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Synthetic mRNA has emerged as a powerful tool for the trans-
fer of genetic information, and it is being explored for a vari-
ety of therapeutic applications. Many of these applications
require prolonged intracellular persistence of mRNA to
improve bioavailability of the encoded protein. mRNA mole-
cules are intrinsically unstable and their intracellular kinetics
depend on the UTRs embracing the coding sequence, in
particular the 30 UTR elements. We describe here a novel
and generally applicable cell-based selection process for the
identification of 30 UTRs that augment the expression of pro-
teins encoded by synthetic mRNA. Moreover, we show, for two
applications of mRNA therapeutics, namely, (1) the delivery of
vaccine antigens in order to mount T cell immune responses
and (2) the introduction of reprogramming factors into differ-
entiated cells in order to induce pluripotency, that mRNAs
tagged with the 30 UTR elements discovered in this study
outperform those with commonly used 30 UTRs. This
approach further leverages the utility of mRNA as a gene ther-
apy drug format.

INTRODUCTION
Protein-encoding mRNA has emerged as an attractive new technol-
ogy for gene delivery.1 Synthetic mRNA has the same structure as nat-
ural mRNA molecules and features a cap, 50 and 30 UTRs and a
poly(A)-tail embracing the encoded gene of interest. In contrast to
DNA, mRNA does not need to enter the nucleus, and, therefore, it
can be expressed in non-dividing cells. mRNA does not integrate
into the genome, is only transiently active, and is considered to be
safer than DNA and viral vectors.1,2 Manufacturing of synthetic
mRNA by in vitro transcription is simple, fast, and cost efficient at
any scale. As a consequence, the development of mRNA drugs has
garnered broad interest, and it is being explored for delivery into
various cell types and applications as diverse as cancer vaccination,
cell reprogramming, and protein replacement therapies.

Delivery of cancer vaccine antigens into antigen-presenting cells,
which represents the, to date, most advanced practical application
of mRNA, is in late-stage clinical development. One approach is to
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load human dendritic cells (hDCs) with mRNA in cell culture and
adoptively transfer these engineered cells. Another approach is to
inject naked mRNA into lymph nodes (reviewed in Vallazza et al.3)
for efficient macropinocytotic uptake by resident hDCs.4,5 A third
option, which is in clinical testing, uses intravenously adminis-
tered nanoparticle formulations targeting mRNA specifically into
lymphoid organs for body-wide expression of the antigen by anti-
gen-presenting cells.6 Irrespective of the route, the objective is to
achieve translation of mRNA-delivered tumor antigen in the cyto-
plasm of antigen-presenting cells (reviewed in Sahin et al.1) and pre-
sentation of immunogenic epitopes to T cells in the context of major
histocompatibility complexes (MHCs) and costimulatory molecules.
The potency of the antigen-specific immune response correlates posi-
tively with the persistence of the synthetic mRNA in the hDCs and the
amount of translated protein.7,8

Regenerative medicine is another field in which mRNA is used for the
conversion of cell fate, including the generation of induced pluripo-
tent stem cells (iPSCs) from easily accessible adult somatic cells (re-
viewed in Steinle et al.9). iPSCs resemble human embryonic stem cells
(hESCs) but are not associated with the respective ethical concerns.10

Reprogramming of somatic cells into iPSCs requires the efficient,
transient expression of exogenous pluripotency-associated transcrip-
tion factors until the cell’s endogenous pluripotency-maintaining
network is fully activated.11 For clinical translation of the iPSC
approach, mRNA gene transfer appears more attractive than conven-
tional retroviral delivery of the transcription factors, as it lacks the risk
of genomic integration and oncogenic transcriptional reactivation in
iPSC-derived differentiated cells.12,13 We have recently reported a re-
programming protocol with a mixture of mRNAs. These mRNAs
encode the established iPSC-promoting transcription factors OCT4,
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SOX2, KLF4, cMYC, NANOG, and LIN28 (OSKMNL) and vaccinia
virus immune evasion proteins E3, K3, and B18R (EKB).14–16 The
latter set of genes counteracts type I interferon-dependent cellular
defense mechanisms activated by mRNA delivery, which inhibit
mRNA translation and may compromise cell viability upon repetitive
transfection.17,18 Transfecting these two classes of factors along with
double-stranded reprogramming-enhancing microRNAs (miRNAs)
from the 302/367 cluster19,20 on 4 consecutive days has been shown
to improve the efficiency and speed of generating stable iPSC lines
from human neonatal and adult fibroblasts and to enable, for the first
time, iPSC generation from human blood-derived endothelial pro-
genitor cells (EPCs).17

Regardless of the application, the bioavailability of the mRNA-en-
coded protein is crucial, and its improvement is continuously being
explored by a variety of approaches.3 One of the key regulators of
intracellular kinetics of an mRNA molecule is the 30 UTR (reviewed
in Guhaniyogi and Brewer21). The length of the 30 UTR has an
optimal length requirement, as mRNAs with longer 30 UTRs have a
shorter half-life22 whereas mRNAs with shorter 30 UTRs are less effi-
ciently translated.23 The commonly used 30 UTRs in mRNA thera-
peutics are derived from a- and b-globins,24,25 the most abundant
proteins of erythrocytes, which as enucleated cells lack active
mRNA synthesis.26 Having originally been validated by their ability
to confer increased mRNA half-life in cultured erythroleukemic
Friend cells27 and human reticulocytes,28 globin 30 UTRs are now be-
ing broadly used for mRNA delivery into various cell types.

The scope of this study was to discover naturally occurring 30 UTRs
that augment total expression of the encoded proteins by increasing
mRNA stability and are comparable or superior to the broadly used
human b-globin (hBg) 30 UTR. To this end, we adapted systematic
evolution of ligands by exponential enrichment (SELEX)29,30 to
develop a versatile cell culture-based selection process. The 30 UTRs
discovered by this approach improve therapeutic mRNA-based
gene transfer for various applications.

RESULTS
Development of a Method for Systematic Enrichment of

Naturally Occurring mRNA Motives with mRNA-Stabilizing

Capability

To identify naturally occurring 30 UTR sequence elements that
stabilize synthetic mRNA, we combined two previously described
approaches31,32 and developed a systematic evolution and cell cul-
ture-based selection process (Figure 1A).

Immature hDCs were cultured in the presence of the mRNA synthe-
sis-blocking compound Actinomycin D (ActD) to enrich the stable
mRNA species in the surviving cells (Figures S1A and S1B).33 hDCs
were chosen as the environment for evolution, as they survive in
cell culture for an extended period of time without cell division, which
would counteract the enrichment of mRNA species. Moreover, hDCs
are the host cells for one of the mRNA applications in which we are
interested, namely, vaccine antigen delivery. A library was engineered
from the ActD-treated hDC mRNA pool. We randomly fragmented
the purifiedmRNAs to a size range of 100–750 nt, aiming at the afore-
mentioned optimal length of the 30 UTR. cDNAs were generated from
these mRNA templates by reverse transcription and fused as 30 UTR
ends in between destabilized EGFP (d2eGFP) and a poly(A)-tail of 60
adenosines. Complexity analysis of the starting library was performed
via next-generation sequencing (NGS). Most of the alignments could
be assigned to RNA transcripts (data not shown).

Six consecutive selection rounds were conducted. Each started with
an electroporation of the mRNA pool into hDCs, incubation of the
cells for increasing periods of time for highly stringent selection of
stable mRNA species, purification, and amplification of the remaining
mRNA pool to prepare the selected 30 UTRs for the next round. Decay
curves were generated by analyzing mRNA levels over time by qRT-
PCR to assess the stability and half-life of the mRNAs (Figure 1B).
The average stability of the RNA pool increased in each round and
reached a plateau after round four, indicating an enrichment of stabi-
lizing 30 UTR sequences. Comparing the half-life of the round five
library to the starting mRNA library, we found an about 6-fold in-
crease (Table S1). In the sixth and final round, the stringency of skew-
ing toward highly stable mRNAs was further increased by culturing
the cells electroporated with the library recovered from round five
for 96 hr, 1 week, or 2 weeks. A total of 402 individual clones from
round five and all three time points of round six was harvested, and
the regions downstream of the reporter gene were sequenced.
Sequence alignment analysis of these individual clones revealed that
the majority of them mapped, at least partially, to the 50 or 30 UTR
of coding mRNAs (Table 1).

More than half (n = 216) of the sequenced clones were derived from
only 15 different endogenous transcripts, many of which were im-
mune cell-specific mRNAs functionally relevant for hDCs, such as
Fc fragment of immunoglobulin G (IgG) receptor and transporter
(FCGRT), lymphocyte-specific protein 1 (LSP1), chemokine ligand
22 (CCL22), major MHC class II DR beta 4 (HLA-DRB4), and che-
mokine ligand 3 (CCL3). All transcripts except for one are abundantly
expressed in hDCs (Table 1; Table S2). Of note, as many 50 as 30 UTRs
were found in the most stable transcripts. Fragment sequences map-
ping to the same region of one of the 15 genes and represented by at
least four individual clones were further analyzed (Table 1). Within
each alignment, we identified a core area present in all clones (defined
as motives) and flanked by up- and downstream areas of different
length (Tables S2 and S3). Compared to the percentage of reads
that could be aligned to these 15 core areas from NGS data of the
starting library, all motives were highly enriched during the selection
process (Table 1).

Characterization of 30 UTR Motives Promoting High Protein

Expression

To assess the stabilizing capacity of these 15 core areas, we attached
them as 30 UTRs to a luciferase reporter gene variant (Luc2CP) with
a degradation-promoting C-terminal PEST domain,34 and we fused
them to a poly(A)-tail of 60 adenosines. Luc2CP has a short protein
Molecular Therapy Vol. 27 No 4 April 2019 825
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Figure 1. Development of a Systematic and

Unbiased Method to Enrich 30 UTR Sequence

Motives with mRNA-Stabilizing Capacity

(A) Cell-based selection process. mRNA was purified from

hDCs treated with transcription blocker Actinomycin D

(ActD), fragmented, and reverse transcribed. The cDNA

was fused as 30 UTR to the reporter gene d2eGFP, and a

30 UTR mRNA library was generated by in vitro tran-

scription. Synthetic mRNAs were co-transcriptionally

capped with the beta-S-ARCA (D1) cap analog.55 Six

consecutive rounds (Rn) of selection were performed. In

each round, the mRNA library was electroporated into

host cells (1), incubated for increasing periods of time to

increase stringency (Rn1, 24 hr; Rn2/3, 48 hr; and Rn4/5,

72 hr) (2), followed by total RNA harvest (3) and reverse

transcription using oligo-d(T)-primer (4). The cDNA pool

was amplified by PCR (5) and in vitro transcribed for initi-

ation of the subsequent round by transfection in hDCs (6).

EP, electroporation; pbs, primer-binding site. (B) Average

stability of the RNA pool was assessed by qRT-PCR

before (LIB) and after selection rounds 1–5 from hDCs

harvested at the indicated time points. The transcript

levels were determined viaDDCT calculation relative to the

hypoxanthine-guanine phosphoribosyltransferase (HPRT)

and are shown relative to the 8 hr time point of the starting

library.
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half-life of 2 hr, and together with the short poly(A)-tail, which
has lower mRNA-stabilizing activity,7 the kinetics of the mRNA
and of the encoded protein depend largely on the 30 UTR. For
the determination of the functional half-life of the reporter gene
signal, which is the time needed for a 50% decay of the protein en-
coded by the synthetic mRNA, we employed the expression and
decay kinetics of the luciferase reporter gene (Figure 2A). This
metric is more informative than the physical half-life deduced
directly from the mRNA transcript by qRT-PCR, as it additionally
considers translational competence of an mRNA species. All tested
30 UTRs were found to perform better than the commonly used
standard hBg.

We had previously shown in hDCs that two head-to-tail-cloned
hBg 30 UTRs (2hBg) are superior to a single copy in improving
mRNA stability.7 mRNA-encoded vaccine antigens equipped with
2hBg generate superior immune responses and survival benefit in
826 Molecular Therapy Vol. 27 No 4 April 2019
mouse tumor models,35–37 and they are being
tested in clinical trials (ClinicalTrials.gov:
NCT01684241, NCT02035956, NCT02316457,
NCT02410733, and NCT03418480).5

Therefore, we selected thosemotivesmapping to
30 UTRs (FCGRT, LSP1, CCL22, amino-termi-
nal enhancer of split [AES], PLD3, and HLA-
DRB4) (Table 1), the best performer (mtRNR1),
andhBgpairwise to formdouble (d)UTRs. Func-
tional half-lives of all 64 dUTR combinations
were tested in the Luc2CP system against hBg. Almost all dUTRs out-
performed hBg (Figure 2B; >1.00), and dUTRs carrying the mtRNR1
element, in particular in combinationwithAES and hBgmotives, were
moderately superior to 2hBg (Figure 2B). We mapped putative bind-
ing sites ofmiRNAs typically expressed in naive hDCs38,39 to the single
(s)UTRs and dUTRs. Functional half-lives ofmRNAs correlated nega-
tively with the number of predicted miRNA-binding sites in the
30 UTRs with which they were equipped (Figure 2C), whereas they
correlated positively with the total hybridization energies as a surro-
gate for impaired miRNA binding (Figure 2D). These results are
consistent with the mechanism of miRNA action, which is to inhibit
the translation of their target mRNA and to mediate its degradation.40

Of note, the mtRNR1 and AES motives were among the 30 UTRs that
had the lowest number of predicted binding sites for miRNAs and the
highest total hybridization energies. Moreover, in line with published
data, the length of the 30 UTR elements correlated negatively with their
stabilizing effect (Figure S2).22



Table 1. Most Frequent Motives Recovered by the Selection Process

BLAST Result with Representative Sequence
of Each Group Abbreviation MR

Motive Core
Area (nt)

Number of
Clones

Percentage of
Clones

RNA Library
Reads (%) � 10�3

DnaJ (Hsp40) homolog, subfamily C, member 4,
mRNA

DNAJC4 50 UTR + CDS 170 13 3.2 0.7

Fc fragment of IgG, receptor, transporter, alpha,
mRNA

FCGRT 30 UTR 143 50 12.4 0.6

MRS2 magnesium homeostasis factor homolog,
mRNA

MRS2 50 UTR + CDS 142 11 2.7 0.6

Lymphocyte-specific protein 1, mRNA LSP1 30 UTR 149 22 5.5 4.6

Chemokine (C-C motif) ligand 22, mRNA CCL22 30 UTR 155 13 3.2 6.4

Amino-terminal enhancer of split, mRNA AES 30 UTR 136 4 1.0 0.3

Phospholipase D family, member 3, mRNA PLD3 CDS + 30 UTR 190 15 3.7 1.7

Polymerase I and transcript release factor, mRNA PTRF 50 UTR + CDS 172 8 2.0 0.3

Mitochondrially encoded 12S rRNA mtRNR1 ncRNA 142 17 4.2 14.0

Major histocompatibility complex, class II, DR
beta 4, mRNA

HLA-DRB4 30 UTR 233 22 5.5 1.4

Coiled-coil domain containing 124, mRNA CCDC124 CDS 170 16 4.0 2.2

Prothymosin, alpha, mRNA PTMA 50 UTR 142 8 2.0 6.4

Myosin, heavy chain 9, non-muscle, mRNA MYH9 CDS 167 5 1.2 0.0

Chemokine (C-C motif) ligand 3, mRNA CCL3 50 UTR + CDS 109 4 1.0 0.1

Glutaminase, nuclear gene encoding
mitochondrial protein, mRNA

GLS 50 UTR 126 8 2.0 0.2

The mRNA origins of the most frequent motives as determined by BLAST are shown. The number of analyzed clones aligned to the respective motive and their percentage within the
total 402 clones harvested in rounds 5 and 6, the region they map to in the respective genes of origin (MR), and the length of their core area defined as motive and used for further
analysis in nucleotides (nt) are provided. Moreover, it is listed which fraction of reads in the NGS data of the starting mRNA library these motives represent. CDS, coding sequence;
ncRNA, non-coding RNA.
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We focused on the mtRNR1, AES, and hBg motives, as well as heter-
ologous combinations thereof, for a more detailed characterization.
Homologous dUTRs (fusion of two copies of the same element)
were not analyzed, as they are prone to recombination and lead to
undesired by-products,41 which is one of the drawbacks of the 2hBg
30 UTR.

The mtRNR1 and/or AES motive-containing 30 UTRs were cloned
downstream of the standard luciferase (Luc) reporter gene and trans-
fected into hDCs. Protein expression kinetics, which integrate all
functionally relevant translational characteristics of mRNA, were
measured.23,42 The hBg 30 UTR mediated the lowest protein expres-
sion, whereas the dUTRs combining mtRNR1 and AES motives’ pro-
tein expression was augmented and prolonged (Figure 3A). We
analyzed the effects of the various UTRs on the individual parameters
integrated into protein expression kinetics in comparison to hBg in
more detail. Functional mRNA half-life and time to maximum pro-
tein expression, which are both impacted by mRNA stability, were
significantly enhanced across all tested 30 UTRs (Figures S3A and
S3B). The maximum protein level and the initial ascending slope of
the protein expression kinetics curve both characterize translational
efficiency. Here the mtRNR1-AES 30 UTR performed best by
achieving significantly higher maximum protein levels (Figures S3C
and S3D). As a consequence, the total amount of protein produced
over time (measured as area under the protein decay curve) in
hDCs by mRNAs with all tested 30 UTRs was significantly higher in
comparison to hBg and particularly pronounced for the mtRNR1-
AES 30 UTR (Figure 3B).

We tested the effects of the 30 UTRmotives on total amount of protein
produced over time in other cell types. In the murine myoblast cell
line C2C12, all tested 30 UTRs significantly outperformed hBg by
2.3- to 3.6-fold (Figure 3C). In human foreskin fibroblasts (HFFs),
mtRnR1- and AES-element combinations were superior to hBg by
2.4- to 3.5-fold (Figure 3D).

Altogether these data motivated further assessment of mtRNR1 and
AES combination 30 UTRs in two typical mRNA therapeutics appli-
cations: delivery of a vaccine antigen into antigen-presenting cells
for the induction of an immune response and delivery of factors for
reprogramming of somatic cells into iPSCs.

Increased Translation and Induction of Strong Immune

Responses in Mice upon the Application of mRNA Tagged with

mtRNR1 and AES 30 UTR Motives

Robust induction of an immune response by a cancer vaccine requires
efficient expression of the vaccine antigen-encoding mRNA specif-
ically in DCs to achieve a high density of epitope-loaded MHCs.1,42
Molecular Therapy Vol. 27 No 4 April 2019 827
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Figure 2. Identification of 30 UTR Motives Resulting

in Higher Functional Half-Lives of mRNA and

Correlation to Predicted miRNA-Binding Sites

(A and B) Sequences of interest were cloned as single (A)

or as double (B) 30 UTR of a destabilized luciferase reporter

gene (Luc2CP). Equal amounts of respective mRNAs

were electroporated into hDCs, luciferase activity was

measured over 72 hr, and functional mRNA half-lives were

calculated and compared to the standard hBg 30 UTR. A
summary of 11 experiments is shown. (C and D) Corre-

lation of functional half-lives of mRNAs tagged with single

or double 30 UTR motives, respectively, with the sum of

predicted miRNA-binding sites located on the indicated

motive (
P

BS) (C) and predicted maximum hybridization

energy resulting from miRNA-binding sites located on the

indicated motive (
P

HYB) (D). Putative binding sites for

miRNAs and their respective maximum hybridization en-

ergies in the sequences of interest were identified via In-

taRNA using a miRNA set specific for hDCs. **p < 0.01;

n.s., p > 0.05; r, Pearson correlation coefficient.
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To assess the utility of the identified 30 UTRs for this application, an
intravenously (i.v.) administered vaccine was used, which is based on
liposome-formulated antigen-encoding mRNA. This formulation
delivers mRNA systemically into lymphoid compartments, and it is
selectively taken up by antigen-presenting cells.6

BALB/c mice were injected with liposome-formulated luciferase
mRNA containing 2hBg, mtRNR1-AES, or AES-mtRNR1 30 UTRs.
Splenic luciferase expression in mice injected with mtRNR1-AES or
AES-mtRNR1 30 UTR-taggedmRNAwas higher andmore prolonged
as compared to mice injected with mRNA containing the 2hBg
828 Molecular Therapy Vol. 27 No 4 April 2019
30 UTR. This difference was pronounced and
significant within the first 24 hr, with AES-
mtRNR1-tagged reporter mRNA being particu-
larly superior (Figure 4A). To assess the effect
of the prolonged antigen prevalence in
lymphatic compartments on the induction of
immune responses, BALB/c mice were immu-
nized three times with mRNA encoding glyco-
protein 70 (gp70), the dominant antigen of the
endogenous murine leukemia virus, tagged
with the different 30 UTRs. Mice immunized
with AES-mtRNR1 30 UTR-tagged gp70 gener-
ated a significantly higher frequency of gp70 an-
tigen-specific CD8+ T cells in the spleen as
compared to mice immunized with the 2hBg-
tagged mRNA (Figure 4B).

Improved Reprogramming of Human

Fibroblasts into iPSCs by mRNAs Tagged

with mtRNR1 and AES 30 UTR Motives

Next we assessed the utility of 2hBg, AES-
mtRNR1, or mtRNR1-AES 30 UTRs for the in-
duction of iPSCs from HFFs. To this end, we applied a previously
reported mRNA-based reprogramming technology based on six
reprogramming transcription factors (OSKMNL) and three
vaccinia virus immune evasion proteins (EKB).17 In line with
that protocol, fibroblasts were lipofected with these mRNA combi-
nations together with double-stranded miRNAs 302a-d and 367
(Figure 5A).

Generation of iPSCs with gene delivery systems that do not integrate
and are not self-replicating requires several cycles of transfection with
exogenous reprogramming factors until endogenous transcription



Figure 3. mtRNR1- and AES-Containing 30 UTRs
Promote High Protein Expression

(A) 30 UTR motives were cloned downstream of a

standard luciferase reporter gene (Luc). After electro-

poration of the respective mRNAs with equal amounts

into hDCs, luciferase activity was measured in relative

light units (RLU) to obtain protein decay kinetics. (B)

Based on these data, total protein expressed over time

(the area under the curve) was calculated and is

depictured relative to the hBg 30 UTR-containing

mRNA. One-way ANOVA, Dunnett’s post-test; ****p <

0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 (three

independently performed experiments). (C and D)

mRNA coding for luciferase with the indicated 30 UTR
motives was electroporated into murine myoblasts

(C2C12) (C) or human foreskin fibroblasts (HFFs) (D),

and, based on protein decay kinetics, total protein ex-

pressed over time was calculated and compared to

mRNA containing hBg 30 UTR, as described above.

One-way ANOVA, Dunnett’s post-test; ****p < 0.0001,

***p < 0.001, **p < 0.01, *p < 0.05 (three independently

performed experiments).
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factors reach sufficiently high protein levels and take over. This inter-
feres with cell viability, increases complexity, and is a hurdle for clin-
ical translation.

Therefore, when evaluating the UTRs for mRNA-based reprogram-
ming, we assessed cells not only after four cycles of transfection, as
established in the original protocol, but also tested three and even
two cycles, which are insufficient for 2hBg-tagged reprogramming
factors (Figure 5A). mRNAs containing the 30 UTRs discovered in
this study performed better than 2hBg 30 UTR-tagged mRNAs,
with the AES-mtRNR1 30 UTR variant being significantly superior
(up to 60-fold higher colony-forming units as compared to 6.5-
fold), as shown by alkaline phosphatase (AP)-staining of colonies
on day 9 (Figures 5B and 5C). More importantly, even when cells
were transfected only two times within 48 hr with mRNAs contain-
ing the UTRs discovered in this study, colony formation of iPSCs
was robustly detectable from day 8 on. The colonies had distinct
well-defined borders, consisted of tightly packed small cells with
hESC morphology (Figure S4A), were highly active for AP
(Figure S4B), and stained positive for the hESC surface marker
TRA-1-81 (Figure S4B). Of note, the activity of the pluripotency-
M

associated TRA-1-81 and AP markers in
mtRNR1-AES- or AES-mtRNR1-derived iPSC
colonies and on the cell level was comparable
to that of 2hBg-derived colonies. The mRNAs
tagged with the 30 UTR discovered in this study
(with AES-mtRNR1 being superior) induced a
significantly higher level of endogenous hESC
marker transcripts OCT4, NANOG, LIN28,
TERT, and REX1 as compared to 2hBg 30

UTR-containing mRNAs, even after two trans-

fection rounds, i.e., under conditions where 2hBg-tagged reprogram-
ming factor mRNAs do not show a robust effect (Figure 5D).

DISCUSSION
Building on previously published approaches,31,32 we developed a
cell culture-based method for the systematic enrichment of
naturally occurring RNA sequences that improve the kinetics
of gene-encoding mRNA in vitro and in vivo when used as 30

UTRs.

A general challenge of cell culture-based enrichment and selec-
tion methods is the delivery of the mRNA pool.43 Typically,
only a small amount of mRNA pool resembling just a tiny frac-
tion of the theoretical complexity of a randomized library can
be delivered into the selection environment, which limits the
discovery space substantially.44 As a consequence, with conven-
tional synthetic libraries, relevant sequences may be lost during
electroporation. We mitigated this risk by constructing a library
of reduced complexity from an amplified starting pool, thus
ensuring representation of the full repertoire of sequences in
several copies.
olecular Therapy Vol. 27 No 4 April 2019 829
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Figure 4. Increased Translation and Induction of

Strong Immune Responses in Mice upon the

Application of mRNA Tagged with mtRNR1 and AES

30 UTR Motives

(A) In vivo translation of luciferase-encoding mRNAs

containing 2hBg,mtRNR1-AES, or AES-mtRNR1 30 UTRs
in BALB/c mice after i.v. vaccination. Three representative

mice per group and time point are shown. Quantification

was done for all available mice per time point. One-way

ANOVA, Tukey’s post-test; *p < 0.05, ***p < 0.001 (one

experiment with four to eight mice as indicated). (B) Im-

mune response in BALB/c mice induced by three vacci-

nations with gp70-encoding mRNAs tagged with the

indicated 30 UTRs. The fraction of gp70 tetramer-positive

cells within the CD8+ T lymphocyte population was

analyzed in the blood and spleen 5 days after the last

vaccination (day 19). One-way ANOVA, Tukey’s post-test;

**p < 0.01 (one experiment with five mice).
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Over 50% of the sequences enriched by several selection rounds were
represented by 15 distinct motives defined by identical core areas but
diverse 50/30 ends. Six of the motives mapped to mRNAs (AES, PLD3,
PTRF, CCDC124, PTMA, and MYH9), which are known to have a
high median mRNA half-life.22 The selection rounds enriched for
motives mapping to the UTR of the respective mRNAs, but not to
their on average much longer coding regions. Altogether, these find-
ings indicate a directed and efficient evolution.

The AES-mtRNR1 and mtRNR1-AES combination motives that
we determined functionally as the best performers have a far lower
830 Molecular Therapy Vol. 27 No 4 April 2019
number of putative miRNA-binding sites as
compared to the other dUTRs we had discov-
ered and tested. This is in line with reports
that mRNA translation decreases with a higher
number of miRNAs binding to the 30 UTR.45

mtRNR1- and AES-derived motives were previ-
ously not known to stabilize mRNA. mtRNR1 is
the mitochondrially encoded non-coding 12S
rRNA, which is involved in the translation of
the 13 mtDNA protein-coding genes in mito-
chondria.46 Mutations in mtRNR1 are associ-
ated with deafness.47 AES is a distinct member
of the Groucho/Transducin-like enhancer of
split gene family, and it regulates androgen re-
ceptor transcriptional activity and Notch and
Wnt signaling and acts as a tumor suppressor
gene.48–50

We validated the identified 30 UTR motives in
two common applications for mRNA-based
gene delivery. First, we studied their usefulness
for vaccination with antigen-encoding mRNA.
Vaccine antigen-encoding mRNA can be
administered by different routes, e.g., subcutaneously, intradermally,
into lymph nodes, or systemically. Each route aims to deliver the
mRNA into professional antigen-presenting cells. As our lab has
developed and clinically translated systemic targeting of lymphatic
compartments by mRNA encapsulated in liposomal nanoparticles,
we used this model. By doing so, we demonstrated that AES-mtRNR1
and mtRNR1-AES tagging improved expression of the mRNA in
mouse lymphatic compartments as compared to the 2hBg 30 UTR.
The optimized expression translated into stronger induction of
antigen-specific immune responses in the vaccinated mice. Future
studies have to explore whether the discovered elements also improve



Figure 5. Improved Reprogramming with mRNAs

Tagged with mtRNR1 and AES 30 UTR Motives

(A) Experimental setup for the reprogramming of

human foreskin fibroblasts (HFFs) using synthetic mRNA

coding for reprogramming transcription factors, immune

evasion proteins, and pluripotency-promoting miR-

NAs.19,20 HFFs were lipofected two (2� 24 hr, 2� 48 hr),

three (3� 24 hr), or four (4� 24 hr) times. Analysis of

colonies was performed on day 9. (B) Representative

alkaline phosphatase (AP) staining of HFF-derived iPSCs.

(C) Day 9 colony count of AP-positive iPSC colonies

comparing two (day 1, day 3) versus three (day 1, day 2,

day 3) cycles of lipofection. Colony counts with four lip-

ofections could not be reliably analyzed due to over-

growth and are not shown. One-way ANOVA, Dunnett’s

post-test; *p < 0.05; n.s., not significant (three indepen-

dently performed experiments). (D) Expression of

endogenous hESCmarker in iPSC colonies was analyzed

by qRT-PCR on day 9. Relative expression changes of

each transcript in the probe of interest as compared to the

day 1 starting control (input HFF) were quantified using the

DDCT method and normalized to the housekeeping

gene HPRT. The fold inductions obtained by this calcu-

lation relative to the corresponding 2hBg benchmark are

displayed as mean ± SEM. Two-way ANOVA, Tukey’s

post-test; ****p < 0.0001, ***p < 0.001, **p < 0.01, *p <

0.05, relative to 2hBg (three independently performed

experiments).
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expression and immune responses of mRNA delivered by routes used
by others for cancer vaccination.

Second, we studied the efficiency and robustness of cellular reprog-
ramming of human fibroblasts to iPSCs with mRNA-encoded
M

transcription factors, which is considered to
benefit from prolonged mRNA stability.17,51

Our initial screening had enriched elements
for augmented transcript stability in hDCs,
which are the target cells of gene delivery for
vaccination. Due to the cell type-specific
expression of trans-acting factors, such as
miRNAs and RNA-binding proteins, we had
not expected that mtRNR1-AES and AES-
mtRNR1 30 UTRs would be profoundly supe-
rior in conveying transcript stability in human
fibroblasts, which are broadly used target cells
for iPSC generation-directed gene delivery.

Alphaviral self-replicating RNA is an alterna-
tive vector for fast reprogramming, which re-
quires only one transfection.52,53 It, however,
comes with the disadvantage that clinical grade
iPSCs have to be free of residual contamina-
tions of self-replicating vectors. With mRNAs
tagged with the AES-mtRNR1 30 UTR, two
transfection rounds were sufficient for the gen-
eration of iPSC colonies from human neonatal fibroblasts. One of the
implications of this improvement is to make refractory cell lines or
cell types like EPCs that require even more rounds of transfections
amenable to iPSC generation. Optimized 30 UTRs further increase
the efficiency of a potent, simple, safe, and good manufacturing
olecular Therapy Vol. 27 No 4 April 2019 831
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practice (GMP)-compatible gene delivery by mRNA for integration-
free iPSC generation from easily accessible adult human somatic
cells.

In summary, AES-mtRNR1- and mtRNR1-AES-based 30 UTRs,
discovered by the approach presented herein, enhance the applica-
tions of mRNA-based transfer of genetic information shown exem-
plarily for antigen-encoding mRNA vaccination and mRNA-based
reprogramming of human fibroblasts, and they promise to contribute
to clinical translation of mRNA gene delivery.

It was not the scope of this study to test the discovered elements
across a broader range of cell types. In fact, as factors regulating
mRNA stability are cell type specific, there may be cell types in
which AES-mtRNR1-based elements are not superior over the
conventionally used 30 UTRs. The enrichment platform we present
here can be adapted with regard to the cell types used for library
generation and as a screening environment to find cell type-
specific UTR elements for mRNA stabilization, and thus it offers
a broadly applicable procedure for the improvement of mRNA
therapeutics.

MATERIALS AND METHODS
Animals

Age-matched (6–12 weeks) female BALB/c mice (Janvier Labs, Le
Genest-Saint-Isle, France) were used throughout all experiments.
Mouse studies were approved by the German regulatory authorities
for animal welfare, and mice were kept in accordance with federal
and state policies on animal research at BioNTech.

Reagents

All reagents, including chemicals, growth media, supplements, en-
zymes, growth factors, kits, and solutions, in this study were
supplied by Thermo Fisher Scientific (Waltham, MA), unless stated
otherwise.

Cell Culture

Peripheral blood mononuclear cells (PBMCs) were purified from
buffy coat donors (Transfusion Center, University Medical Center,
Mainz, Germany) by Ficoll-Paque Plus (GEHealthcare, Uppsala, Swe-
den) density gradient centrifugation. Human monocytes were en-
riched, differentiated into immature hDCs as described previously,7

and cultured in hDC medium (RPMI 1640 with 10% fetal calf serum
(FCS), 1% non-essential amino acids (NEAAs), 0.5 U/mL penicillin,
and 1 mg/mL streptomycin). Neonatal HFFs (SBI Biosciences, Palo
Alto, CA) were cultivated in minimum essential medium (MEM)
with 15% FCS and 1% NEAAs. C2C12 mouse myoblasts (ATCC,
Manassas, VA) were cultivated in DMEM with 10% FCS. All afore-
mentioned media in this study contained GlutaMAX and 1 mM
sodium pyruvate. iPSCs and cells in reprogramming experiments
were cultured inNutriStemXF/FF hESC culturemedium (ReproCELL
USA, Beltsville, MD) supplemented with 10 ng/mL basic fibroblast
growth factor and 0.5 mM Thiazovivin (ReproCELL). All cells were
cultivated at 37�C and a CO2 content of 5%.
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Plasmid Construction and In Vitro Transcription

All plasmids used in this study were based on pST1-2hBgUTR-A120
(pST1) described previously.7 For library construction and the selec-
tion process, plasmids with destabilized versions of the reporter
genes d2eGFP and Luc2CP were modified by removing the T7-pro-
moter and the poly(A)-tail and introducing a specific cloning site
for insertion of the library and a primer-binding site (pbs) for PCR
amplification downstream of the reporter gene. For analysis of trans-
lational efficiency, Luc2CP was replaced by Luc using Cold Fusion
technology (SBI). For in vivo vaccination experiments, pST1-plas-
mids with a poly(A)-tail of 60 adenosines instead of 120 were
used. For cellular reprogramming, all genes were codon optimized
and assembled by gene synthesis (Geneart, Regensburg, Germany),
and they were inserted into pST1-plasmids containing 2hBg,
mtRNR1-AES, or AES-mtRNR1 30 UTR. For in vitro transcription,
plasmids were linearized downstream of the poly(A)-tail or a PCR
product was used. In vitro transcription reaction and purification
of mRNA were performed as previously described.7,54 The synthetic
mRNA was co-transcriptionally capped with beta-S-ARCA (D1).55

Quality of purified mRNA was assessed by spectrophotometry
(NanoDrop 2000c; VWR International, Darmstadt, Germany) and
on-chip electrophoresis on the 2100 BioAnalyzer (Agilent Technol-
ogies, Santa Clara, CA).

Library Construction, Amplification, and Selection Process

For library construction, immature hDCs were seeded at a cell density
of 0.5� 106 cells/mL and treated with 3 mMActD (Sigma-Aldrich, St.
Louis, MO). After incubation for 3 hr, cells were harvested and total
RNA was isolated using the RNeasy Mini Kit (QIAGEN, Hilden, Ger-
many), according to the manufacturer’s protocol. mRNAwas purified
from total RNA using the Poly(A)Purist Kit, according to the manu-
facturer’s instructions, and fragmented via Nuclease P1 (NP1; Sigma-
Aldrich) digestion. NP1 was dissolved in 30 mM Tris-HCl (pH 7.9),
and 0.075 U NP1/mg mRNA was used for 55 min at 20�C in 50 mM
sodium acetate buffer (pH 5.5). First- and second-strand cDNA syn-
thesis was done using the RevertAid Premium First Strand cDNA
Synthesis Kit with random hexamer primers followed by proof-
reading via Pfu Polymerase (30 min at 72�C). Double-stranded
cDNA was next treated with the Fast DNA End Repair Kit and cut
with NotI-HF (New England Biolabs, Frankfurt, Germany) prior to
ligation into linearized modified d2eGFP-plasmids upstream of the
pbs region. Ligations were carried out with the T4 DNA ligase accord-
ing to the manufacturer’s instructions. To produce the final mRNA
library, the cDNA library ligation mixture was directly used as the
template for amplification, with a forward primer (50-CGCCTCGA
GAATTAATACGACTCACTATAGGGCGAACTAGTACTCTTCT
GGTCCCCACAGACTC-30) binding the hAg-Kozak sequence
and containing a T7 promoter and a reverse primer (50-T60-
CTCTTTGCCGTATCCCATCTTAG-30) binding the pbs and con-
taining a poly(A)-tail of 60 nt.

Amplification was done with Phusion Hot Start Polymerase in 3%
DMSO following the manufacturer’s instructions, with 90 s at 98�C
followed by 25 cycles of 20 s at 98�C, 30 s at 65�C, and 45 s at
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72�C, followed by 5 min at 72�C. PCR products were purified via
magnetic beads (Agencourt AMPure XP; Beckman Coulter, Pasa-
dena, CA), according to the manufacturer’s instructions. The ampli-
fied cDNA library was then in vitro transcribed into mRNA library as
described above.

The cell-based selection process comprised several rounds, starting
with (1) the transcription of the library, (2) electroporation of the
mRNA library into hDCs, and (3) extraction and amplification of sta-
ble sequences after defined time points. During the selection process,
first-strand cDNA synthesis was done from total RNA isolations us-
ing the SuperScript II Kit and oligo(d)T-primers, according to man-
ufacturer’s instructions and including an RNase H treatment for
20 min at 37�C. All other steps were done as described above.

Analysis of Selected 30 UTRs
Selected 30 UTRs were cloned into the Luc2CP-plasmid as described
for the library construction above. PCR reactions were performed
using 20 ng cDNA of selection rounds five and six each as the tem-
plate with 90 s at 98�C followed by 10 cycles of 15 s at 98�C, 30 s
at 65�C, and 25 s at 72�C, followed by 5 min at 72�C and using
primers binding the 30 end of the d2eGFP reporter gene and the
pbs. Ligations were transferred into One Shot OmniMAX 2 T1R cells,
and at least 100 clones from each selection round were picked, puri-
fied (NucleoSpin 8 Plasmid Kit; Macherey-Nagel, Düren, Germany),
and sequenced (Eurofins, Luxembourg, Luxembourg). Sequencing re-
sults were analyzed via Clone Manager Software (Sci-Ed Software,
Denver, CO), and the origin of the sequences and alignment region
(50 UTR, CDS, or 30 UTR) was verified via BLAST (NCBI, Bethesda,
MD). Moreover, a qualitative and quantitative comparison to natu-
rally occurring mRNAs in hDCs was performed (NextBio; Illumina,
San Diego, CA). For analysis of miRNA-binding sites, miRNA data
from published data38,39 considering hDC specificity determined
by copy number and p value were combined to assemble a miRNA
set typically found in hDCs. With this miRNA set, binding sites for
miRNAs were analyzed via IntaRNA, a program for fast and accurate
prediction of RNA-RNA interactions.56

Next Generation Sequencing

Sequence variability of the starting library was determined by NGS.
Touch-Down-PCR was done to amplify the 30 UTR library region us-
ing primers with a BpmI restriction site and 50 ng of starting cDNA
library as template. The protocol of PCR was performed using Phu-
sion Hot Start Polymerase in 6% DMSO, following the manufac-
turer’s instructions with 90 s at 98�C followed by 10 cycles of 20 s
at 98�C, 30 s at 82�C–64�C, and 45 s at 72�C and 20 cycles of 90 s
at 98�C, 30 s at 64�C, and 45 s at 72�C, followed by 5 min at 72�C.
PCR products were digested with BpmI (New England Biolabs) to
ensure that only the amplified 30 UTR library region was left over
for sequencing. Afterward they were prepared according to the
TruSeq DNA Sample Preparation Kit (Illumina), omitting the frag-
mentation and size selection steps and sequenced using a HiSeq
2000 (Illumina). Analysis of sequence alignment of the reads was per-
formed with STAR 2.3.057 using the human reference genome (hg19).
Electroporation of Cells

Electroporation of in vitro-transcribed mRNA was done as described
previously,4,7,58 using a square-wave electroporation device (BTX
ECM 830, Harvard Apparatus, Holliston, MA). Optimal electropora-
tion parameters for each cell type were determined in preliminary ex-
periments: hDCs (750 V/cm, one pulse of 12 ms); C2C12 (600 V/cm,
five pulses of 5ms within an interval of 400ms); andHFFs (625 V/cm,
one pulse of 24 ms). For the cell-based selection process, 10 mg mRNA
library was used for 1� 107 hDCs. For the analysis of mRNA expres-
sion kinetics, the following mRNA and cell amounts were used: hDCs
(10 pmol, 1� 106 cells); C2C12 (3 pmol Luc2CP and 2.6 pmol GFP as
spike-in control, 1 � 106 cells); and HFFs (3 pmol Luc2CP and 2.6
pmol GFP as spike-in control, 1 � 106 cells).

Flow Cytometry Analysis

hDC purity and viability were analyzed using a-CD83-APC and
a-DC-Sign antibodies (BD Biosciences, Franklin Lakes, NJ) as well
as 7-Aminoactinomycin D (7-AAD; Beckman Coulter). Cells were
fixed with 1% paraformaldehyde (Carl Roth, Karlsruhe, Germany)
in PBS and were stained with the aforementioned antibodies in
fluorescence-activated cell sorting (FACS) buffer (PBS, 5% FCS,
and 5 mM EDTA). Flow cytometric data of stained or GFP-express-
ing cells were acquired on a FACS Canto II flow cytometer (BD
Biosciences) and analyzed using FlowJo 7.6.5 software (Tree Star,
Ashland, OR). For in vivo vaccination studies, peripheral blood was
collected from the orbital sinus and spleen; single-cell suspensions
were prepared in PBS by mashing tissue against the surface of a
70-mm cell strainer (Corning, Corning, NY), using the plunger of a
3-mL syringe (BD Biosciences). Erythrocytes were removed by
hypotonic lysis. Quantification of antigen-specific CD8+ T cells
recognizing gp70 AH1-A1 was performed using an H2-Ld/AH1-
A1423–431 (SPSYVYHQF) tetramer kindly provided by the NIH
tetramer core facility (Emory University Vaccine Center, Atlanta,
GA) and co-staining with a-CD8 (BD Biosciences). Viability was
determined using fixable viability dye. Flow cytometric data were
acquired as described above.

Reporter Gene Assays

Luciferase expression in vitro was analyzed as described58 using the
Bright-Glo Luciferase Assay System (Promega, Madison, WI), and
stability and translational efficiency of different mRNA constructs
were calculated as described before59 via R program (R Foundation
for Statistical Computing, Vienna, Austria) using internal script co-
des. Half-lives of mRNAs in every experiment of Figure 2 were
thereby determined to a corresponding internal 2hBg 30 UTR-
containing luciferase control and then calculated relative to the hBg
30 UTR mean of all experiments. In all other experiments, half-lives
of mRNAs were determined directly relative to hBg 30 UTR. In vivo
bioluminescence was evaluated using the Xenogen IVIS Spectrum
Imaging System (Caliper Life Sciences, Waltham, MA). An aqueous
solution (1.6 mg/250 mL) of D-luciferin (BD Biosciences) was injected
intraperitoneally at the indicated time points after mRNA injection.
Emitted photons of live animals were quantified 5 min later, with
an exposure time of 1 min. Regions of interest (ROIs) were quantified
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as total flux (photons/s), represented by color bars using the comple-
mentary software IVIS Living Image 4.0. Quantification of d2eGFP
RNA was performed by qRT-PCR analysis as described previously.59

Relative expression of d2eGFP RNA was quantified via DDCT calcu-
lation. Half-lives of expression were calculated from fitted one-phase
decay curves using GraphPad Prism 6.04.

In Vivo Vaccination Experiments

For the characterization of antigen translation and immunostimula-
tory capacity in vivo, BALB/c mice (n = 8) were immunized i.v. with
10 mg liposome-formulated Luc mRNA, as described previously.6

Translation of Luc mRNA was evaluated by in vivo bioluminescence
imaging as described above. After 6 hr, only five mice could be fol-
lowed up for the following time points, and one mouse was lost to
follow-up after 24 hr. For immunogenicity studies, BALB/c mice
(n = 5) were immunized three times i.v. (days 0, 7, and 14) with
5 mg formulated mRNA encoding the H-2Ld-restricted AH1-
A5423–431 (SPSYAYHQF) epitope derived from Moloney Murine
Leukemia Virus envelope gp70 with an amino acid substitution at
position five (V/A) described previously.60 The frequency of anti-
gen-specific CD8+ T cells of total CD8+ T cells was determined
in the blood and spleen 5 days after the last vaccination by flow
cytometry.

Reprogramming of Human Fibroblasts

Mature, double-stranded miRNAs 302a-d and 367 were mixed in
equimolar ratio and stored at �80�C until use. Lipofections of syn-
thetic mRNA were performed in 12-well plates previously coated
with 0.1% gelatine solution (Merck Millipore, Burlington, MA) for
20 min at 37�C. 4 � 104 fibroblasts were seeded per well in 1.0 mL
NutriStem medium. The first lipofection was performed after cells
adhered, usually between 4 and 5 hr after plating. To prepare lipo-
plexes, 2.5 mL RNAiMAX was diluted in 104 mL Opti-MEM serum-
free medium. 0.58 mg total RNA was diluted in 104 mL Opti-MEM
and combined immediately with the diluted RNAiMAX-preparation.
In more detail, the reprogramming mRNA mixtures were composed
of 0.33 mg transcription factor mRNA encoding OSKMNL
(3:1:1:1:1:1) supplemented with 0.083 mg of each EKB (1:1:1) (total
mRNA = 0.58 mg) and 0.17 mg miRNAs 302a-d and 367 (0.4 mM
each). After 15-min incubation, 200 mL lipoplex solution was added
per well to the cells and incubated for 24 hr. To perform daily lipofec-
tions, culture supernatant containing lipoplexes of the previous lipo-
fection was removed and fresh 1.0 mL NutriStem medium was added
before lipofection was repeated. Medium was further exchanged on
day 5 and day 8.

Characterization of Human iPSCs

AP activity of iPSCs was determined using the AP Staining Kit Red-
Color (SBI Biosciences). Shortly, iPSCs grown were washed with 2mL
PBS and fixed for 1 min with 1 mL Fixation Solution. Thereafter cells
were washed twice with 2 mL PBS and stained for active AP with
0.8 mL AP-Staining Solution (Solution A:Solution B:PBS, 1:1:4) in
the dark. After 15 min, AP-Staining Solution was removed, and cells
were washed twice with 2 mL PBS and analyzed by microscopy.
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The induction of endogenous hESC marker was performed by
qRT-PCR exactly as described in detail previously.17 Relative expres-
sion changes of each transcript in the probe of interest as compared to
the day 1 starting control were quantified using the DDCT method
and normalized to the housekeeping gene hypoxanthine-guanine
phosphoribosyltransferase (HPRT). The fold inductions obtained
by this calculation were presented relative to the corresponding
2hBg benchmark.

Statistics

Unless stated otherwise, results are expressed as mean ± SD. One- or
two-way ANOVA was performed when more than two groups were
compared, followed by multiple comparisons using Tukey’s or Dun-
nett’s post-test as indicated. Pearson two-tailed correlation analysis
was performed to determine correlation coefficients. All statistical
analysis was performed with GraphPad Prism 6.04. No statistical
methods were applied to pre-determine sample size for animal
experiments.
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Supplementary Material and Methods

Analysis of inhibition of transcription

For determination of the efficiency of inhibition of transcription hDCs were treated with

different concentrations of 5-ethynyl uridine (EU) according to manufacturer’s protocol.

RNA was visualized via click-chemistry reaction by coupling the fluorescent dye Alexa

Fluor 488 to EU using the Click-iT Nascent RNA Capture Kit. Subsequent visualization

was performed by flow cytometric analysis of permeabilized and fixed cells using an

Alexa Fluor 488-antibody (BD Biosciences).

Characterization of human iPSCs

To stain iPSCs for the hESC surface marker TRA-1-81, cells were washed and

incubated with TRA-1-81 live staining antibody (ReproCell) at a final concentration of

2.5 ng/ml for 30 min at 37 °C. After the incubation, cells were washed again and

analyzed by fluorescence microscopy.
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