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Introduction

Since their inception by Edward Jenner roughly two hundred 
years ago, vaccines have achieved tremendous successes such as 
the eradication of diseases like smallpox and the containment of 
many childhood diseases. They are among the most cost-effec-
tive treatments that exist today. Despite these huge successes 
though, there is increasing scepticism toward vaccines in the 
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Nucleotide based vaccines represent an enticing, novel 
approach to vaccination. we have developed a novel 
immunization technology, RNActive® vaccines, that have 
two important characteristics: mRNA molecules are used 
whose protein expression capacity has been enhanced by 4 
to 5 orders of magnitude by modifications of the nucleotide 
sequence with the naturally occurring nucleotides A 
(adenosine), G (guanosine), C (cytosine), U (uridine) that 
do not affect the primary amino acid sequence. Second, 
they are complexed with protamine and thus activate the 
immune system by involvement of toll-like receptor (TLR) 7. 
essentially, this bestows self-adjuvant activity on RNActive® 
vaccines. RNActive® vaccines induce strong, balanced immune 
responses comprising humoral and cellular responses, effector 
and memory responses as well as activation of important 
subpopulations of immune cells, such as Th1 and Th2 cells. 
Pre-germinal center and germinal center B cells were detected 
in human patients upon vaccination. RNActive® vaccines 
successfully protect against lethal challenges with a variety 
of different influenza strains in preclinical models. Anti-tumor 
activity was observed preclinically under therapeutic as well 
as prophylactic conditions. initial clinical experiences suggest 
that the preclinical immunogenicity of RNActive® could be 
successfully translated to humans.
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Western world, partly because their success let people forget the 
disastrous consequences of the diseases successfully contained 
and made them focus on unintended effects. In addition, the 
recent swine flu epidemic demonstrated that present technology 
may not allow to produce vaccines in time to contain threaten-
ing diseases.

Although vaccines have been in widespread use for the last 
hundred years, vaccines against only comparatively few patho-
gens are available today. It has generally been difficult to make 
vaccines against many bacterial or parasitic diseases, e.g., such 
as S. aureus infections, tuberculosis or malaria, which pose an 
increasing risk due to increasing resistances against antibiotics 
and antiparasite drugs. For many viral diseases, vaccines are 
completely lacking, e.g., cytomegalo virus and Dengue virus, 
not to cite the desperate need for a vaccine against HIV. Besides 
research and development, investments of hundreds of million 
dollars are required for the set-up of production facilities well 
before licensure which constitutes a huge business risk.

As a consequence, the necessity to move beyond largely 
empirical approaches to vaccines research and development has 
spurred interest in novel approaches such as reverse, structural 
and synthetic vaccinology.1 Nucleotide based vaccines appear 
well-suited to feed the needs of the aforementioned approaches, 
offering a comparatively simple and inexpensive basis for vac-
cination that would allow to take advantage of modern (protein) 
engineering methods. However, despite intensive research in the 
last decades, DNA vaccines have not yet achieved the break-
through in humans. Here, we describe how vaccines based on 
messenger RNA (mRNA) might represent a suitable alternative 
for nucleotide based vaccination.

mRNA as the Basis for Vaccination

Early reports describing local protein expression after injection of 
mRNA2 were quickly followed by efforts to exploit this approach 
for vaccination. It was shown that subcutaneous injection of 
liposome-encapsulated mRNA, but not naked mRNA encoding 
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mRNA as well as ways to elicit a balanced, long-lasting immune 
response comprising strong humoral and cellular responses 
would have to be found.

Moving Beyond Wild-Type mRNA: Creation of 
RNActive® Vaccines with Self-Adjuvanted Highly 

Expression Enhanced, Modified mRNA

mRNA represents the minimal genetic vector, it contains only the 
elements directly required for expression of the encoded protein. 
In the minimal structure, a protein-encoding open reading 
frame (ORF) is flanked at the 5'- and 3'-end by two elements 
essential for the function of mature eukaryotic mRNA: the “cap”, 
a 7-methyl-guanosine residue bound to the 5'-end of the RNA via 
a 5'-5' triphosphate bond, and a poly(A) tail at the 3'-end (Fig. 
1A).16,17 This basic structure is transcribed in vitro from a plasmid 
DNA template that contains at least a bacteriophage promoter 
and the ORF, optionally a poly(d[A/T]) sequence transcribed 
into poly(A) and a unique restriction site for linearization of the 
plasmid to ensure defined termination of transcription (the cap 
is not encoded by the template). In addition to these structures, 
protein expression can be affected by the 5'-untranslated region 
between cap and ORF and the 3'-untranslated region that resides 
between ORF and polyA-tail.11 Using our proprietary mRNA 
technology, coding and non-coding parts of the molecule are 
constantly modified by in silico and experimental methods 
to increase both the level and duration of protein expression. 
Importantly, only the naturally occurring nucleotides A, G, C, 

the nucleoprotein (NP) of influenza virus elicited NP-specific 
cytotoxic T cells (CTLs).3 Antigen-specific antibodies could be 
induced with mRNA encoding human carcinoembryonic anti-
gen (CEA) by repeated intramuscular injection upon challenge 
with CEA positive tumor cells, but an anti-tumor effect was not 
described.4 A humoral and cellular (cytolytic) immune response 
could principally be achieved after intradermal injection into the 
ear with a protamine-complexed mRNA.5 In addition, vaccines 
could be successfully built on other principles using RNA as 
their basis, including replicon based approaches and transfection 
of dendritic cells pulsed in vitro with mRNA.6-11 More detailed 
analyses of the mechanisms underlying the observed immune 
responses indicated that naked mRNA resulted in a T-helper  
2 cell (Th2) response,12 whereas protamine/RNA complexes acted 
as danger signal that activated mouse cells through a MyD88-
dependent pathway involving Toll-like receptor 7 (TLR7) and 
TLR8.13-15 The complexes formed by protamine and irrelevant 
mRNA induced comparable anti-tumor effects to the oligonucle-
otide CpG after intratumoral injection, but importantly they did 
so also after injection at a distant site. While administration of 
CpG caused a substantial increase in spleen size, the protamine/
mRNA-complexes were indistinguishable from buffer controls in 
this respect which already indicated that mRNA based vaccines 
might exhibit a very good safety profile.

These studies were certainly very encouraging, but they 
also made clear that two obstacles would have to be over-
come to generate a successful mRNA-based vaccine: mea-
sures to increase the protein expression encoded by a given 

Figure 1. Schematic representation of mRNA and expression levels reached by modifactions thereof. (A) The principle structure of an mRNA-molecule 
consists of a cap-region, followed by an (optional) 5'-untranslated region, the open reading frame, an (optional) 3'-untranslated region and the poly-
A-tail. Sequence modifications of each depicted subunit of an mRNA molecule that only comprise the naturally occurring nucleotides A, G, C, U, and 
that do not affect the primary amino acid sequence encoded by the open reading frame constitute the basis of modified mRNA-molecules used in 
RNActive® vaccines, details in ref. 20. (B) Different generations of PpLuc-coding mRNAs produced over the last years were electroporated into HeLa 
cells (generation 1 to 4) and compared for their in vitro expression of luciferase. The luciferase level was determined at 6, 24, and 48 h or 72 h post 
transfection. The expression power of generation 4 and 5 was compared in human dermal fibroblasts after lipofection. The dynamic range of the assay 
was not sufficient to compare all mRNA molecules in one experiment.
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be advantageous for the induction of antigen-specific immune 
responses.

Adjuvanticity of mRNA Complexed with Protamine

The “naked” mRNA described above achieved high antigen 
expression, but only weak immunostimlation.20 Previous evi-
dence had demonstrated that complexation of mRNA with 
protamine helped to arise Th1 responses against antigens with 
the possible involvement of TLR7/TLR8.12,14 Zeta-sizer analy-
sis indicated that mRNA/protamine complexes form particles 
of around 250–350 nm, whereas the “naked”, modified mRNA 
forms smaller particles around 50 nm (Fig. 3A and B). However, 
complexes are very tight, so that the adjuvant effect comes at 
the cost of very weak antigen expression.11,20 Furthermore, the 
immune stimulating effects of mRNA/protamine complexes 
strongly depend on the ratio between protamine and mRNA. To 
achieve the two objectives of good antigen expression and adju-
vanticity, an optimal mixture of the modified “naked” mRNA 
with preformed complexes of the very same mRNA with prot-
amine was defined. Size distribution analysis of this two compo-
nent mixture revealed that the two particle sizes described above 
were still detectable in the mixture (Fig. 3C). Fluorescence cor-
relation spectroscopy revealed that particles remain separate and 

and U are used in this process. The mRNAs designed this way 
are then subjected to an also proprietary purification process 
which again increases total protein expression.

Over the years, this process resulted in an increase of pro-
tein expression by 4–5 orders of magnitude as assessed by lucif-
erase expression in various test systems (Fig. 1B). The kinetics 
of protein expression could be changed dramatically. While pro-
tein expression peaked after around 6–8 h in early experiments, 
similarly also reported by others using differing constructs,18 the 
recently developed constructs peak after 24 h with an expression 
at 48 h that matches or exceeds the level reached after 6 h. The 
most recent generation presently in preclinical assessment repre-
sents a big leap forward, with the 72 h expression level slightly 
exceeding the 6 h expression level of the previous generation. 
Importantly, these results were also reflected in in vivo experi-
ments in which luciferase expression could be clearly visualized 
for 5 d (Fig. 2A). The quantitative assessment showed a peak 
expression after 24–48 h with strong expression still present 
after 72 h and expression still detectable up to 9 d (Fig. 2B). The 
antigen dose and the duration of its presentation are considered 
critical factors for generating strong and sustained antigen-spe-
cific immune responses.19 Thus, the protein expression achieved 
with our modified mRNA-constructs starts to mimic that seen 
after viral infections such as influenza virus infection which may 

Figure 2. Protein expression in vivo is strongly prolonged using Curevac’s proprietary mRNA technology and lasts for many days. Firefly luciferase-
encoding mRNA, optimized for translation and stability, was injected intradermally into a BALB/c mouse (4 injection sites). At various time points after 
mRNA injection, luciferase expression was visualized in the living animal by optical imaging. (A) visualization of luciferase expression at selected time 
points, showing maximal protein levels 24 to 48 h after mRNA injection. (B) Quantitative expression of luciferase over time until 9 d after mRNA injec-
tion. Results are shown on a linear scale (left-hand panel) or on a semi-logarithmic scale (right-hand panel). The figure is adapted with permission from 
ref. 11, details therein.
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TLR7 which resides in an endosomal location.22 Others reported 
that uptake by immature dendritic cells is largely driven by mac-
ropinocytosis and stops upon dendritic cell maturation.23

An analysis of the translational and immunostimulatory 
capacity of this two component mixture prepared with PpLuc 
mRNA demonstrated that the high and stable antigen expres-
sion by the “naked” mRNA component is maintained, whereas 
adjuvanticity is achieved by the immunostimulatory effect of 
the mRNA/protamine complexes.20 The immunostimulatory 
effect of this self-adjuvanted, two-component vaccine which 
we termed RNActive®-vaccine, is lost in TLR7−/− mice, indi-
cating a pivotal role of TLR7 in the mechanism of this vaccine 
(see also Fig. 7). Vaccines encoding ovalbumin or prostate spe-
cific membrane antigen (PSMA) were produced to analyze the 
immune response induced by this novel vaccination approach. 
Consistently, RNActive®-vaccines prepared this way induced 
‘balanced’ immune responses: the ovalbumin vaccine induced 
a strong humoral immune response resulting in high IgG1 and 
IgG2a antibody titers which suggests that both Th2 and Th1 
responses were elicited (Fig. 4A). The T-cell response comprises 
both IFNγ-secreting, functional, cytolytic CD8+ T cells (Fig. 4B  
and C) as well as IFNγ-secreting CD4+ T cells (Fig. 4D) as evi-
denced by vaccination with an ovalbumin or PSMA encoding 
RNActive®-vaccine, respectively. Repeated vaccination substan-
tially increased the frequency of IFNγ-secreting CD8+ T cells 
without increasing the frequency of CD4+ regulatory T cells 
(data not shown). Importantly, RNActive®-vaccines induce not 
just a strong effector immune response, but also a strong mem-
ory T-cell response, here elicited by repeated vaccination with a 
PSMA encoding RNActive®-vaccine (Fig. 4E).

To study the anti-tumor, presumably T-cell dependent 
activity of our RNActive®-vaccines the E.G7-Ova model was 
employed. Mice were either vaccinated prophylactically with an 
ovalbumin encoding RNActive® vaccine and then challenged 
with ovalbumin expressing E.G7 tumor cells, or inoculated with 
E.G7-Ova tumor cells first and then immunized with the ovalbu-
min RNActive® vaccine once the tumor had become rather large 
(around 80 mm3). In the prophylactic model, the ovalbumin 
RNActive® vaccine protected against tumor growth for about 
three weeks before the tumor started to grow (Fig. 5A). Likewise 
in the therapeutic model, even at the advanced tumor size treated, 
the RNActive® vaccine suppressed tumor growth for more than a 
week before it started to grow again (Fig. 5C). When we assessed 
possible reasons for the observed tumor escape, we found that 
escaping tumors had largely downregulated or even eliminated 
ovalbumin expression (Fig. 5B and D). Hence, RNActive® vac-
cines had successfully established cancer immunosurveillance 
and thus exerted an evolutionary pressure selecting cells either 
weakly or not expressing ovalbumin.

Further analysis of the mechanism of action of RNActive® 
vaccines revealed that CD4+ T cells were essential during the 
induction phase of the immune response, whereas the anti-tumor 
immune response depended on CD8+ T cells. Interestingly, an 
analysis of changes within the tumor showed a higher frequency 
and persistence of CD8+ T cells after as few as two vaccina-
tions.20,24 Close to 70 genes were upregulated in the tumors of 

that the mRNA complexed to protamine does not interchange 
with the “naked” mRNA in solution.20 The two components are 
taken up by endocytic, yet distinct pathways into the cell as no 
colocalizaton was found.11,20 The naked mRNA appears to be 
taken up by scavenger receptors residing in caveolae, while the 
mRNA/protamine complex appears to remain in a different endo-
cytic compartment.11,21 This would be consistent with the weak 
antigen expression by the complexes and also with stimulation of 

Figure 3. Size analysis of RNActive® vaccines as shown by a vaccine 
encoding Ppluc that was produced using the RNActive® technology. 
The size distribution of particles composing the vaccine solution was 
analyzed using a Malvern Zetasizer Scattering instrument. Closely 
similar data were generated with several different mRNAs. (A) The 
naked mRNA has a size of around 50 nm. (B) mRNA is complexed with 
protamine at a mass ratio of mRNA:protamine of 2:1. The resulting 
particles are distinctly larger than the ones consisting of naked mRNA. 
(C) The size distribution analysis of a complete RNActive® vaccine shows 
that the particle sizes of the two individual components are maintained 
in the RNActive® vaccines. Further analysis with fluorescent correlation 
spectroscopy demonstrated that the protamine/mRNA complexes 
are very tight, so that naked, free mRNA does not exchange with the 
protamine-complexed mRNA. Figure was adapted with permission 
from ref. 20, details therein.
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Importantly, combination of RNActive® vaccines with other 
treatments such as anti-CTLA-4 antibodies resulted in largely 
synergistic effects.24 Under conditions where the antibody 

vaccinated mice, among these NK-cell related genes, markers of 
activated, cytolytic T cells as well as those encoding chemokines, 
IFNγ and IFNγ-related genes.24

Figure 4. RNActive® vaccines induce effective B cell and T cell responses. Mice were vaccinated intradermally with an RNActive® vaccine encoding 
ovalbumin. (A) The presence of ovalbumin-specific antibodies was measured in serially diluted sera of vaccinated and control mice taken 11 d after the 
last vaccination and analyzed using eLiSA. Data points represent antibody endpoint titers calculated for individual mice. (B) ex vivo eLiSpot analysis 
of the secretion of iFNγ in splenocytes from vaccinated and control mice. Cells were isolated on day 6 after the last vaccination and stimulated either 
with antigenic or with control peptide. The graph shows single data points for individual mice. (C) in vivo cytotoxicity against target cells loaded with 
the ovalbumin derived SiiNFeKL peptide on day 5 after the last injection. The graph shows single data points for individual mice. (D) ex vivo eLiSpot 
analysis of the secretion of iFNγ in sorted CD4+ T cells from mice vaccinated with an RNActive® vaccine encoding prostate specific membrane antigen 
(PSMA) and control mice. Cells were isolated on day 6 after the last vaccination and stimulated either with PSMA-derived or control peptide library. (E) 
Frequencies of iFNγ+ CD44+ CD62L− CCR7− memory T cells in sorted CD8+ T cells from vaccinated and control mice. Cells were isolated on day 55 after 
last vaccination and stimulated ex vivo either with antigenic or with control peptide library and anti-CD28 antibody for 6 h. After intracellular staining 
of iFNγ secretion, cells were stained for surface markers of memory T cells. Adapted with permission from refs. 20 and 24.
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This prompted us to ask whether RNActive® vaccines would 
face a similar problem thus rendering them inappropriate for 
the use as prophylactic vaccines. Hence, an RNActive® vaccine 
was generated encoding full-length HA from influenza virus  
A/PuertoRico/8/1934 (PR8HA) and injected intradermally into 
BALB/c mice in a prime-boost regimen at a 3 weeks interval.25 
Humoral responses were measured 4 weeks after the last injec-
tion. Both, HA-specific IgG1 and IgG2a antibodies as well as 
serum activity in HA inhibition (HI) assays could be achieved 
(Fig. 6A–C). Average HI titers were ≥ 1:40, commonly defined 
as the protective limit in humans. Immunogenicity could be 
demonstrated in male and female animals, different mouse 
strains (C57BL/6, NMRI, DBA/2) as well as male Lewis rats 
(data not shown).

Together, these data indicated effective seroconver-
sion and the presence of virus-neutralizing antibodies in all 

was hardly active and the RNActive® vaccine only moderately 
active against the tumor, the combination was able to control 
tumor growth. When the long-term survivors were challenged 
with ovalbumin negative EL4 tumor cells (which are the parent 
cells to the ovalbumin positive E.G7-Ova cell line), the inocu-
lated EL4 tumors were rejected by all long-term survivors. This 
suggests that the combination of RNActive® vaccines with the 
checkpoint inhibitor anti-CTLA4 not just resulted in a stronger 
anti-ovalbumin response, but also induced antigen spreading.

RNActive® Vaccines can be Used for Prophylaxis  
of Infectious Diseases

It was recently reported by others that an mRNA encoding a 
construct of influenza hemagglutinin (HA) did not result in a 
measurable anti-HA response upon intradermal injection.18 

Figure 5. RNActive® vaccines in prophylactic and therapeutic tumor models. (A) C57BL/6 mice were immunized intradermally with an RNActive® vac-
cine encoding ovalbumin on day 1 and week 3. Six days after the last vaccination, C57BL/6 mice were challenged subcutaneously with 1 × 106 synge-
neic e.G7-OvA tumor cells. Tumor growth was monitored by measuring the tumor size in three dimensions using calipers. (B) Outgrown tumors were 
excised and ovalbumin expression was quantified via RT-PCR relative to murine GAPDH from total RNA isolates. (C) C57BL/6 mice (n = 9) were chal-
lenged subcutaneously with 0.3 × 106 syngeneic e.G7-OvA tumor cells on day 0. Tumors were palpable on day 3. Mice were treated according to the 
schedule specified in the graph with either the RNActive® ovalbumin or with control vaccine (32 μg/vaccination) or with buffer. Therapy was started 
either on day 4 or on day 7. (D) Mice were treated as indicated in (C), but outgrown tumors were excised to quantify the expression of ovalbumin via 
RT-PCR. Figure adapted with permission from refs. 11 and 24.
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HI titers of ≥ 1:40 were observed already at week 3 of the experi-
ment and these titers were stably maintained throughout the 
course of the experiment. Mice were challenged with 10 × LD50 
of PR8 virus at 18 mo of age (i.e., 16 mo after vaccination). All 

RNActive®-vaccinated animals. Additionally, CD4+ T-cell 
responses against a cocktail of major histocompatibility com-
plex (MHC) class II-restricted PR8HA-derived peptides could 
be measured in an ex vivo interferon IFN-γ ELISPOT assay  
(Fig. 6D). PR8HA mRNA-immunized BALB/c mice also 
showed a significantly higher cytotoxic activity of CD8+ T cells 
against an MHC class I-restricted PR8-HA peptide compared 
with buffer injected mice.25

To assess the mechanism of action, we compared the antibody 
induction following vaccination of wild-type BALB/c mice with 
PR8HA to the one in TLR7−/− and TLR9−/− mice. Mice were vac-
cinated two times with a 3 weeks interval and antibodies were 
measured either 1 week or 4 weeks after the last vaccination. 
Seven days after the first priming vaccination, both IgG1 and 
IgG2 antibodies were clearly suppressed in TLR7−/− mice while 
there was no effect on the antibody levels of the two classes in 
TLR9−/− mice compared with wild-type mice (Fig. 7A and B). 
For wild-type and TLR9−/− mice, the same results were obtained 
at the 4 weeks assessment. In contrast, TLR7−/− mice behaved 
differently: IgG2a levels remained suppressed in TLR7−/− mice, 
whereas IgG1 levels in TLR7−/− mice were the same as in wild-type 
mice and TLR9−/− mice at the 4 weeks assessment. This suggests 
that RNActive® dependent immune responses occur indepen-
dently of TLR9 activation, but are strongly affected by TLR7 
activation. For the IgG1 antibody response, i.e., a Th2 dependent 
response, this was only the case at the early and not the late time 
point, while the TLR7-dependent impact on IgG2a levels could 
be demonstrated at early as well as late time points. In line with 
a pronounced impact of TLR7 on the Th1 dependent immune 
response, we found that vaccination with an RNActive® vaccine 
encoding nucleoprotein (NP) from PR8 resulted in a much lower 
cytolytic activity upon stimulation with an NP-derived peptide 
in TLR7−/− mice than in wildtype and TLR9−/− mice (Fig. 7C).

To investigate whether the immunological effect of RNActive® 
vaccines also translated in protection against viral infections, 
mice were vaccinated two times at a three weeks interval with 
RNActive® vaccines encoding HA from influenza strains PR8 
(Fig. 8A), swine flu (Fig. 8B) or bird flu (Fig. 8C) and sub-
jected to homologous challenge with multiples of the LD50 of 
the respective viruses. In each case, 100% of the animals vac-
cinated with RNActive® vaccine (Fig. 8A–C) or inactivated PR8 
virus (Fig. 8A) survived, whereas mice vaccinated with either 
an irrelevant vaccine (Fig. 8B) or buffer (Fig. 8A and C) were 
not protected. As shown in the challenge experiment with PR8  
(Fig. 8A), mice also survived the challenge when T cells were 
depleted prior to infection which showed that the protective 
effect was independent of T cells. Serum transfer experiments 
confirmed that the protective effect depended on neutralizing 
antibodies active in HI assays.25 Importantly, vaccines stored at 
−20 °C or 37 °C were equally able to protect mice against lethal 
challenge with PR8 virus suggesting that the cold chain is not 
required by RNActive® vaccines (Fig. 8A).

To assess whether vaccination with RNActive® vaccines 
resulted in long lasting immune effects, mice were vacci-
nated at week 1 and 2 at two mo of age and then monitored for 
their HI titers for up to 16 mo at monthly intervals (Fig. 9A).  

Figure 6. immunological characterization of an RNActive® vaccine 
encoding hemagglutinin from influenza virus PR8. BALB/c mice were 
vaccinated intradermally with an RNActive® vaccine encoding hemag-
glutinin from influenza virus PR8 on day 1 and day 22. PR8HA-specific 
antibodies in the serum were quantified 4 weeks after the last im-
munization by igG1- (A) and igG2a-specific eLiSA (B), and by hemag-
glutination inhibition (Hi) assays (C). The dashed line in c indicates the 
conventionally defined protective Hi titer of 1:40. (D) eLiSPOT of iFNγ 
production in CD4+ T-cells sorted from vaccinated and buffer control 
mice on day 28. CD4+ T-cells were stimulated with a pool of five MHC 
class ii-restricted peptides from HA (HA pept.) or as a control from the 
Hivpol protein (control; ctrl. pept.). Figure adapted with permission 
from ref. 25.
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extremes of age. More generally, RNActive® vaccines might over-
come the problem of immosenescence. The reasons for this are not 
yet clear, but may result from successful TLR7 activation.

Prime-Only Efficacy of RNActive® Vaccines Encoding 
Different Influenza Antigens

To test whether a single vaccination was sufficient to achieve pro-
tection, mice were vaccinated with 80 μg of the RNActive® vaccine 
encoding HA from PR8. 100% of the vaccinated animals sur-
vived, but the temporary weight loss observed in the animals sug-
gested that single vaccination was not sufficient to prevent clinical 
disease. Neuraminidase (NA) from PR8 was therefore included in 

vaccinated animals were protected against lethal challenge infection  
(Fig. 9B). Protection against influenza infection is still challeng-
ing in small children and elderly people. We therefore exam-
ined mRNA vaccine immunogenicity in very young (newborns  
> 1 d old) and very old (18 mo of age) BALB/c mice. Mice were 
immunized with 80 μg PR8HA or an irrelevant Ova mRNA 
vaccine on days 0 and 7. Five weeks after immunization both 
groups and control animals were challenged with 10 × LD50 of 
PR8 virus. Both, vaccinated newborn (Fig. 9C) and old (Fig. 9D)  
mice survived infectious challenge and suffered neither pro-
nounced weight loss nor other signs of disease (data not shown), 
similarly to 2-mo-old adult mice. Hence, RNActive® vaccines may 
prevent or reduce disease caused by influenza virus infection at the 

Figure 7. effect of pattern recognition receptors on RNActive vaccination. (A and B) Male TLR7−/− or TLR9−/− BALB/c mice (purchased from Bioindustry 
Division. Oriental Yeast Co., Tokyo, Japan) were vaccinated intradermally on day 0 and day 7 with 20 μg of RNActive vaccines encoding HA (PR8) or 
ovalbumin as control. Serum samples were taken 7 d (A) and 28 d (B) after the final vaccination and igG1 and igG2a antibodies against HA determined 
with eLiSAs (methods in Petsch et al.25). Data points represent single mice. (C) One month later, the same mice were vaccinated with 20 μg of RNActive 
encoding nucleoprotein (NP) from PR8 with the same vaccination schedule. Splenocytes from vaccinated mice were stimulated with a peptide (amino 
acids 147–155) from NP 7 d after the last vaccination and the cytolytic activity determined with an in vivo killing assay (described in ref. 20).
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~1:1200.25 Similar to the results in ferrets, the immunogenicity of 
the RNActive® vaccine in pigs met the requirements for licensure.

However, since not all pigs had been seronegative when 
included in the previous experiment, the protective efficacy of 

the vaccine, since it is also present in approved influenza vaccines. 
A single administration of the NA vaccine was insufficient to give 
complete protection against influenza infection and achieved only 
40% survival.25 However, when both, HA and NA were targeted, 
a single vaccination sufficed to ensure 100% survival and prevent 
any weight loss, indicating that a combined vaccine could com-
pletely protect against clinical influenza infections.

Since the vaccination with an NP encoding RNActive® vac-
cine successfully induced T cells, we asked whether this antigen 
which is more conserved between different influenza strains26-28 
could mediate protection against homologous and heterologous 
viral challenge. Mice were vaccinated three times with 80 μg 
of NP RNActive® at weeks 0, 3, and 6 and subsequently chal-
lenged with homologous PR8 (H1N1) or heterologous MB1 
(H5N1) virus. This resulted in 100% survival upon lethal chal-
lenge with homologous PR8 virus and 80% survival upon lethal 
challenge with heterologous MB1 influenza (“bird flu”) virus  
5 weeks after the last vaccination. T-cell depletion shortly before 
the challenge demonstrated that protection was mediated by  
T cells.

RNActive® Vaccines are also Active in Large Animals

Ferrets are considered to be an appropriate animal species to 
predict immunogenicity of influenza vaccines in humans. The 
immunogenicity of HA derived from the clinical isolate Re6 
(“swine flu”) was therefore encoded as RNActive® vaccine and 
analyzed in ferrets and compared with the licensed influenza 
vaccine Celvapan® that has a corresponding specificity. Ferrets 
were vaccinated i.d. at week 0 and week 1 with 20, 80, or 250 μg 
of the Re6HA RNActive® vaccine or 80 μg of an ovalbumin 
encoding RNActive® vaccine as negative control. Celvapan® 
was administered intramuscularly (i.m.) according to the 
recommended human schedule at week 0 and week 3. Two 
weeks after the last vaccination, ferrets immunized with 80 μg 
or 250 μg of Re6HA RNActive® vaccine showed HA-specific 
antibodies reaching median HI titers of ~1:40, comparable to 
the levels achieved with the licensed vaccine despite an only one 
week interval between prime and boost (Fig. 10A). Animals 
vaccinated with ova mRNA did not raise significant HA-specific 
serum activity. In difference to the very stable HI titers in mice, 
HI titers decreased rather quickly at the same rates in all ferret 
groups including the Celvapan®-immunized groups (Fig. 10B). 
A second boost in RNActive® vaccinated ferrets demonstrated 
boosterability, but again a subsequent decline of HI-titers was 
observed.

To investigate whether RNActive® vaccines are immunogenic 
in animals with a weight more similar to humans, 3 mo-old 
female domestic pigs were immunized twice intradermally  
3 weeks apart with 250 μg of RNActive® encoding HA from 
influenza strain A/California/7/2009 (“C7”). Blood samples 
were taken 1 week before the first immunization, on the day of 
the second immunization, as well as 2 weeks and 4 weeks after the 
second immunization. The pigs that initially weighed 20–25 kg 
had reached a weight of ~50 kg by this time. All but one animal 
exhibited a 4-fold or greater rise in HI titers with peak HI titers of 

Figure 8. Protective efficacy of mRNA vaccine against lethal virus 
challenge in BALB/c mice. (A) BALB/c mice (n = 5/group) were injected 
intradermally with 80 μg of PR8HA mRNA that was either frozen at 
−20 °C before immunization (HA mRNA) or lyophilized and stored for 
3 weeks at 37 °C before immunization (HA mRNA 37 °C). in one group 
of mice immunized with PR8HA mRNA (that had been frozen), T cells 
were depleted at days −1 and +3 with respect to challenge infection 
(HA T depl.). Control mice were injected intradermally with buffer or 
intramuscularly with 10 μg of inactivated PR8 virus (inact. PR8). vaccine 
or control injections were done on days 0 and 21. On day 56 mice were 
infected with 10× LD50 of PR8 virus and survival assessed. (B and C) 
BALB/c mice (n = 5/group for Re6; n = 8/group for vn04) were injected 
intradermally with 80 μg of mRNA encoding HA from influenza strain 
A/Regensburg/D6/2009 (Re6/H1N1v) or A/vietnam/1194/2004 (vn04/
H5N1), three independent experiments. Control mice were injected 
with (B) 80 μg of ovalbumin RNActive® vaccines or Ringer’s lactate buf-
fer (C). immunizations were done at day 0 and booster injections at day 
21. Five weeks after booster injection mice were challenged with virus 
expressing the homologous HA. For vn04 and PR98 10× LD50 were 
used as challenge dose. Due to technical limitations a 6.8× LD50 was 
used for the challenge with Re6. Statistical analysis was done using a 
log rank analysis (Mantel Cox test): (A) p = 0.0017, (B) p = 0.001, (C) p =  
< 0.0001. Further information in ref. 25.
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RNActive® vaccination in pigs was assessed in animals with 
proven seronegativity for influenza virus.25 Female domestic pigs 
(20–25 kg initial body weight, 2 mo age) were vaccinated intra-
dermally on days 0 and 21 with RNActive® vaccines encoding 
HA, NA (both influenza strain Re6, “swine flu”) and NP (PR8) 
(250 μg each) or with a human dose (500 μl) of the licensed vac-
cine Mutagrip (2011/2012, Sanofi Pasteur) or with buffer. The 
mRNA vaccine combination was chosen, since results in mice 
indicated a better protection for a combinatorial approach and 
since the licensed split virion vaccines such as Mutagrip also con-
tain significant amounts of NA and NP proteins.29 Animals were 
challenged intranasally with 106.5 median tissue culture infec-
tive doses (TCID50) of Influenza A/Bayern/74/2009 (“B74/
H1N1v”). All pigs in the negative control group (buffer) showed 
mild to moderate clinical signs of disease, which were recorded 
in a blinded fashion 1–5 d post-infection, including disturbed 
general state of health and occasional sneezing or bleeding of 
the nose, whereas none of the immunized pigs showed signs of 
disease during this observation period (Fig. 10C). Quantitative 
RT-PCR done on nasal swabs revealed reduced virus genome 
copies in mRNA-vaccinated (290- and 698-fold reduction at  
6 and 7 d post-infection) and Mutagrip-vaccinated pigs (87- and 
48-fold on 6 and days post-infection) compared with the buffer 
control group25 indicating faster clearance of the virus in immu-
nized pigs. The experiment convincingly established efficacy of 
RNActive® vaccines also in large animals.

Intradermal vs. Intranodal Administration  
of RNActive® Vaccines

As already mentioned above, an HA construct encoded by mRNA 
prepared in a manner different from the one described here did not 
induce immune responses against HA after intradermal applica-
tion.18 Intranodal administration was required to achieve immu-
nogenicity of HA mRNA, an approach that was also chosen to 
demonstrate activity of mRNA constructs encoding immunostim-
ulatory molecules in addition to the antigen.30,31 To assess whether 
intranodal administration would be advantageous over intrader-
mal administration also for RNActive® vaccines, a test experi-
ment was performed and mice were immunized on days 0, 3, 6,  
and 9 with two doses (16 μg or 32 μg) of an ovalbumin encod-
ing RNActive® vaccine. Due to volume restrictions, the higher 
dose was injected into two different lymph nodes. The humoral 
immune response was measured on day 15. Somewhat contrary to 
our expectation, intradermal administration resulted in a stron-
ger IgG1 response at both dosages than intranodal administra-
tion (Fig. 11A and B). A similar, though less pronounced trend 
was also observed for IgG2a antibodies at both doses. Differing 
from the humoral immune response, the frequency of IFNγ and 
TNFα secreting CD8+ T cells was similar between intradermal 
and intranodal administration at both, the low and the high dose 
(Fig. 11C and D). In the mice vaccinated intranodally, anti-
tumor activity after intranodal administration did not appear to 
have advantages over intradermal administration of RNActive® 
vaccines, but this observation awaits further testing.

Figure 9. RNActive® vaccines elicit durable immune responses, cir-
cumvent immunosenescence in old mice, but are also immunogenic 
in newborn mice. (A) 8-week-old female BALB/c mice were injected 
intradermally on days 0 and 7 with 20 μg of PR8HA RNActive® (n = 5) 
or ovalbumin RNActive® (n = 4). For each condition, two independent 
experiments were performed. Hi titers were monitored over a period 
of 70 weeks (16 mo) and plotted as mean + s.d. (B) Sixteen months after 
immunization, mice were challenged with 10× LD50 of PR8 and survival 
was monitored. Newborn mice (1 d old, 1 d, n = 9/group; three inde-
pendent experiments) (C), aged (18 mo old, 18 mo, n = 3/group; one 
experiment) (D) or adult (2 mo old, 2 mo, n = 5/group) BALB/c mice were 
injected intradermally with 80 μg of PR8HA or ovalbumin RNActive® 
with an interval of 7 d. Five weeks after the second immunization, mice 
were challenged with 10× LD50 of live PR8 virus and survival monitored 
for 14 d post-infection. Statistical analysis was done using a log rank 
analysis (Mantel Cox test): (B) p = 0.005, (C) 1 d: p = 0.0007; 2 mo: p = 
0.0015, (D) 2 mo: p = 0.031; 18 mo: p = 0.01.
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humoral and cellular immune response was determined in 
roughly two thirds of the treated patients. Antigen-specific 
B cells of a memory subtype were detected in one exemplary 
patient. Together, more than 80% of the treated NSCLC 
patients had a detectable antigen specific immune response and/
or an increase in germinal center B cells (Sebastian et al. manu-
script in preparation).

Overall, both RNActive® vaccine cocktails showed very 
high immunogenicity rates in patients with prostate carcinoma 
or NSCLC. Importantly, a response against multiple anti-
gens was seen in the majority of immune responders in both 
studies. Recent evidence35 suggests that this is indicative of a 
substantially improved overall survival in vaccinated patients. 
Manuscripts on the clinical and immunological details are pres-
ently prepared. Based on these encouraging data, a controlled 
phase II trial was initiated in a similar population of patients 
with prostate carcinoma.

Conclusion

For decades, efforts to generate nucleotide based vaccines have 
focused on DNA. However, in recent years, it has become clear 

Clinical Experiences with RNActive® Vaccines

Based on encouraging preclinical results, the decision was taken to 
advance the self-adjuvanted RNActive® vaccines to clinical testing. 
Two indications were chosen: castrate-resistant, non-metastatic or 
mildly symptomatic metastatic prostate carcinoma and stage IIIB/
IV disease of NSCLC (non-small cell lung cancer) that was at least 
stable after first-line platinum-based chemotherapy. A cocktail of 
the four tumor associated antigens PSA (prostate specific anti-
gen), PSCA (prostate stem cell antigen), PSMA (prostate specific 
membrane antigen) and STEAP1 (six transmembrane epithelial 
antigen of the prostate 1) was selected for the first-in-man phase 
I/IIa study in prostate cancer patients and designated CV9103. 
For the NSCLC cocktail CV9201, five tumor-associated antigens 
were chosen: MAGE-C1, MAGE-C2, NY-ESO-1, survivin, and 
5T4.32,33

In the prostate-carcinoma study with CV9103, an unex-
pectedly high level of cellular immunogenicity was observed. 
Antigen-specific T cells were detected in around 80% of prostate 
carcinoma patients independent of their HLA-background.34 
Importantly, the majority of immune responders, around 60%, 
reacted against multiple antigens. Immune responses were 
detected against all antigens independent of their cellular local-
ization. Antigen-unspecific B cells were increased in around 
75% of patients, a tendency for increased activation was also 
observed for natural killer (NK)-cells. Favorable clinical courses 
were observed (Kuebler et al., manuscript in preparation).

As in the prostate-carcinoma study, the number of vaccina-
tions in the phase I/IIa trial NSCLC patients was limited to 
five intradermal immunizations, but due to the more advanced 
disease a more intensive vaccination schedule had to be chosen. 
Similar to CV9103, the NSCLC cocktail CV9201 showed a 
favorable safety profile. More specific information was gained 
on the B-cell activation. A significant increase of pre-germinal 
center B cells (pGCB) by a factor of at least 2 was observed in 
about 60% of the patients. This correlated with an increase of 
total CD4+ effector T cells during treatment. An antigen specific 

Figure 10. immune effects of RNActive® vaccines in ferrets and pigs and 
protective efficacy in pigs. (A, B) immunogenicity of RNActive® vaccines 
was assessed in six-month-old male ferrets (n = 6/group) that were 
immunized intradermally with 20, 80, or 250 μg of Re6HA RNActive® 
vaccine or 80 μg of Ova RNActive® vaccine, or intramuscularly with 
500 μl of the licensed vaccine Celvapan® (LiC) which contains 7.5 μg 
C7HA. mRNA was injected at weeks 0, 1, and 6. Celvapan® was injected 
at weeks 0 and 3. (A) Hi titers were measured 2 weeks after the booster 
vaccination (week 3 for RNActive® vaccine, week 5 for Celvapan®). (B) 
The kinetics of Hi titers was recorded over the whole experiment for 
groups treated with 250 μg Re6HA, 80 μg ovalbumin (ova) or Celvapan 
(symbols are the same in panels A and B). Data are expressed as mean 
+ s.d. for clarity and represent two independent experiments. (C) 2-mo-
old seronegative pigs (n = 5/group) were immunized on days 0 and 
21 with 250 μg of each Re6HA, Re6NA, and PR8NP RNActive® vaccine, 
500 μl Mutagrip 2011/2012, or buffer. On day 16 post-immunization, 
animals were infected with 106.5 TCiD50 of A/Bayern/74/2009 (B74/
H1N1v) virus. Clinical symptoms were measured in a blinded fashion 
and were recorded over the ensuing 13 d (*: impaired general condition 
5/5 buffer-treated animals, **: impaired general condition 4/5 buffer-
treated animals). Further details in Petsch et al.25
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Figure 11. intradermal vs. intranodal administration of RNActive® vaccines. Mice were vaccinated with 16 or 32 μg of RNActive® vaccine encoding 
ovalbumin or HA from PR8 as control either intradermally or intranodally on days 0, 3, 6, and 9. A maximum volume of 10 μl could be injected into 
lymph nodes, for which reason the 32 μg dose was administered to two different lymph nodes. (A and B) On day 15, serum samples were taken and 
igG1 and igG2a antibody titers against ovalbumin were determined (method described in Fotin-Mleczek et al.20). (A) 16 μg dose, (B) 32 μg dose (C and 
D). Splenocytes were also isolated from vaccinated mice and the frequency of iFNγ+ or TNFα+ CD8+ T cells determined by intracellular cytokine staining 
after stimulation with the SiiNFeKL peptide from ovalbumin or HA derived epitopes as control.20,25 (C) 16 μg dose, (D) 32 μg dose.
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the impressive activity observed in therapeutic models of tumor 
diseases as well as prophylactic models of infectious diseases will 
also be mirrored by equally impressive effects on human dis-
eases. If successful, RNActive® vaccines will be able to do more 
than classical vaccines at considerably reduced costs. RNActive® 
vaccines would thus represent a truly disruptive technology with 
wide ranging implications for several clinical areas.
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that RNA can be safely worked with in laboratory and clinical 
settings and does not require the cold chain. Moreover, it can 
be produced in a highly flexible and versatile process that can 
be upscaled to industrial requirements with only comparatively 
modest investments. The format presented here, self-adjuvanted 
RNActive® vaccines, induces balanced immune responses com-
prising humoral and cellular responses, effector and memory 
responses as well as activation of important subpopulations of 
immune cells, such as Th1 and Th2 cells or pre-germinal center 
B cells and germinal center B cells. In contrast to DNA vaccines, 
self-adjuvanted RNActive® vaccines activate the immune system 
in a different way that pivotally involves activation of an impor-
tant pattern recognition receptor, TLR7, by RNActive® vaccines. 
The first clinical studies performed indicate a favorable safety 
profile of RNActive® vaccines. Furthermore, the immunological 
effects induced in preclinical experiments by RNActive® vac-
cines could be translated to the human situation. It is hoped that 
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