ip.

i.t.

i.v.

1D
IFNAR
IgA
IgG
IgM
MV
IRES
JC

LA

LC
LNPs
LS
M2e
MERS-CoV
MPXV
NA
NIAID
NSG mouse
nsP
P2A peptide
PBATE
PEG
PRRs

RBD
RIG-I

1,2-Dioleoyl-sn-glycero-3-trimethylammonium-propane

1,2-Distearoyl-sn-glycero-3-phosphocholine

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-carboxy(polyethylene gly-

col)-2000

Ebola virus

Extracellular enveloped virion
Encephalomyocarditis virus

European Union

Emergency Use Authorization

Fragment antigen-binding

Fragment crystallizable

Fcy receptor IV

Food and Drug Administration

Fusion peptide

poly-Glycine-Serine linker

Golgi a-mannosidase II

Glycoprotein N

Glycoprotein
Glycosylphosphatidylinositol

Human angiotensin-converting enzyme 2
Hepatitis B surface antigen

Hepatitis B virus

Heavy Chain

Human Embryonic Kidney

Human papillomavirus type 18

Human neonatal receptor for the Fc fragment of IgG
Human immunodeficiency virus
intramuscular

intranasal

intraperitoneal

intratracheal

intravenous

Identification Number

Interferon-a/p Receptor

Immunoglobulin A

Immunoglobulin G

Immunoglobulin M

Intracellular mature virion

Internal Ribosome Entry Site

Joining chain

M435L/N441A mutation

Light Chain

Lipid nanoparticles

M428L/N434S mutation

Ectodomain of the influenza A virus M2 protein
Middle East respiratory syndrome coronavirus
Mpox virus, or monkeypox virus

Not Available

National Institute of Allergy and Infectious Diseases
NOD scid gamma mouse

Nonstructural protein

Porcine Teschovirus-1 2A peptide

Poly(butylene terephthalate-co-butylene adipate-co-ethylene terephthalate-co-

ethylene adipate)
Polyethylene glycol

Pattern recognition receptors
Receptor-binding domain
Retinoic acid-inducible gene 1
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RSV Respiratory Syncytial Virus
RTC Replication-transcription complex
S protein Surface protein
saRNA Self-amplifying RNA
SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
SC Single chain
SC-mRNA Single-chain mRNA
scBCR-seq Single B cell receptor sequencing
scFv Single-chain Variable Fragment
scFv-Fc Single-Chain Variable Fragment fused to the Fc region
sclgA Single-chain IgA
SFTSV Severe fever with thrombocytopenia syndrome virus
SHIV Simian-Human Immunodeficiency Virus
sIgA Secreted version of the same IgA
SUDV Sudan virus
TLR Toll-like receptors
™ L234F/L235E/P331S triple mutation
UK United Kingdom
us United States
USAMRIID United States Army Medical Research Institute of Infectious Diseases
UTRs Untranslated regions
VACV Vaccinia virus
VARV Variola virus
VEEV Venezuelan equine encephalitis virus
VH Variable Heavy chain domain
VHH Variable Heavy domain of Heavy chain (single-domain antibody)
VL Variable Light chain domain
VRPs Virus replicon particles
YTE M252Y/S254T/T256E mutation
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