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First attempts to use exogenous mRNA for protein expression
in vivo were made more than 25 years ago. However, wide-
spread appreciation of in vitro transcribedmRNA as a powerful
technology for supplying therapeutic proteins to the body has
evolved only during the past few years. Various approaches to
turning mRNA into a potent therapeutic have been developed.
All of them share utilization of specifically designed, rather
than endogenous, sequences and thorough purification proto-
cols. Apart from this, there are two fundamental philosophies,
one promoting the use of chemically modified nucleotides, the
other advocating restriction to unmodified building blocks.
Meanwhile, both strategies have received broad support by suc-
cessful mRNA-based protein treatments in animal models. For
such in vivo use, specifically optimized mRNA had to be com-
bined with potent formulations to enable efficient in vivo deliv-
ery. The present review analyzes the applicability of mRNA
technology to antibody therapy in all main fields: antitoxins,
infectious diseases, and oncology.

As a fundamental biological concept, the cellular machinery exploits
mRNA as a transient carrier of information for synthesizing geneti-
cally encoded proteins. Hence, from a theoretical standpoint,
mRNA should be capable of replacing DNA or recombinant proteins
for therapeutic purposes. The first evidence supporting this hypothe-
sis was provided in 1990 when direct injection of mRNA into mouse
muscle elicited detectable protein expression.1 Shortly afterward,
administration of vasopressin mRNA to the rat CNS suggested that
even therapeutic effects could be obtained.2

Synthetic mRNA usually mimics natural transcripts with respect to
design. mRNA elements and manufacturing by in vitro transcription
(IVT) have been described elsewhere.3,4 Although endogenous
mRNAs typically have cap1 or cap2 structures, IVT mRNA can be
produced with either cap0 or cap1, but not yet with cap2, by cotran-
scriptional capping using cap analogs or enzymatic capping (reviewed
in Schlake et al.3,4). However, capping may leave some mRNA mole-
cules uncapped, incompletely capped, or with otherwise unnatural 50

ends (reviewed in Schlake et al.3). Moreover, IVT can generate aber-
rant RNAs in addition to the desired mRNA, such as short transcripts
caused by abortive cycling or double-stranded RNA (dsRNA) by self-
complementary 30 extension caused by primer extension.5,6 Variant
cap structures and dsRNA are among the pathogen-associated molec-
ular patterns (PAMPs) recognized by various receptors in eukaryotic
cells in the process of repelling pathogen invasion.3,4 Receptor
engagement or activation can stimulate immune responses that
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may suppress protein translation.7 Hence, IVT mRNA should be
made free of such contaminants by means of either production or
extensive purification.

Pathogen RNA can also differ from endogenous eukaryotic RNA in the
pattern of base modifications. Notably, recent studies unveiled the ex-
istence of modified nucleosides, even in eukaryotic mRNA.8–12 The
overall level of endogenous mRNA modification is rather low, how-
ever, compared with tRNA and rRNA. In contrast, modified IVT
mRNA typically has 100% replacement of an unmodified nucleoside.
Modifications can weaken RNA recognition by cellular receptors
and may reduce the generation of dsRNA during IVT.13–16 They can
decrease immunostimulation and increase protein expression in
mice, as has been demonstrated, for instance, for pseudouridine-
modified IVT mRNA.17,18 However, modification alone is usually
insufficient to make IVT mRNA immunosilent and can even reduce
expression under certain circumstances.19–21 Interestingly, unmodified
mRNA can be on a par with modified mRNA in immunostimulation
and protein expression.22 Stringent purification of IVT mRNA has
been recognized as one of the critical parameters; chromatography,
such as high-performance liquid chromatography (HPLC), can re-
move smaller and larger by-products, including abortive transcripts
and dsRNA.19,23 Enrichment of functional transcripts and depletion
of contaminants that may cause unwanted immunostimulation and
translational repression are probably the main drivers for enhanced
protein expression.19,24 Whereas chemical modification often in-
creases protein expression compared to unmodified mRNA, HPLC re-
duces the difference between modified and unmodified transcripts in
certain instances.19,21 The combination of HPLC purification with
specific mRNA sequence designs that support translation and silence
immunostimulation can evenmake nucleotide modifications unneces-
sary for obtaining a very potent and largely immunosilent mRNA.19,21

The critical role of the mRNA sequence was further corroborated by
the recent finding that a U-depleted ORF (open reading frame)
sequence gives rise to more efficient gene editing in primary human
cells and less cytokine induction in whole human blood.25 Today,
ample in vivo evidence for high protein expression and efficacious
treatment supports either philosophy: the use of modified nucleotides
or the combination of specific sequence design and stringent purifica-
tion without modifications.18,21,26–33 These studies suggest that mRNA
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Figure 1. Schematic Illustration of mRNA-Based Antibody Treatment

In the first step, effective antibodies have to be raised or selected for the target of interest. The respective amino acid sequence can then be encoded in anmRNA designed to

produce high amounts of protein. Upon in vivo administration, typically using specific formulations for delivery and mRNA protection against degradation, transfected cells

produce the encoded protein, which is not limited as to antibody format or localization. Depending on its mode of action, the mRNA-encoded protein finally triggers the

desired therapeutic effect.
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may be used for passive immunization, as well, i.e., the delivery of anti-
body-encoding mRNA (Figure 1). However, such applications may be
particularly dependent on potent mRNA molecules and their effica-
cious in vivo delivery.

In vivo administration usually needs formulation ofmRNA into nano-
particles to protect against degradation by ubiquitous RNases.34,35

Moreover, formulation is required to direct the mRNA to the desired
target cells and for their efficient transfection.36 Upon i.v. administra-
tion, nanoparticles are typically routed mainly to the liver.36 As a
consequence, addressing tissues other than the liver still poses a major
challenge. Initial in vivo studies on mRNA used well-known transfec-
tion reagents.18,29,37 Today, various polymer- and lipid-based nano-
particles are investigated for therapeutic mRNA delivery.38 Based on
the experience in the small interfering RNA (siRNA) field,39 lipid
nanoparticles (LNPs) appear to be the most advanced and thus are
currently used in most instances.26,31,36 Although LNPs were initially
developed for i.v. administration, alternative delivery routes are
feasible, as well.36 LNPs usually contain four components: an ionizable
or amino-lipid, cholesterol, a phospholipid (also termed helper lipid),
and lipid-anchored polyethylene glycol (PEG).38,40While keeping this
general composition, efforts to improve efficacy and tolerability of
LNP formulations focused on relative proportions of components
and the identity and features of the ionizable or amino-lipid.40 The
latter is a major determinant of efficacy by controlling endosomal
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escape, and its potency and biodegradability can affect tolera-
bility.32,41,42 Further developments address stability of LNP formula-
tions and suggest that lyophilization may enable long-term storage
at ambient temperature.43 Overall, the need for formulations adds to
the complexity and challenges of mRNA approaches, including the
chemistry, manufacturing, and control (CMC) aspects, which must
cover additional parameters, such as particle size, lipid concentration,
mRNA content, and encapsulation.

Today, recombinant antibodies are typically full-size immunoglobu-
lins, mostly of the IgG type. Since they are heterotetramers requiring
disulfide bridges and glycosylation can have a functional impact, most
therapeutic antibodies are currently produced in mammalian
cells.44,45 To enable more cost-efficient expression in traditional hosts
such as E. coli, antibody fragments, such as single-chain variable frag-
ments (scFv), have been developed.46 In contrast to full-size anti-
bodies, fragments usually show much shorter plasma half-lives.47

Other antibody fragments, heavy-chain-only VH (VHH) domains,
or nanobodies, are derived from single-domain antibodies of camel-
ids and sharks that lack light chains.48,49 Antibody fragments are also
the basis of bispecific antibodies that today form a huge family
comprising a multitude of different formats.50–53 Of note, antigen-
specific scFvs are also part of chimeric antigen receptors (CARs),
which are currently exploited for adoptive T cell transfer, a potent
means of fighting cancer and infectious diseases.54–57
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Figure 2. Schematic Representation of mRNA and Antibody Designs Used

in Recent Studies

All studies on mRNA-based antibody expression conducted so far have in common

the use of thoroughly purified mRNA from in vitro transcription (IVT). Whereas most

studies formulated the mRNA to enable i.v. injection, intratracheal administration by

Tiwari et al.106 was mostly done with uncomplexed mRNA. Although differing in

details and particularly regulatory sequence elements, the basic structure of mRNAs

was identical: the open reading frame (ORF) was flanked by specific UTR se-

quences, and the 50 and 30 ends were formed by a cap structure and a poly(A) tail,

respectively. In the various studies, different antibody formats were used; the

principle domain and protein structure are depicted here. SP, signal peptide; VH,

variable (domain) heavy; VL, variable (domain) light; CH, constant (domain) heavy;

CL, constant (domain) light; VHH, VH domain, heavy-chain-only; VNA, VHH-based

neutralizing agents; ABP, albumin-binding peptide.
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mRNA is capable of encoding any of those antibody variants. Since
exogenous mRNA instructs cells of the body to produce these pro-
teins, they should be properly assembled and receive a natural glyco-
sylation pattern. However, mRNA can deliver only antibodies with
natural post-translational modifications. Hence, antibody conjugates
and modifications, such as PEGylation for prolonged serum half-life
of antibody fragments, cannot be recapitulated with mRNA.58 Partial
compensation for the latter may come from the mRNA by expressing
protein for a period of time instead of providing a protein pulse.
Nevertheless, different areas of antibody therapy have their own
challenges, and it has to be determined in detail whether antibody-
encoding mRNA can meet the specific requirements. In the following
sections, we introduce relevant fields of antibody treatment and re-
view the respective mRNA applications.

Antibodies against Toxins

In 1890, the toxin-protective properties of serum of animals immu-
nized with diphtheria or tetanus toxin were discovered.59 Four years
later, serum therapy was successfully administered for the first time to
children suffering from diphtheria. At the same time, two indepen-
dent reports demonstrated that serum of immunized animals can
protect against snake venoms.60,61 After antibodies had been demon-
strated to be the active component of toxin-neutralizing serum, the
serum was replaced by immunoglobulins or F(ab0)2 antibody frag-
ments purified from serum and, later, plasma.62,63 Removal of the
Fc fragment that shortens serum half-life was primarily introduced
to reduce the probability of adverse reactions such as complement
activation. Nevertheless, non-human immunoglobulin preparations
are prone to inducing an immune response that hampers efficacy.64

If human sources are used, availability of appropriate donors could
be challenging. Despite these and other issues, immunoglobulin prep-
arations against toxins are still widely used. To date, antitoxins that
neutralize venoms from various spiders, scorpions, and snakes, to
name but a few, have been developed. As a further example, the stan-
dard treatment for botulism is a trivalent equine antitoxin.65,66 The
use of recombinant mAbs as antitoxins could overcome the limita-
tions of immunoglobulin preparations. However, Bezlotoxumab,
binding to Clostridium difficile toxin, is the only recombinant anti-
toxin that has been approved.67

Current antitoxins are often suboptimal and restricted in availability.
Hence, the World Health Organization (WHO) put snakebites on its
list of neglected tropical diseases in 2017. Moreover, for instance, bot-
ulinum toxin is not only a natural threat, but has a history of use as a
bioweapon and is thus classified as a category A bioterror agent. These
aspects may explain the extensive research on novel and better anti-
toxins. Numerous mAbs have been developed for botulinum neuro-
toxin, various scorpion and snake venoms, and other toxins, such
as ricin, staphylococcal enterotoxin B, and C. difficile.68–73 Several
studies have indicated that combining different mAbs targeting the
same toxin improve neutralization.71–74 Compared to IgG mAbs,
VHH domains of single-domain antibodies from camelids or shark
provide various advantages, including better thermal and pH stability,
and facilitate tissue penetration, which can be of particular benefit for
antitoxins.75,76 Thus, a plethora of studies investigated VHH-based
antibodies for a variety of different toxins, including anthrax toxin,
botulinum neurotoxin, Shiga toxin, ricin, C. difficile toxin, staphylo-
coccal enterotoxin B, and scorpion and snake venoms.77–88 As for
mAbs, combining different binding domains that can be easily assem-
bled into bi- or oligovalent VHH-based neutralizing agents (VNAs)
provides particularly potent reagents.80,83,85

mRNA as Antitoxin

Beyond efficacy, time to neutralization is a critical parameter of any
antitoxin in an emergency, i.e., in the case of post-exposure treatment.
As the immediate protein precursor, antibody-encoding mRNA may
represent a suitable alternative to protein preparations. In a recent
study, Thran et al.,89 for the first time, investigated whether mRNA
could indeed meet the requirements of an antitoxin. To this end,
they encoded a VNA that had been shown previously to potently
neutralize botulinum neurotoxin.80 It consists of two linked VHHs
binding distinct epitopes and an albumin-binding peptide that pro-
longs serum half-life to 1–2 days (Figure 2).80 The same design was
used for a second VNA targeting Shiga toxin. For their investigations,
Molecular Therapy Vol. 27 No 4 April 2019 775
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Table 1. Applications of mRNA-Encoded Antibodies

Medical Area Antibody Format Indication Developmental State Company/Research Group

Oncology

bispecific solid tumor research BioNTech AG90

undisclosed solid tumors pre-clinical BioNTech AG

IgG CD20 research CureVac AG89

undisclosed superficial tumors pre-clinical CureVac AG

Infectious diseases

IgG HIV research University of Pennsylvania92

IgG rabies research CureVac AG89

IgG influenza B research CureVac AG89

IgG influenza A research Moderna Therapeutics42

various RSV research
Georgia Institute of Technology
and Emory University106

undisclosed (mRNA-1944) Chikungunya virus phase 1 Moderna Therapeutics/DARPA

Toxins
VNA Botulinum toxin research CureVac AG89

VNA Shiga toxin research CureVac AG89

Undisclosed undisclosed molecular therapies pre-clinical CureVac AG

DARPA, Defense Advanced Research Projects Agency.
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Thran et al.89 built on sequence-optimized, chemically unmodified
mRNA. The VNA-ORF was maximized for GC content and flanked
with 50 and 30 UTRs for human hydroxysteroid (17-b) dehydroge-
nase-4 and human albumin, respectively, which had been successfully
used in a previous study.21 Enzymatic steps introduced a cap1
structure at the 50 end and a poly(A) tail at the 30 end. Together
with a template-encoded poly(A) sequence and linker, the latter
formed a bipartite poly(A) element, structurally similar to the 30

end of mRNA used for the expression of bi-specific T cell engagers
(BiTEs).90 mRNA was purified by HPLC and formulated in LNPs
for i.v. administration. Thus, the mRNA was primarily delivered to
the liver, representing a bioreactor for antibody expression.91

Comparison of mRNA-derived VNAs produced in eukaryotic cells
and recombinant proteins prepared from E. coli revealed equivalent
potencies, both for the anti-botulinum neurotoxin serotype A
(BoNTA) and the anti-Shiga toxin VNA. For subsequent in vivo
studies, outbred CD1 mice were used. Upon i.v. administration of
40 mg VNA-mRNA in LNPs, serum titers 24 h later were remarkably
different. Whereas the anti-BoNTA VNA reached serum titers of
200–400 mg/mL, those of the other antibody were approximately
10-fold lower. This supports an earlier statement that unlocking the
full potential of mRNA requires sophisticated target-specific optimi-
zation.21 In vivo titration showed a more-than-linear increase in
serum titers with elevated mRNA-LNP doses, a phenomenon that
was observed for other antibody formats as well, but the reason for
it is not yet understood.89,92 Onset of in vivo expression was very
fast; substantial protein levels (about one-tenth of maximum serum
titers) were already detectable after 2 h, the earliest time analyzed.
This finding is in line with observations that mRNA accumulates in
hepatocytes within minutes after i.v. administration of LNPs and
gives rise to considerable protein levels within a few hours.26,32 Serum
titers peaked at approximately 24 h after administration for BoNTA-
776 Molecular Therapy Vol. 27 No 4 April 2019
VNA and apparently slightly faster, at 6–24 h, for Stx2-VNA. During
the first 3 days after mRNA administration, serum VNA levels ap-
peared to decline more slowly than suggested by the reported half-
life of the recombinant proteins and compared with later serum titer
kinetics, indicating that early kinetics benefitted from enduring
mRNA expression. Protective capacity of BoNTA-VNA mRNA was
assessed in an intoxication model. To this end, the authors chose a
post-exposure setting to challenge mRNA as an emergency
therapeutic.89 Regardless of whether mRNA-LNP was administered
2, 4, or 6 h after intravenous (i.v.) intoxication, all animals expressing
BoNTA-VNA survived, whereas control mice receiving mRNA for an
irrelevant VNA succumbed. Even in the most challenging setting (6 h
after exposure) in which animals developed mild clinical symptoms
before they fully recovered, mRNA was on par with recombinant
BoNTA-VNA. Notably, the dose of recombinant VNA was lower
than the applied mRNA amount. According to serum titers measured
in preceding experiments, a much lower dose of mRNA-LNP should
have been sufficient to obtain protection. However, it is also possible
that a higher dose of mRNA-LNP compared with recombinant pro-
tein is required, to get almost immediate toxin neutralization, since
mRNA inevitably slightly lags behind recombinant approaches
regarding kinetics of protein availability. In summary, this first and,
as yet, only report suggests that mRNA may be an appropriate anti-
toxin platform. (For currently known or announced applications,
see Table 1.)

Antibodies against Infectious Diseases

Sera for passive immunization to treat infectious diseases were
initially generated by vaccinating horses, but, in a large number of
patients, the equine sera induced “serum sickness” caused by hyper-
sensitivity reactions, a problem that could be avoided by using pooled
human sera prepared from individuals with high antibody titers (hy-
perimmune sera). This approach using animal or human sera has also
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been applied to treat or prevent viral infections. In 1996, RespiGam
(respiratory syncytial virus [RSV] immune globulin) was approved
to prevent RSV infection in children under 2 years of age with addi-
tional risk factors.93–95 Hyperimmune human sera have also been
used to treat or prevent other viral diseases, including cytomegalo-
virus (CMV), hepatitis A and B, and measles.96,97 The most common
passive immunization still applied today is the use of rabies immuno-
globulin and, more recently, purified equine rabies immunoglobulin
fragments, F(ab0)2, after a proven or potential exposure to infectious
rabies virus during post-exposure prophylaxis (PEP).98

The field of passive immunization took a further leap forward when
mAbs were used instead of human sera, based on the groundbreaking
work published in 1975 by Köhler and Milstein,99 who were also
awarded a Nobel Prize in 1984. The first licensed product against
an infectious disease based on mAbs was Palivizumab, used to pre-
vent RSV infection in at-risk infants.100,101 It is a humanized mAb
of the IgG1 isotype. It neutralizes RSV by interacting with the RSV
fusion protein F and is effective against both RSV serotypes. The ef-
ficacy of Palivizumab was demonstrated in premature babies (born
at %35 weeks) or infants with bronchopulmonary dysplasia (BPD)
when it was applied in five intramuscular injections of 15 mg/kg
each. With respect to the primary endpoint, hospitalization with
confirmed RSV infection, Palivizumab prophylaxis provided a 55%
reduction over placebo treatment.100 Because other prophylaxis or
treatment options such as a licensed RSV vaccine are lacking, Palivi-
zumab is still the standard of care. More than 30 mAbs have
subsequently been licensed for human use, but only 2 of them are
for treatment of infectious diseases (anthrax and rabies). The latest
mAb, Rabishield, produced by the Serum Institute of India, was
approved in India in 2016 for the prevention of rabies.102 Again,
the mode of action of this antibody is virus neutralization, and the
mAb can be used for post-exposure prophylaxis of rabies in the event
of an exposure to infectious rabies virus. Many more therapeutic or
preventive mAbs are in development for infectious diseases including,
but not limited to, HIV, Ebola virus, and influenza.103

mRNA Antibody Therapy

A drawback of these passive immunization approaches against
infectious diseases is the need for large amounts of purified immuno-
globulins or mAbs to provide adequate protection. Hence, the next
iteration in the ongoing developments in this field is to improve the
efficiency by generation of protective mAbs in the host by adminis-
tering the respective genetic material.

Two recent publications investigated i.v. administration of mRNA-
encoded antibodies as a means of protecting against infections with
HIV or rabies virus.89,92 Both studies used humanized IgG antibodies
with proven virus neutralizing capacity. For mRNA-based expression,
the ORF sequences for heavy and light chains of the mAbs were en-
coded on individual mRNAs and mixed in either an equimolar92 or
experimentally determined optimal ratios,89 prior to formulation in
LNPs. Although the LNPs were obtained from the same company,
it is not known whether the composition was identical in both studies.
With respect to mRNA design, major differences beyond applying
distinct antibodies and UTR elements include the use of 100%
N1-methyl-pseudouridine, a cap1 structure and a monopartite
poly(A) tail of approximately 100 nucleotides, for HIV,92 compared
with exclusively unmodified nucleotides, a cap0 structure and a
long, bipartite poly(A) tail for the rabies virus.89

Given their heterotetrameric nature, mAb functionality requires cor-
rect assembly of heavy and light chains before secretion. Starting the
initial characterization with three different humanized mAbs against
rabies, influenza, and HIV, Thran et al.89 demonstrated that, upon
in vitro cell transfection, the mRNA produced functional antibodies
in all instances. Moreover, direct comparison to recombinant protein
for one of the mAbs, VRC01 against HIV, revealed equivalence with
respect to in vitro virus neutralization. Both groups observed a dispro-
portionately high increase in antibody serum titers in mice in
response to increasing mRNA-LNP doses given i.v.89,92 Whereas
serum titers in BALB/c mice generated by VRC01-mRNA in Pardi
et al.92 showed an accelerated decrease after 4–6 days and became
virtually undetectable after 11 days, Thran et al.89 measured a steady
serum half-life of about 1 week for their anti-influenza IgG during the
observation period of more than 3 weeks in outbred NIH Swiss albino
mice. In contrast, their anti-rabies mAb showed the same kinetics in
only half of the animals. Clearance from the serum started to accel-
erate in the remaining mice after 10–14 days, for which the authors
could demonstrate a correlation to the development of anti-drug an-
tibodies (ADAs). Obviously, an ADA is strongly dependent on the
specific antibody and is not an intrinsic consequence of the use of
mRNA-LNP. However, ADA cannot be responsible for the VRC01
pharmacokinetics in the study by Pardi et al.,92 since immunocom-
promised NSG mice that cannot develop ADA reveal antibody ki-
netics similar to BALB/c animals. In an independent expression study
conducted in non-human primates, which are expected to tolerate
human IgGs much better than mice, mAb serum titers after i.v. injec-
tion of mRNA-LNP lasted for several weeks, suggesting the absence of
ADA.42 However, Pardi et al.92 did not investigate whether ADA re-
sponses developed later or after repeated treatment, as has been
observed, for instance, in AAV-based approaches.104,105

The studies of Pardi et al.92 and Thran et al.89 both successfully
demonstrated that mRNA-mediated antibody expression can protect
mice from virus infection. To this end, Pardi et al.92 conducted HIV-1
challenge experiments in NSG mice with a reconstituted human im-
mune system, generated by injection of human CD34+ hematopoietic
stem cells. Remarkably, i.v. administration of 30 mg of mRNA
(approximately 1.4 mg/kg) generated 2-fold higher antibody serum
titers than 600 mg of the corresponding recombinant protein, but
an mRNA dose of 0.7 mg/kg had already been found to be sufficient
to fully protect mice when given 24 h prior to exposure to the virus.
Thran et al.89 used a very similar maximum dose of 40 mg of mRNA
and focused on the anti-rabies mAb for in vivo efficacy studies in NIH
Swiss mice. Consistent with a fast onset of antibody expression, peak-
ing as early as about 4 h, mice were fully protected, not only in a pre-
but also in a post-exposure scenario. In addition to efficacy, good
Molecular Therapy Vol. 27 No 4 April 2019 777
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tolerability is an important parameter for mRNA-based antibody
expression to become a viable approach for passive immunization,
not least because it is a prerequisite for repeated treatment if needed.
Pardi et al.92 demonstrated in C57BL/6 mice that mRNA-LNP
administration is possible without inducing pro-inflammatory cyto-
kines, such as interleukin-6 (IL-6), interferon-a (IFN-a), and tumor
necrosis factor-a (TNF-a). In line with previous reports, incorpora-
tion of modified nucleotides was insufficient; thorough purification
using chromatography was required in addition. Moreover, the au-
thors were able to maintain elevated mAb serum levels by weekly in-
jections into NSG mice, without loss of efficacy. However, since these
analyses of tolerability used immunocompromised mice or different
mRNAs (not coding for VRC01 mAb), formulations, or administra-
tion routes compared to the challenge studies, the properties of i.v.
administered mRNA-LNPs expressing the VRC01 mAb can be
deduced indirectly at best. Although the experimental setting of
Thran et al.89 appeared to elicit some weak cytokine responses in
outbred NIH Swiss mice, they were obviously well below levels
considered critical. The authors observed neither suppression of anti-
body expression nor the occurrence of adverse effects, such as
abnormal liver histopathology.

These two studies addressed systemic delivery of antibody-encoding
mRNA, which used the liver as a bioreactor to provide the systemic
antibody. However, indications such as infection with RSV need pro-
tective antibodies only at distinct locations—the lung in the case of
RSV. In such instances, local mRNA delivery and expression may
be more effective than establishing systemic titers. Actually, intra-
muscular administration of the recombinant anti-RSVmAb Palivizu-
mabmerely delivers a small fraction of antibody to the relevant tissue.
Hence, Tiwari et al.106 investigated whether mRNA-based antibody
expression may cope with the challenges of RSV infection in another
study, using BALB/c mice as an animal model. They applied mRNA
harboring a cap1 structure, a poly(A) tail, and N1-methyl-pseudour-
idine. mRNA was purified with standard spin columns instead of by
chromatographic means and was administered as intratracheal aero-
sol. Most in vivo experiments were conducted with naked mRNA,
since it turned out to be at least as efficient as formulations with
one of two polyethyleneimine (PEI) derivatives, confirming earlier re-
ports that, surprisingly, unprotected mRNA somehow escapes degra-
dation in the lung, at least partially.37,107 As antibodies, the authors
applied Palivizumab and an anti-RSV VHH, in both secreted and
membrane-anchored form. Heavy and light chains of Palivizumab
were encoded on individual mRNAs that were mixed in a 4:1 molar
ratio, substantially differing from the work reviewed above. mRNA-
derived antibodies were functional in vitro, demonstrated by suppres-
sion of cell infection. Upon intratracheal aerosol delivery, mRNA was
distributed throughout the lung, leading to up to 45% of cells with
detectable antibody expression. This gave rise to strongly reduced
RSV F copy numbers (by about 90%), 4 days after infection, which
took place after administration of virus preparations to each nostril
1 day after mRNA treatment. The dose response was somewhat
inconclusive, since 100 and 40 mg of mRNA appeared to be similarly
effective, whereas 20 mg did not reduce RSV F copy numbers at all.
778 Molecular Therapy Vol. 27 No 4 April 2019
When VHH was anchored to the membrane, RSV was substantially
inhibited even at 7 days after mRNA administration, and the protein
was still detectable 28 days after transfection. Intratracheal aerosol de-
livery of naked mRNA did not induce significantly elevated cytokine
levels in lungs 24 h after treatment.

In sum, current data strongly suggest that mRNA-mediated antibody
expression has the potential to be included in the armamentarium
against infectious diseases. (For currently known or announced appli-
cations, see Table 1.)

Antibodies in Oncology

Since the first approval of an antibody for cancer treatment, the pace of
development of antibody-based therapies in oncology has continu-
ously accelerated, leading to more than 30 approved antibodies today
and further candidates currently under clinical evaluation. Themajor-
ity of approved therapies are based on IgG mAbs, but antibody-drug
conjugates and bispecific antibodies have gained in importance.

The fundamental idea of antibody-based cancer therapy dates back to
observations in the 1960s that human cancer cells can be identified by
specific antigens, which are overexpressed, mutated, or selectively ex-
pressed compared to healthy tissue and therefore are targetable by
antibodies.108 Antibody-based therapies in cancer can be subdivided
into three major therapeutic approaches.109

(1) Antibodies that are able to mediate direct tumor cell killing after
binding of the target receptor through withdrawal of essential
growth signals or delivery of apoptosis signals. For instance, Tras-
tuzumab blocks HER2/ERBB2 receptor dimerization, kinase acti-
vation, and downstream signaling, leading to starvation of cancer
cells and, ultimately, to cancer cell death.110 Agonistic antibodies
binding to apoptosis-inducing receptors on cancer cells like TNF-
related apoptosis-inducing ligand (TRAIL) receptors and anti-
body-drug conjugates (ADCs) delivering toxic payloads specif-
ically to cancer cells are also able to induce direct tumor cell
killing.111,112

(2) Antibodies that induce immune-mediated cell killing.

(2.1) IgG antibodies activate immune-mediated cell killing by

binding to a cancer cell-specific antigen resulting in com-
plement-dependent cytotoxicity (CDC) or antibody-
dependent cellular cytotoxicity (ADCC).113

(2.2) Antibodies blocking CTLA4 or PD1, inhibitory co-recep-
tors on immune cells that are involved in immune evasion,
induce immune-mediated cell killing through reinvigora-
tion of antigen-specific T cell responses directed against
the cancer cells.114

(2.3) Antibodies with dual specificity like blinatumomab redirect
T cells to cancer cells and induce immune-mediated cell
killing by direct engagement.115
(3) The last approach is the ablation of tumor vasculature or tumor
stroma through targeting of vascular growth factors or stromal
factors that deprive the tumor tissue of essential nutrients and ox-
ygen and lead ultimately to tumor cell death.116
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The success of antibody-based therapies for cancer over the past
years, especially immune checkpoint blockade, has invigorated im-
muno-oncology research and discovery of additional co-inhibitory
receptors, such as LAG-3, TIM-3, and TIGIT, as well as co-stimula-
tory receptors, including CD40, OX40, 4-1BB, ICOS, and GITR.
Currently, several mAb-based therapies have been developed that
target these immunomodulators.117 Moreover, major efforts are in-
vested in the development of, e.g., smaller mAb fragments or bispe-
cific antibodies. Compared to mAbs, mAb fragments and engineered
variants such as diabodies, triabodies, minibodies, and single-domain
antibodies provide unique properties, including higher tissue pene-
tration and the opportunity to combine several targeting moieties.118

Bispecific antibodies can be divided into three main categories based
on their biological target and mode of action.115

(a) Cytotoxic effector cell redirectors that target T cells or natural
killer (NK) cells directly to tumor cells expressing a specific
antigen.119,120

(b) Tumor-targeted immunomodulators that enable tumor-infil-
trating immune cells and tumor cells to co-stimulate immune
cells via CD40 or 4-1BB activation.115

(c) Dual immunomodulators that simultaneously bind to two im-
munomodulating targets expressed on immune cells. These im-
munomodulators can block inhibitory immune pathways,
deplete suppressive immune cells or activate effector cells.115,121

mRNA-Based Antibody Therapy for Cancer

Recombinant antibody-based therapies in cancer face some chal-
lenges related to manufacturing issues, including poor stability during
long-term storage, tendency to aggregate over time, and the presence
of various impurities intrinsic to the production process, as well as
properties intrinsic to the drug product.118 Especially bispecific anti-
bodies have a low serum half-life of a few hours, necessitating an
infusion pump for continuous delivery in patients.122 The use of
mRNA resulting in the generation of therapeutic antibodies directly
in patients represents a promising approach to overcoming these
limitations.

In a recent study using immune-mediated killing via bispecific anti-
bodies (category “a” bispecifics with mode of action 2.3 above),
Stadler et al.90 demonstrated that IVT mRNA encoding a bispecific
T cell engager targeting the tumor-associated antigens claudin 6
(CLDN6), claudin 18.2 (CLDN18.2), or epithelial cell adhesion mole-
cule (EpCAM) can be translated into proteins in cells named
RiboMABs. The obtained RiboMABs were able to induce specific lysis
of target cells at picomolar concentration with potency comparable to
the corresponding recombinant protein. The authors used engineered
mRNA with specific 50 and 30 UTRs, a cap1 structure, and a bipartite
poly(A) tail to improve intracellular stability and translational effi-
ciency. Modified nucleotides were incorporated into the mRNA dur-
ing IVT, and mRNA was purified by HPLC to ensure translation and
avoid systemic proinflammatory cytokine release. In vivo administra-
tion of unpurified conventional mRNA without modified nucleosides
resulted in systemic cytokine release and minimal RiboMAB protein
in human peripheral bloodmononuclear cell (PBMC)-engrafted NSG
mice. According to luciferase expression data in BALB/c mice, the i.v.
injection of CD3 x CLDN6 mRNA formulated with a polymer/lipid-
based transfection reagent (TransIT) into NSG mice resulted in up-
take and abundant translation in the liver. The encoded bispecific
antibody was detectable in the plasma starting 15–30 min after
administration, peaking after 6 h, and remaining measurable, even af-
ter 72 h. In contrast, after single administration of a comparable dose
of recombinant CD3 x CLDN6 protein, the plasma level dropped
sharply after 6 h and was barely detectable after 24 h, because of
the short serum half-life of the protein. An ex vivo cytotoxicity assay
demonstrated the ability of plasma from mRNA-treated mice to
induce specific lysis of CLDN6-expressing target cells. The maximum
lysis of 90% was reached in plasma 6 h after treatment, in line with
peak expression at the same time, and remained above half-maximal
level for up to 6 days after mRNA injection. In contrast, the cytotoxic
activity of plasma derived from mice receiving recombinant protein
dropped to background levels quickly (after 24 h). An extended
dose-response analysis demonstrated strong and sustained ex vivo
cytotoxic activity after a single injection of 0.05 mg of CD3 x
CLDN6 BiTE-encoding mRNA. Safety evaluation of RiboMAB
mRNA in human PBMC-engrafted NSG mice revealed no evidence
of liver toxicity or systemic cytokine release caused by non-specific
T cell activation.90

The therapeutic efficacy of mRNA was investigated for two bispecific
antibodies: CD3 x CLDN6 and EpCAM x CD3. To this end, NSG
mice were subcutaneously inoculated with human OV-90 ovarian
carcinoma cells expressing the tumor-associated antigens CLDN6
and EpCAM. After tumor establishment, mice were engrafted with
human PBMCs 1 week prior to the start of mRNA treatment. Mice
received 3 mg of CD3 x CLDN6 mRNA once a week for a consecutive
3 weeks or 200 mg/kg body weight of the corresponding recombinant
antibody, administered three times a week for a total of 10 doses.
Complete tumor rejection was reached in all mice treated with CD3
x CLDN6 mRNA or protein, whereas all control tumor-bearing
mice treated with an unspecific mRNA progressed. A significant in-
crease in tumor-infiltrating T cells was detectable only in tumors
derived from mice treated with CD3 x CLDN6 mRNA but not in
mice treated with a non-specific mRNA. The results observed with
CD3 x CLDN6 mRNA could be reproduced with EpCAM x CD3
mRNA in the samemodel. Notably, weekly treatment with mRNA re-
sulted in anti-tumoral efficacy comparable to that obtained with
administration three times weekly of an equivalent recombinant
protein dose.90

Thran et al.89 also demonstrated anti-tumoral therapeutic efficacy
of an mRNA-encoded antibody, but in a human B cell lymphoma
model. The heavy and light chain sequence of rituximab, a clinically
approved IgG1 antibody against the human tumor-associated antigen
CD20 (mode of action 2.1 above), was encoded by two separate
mRNAs. In contrast to the investigations performed by Stadler
et al.,90 optimized, HPLC-purified IVT mRNA with natural, unmod-
ified nucleotides was used in the experiments. Further major
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Box 1 The Pros and Cons of mRNA Compared with Recombinant Protein Regarding Passive Immunization

Pros
Cell-free production

Uniform physiochemistry of drug substances

Same technology for all antibody (Ab) formats

Potential for storage at ambient temperature

mRNA half-life confers improved pharmacokinetics (PK; in case of short-lived Ab)

Accessibility of intracellular targets

Potentially improved tolerability due to patient-specific Ab modification

Opportunity to reduce systemic exposure by in situ synthesis

Potential of high Ab titers with low doses of drug substance

Cons
Two-component drug product (mRNA and formulation)

Lag phase to reach Ab peak level

No Ab conjugates

No PEGylation for improved PK

Potentially variable Ab modification (e.g., among patients)

Potential activation of cellular immune sensors

Administration limited to i.v. route as yet (subcutaneous still unproven)

Technology at early developmental stage
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differences regarding the mRNA were: (1) cap0 instead of cap1 50

structure, (2) different 50 and 30 UTRs, and (3) formulation in LNP
instead of TransIT. Similar to the first study, the principal translation
of IVT mRNA into a functional antibody was demonstrated in cells.
For in vivo efficacy, NOD/SCID mice were challenged i.v. with Raji
B cells, a human B cell lymphoma cell line expressing CD20, stably
transfected with luciferase to enable in vivomonitoring of tumor pro-
gression. Twice weekly treatment with different doses of rituximab
mRNA-LNP harboring the two mRNAs in an equimolar ratio started
4 days after tumor cell inoculation. The formulated mRNA was
administered i.v. to enable uptake and abundant translation in the
liver.21,36 Complete tumor rejection was reached in the majority of
mice treated with a 50 mg dose of rituximab mRNA-LNP, and mice
treated with a 10 mg dose demonstrated significantly decreased tumor
growth. Notably, a control group treated with 200 mg recombinant
antibody progressed faster in comparison to the high-dose rituximab
mRNA-LNP-treated group.89

Taken together, both studies clearly show that mRNA-mediated anti-
body expression is applicable to oncology and may provide advan-
tages compared to recombinant biologics in certain instances such
780 Molecular Therapy Vol. 27 No 4 April 2019
as short-lived antibody formats. (For currently known or announced
applications, see Table 1.)

Outlook

Although studies on mRNA-based antibody expression are still very
limited in number, data support the notion that it may develop into
a competitive therapeutic approach. However, results on expression
and efficacy have been mostly restricted to small rodent models.
Hence, translation to larger animals and finally humans has yet to
be demonstrated. Unrelated work on mRNA-mediated protein
expression provides the first evidence that application in much
larger animals, including non-human primates (NHPs), is
possible.21,33 Moreover, a recent publication on the development
of LNP formulations indicated that substantial antibody expression
can be obtained in NHPs by improving endosomal escape.42 How-
ever, efficacy of LNPs appeared to drop from mice to NHPs. Thus,
establishing mRNA-mediated antibody expression as a viable ther-
apeutic option in humans may require further progress with respect
to mRNA and formulation technology to reach effective protein
titers, especially in those instances that need particularly high serum
levels.
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Besides efficacy, passive immunization demands an excellent safety
profile. Different strategies have been developed to avoid inappro-
priate stimulation of cellular RNA sensors and, thus, adverse events
such as immune responses or strong induction of cytokine secretion.
Accordingly, the mRNA-based antibody treatments described here
did not reveal critical tolerability issues, in line with various mRNA
studies on protein (replacement) therapy. However, repeated doses
of nanoparticles can induce complement activation-related pseudoal-
lergy (CARPA)123, to which mice are rather insensitive. Hence, toler-
ability has to be analyzed in more detail, and it may turn out that
mRNA-based antibody therapy requires further advancement of for-
mulations. Biocompatibility of LNPs, for instance, can be improved
by facilitating degradability.32,42,124 The trend toward subcutaneous
injection of antibodies for improved convenience and reduced ther-
apy costs poses an additional challenge. Although administration
via routes other than i.v. has been shown for mRNA,36 it has still to
be demonstrated that mRNA-based antibody therapy remains effica-
cious with the use of such routes. Finally, it has to be effective at a
competitive cost.

Importantly, mRNA-based antibody expression may offer benefits
compared to recombinant proteins (Box 1). First, mRNA gives rise
to protein expression for typically a few days instead of providing a
single protein pulse upon administration. Indeed, extension of thera-
peutic levels of short-lived proteins was demonstrated for two VNAs
with serum half-lives of 1–2 days and even more impressively for a
BiTE antibody with a serum half-life of just a few hours.89,90 Thus,
mRNA could reduce the frequency of treatments if repeated doses
are required. Second, mRNA offers the advantage that individual se-
quences are muchmore similar regarding physicochemical character-
istics than different antibodies, thereby enabling a generic process
that reduces costs. This may also facilitate manufacturing of cocktails,
but requires a solution that avoids unwanted antibody chimeras.
Whereas in the case of long-lived IgGs, sequential administration is
at least an option due to the transience of mRNA expression, a
more convenient and true cocktail approach would need more so-
phisticated solutions such as the knob-into-hole concept.125 Third,
mRNA-mediated antibody expression can address intracellular tar-
gets, since nucleic acids can be readily transfected into cells. In
contrast, delivery of proteins through the cell membrane is chal-
lenging.126,127 However, such intrabody approaches depend on
appropriate mRNA delivery systems. Whereas targeting to the liver
appears to be solved by LNPs, formulations delivering to other tissues
are largely lacking. However, with the emergence of mRNA as a
much-appreciated therapeutic platform, it is very likely that there is
more to come in the near future, including passive immunization.
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