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Here, we present a potent RNA vaccine approach based on a
novel bipartite vector system using trans-amplifying RNA
(taRNA). The vector cassette encoding the vaccine antigen
originates from an alphaviral self-amplifying RNA (saRNA),
from which the replicase was deleted to form a transreplicon.
Replicase activity is provided in trans by a second molecule,
either by a standard saRNA or an optimized non-replicating
mRNA (nrRNA). The latter delivered 10- to 100-fold higher
transreplicon expression than the former. Moreover, expres-
sion driven by the nrRNA-encoded replicase in the taRNA
system was as efficient as in a conventional monopartite
saRNA system. We show that the superiority of nrRNA-
over saRNA-encoded replicase to drive expression of the
transreplicon is most likely attributable to its higher transla-
tional efficiency and lack of interference with cellular transla-
tion. Testing the novel taRNA system in mice, we observed
that doses of influenza hemagglutinin antigen-encoding
RNA as low as 50 ng were sufficient to induce neutralizing an-
tibodies and mount a protective immune response against live
virus challenge. These findings, together with a favorable
safety profile, a simpler production process, and the universal
applicability associated with this bipartite vector system, war-
rant further exploration of taRNA.
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INTRODUCTION
RNA-based immunization for the prevention of infectious diseases is
considered an attractive alternative to conventional vaccine ap-
proaches. RNA elicits potent, protective immune responses against
various pathogens1,2 and offers advantages over the use of live and in-
activated virus, subunit vaccines, and other nucleic-acid-based for-
mats. In particular, RNA is non-infectious, non-integrating and, by
virtue of rapid degradation by normal cellular processes, is only tran-
siently active. RNA can be administered repeatedly to both prime and
boost immune responses and is not limited by anti-vector immunity.
Moreover, the RNA backbone engages pattern recognition receptors
in the host cell, thereby naturally adjuvanting the response to the en-
coded immunogen.3 Importantly, RNA enables rapid, cost-efficient,
cell- and animal-material-free, scalable production without the use
of egg- or cell-based culture. Thus, RNA may facilitate how vaccines
are made and has the potential to enable a rapid response to emerging
infections.
Two major types of RNAs are being pursued as vaccines for the
prevention of diseases such as influenza: one is self-amplifying
RNA (saRNA), the other non-replicating mRNA (nrRNA).4 While
nrRNA is a synthetic analog of natural mature mRNA, with a syn-
thetic cap analog and engineered UTRs that flank the coding
region, saRNA vaccines are mostly derived from the bicistronic ge-
nomes of plus-stranded RNA viruses such as alphaviruses. For
vaccine engineering, genes in the alphavirus genomic RNA encod-
ing non-structural proteins are maintained, whereas the structural
protein genes under the control of a subgenomic promotor are re-
placed with the vaccine antigen of interest. The non-structural
proteins autoproteolytically maturate and assemble to the multi-
enzyme replicase complex, which is capable of replicating its
own template RNA. The replicase acts as an RNA-dependent
RNA polymerase and amplifies saRNA in cis, resulting in high vec-
tor copy numbers in the cells of vaccinated hosts and consequently
high vaccine antigen levels.5,6 Accordingly, lower dose levels of
saRNA than nrRNA may suffice to induce comparable immune
responses.7,8

Replicase is also capable of amplifying RNAs in trans, as exemplified
by so-called transreplicons (TRs).9 TRs are engineered from saRNA
by deleting the replicase. The replicase activity is encoded on a
co-transfected RNA and interacts in the cytoplasm in a diffusion-
controlled manner with TRs. The specificity of replicase:TR interac-
tion is ensured by conserved sequence elements at the very 50- and
30-terminal regions that the TRs inherit from the parental saRNA.9

The replicase can be provided in different ways. One is uncapped
nrRNA preceded by an internal ribosomal entry site (IRES), which
is either in vitro transcribed or generated from transfected plasmids
in cells overexpressing T7 RNA polymerase.9–11 Alternatively, the
replicase is provided by stably transfected expression plasmids12 or
encoded by an unrelated saRNA.11
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Figure 1. Expression from Trans-amplifying RNA in

Conjunction with nrRNA-Delivered Replicase

Activity Is as Efficient as Expression from Self-

Amplifying RNA

(A) RNA vaccine platforms in this study. Self-amplifying

RNA (saRNA, left) is a single-vector system encoding

replicase that acts in cis to amplify the complete

saRNA, and a second open reading frame with a gene

of interest (GOI). Trans-amplifying RNA system (taRNA,

right) is a split-vector system consisting of a trans-

replicon (TR), which encodes the GOI only, and a

second RNA delivering alphaviral replicase. TR-GOI is

amplified in trans by a replicase either encoded on

saRNA (saRNA-REPL) bearing an irrelevant transgene

(iTG) or on non-replicative mRNA (nrRNA-REPL). RNA

structural elements for replication of saRNA or TRs are

located in conserved sequence elements (CSE) at the

50 and 30 ends and in the subgenomic promotor (SGP)

upstream of the GOI. The UTRs (50-human alpha globin

UTR [hAG] and 30-AES/mtRNR1-UTR) in the nrRNA-

REPL lack viral CSE function and therefore do not

promote replication by replicase. All RNAs are capped

(C) and bear poly(A) tails (pA). (B) Expression capacity

and (C) cytotoxicity of saRNA and taRNA in BHK-21

cells. Vectors bearing firefly luciferase (LUC) as GOI

were electroporated into BHK-21 cells (3 � 106 cells

per sample) in equimolar amounts. (B) Total luciferase

expression was measured for 72 h and approximated

by calculating the area under the curve (AUC) for each

sample. (C) Relative viability of cells was assessed by

measuring viability after 48 h and normalization to the

mock control. Mean and SD of three independent experiments are shown. Unpaired Student’s t test was performed (*p < 0.05; **p < 0.01; ***p < 0.001; not an-

notated p > 0.05). Raw datasets used for calculating the AUC of the expression time course, as well as the full viability time course, are provided in Figure S1.
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Such trans-amplifying RNA (taRNA) systems, which split the TR and
the replicase activity onto two vectors, are typically used for studying
mechanisms and structural requirements of alphaviral RNA replica-
tion9,11–14 or for the production of recombinant propagation-defec-
tive alphaviral particles for which TRs encoding alphaviral structural
genes act as helper RNA.15,16 As a platform for infectious disease vac-
cines, these systems have not been systematically explored. From a
vaccine development standpoint, taRNA-based split-vector systems
may be advantageous over saRNA with regard to safety, versatility,
and manufacturing.

In this paper, we present a novel RNA vaccine platform based on
taRNA. It consists of a TR encoding the vaccine antigen and a sec-
ond molecule coding for an in trans-acting alphaviral replicase.
We compared saRNA and nrRNA as alternative vectors for deliv-
ery of the replicase activity. We used a nrRNA design specifically
optimized for long RNA half-life and high translational effi-
ciency.17–20 We report high transgene expression of our taRNA
system. Nanogram doses of antigen-encoding TR were sufficient
to induce robust immunity protective against live virus challenge.
We show that in trans replication mediated by nrRNA-encoded
replicase activity is far superior to that provided by saRNA-en-
coded replicase activity.
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Our data motivate further exploration of taRNA-based vaccines,
which bear the promise of enabling fast and cost-efficient production
of large numbers of vaccine doses as required for rapidly evolving or
emerging viral pathogens.

RESULTS
Expression from taRNA in Conjunction with nrRNA-Delivered

Replicase Activity Is as Efficient as Expression from saRNA

We engineered taRNA as a split-vector system with an in trans-acting
replicase (Figure 1A). The starting material was saRNA from Semliki
Forest virus (SFV), a single-vector system with an in cis-acting repli-
case. We generated the TR component by deleting the replicase gene
from the saRNA and retaining those parts of the coding sequence that
overlap with the SFV 50 conserved sequence element (CSE) and the
subgenomic promoter (SGP), as described recently.9 Sequences
downstream of the SGP, including the gene of interest (GOI) and
the 30 CSE, were maintained from the originating saRNA. For the
replicase component of the split-vector system, we designed two alter-
native formats. One was a saRNA identical to the one encoding the
GOI, except that it encoded an irrelevant transgene (iTG). Since the
purpose of this RNA was to deliver the replicase activity but not a
GOI, we refer to this format as saRNA-REPL. The other format en-
coding the replicase gene was a synthetic nrRNA (nrRNA-REPL).



Figure 2. Higher Translational Efficiency and Lack of

Interference with Cellular Translation Contribute to

Superiority of nrRNA- over saRNA-Encoded

Replicase to Drive TR Expression

(A) Replicase expression levels encoded on either nrRNA

or saRNA. 4 � 106 BHK-21 cells per sample were elec-

troporated with 15 mg of nrRNA encoding eitherWT or mut

replicase or 15 mg of saRNA encoding mut replicase with

an iTG (here firefly luciferase) or without the iTG. Cells were

lysed 3 h and 6 h after electroporation, and replicase

protein levels were assessed by western blot (represen-

tative experiment). (B) Transfection rate of TR vectors

replicated by saRNA. 1 � 106 BHK-21 cells per sample

were co-electroporated with 0.1 mg TR-GFP and 2.5 mg of

nrRNA-REPL, a saRNA-REPL with an iTG, or a saRNA-

REPL lacking the iTG. The next day, transfection rate and

expression level per cell were assessed by flow cytometric

quantification of the frequency of GFP-positive cells (white

bars) and the MFI of GFP (black diamonds). (C) nrRNA

translation in cells co-transfected with taRNA or saRNA.

0.5 � 106 BHK-21 cells per sample were electroporated

with nrRNA encoding firefly luciferase (nrRNA-LUC)

(3.5 nM) and TR encoding SecNLuc as iTG (3.2 nM).

32 nM of further RNAs were co-electroporated as indi-

cated: either nrRNA-REPL, saRNA-REPL without iTG, or

saRNA-REPL encoding GFP as iTG. Replicase was either

active (WT) or an inactive mutant (mut). From 2 h to 6 h

after transfer, nrRNA-LUC translation was measured as a

surrogate for cellular translation. (D) Expression of a cell-made reporter transcript. BHK-21 cells were generated by lentiviral transduction to express destabilized luciferase

(Luc2CP). 0.5 � 106 transduced BHK-21 cells per sample were co-electroporated with a TR encoding SecNLuc as iTG (3.2 nM) and 32 nM of either nrRNA-REPL, saRNA-

REPL without iTG, or saRNA-REPL encoding GFP as iTG. Luc2CP expression was measured at the indicated time points; cells electroporated without RNA (no RNA) served

as reference. (B–D) Data are shown as mean and SD of three independent experiments. Further data are provided in Figure S2.
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The nrRNA design was pharmacologically optimized for stability and
translational efficiency by a beta-s-ARCA(D2) cap,20 the human
alpha-globin 50 UTR,17 a 30 UTR representing a fusion of motifs
derived from amino-terminal enhancer of split (AES) mRNA and mi-
tochondrially encoded 12S rRNA (mtRNR1),19 and an unmasked
poly(A) tail.21

To compare the two alternative taRNA split-vector approaches, we
electroporated BH-K21 cells with increasing equimolar amounts of
these vector systems encoding luciferase as reporter; a conventional
saRNA single-vector-encoding luciferase was used as a control.
Expression of luciferase from saRNA was very high and largely
dose independent. Expression levels achieved by taRNA driven by
nrRNA-REPL were comparable to those of the saRNA single vector
system (except at the lowest dose). In contrast, expression levels
achieved by taRNA in conjunction with saRNA-REPL did not reach
this benchmark (Figure 1B; Figure S1A). As expected for SFV-based
vectors at higher doses, all three systems resulted in reduction of cell
viability starting at 24 h after electroporation (Figure 1C; Figure S1B).

Higher Translational Efficiency and Lack of Interference with

Cellular Translation Contribute to Superiority of nrRNA- over

saRNA-Encoded Replicase to Drive TR Expression

Next, we wanted to understand why nrRNA-encoded replicase was
superior to saRNA-encoded replicase in complementing the taRNA
split-vector system. To investigate whether the translation efficiency
of the replicase open reading frame (ORF) depends on the vector
backbone, we introduced several essential controls. One control en-
tailed quantifying replicase expression in transfected cells in a model
without RNA replication; we used a replicase mutant (mut-REPL),9

which is deficient in polymerase activity. This enabled the analysis
of replicase translation from exclusively in vitro transcribed and
transfected RNA molecules and neutralized de novo saRNA synthesis
as a confounding factor. Second, we included a saRNA variant with a
mutant SGP and full deletion of the transgene ORF (saRNA-REPL-
DiTG) to control for the possibility that the large “unused” second
ORF (iTG) downstream of the SGP in saRNA-REPL may impair
expression from this construct (e.g., by inducing nonsense-mediated
mRNA decay22). The amount of replicase protein generated in cells
transfected with nrRNA-REPL was the same for wild-type (WT)-
and mut-REPL (Figure 2A), indicating that the mutation did not
affect protein stability. The expression of the mutant replicase was
higher fromnrRNA compared to saRNA encoding an iTG (Figure 2A;
Figure S2A). Furthermore, expression of mutant replicase was higher
with saRNA lacking the iTG as compared to saRNA encoding an iTG,
irrespective of absence (Figure 2A) or presence of TRs (Figure S2A),
confirming our assumption that nonsense-mediated mRNA decay
(NMD) would affect replicase levels. Expression of active replicase
was only higher with nrRNA-REPL as compared with saRNA-
REPL early after electroporation (3 h) (Figure S2A). Notably,
Molecular Therapy Vol. 28 No 1 January 2020 121
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replicase accumulated faster and to higher levels in cells transfected
with saRNA-REPL-DiTG compared to saRNA-REPL, indicating
higher replication rates or maintenance of superior replicase transla-
tion of the saRNA lacking the SGP and second ORF.

When any of the three replicase-encoding molecules was co-trans-
fected with a TR coding for GFP (Figure 2B) or for secreted
nano-luciferase (Figure S2B), nrRNA-REPL outperformed the
saRNA-encoded replicases with regard to the fraction of transfected
cells as well as the intensity of expression in transfected cells. The
saRNA-REPL-DiTG performed comparably to saRNA-REPL,
indicating that the efficiency of translation from the TR is not deter-
mined by the amount of active replicase protein alone that is pro-
vided by these saRNA variants (Figure S2A). Unexpectedly, the
replication of the TR in nrRNA-REPL- and saRNA-REPL-trans-
fected cells, as assessed by qPCR (Figure S2C), did not differ, indi-
cating that the superiority of nrRNA in providing replicase activity
occurs at the translational level. We investigated this hypothesis
with two independent approaches. First, we assessed the expression
of a co-transfected nrRNA coding for luciferase (nrRNA-LUC) in
the presence of either the saRNA or the taRNA split-vector systems.
Second, we generated a stably transduced BHK-21 cell line express-
ing destabilized luciferase (Luc2CP) and measured Luc2CP levels in
response to saRNA or taRNA transfection. We studied the first 6 h
after saRNA transfection, when cellular viability is not yet compro-
mised by the intrinsically cytotoxic SFV-replicase (Figure S1B). The
translation of co-transfected nrRNA-LUC was unaffected by taRNA
in conjunction with nrRNA-REPL but strongly inhibited when co-
transfected with saRNA-REPL or saRNA-REPL-DiTG (Figure 2C).
Translational inhibition did not occur in the presence of replica-
tion-incompetent saRNA-mut-REPL-DiTG. Similarly, the use of
both saRNA versions with WT replicase reduced promoter-driven
expression of Luc2CP within 3 h and at a much greater extent
than taRNA replication driven by nrRNA-REPL (Figure 2D), while
the transcript level of Luc2CP was not affected (Figure S2D). These
data suggest that saRNA replication rather than TR-replication im-
pairs cellular translation.

These data indicate that a higher translational activity as well as a
less-pronounced inhibitory effect on cellular translation of
nrRNA contribute to the superiority of nrRNA-REPL over
saRNA-REPL in driving expression of high amounts of protein
from taRNA.

Immunization with Influenza Hemagglutinin (HA)-Encoding

taRNA Profoundly Reduces the Doses Required for Inducing

Protective Immune Responses in Mice

Recently, we showed that 20 mg nrRNA and 1.25 mg saRNA encoding
the influenza HA antigen are required to robustly achieve protective
immunity against influenza in mice; these doses are comparable to
2.4 HA units from human licensed vaccine (hLIC) injected
intramuscularly.8 We investigated the potency of taRNA in inducing
protective immune responses by benchmarking against our former
data. To this aim, we immunized mice intradermally two times
122 Molecular Therapy Vol. 28 No 1 January 2020
with the taRNA split-vector system, titering TR-HA over a dose range
of 0.05–31.25 mg combined with 20 mg nrRNA-REPL. All groups
immunized with taRNA developed HA-specific antibody responses.
The two lowest doses of TR-HA (50 and 250 ng) were most effective
and did not significantly differ from intramuscularly administered
hLIC (Figure 3A). TR RNA without nrRNA-REPL did not yield an
antibody response. Next, we analyzed the functional virus-neutral-
izing (VN) antibodies, which only develop if the HA antigen adopts
the correct conformation on the immunized host’s cell surface. In
all taRNA-immunized groups, VN antibodies were detected (Fig-
ure 3B) and mice survived influenza virus challenge (Figure 3C)
with minimal loss of body weight and no signs of illness (Figure S2).
Again, the most robust neutralizing antibody response resulted from
the lowest TR RNA dose (Figure 3B).

In summary, we found that the taRNA split-vector system is highly
dose efficient in conferring protective immunity.

Production of TR Can Be Simplified without Compromising the

Immunogenicity of the taRNA Split-Vector Vaccine

The taRNA split-vector system as compared to the conventional
saRNA-based approach has the critical advantage that the invariant
nrRNA-REPL component could be produced in advance in large
scale, ready to be combined with seasonally or on-demand-produced
TRs encoding interchangeable vaccine antigens. The real-world util-
ity of such a vaccine system would critically depend on the degree of
simplification in the production of the TR component.

The alphaviral replicase not only replicates RNA, it also caps and
poly-adenylates novel RNA copies. We wondered whether this
feature could be leveraged to omit the capping reaction and to tolerate
a shorter poly(A) tail for initiation of replication.23 A shorter poly(A)
tail would also facilitate the use of PCR-amplicons instead of linear-
ized plasmids as DNA templates for in vitro transcription of RNA,
resulting in further simplification and cost reduction in replicase pro-
duction. In fact, we found that in conjunction with nrRNA-REPL for
an uncapped reporter TR, a poly(A)-tail length of only 30 adenosine
residues (30A) sufficed to reach the maximal transfection rate and
expression levels per cell achieved with the 100A-long tail we had
in our standard construct (Figure 4A). Next, we generated influenza
virus HA-coding TRs in four different versions: transcribed either
from a linearized plasmid with a 100A-long poly(A) tail or from a
PCR-amplicon with 30A poly(A) tail, each with or without capping.
Analysis of protein levels produced by cells transfected with these
constructs revealed that the type of DNA template and of associated
poly(A) tail length was irrelevant for HA-expression levels, whereas
capping had a slight benefit but did not substantially impact expres-
sion (Figure 4B).

50 ng of each of these four TR-HA variants, each combined with 20 mg
nrRNA-REPL, were used to immunize mice intradermally. We found
that total antibody and VN antibody titers did not significantly
differ between vaccines derived from plasmid and from PCR-based
DNA templates. Uncapped TR variants trended toward inducing



Figure 3. Immunization with Influenza HA-Encoding

taRNA Profoundly Reduces the Doses Required for

Inducing Protective Immune Responses in Mice

(A–C) Immune response to influenza HA assessed by (A)

ELISA measuring total anti-HA IgG antibody amount, (B)

virus neutralization test (VNT), and (C) survival of animals

after challenge infections. BALB/c mice were immunized

by intradermal injection of varying amounts of TR

encoding the hemagglutinin antigen of influenza virus

A/California/07/2009(H1N1) (TR-HA) in conjunction with

20 mg nrRNA-REPL. Reference groups received either

20 mg nrRNA-HA or 1.25 mg saRNA-HA. Negative controls

received 20 mL buffer without RNA or the highest amount

of TR-HA without nrRNA-REPL. Intramuscular injection of

2.4 HA units from human licensed vaccine (hLIC) served

as a positive control. Animals were immunized twice at

days 0 and 21. Serum for VNT and ELISA was sampled on

study day 55 to perform serological analysis. Challenge

infection with 10-fold MLD50 of viable influenza A/Cali-

fornia/4/2009 (H1N1) was done on study day 56. (A and B)

Data are shown as mean and SD of the groups (n = 5).

One-way ANOVA was used to calculate statistical signif-

icance of difference to the hLIC vaccination (*p < 0.05;

**p < 0.01; ***p < 0.001; ns p > 0.05). Dashed line in (B)

indicates the limit of detection [LOD] of the VNT.) Further

data are provided in Figure S3.
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lower immune responses, but in conjunction with the PCR-based
DNA-template process resulted in robust titers of neutralizing anti-
bodies (Figures 4C and 4D).

Overall, our findings suggest that TR production can be simplified
without an unreasonable loss of protective potency.

DISCUSSION
In this study, we present a novel taRNA split-vector system derived
from alphaviral saRNA and show that it qualifies as a highly potent
Mole
prophylactic vaccine. One of our key findings
is that antigen expression by the taRNA sys-
tem depends on the nature of the co-trans-
fected RNA encoding the replicase activity
in trans.

Robust vaccine antigen expression and immune
response is achieved when a pharmacologically
optimized nrRNA molecule is used to comple-
ment the system with replicase activity. With
nrRNA-REPL, the production of replicase pro-
tein relies completely on the RNA copies trans-
fected into the cell, and the replicase amplifies
exclusively the antigen-encoding TR. saRNA-
REPL, in contrast, produces replicase both for
self-amplification and amplification of the TR.
Our data suggest that this dual activity brings
disadvantages for the saRNA-REPL variant of
the taRNA system. The 50 and 30 UTRs of
saRNA-REPL contain stem-loop motifs that act as promoters for
RNA replication, and it is known that RNAs with secondary struc-
tures within the 50 UTR are intrinsically poorly translatable.24,25

The structural design of the nrRNA19 we used for encoding replicase
was specifically optimized in this regard. This could explain why we
found higher amounts of replicase protein produced from nrRNA-
REPL compared to saRNA, in particular so swiftly after electropora-
tion or in the absence of de novo RNA synthesis. We also showed that
in saRNA-REPL, the second ORF downstream to the replicase con-
tributes to impaired translation of the replicase itself, most likely by
cular Therapy Vol. 28 No 1 January 2020 123

http://www.moleculartherapy.org


Figure 4. The Production Process for TR Can Be

Simplified without Compromising the Strong

Immunogenicity of the taRNA Split-Vector Vaccine

(A) Effect of shortening poly(A) tail on transfection and

expression. TR encoding GFP (TR-GFP) with varying

poly(A) tail lengths were produced from PCR amplicons

(0 to 50A) or linearized plasmid (100A) and left uncapped.

1 mg TR-GFP and 2 mg nrRNA-encoding replicase

(nrRNA-REPL) were then co-electroporated into 0.5� 106

BHK-21 cells. The next day, the frequency of GFP-positive

cells (bars) and the MFI of GFP in these cells (black di-

amonds) was assessed by flow cytometry. Data show

mean and SD of three independent experiments. (B)

Expression of capped and uncapped TR-HA. 1 mg cap-

ped or uncapped TR-HA transcribed from linearized

plasmids or PCR products were co-eletroporated with

2 mg nrRNA-REPL into 0.5 � 106 BHK-21 cells. HA

expression was assessed by flow cytometry upon labeling

with HA-specific antibodies. Data shown as mean and SD

of three independent experiments; significance of differ-

ences between capped and uncapped TR were calcu-

lated by unpaired t tests; *p < 0.05; not annotated p >

0.05. (C and D) Humoral immune response in vaccinated

mice assessed as (C) ELISA for total anti-HA IgG antibody

and (D) virus neutralization test (VNT). BALB/c mice were

immunized twice intradermally (study day 0 and 21) with

50 ng capped or uncapped TR-HA used in (B) and 20 mg

capped nrRNA-REPL. Controls received only buffer or an

intramuscular injection of 2.4 HA units from human

licensed vaccine (hLIC). 55 days after the first immunization, serum was sampled for serological analysis. Mean and SD of the groups (n = 5) are indicated. One-way ANOVA

was used to calculate statistical significance of difference to the vaccination using simplified TRs compared to capped plasmid-produced TR (*p < 0.05; **p < 0.01;

***p < 0.001; ns p > 0.05). Dashed line in (D) indicates the limit of detection (LOD) of the VNT.
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triggering nonsense-mediated RNA decay, which has been reported
to restrict alphavirus replication.22 Despite higher replicase levels
achieved with saRNA deleted for this downstream ORF, the expres-
sion of the TR was not augmented. Overall, our data suggest that
the advantage of using nrRNA for expressing replicase is governed
at the level of translation within the first few hours after RNA transfer,
and further studies are underway to further explore the exact
mechanism.

Furthermore, it is conceivable that replicase molecules translated
from nrRNA-REPL can more easily dissociate and relocalize to the
TR, whereas replicase translated from saRNA-REPL is prone to
bind to sequence elements in the vicinity, and thus is expected to
preferentially promote cis replication as observed during genome
replication in a number of RNA viruses.26,27 Our observation that
translation of an unrelated nrRNA was strongly inhibited in cells
transfected with saRNA-REPL, but not with nrRNA-REPL, indicates
a broader interference from saRNA-REPL with the cellular transla-
tion machinery. Further investigations are needed for a deeper
understanding of how nrRNA-REPL outperforms saRNA-REPL as
a complementing element of a taRNA split-vector system.

As a result of superior vaccine antigen delivery, the mice we immu-
nized with nanogram doses of TR RNA encoding influenza HA an-
tigen in conjunction with nrRNA-encoded replicase mounted
124 Molecular Therapy Vol. 28 No 1 January 2020
robust protective immune responses against influenza. To our
knowledge, this is the first study using taRNA as a vaccine, whereas
previously described RNA-based influenza vaccines were based on
either self-amplifying or non-replicating RNA (reviewed in Scorza
and Pardi1).

Our group has recently reported the dose levels required in this mouse
influenza challenge model with other naked RNA-based single-vector
systems to achieve an outcome equivalent to that generated with 2.4
HA units of intramuscularly (i.m.)-injected hLIC. These were deter-
mined to be in the range of 20 mg for nrRNA (encoding the vaccine
antigen only without any replicase component) and of 1.25 mg of con-
ventional Semliki Forest-virus-based saRNA construct administered
intramuscularly.8 Other studies reported potent immune responses
against influenza HA by leveraging lipid nanoparticle (LNP)-formu-
lated RNA. To our knowledge, 100 ng was the lowest reported dose of
RNA shown to be immunogenic in mice, when applied as LNP-
saRNA and injected twice intramuscularly.28Moreover, a single intra-
dermal dose of 400 ng of nucleoside-modified LNP-nrRNA protected
mice from a homologous lethal virus challenge.29 Our taRNA system
induced the best immune response, with as little as 50 ng of naked,
uncomplexed TR RNA encoding the vaccine antigen; higher vaccine
doses showed a negative impact on immunogenicity. We expect
further improvement of dose efficiency by leveraging LNP
formulations.
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Splitting the vaccine antigen and the replicase components by
encoding them on independent vectors is favorable for various
reasons. First, the split-vector system comes with a safety
advantage. Pseudotyped alphaviruses have unknown replicative
competence and pathogenicity. For instance, the glycoproteins of
vesicular stomatitis virus and rabies virus are in principle
capable of packaging saRNA.30,31 Without strong proof that
any given glycoprotein lacks the intrinsic capacity to form mem-
branous particles and package saRNA, safety concerns for the
use of such systems to translate and develop prophylactic
antiviral vaccines remain and have to be addressed. Consequently,
e.g., German health authorities classify cells treated with a saRNA
construct as biosafety level 2, unless the specific glycoprotein of in-
terest is explicitly proven to be incapable of packaging and trans-
ferring saRNA.

Second, uncoupling the antigen delivery and the replicase
activity is favorable from a versatility and efficiency point of
view, since each of both components can be independently
optimized. For instance, nrRNA-REPL can be optimized for
replicase translation irrespective of RNA functional regions such
as the 51-nt CSE. Similarly, the 50 end of the TR, comprising
all structural elements for replication efficiency, can be modified
without the need to conserve the amino acid sequence of the
replicase N terminus. While saRNA replication does not
tolerate nucleoside modifications, nrRNA translation does; more-
over, nucleoside-modified nrRNA achieves superior immune re-
sponses compared with conventional nrRNA.29,32,33 Within
the taRNA system, the replicase-coding nrRNA could be nucleo-
side-modified to reduce activation of cellular innate immune re-
ceptors and to maintain translation.34 Further, the taRNA
split-vector system is not limited to the SFV backbone but
generally applicable to alphaviral vectors. taRNA made of non-
cytotoxic replicases (e.g., mutant SFV35,36) could be especially
interesting.

Third, the taRNA system comes with the promise of easy, time-
and cost-efficient manufacturing. The improvement of dose effi-
ciency of TRs contributes to this effect, as the same batch of the
TR vaccine serves a larger number of individuals. Large-scale
production of long RNA at high yield and good integrity is
more challenging than production of short RNA constructs.
Whereas the length of an antigen-coding saRNA is 7.6 kb plus
the antigen, with 7.3 kb of the vector coding for the replicase,
the taRNA system is based on the immunologically relevant TR
with a length of 1.5 kb plus the antigen and a 7.8-kb-long
nrRNA-REPL. Another way to simplify the production process
without losing the immunogenicity outcome in vivo is by omitting
in vitro capping and shortening poly(A) tails of the TR. For a sea-
sonal vaccine such as influenza, nrRNA-REPL as the invariable
component could be pre-produced at large scale and stored, and
new process development and production on demand would
only be required for the variable, highly dose-efficient antigen-en-
coding RNA.
In conclusion, we consider this taRNA-based vaccine platform well
suited and universally applicable for rapidly evolving pathogens as
well as newly emerging infectious diseases.

MATERIALS AND METHODS
Cell Culture

All growth media, fetal calf serum (FCS), and supplements were sup-
plied by Life Technologies/Gibco unless stated otherwise. BHK-21
cells (ATCC; CCL10) and MDCK-II cells (ATCC; CRL-2936) were
grown in Eagle’s minimal essential medium supplemented with
10% FCS. Cells were grown at 37�C in humidified atmosphere equil-
ibrated to 5% CO2.

Animals

Female BALB/c_Rj mice, 6–8 weeks of age, were purchased
from Janvier LABS (Le Genest-Saint-Isle, France). All animal
experiments were conducted according to German laws and
guidelines for animal welfare and approved by the local
authorities (Landesuntersuchungsamt Koblenz/Rhineland-Palati-
nate, Germany).

RNA and Lentiviral Vectors

For in vitro synthesis of mRNA encoding SFV replicase (accession
number KP699763) or HA of A/California/7/2009 (H1N1; acces-
sion number ACQ55359) the respective coding sequences were
inserted into SpeI and XhoI sites of the latest generation of im-
muno-pharmacologically improved vectors.17,19–21 In brief, the hu-
man alpha-globin 50 UTR ensures high translational activity, while
the AES-mtRNR1 sequences in the 30 UTR increase RNA stability.
Furthermore, a segmented 100-nt poly(A) tail interrupted by a
short linker (A30LA70, where L = GCAUAUGACU) improves
plasmid stability in E. coli, similar to what was described recently
by others.18 Template plasmids for in vitro synthesis of TR and
saRNA were derived from the pST1 plasmid backbone by inserting
sequences flanked by viral 50 and 30 UTRs between the T7 promoter
and the segmented poly(A) using PCR-based cloning techniques.
TR and saRNA UTRs were not altered. saRNA sequences were
derived from SFV isolate L10, clone SFV4 (accession number
KP699763) as described.37 To generate saRNA lacking the down-
stream ORF (saRNA-DiTG) the subgenomic 50 UTR and coding re-
gion of the iTG were deleted by PCR-based cloning. Furthermore, a
high number of synonymous mutations was introduced to the
30-terminal sequence of nsP4 overlapping with the SGP (50-ACC
TCTAtGGaGGaCCccGtcTaGTaaGgTgA-30; mutations in lowercase
letters). The TR was generated similarly to what was previously
described,9 by deleting large parts of the replicase ORF from
saRNA, keeping only the 50-terminal 221 nt of nsP1 and the 30-ter-
minal 984 nucleotides of nsP4. To generate the lentiviral-vector-ex-
pressing destabilized Luc2CP, Luc2CP coding sequence was taken
from pGL4.12[luc2CP] (Promega, Madison, WI, USA) and inserted
into the lentiviral backbone pLenti6.4/R4R2/V5-DEST multisite
Gateway destination vector under the control of the human EF1a
promoter using the LR-clonase II enzyme mix according the man-
ufacturer’s instructions (Life Technologies, Darmstadt, Germany).
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Packaging vectors pCMVDR8.91 (encoding HIV gag-pol) and
M620 (encoding the GALV envelop) were kindly provided from
Manuel Grez (Georg Speyer Haus, Frankfurt, Germany).

In Vitro RNA Transcription

For in vitro runoff transcription, all template plasmids were linearized
using type IIS restriction enzyme SapI, which generates an unmasked
poly(A) tail.21 Some templates were generated by PCR. To this aim,
TR-GFP or TR-HA were amplified from the respective plasmid using
a forward primer covering the T7-polymerase promoter and a reverse
primer to add poly(A) tails of various length as indicated. RNA was
transcribed from these PCR products with or without cap-analog.
Synthesis and purification of RNA were previously described.21,38

Concentration and purity of synthetic RNA was assessed by spectro-
photometry (NanoDrop 2000c, PeqLab) and RNA integrity by on-
chip electrophoresis on the 2100 BioAnalyzer (Agilent).

Production of Lentiviral Supernatants and Cell Transduction

Lentiviral particles were generated by co-transfection of HEK293T
cells with the lentiviral vector together with pCMVDR8.91 and
M620 using TransitLT1 (Mirus Bio, Madison, WI, USA). Crude len-
tiviral supernatants were harvested and loaded onto plates coated
with 20 mg/mL Retronectin (Takahara, Clonetech Laboratries, USA)
by centrifugation (1.500 � g, 15 min, 15�C). After washing with
PBS to remove unbound virus particles, BHK-21 cells were plated
and incubated overnight at 37�C for transduction. Infected bulk pop-
ulations expressing Luc2CP were used for the experiments.

Influenza Virus

Throughout the studies, the A/California/4/2009 (Cf4/H1N1), with a
99% identity in segment 4 HA coding sequence to A/California/7/
2009 (Cf7/H1N1), but with better viral replication on cells, was
used. The original virus stock was a kind gift from the Institute of
Immunology, Friedrich-Loeffler-Institut, Isle of Riems, Germany.
Cf4/H1N1 was grown on MDCK-II cells. For virus stock production,
supernatants of infected cells were cleared by low-speed centrifuga-
tion and stored at �80�C; virus titer was determined as described.8

Antibody Analysis

For antibody analysis, blood samples were taken under isoflurane
anesthesia via the retroorbital venous plexus on days 20, 35, and 55
after the first immunization. Virus neutralization test (VNT) to deter-
mine VN antibodies in the serum was performed based on the
WHO’s Manual for the Laboratory Diagnosis and Virological Surveil-
lance of Influenza (WHO Global Influenza Surveillance Network)
and as described before.8 In brief, serum levels of HA-neutralizing an-
tibodies were quantified by incubating serial dilutions of the mouse
sera for 2 h with 100 tissue culture infection dose 50 (TCID50) of
active Cf4/H1N1 influenza virus and then applied onto a confluent
MDCK cell monolayer in 96-well plates. Upon incubation for
3 days with MDCK cell culture supernatant was harvested and mixed
1:2 with 0.5% chicken red blood cells (RBCs; Lohmann Tierzucht,
Cuxhaven, Germany). RBC agglutination was visually observed in
round-bottom 96-well-plates, and the VN serum titer was recorded
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as the inverse of the lowest dilution that inhibited agglutination
(VNT titer/50 mL serum).

For ELISA, recombinant Cf4/H1N1-HA protein (Life Sciences, Id-
stein, Germany) was biotinylated utilizing the EZ-Link Sulfor-NHS-
LC-biotinylation kit according to supplier’s protocol (Thermo Fisher
Scientific, Germany). 96-well streptavidin plates (VWR, Darmstadt,
Germany) were coated with the biotinylated HA protein at 4�C over-
night. Upon washing and blocking, serum samples were screened for
HA-specific antibodies by incubation on plates for 1 h at 37�C. After
incubation and including assay controls, plates were incubated with
horseradish peroxidase (HRP)-labeled secondary anti-mouse immu-
noglobulin G (IgG) antibody for another 45 min at 37�C before 3, 3’,
5, 5’-tetramethylbenzidine (TMB) one substrate (BIOTREND,
Cologne, Germany) was applied. Colorimetric detection was moni-
tored and optical density read at 450 nm calculated to a wavelength
reference of 620 nm (D450–620nm)

Immunizations and Viral Challenge Infections

For RNA immunization, mice were put under isoflurane anesthesia
and the dorsal area was shaved for single intradermal injections on
day 0 and 21. RNAs were mixed and resolved in a total volume of
20 mL RNase-free 0.15 mM NaCl. hLIC served as a positive control
and was given as an intramuscular injection with 2.4 mg HA units
in 20 mL of 0.15 mM NaCl likewise on days 0 and 21 of the study.

To evaluate the vaccine protection against Influenza virus infection,
on day 55 after study start, immunized mice were exposed to a
10-fold MLD50 of Cf4/H1N1. While anesthetized with an intraperito-
neal administered mixture of ketamine/xylazine (120 mg/kg
ketamine, Hameln Pharma, Hameln, Germany; 16 mg/kg xylazine,
Rompun, Bayer, Leverkusen, Germany), the virus in 30 mL of
0.15 mM NaCl was dispensed via the intranasal route. Mouse-le-
thal-dose-50 (MLD50) was identified by an endpoint titration
described elsewhere.8 To evaluate the vaccine protection against
influenza virus infection, immunized mice were challenged intrana-
sally with a 10-fold MLD50 of Cf4/H1N1 in 30 mL while anesthetized
with ketamine/xylazine mixture intraperitoneally (120 mg/kg
ketamine, Hameln Pharma, Hameln, Germany; 16 mg/kg xylazine,
Rompun, Bayer, Leverkusen, Germany). Mice were examined daily.
Euthanization followed latest 14 days after challenge infection or
when study endpoint criteria (e.g., > 25% weight loss compared to
day of infection) were fulfilled.

RNA Transfection

RNA (nrRNA, saRNA, and taRNA) was electroporated into BHK-
21 cells (0.5–5 million cells/electroporation; in dependency on
required total cell number) at room temperature by applying
defined pulses (750 V/cm; one pulse of 16 ms) with a square-
wave electroporator (BTX ECM 830, Harvard Apparatus, Holliston,
MA, USA). For strictly equimolar transfers, splitting of the saRNA
to generate taRNA was taken into account, meaning that, for
instance, 0.5 nM saRNA coding for a GOI was compared to either
0.5 nM nrRNA coding for replicase plus 0.5 nM TR coding for the
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GOI, or to 0.5 nM saRNA coding for replicase and an unrelated
transgene plus 0.5 nM TR coding for the GOI. For all other exper-
iments, molarities or amounts of RNAs were used as indicated in
the figure legends. After transfection, cells were incubated without
refreshing medium until analysis.

Luciferase and Viability Assay

Luciferase assays with transfected cells were performed with the
Bright-Glo luciferase assay system or NanoGlo assay (Promega, Mad-
ison, WI, USA) according to the manufacturer’s instructions as
described recently.39 Viability of transfected cells was assessed using
a luminescence-based method assaying ATP concentration after
48 h (CellTiter-Glo; Promega, Madison, WI, USA) according to the
instructions of the manufacturer. Relative viability was calculated
by normalizing the signal of each sample to the signal of the mock
control. Bioluminescence (photons per second [p/s]) of both assays
was measured using a microplate luminescence reader Infinite
M200 (Tecan Group, Männedorf, Switzerland).

Flow Cytometric Analysis

For flow cytometric analysis of fluorescent protein expression, the
cells were harvested, washed with PBS, and fixed with PBS containing
2% formaldehyde. Expression of fluorescent proteins was assessed
using FACS Canto II flow cytometer (BD Bioscience, Heidelberg,
Germany) and the companion Diva software.

Western Blots

Cells were lysed using RIPA buffer. Lysates were supplemented
with 4� Laemmli buffer,40 separated with self-made 7.5% SDS-
PAGE gels and wet-blotted onto nitrocellulose membranes (GE
Healthcare, Marlborough, MA, USA) using the Trans-Blot Cell
(Bio-Rad, Berkeley, CA, USA). Afterward, nitrocellulose mem-
branes were blocked with 5% non-fat dry milk in 1� PBS supple-
mented with Tween 20 (PBS-T) and incubated with appropriate
dilutions of primary antibodies (anti-myc clone 9E10 [Sigma-
Aldrich, #M4439]; anti-tubulin clone B-5-1-2 [Sigma-Aldrich,
#T5168]) and secondary antibodies. Replicase expression was de-
tected using a myc-tag that was fused in frame into the variable
domain of the nsP3 subunit. To ensure equal loading protein con-
centration in cell lysates was measured by Pierce BCA protein assay
(Thermo Fisher Scientific, Waltham, MA, USA) and controlled by
the detection of a-tubulin. Chemiluminescent signals were devel-
oped with Lumi-Light western blotting substrate (Roche) and
were recorded using the LAS 4000 system (GE Healthcare LS).
For densitometric analysis, we used the software Image Quant
TL v7.0 (GE Healthcare LS).

Statistics

The data of independent experiments were summarized and dis-
played as mean ± SD. All statistical analysis was performed with
GraphPad Prism 8. Tests applied to the experiments are detailed in
the respective figure legends (unpaired Student’s t test, one-way
ANOVA). No statistical methods were applied to pre-determine sam-
ple size for animal experiments.
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