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Mouse Embryonic Stem Cells Have Underdeveloped
Antiviral Mechanisms That Can Be Exploited
for the Development of mMRNA-Mediated
Gene Expression Strategy

Ruoxing Wang,' Chengwen Teng,' Joseph Spangler? Jundi Wang,' Faging Huang? and Yan-Lin Guo

We have recently reported that mouse embryonic stem cells (mESCs) are deficient in expressing type I interferons
(IFN) when exposed to viral infection and double-stranded RNA. In this study, we extended our investigation and
demonstrated that single-stranded RNA and protein-encoding mRNA can induce strong IFN expression and
cytotoxicity in fibroblasts and epithelial cells, but none of the effects associated with these antiviral responses were
observed in mESCs. Our results provided additional data to support the conclusion that mESCs are intrinsically
deficient in antiviral responses. While our findings represent a novel feature of mESCs that in itself is important for
understanding innate immunity development, we exploited this property to develop a novel mRNA-mediated
gene expression cell model. Direct introduction of synthetic mRNA to express desired genes has been shown as an
effective alternative to DNA /viral vector-based gene expression. However, a major biological challenge is that a
synthetic mRNA is detected as a viral RNA analog by the host cell, resulting in a series of adverse effects
associated with antiviral responses. We demonstrate that the lack of antiviral responses in mESCs effectively
avoids this problem. mESCs can tolerate repeated transfection and effectively express proteins from their synthetic
mRNA with expected biological functions, as demonstrated by the expression of green fluorescent protein and the
transcription factor Etv2. Therefore, mRNA-based gene expression could be developed into a novel ESC differ-
entiation strategy that avoids safety concerns associated with viral/DNA-based vectors in regenerative medicine.

Introduction

THE ANTIVIRAL MECHANISMS have been extensively in-
vestigated and are presumably acquired by most types of
somatic cells as a critical part of innate immunity [1,2], but few
studies have investigated innate immunity in embryonic stem
cells (ESCs). It is unclear if ESCs, which normally reside in the
womb, have developed an active innate immunity. Recent
studies suggest that human ESCs (hESCs) do not respond to a
wide range of infectious agents, including bacterial endotox-
ins and viral RNA analogs [3,4]. Mouse ESCs (mESCs) simi-
larly do not show inflammatory responses to cytokines,
lipopolysaccharides [5], or even live bacteria [6]. These studies
prompted us to investigate the antiviral responses in mESCs.
We recently reported that mESCs do not express type I in-
terferons (IFNo and IFN) in response to viral infections and
double-stranded RNA (dsRNA), but they are susceptible to La
Crosse virus-induced lytic cell death and inhibited cell pro-
liferation by polyIC (a synthetic analog of viral dsRNA) [7]. In
this study, we have further investigated the responses of
mESCs to synthetic single-stranded RNA (ssRNA) and syn-

thetic protein-encoding mRNA, which mimic viral RNA in
inducing antiviral responses. Our results demonstrate that
ssRNA and synthetic mRNA can induce strong IFN expres-
sion and cytotoxicity in fibroblasts and epithelial cells, but
none of these effects were observed in mESCs, similar to their
responses to viruses and dsRNA [7]. We conclude that mESCs
are intrinsically deficient in antiviral responses. Together with
the similar observations in hESCs [4], the lack of antiviral
responses represents a unique property of ESCs that has not
been previously characterized. While this finding in itself
provides new insight into the development of the innate im-
munity during embryogenesis, the lack of antiviral responses
makes ESCs an excellent model for developing mRNA-based
gene expression.

The landmark achievement in generating induced pluripo-
tent stem cells (iPSCs) has led to the new concept of cell re-
programming [8], but the fact that viral vectors are commonly
used for effective expression of reprogramming factors pre-
vents the therapeutic use of the reprogrammed cells [9,10].
Extensive effort to avoid this problem has led to the develop-
ment of several alternatives, among which mRNA-mediated
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gene expression has shown great promise due to the non-
integrating nature [11]. This method directly introduces syn-
thetic mRNA into the host cell for the expression of
reprogramming factors, thus eliminating the need of viral or
DNA vectors. The successful generation of RNA-induced
iPSCs from fibroblasts [12-15] has led to the belief that this
strategy is the beginning of the new era of cell reprogramming
[11]. This strategy could in principle be expanded to reprogram
any type of cell as long as the genes that control the cell fate are
identified. A major biological challenge, however, is that a
synthetic mRNA is detected as a viral RNA analog by host cells
and induces strong antiviral responses resulting in IFN in-
duction, protein synthesis inhibition, and reduced viability of
host cells [16,17]. Synthetic mMRNA must therefore be modified
via a complex process to minimize their effects in eliciting an-
tiviral responses (known as immunogenicity) [12,15]. The lack
of antiviral responses in mESCs prompted us to investigate the
feasibility of developing an mRNA-based gene expression
strategy, with the expectation that mESCs would allow effec-
tive translation of synthetic mRNA without suffering the ad-
verse effects associated with antiviral responses encountered in
differentiated somatic cells.

ESCs have attracted enormous attention in recent years for
their differentiation potential as a cell source for regenerative
medicine [18,19]. Methods for the differentiation of ESCs to
specific cell lineages have developed, most of which primarily
depend on the spontaneous differentiation potential of ESCs
and the influence of certain growth factors and/or cytokines.
For example, vascular endothelial growth factor (VEGF) and
basic fibroblast growth factor (bFGF) are commonly used to
stimulate endothelial cell differentiation [20-22]. However, the
efficiency of these methods is usually so low that isolating a
pure cell population is difficult. The lack of effective differ-
entiation methods to obtain specific types of cells in sufficient
quality and quantity is a major challenge that limits clinical
applications of ESC-derived cells. Cell lineage specification is
mainly driven by the activation of cell-specific transcription
factors during early embryogenesis. It is conceivable that the
inefficient differentiation of existing methods is, at least in
part, due to insufficient transcription activation during in vitro
differentiation. A recent study reported that hESCs can be
effectively differentiated into endothelial cells by viral vector-
mediated expression of transcription factors that control vas-
cular differentiation [23], demonstrating that intervention at
the transcription level can provide a much stronger driving
force for ESC differentiation into a specific cell fate.

In this study, we show that mESCs can tolerate repeated
transfection and effectively express synthetic mRNA with
expected biological functions without the need of any che-
mical modifications of synthetic mRNA. Therefore, by ex-
ploiting the underdeveloped antiviral mechanisms in mESCs,
we demonstrated the feasibility that mRNA-mediated gene
expression could be developed into novel strategies that
achieve efficient expression of desired genes in ESCs.

Materials and Methods

In vitro synthesis and purification of short single-
strand RNA (3p-ssRNA) and synthetic mRNA

For preparation of short random sequenced 3p-ssRNA
and HO-ssRNA, the dsDNA templates for in vitro tran-
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scription were prepared by primer extension of the DNA
oligo containing the T7 ¢2.5 promoter sequence (5-
CGTAATACGACTTCACTATTAG) with a DNA template
(5-N,CTAATAGTGAGTCGTATTACG, N=random nucleo-
tide (nt) sequence, A, G, C, T, n=18, 38, 58, or 78) using Taq
DNA polymerase (Promega) [24,25]. The resulting dsDNA
was ethanol-precipitated and used as templates for in vitro
transcription with the Ampliscribe T7-Flash Transcription Kit
(Epicentre) to produce 5-3p ssRNA (5-pppAGN,, n=18, 38,
58, or 78, the resulting RNA are termed 3p-20nt, 3p-40nt, 3p-
60nt, and 3p-80nt) following the manufacturer’s protocol. The
RNA transcripts were ethanol-precipitated and purified by
8% denaturing polyacrylamide gel electrophoresis (PAGE).
HO-ssRNA was prepared by removing the 5" triphosphate of
above 3p-ssRNA with calf intestinal alkaline phosphatase
(Takara) followed by PAGE purification. The resulting RNAs
are named as HO-20nt, HO-40nt, HO-60nt, and HO-80nt.

For preparation of protein-encoding mRNA, the DNA
template for enhanced green fluorescence protein (EGFP)
mRNA was generated by polymerase chain reaction (PCR)
from a pEGFP-N1 plasmid (BD Biosciences) using two primers
containing sequences of 5-CGTAATACGACTCACTATTA
GGAAGCTTCGAATTCTGCAGTCG and 5-TTTACGCCTT
GAGATACATTGATG. The DNA template for mouse Etv2
was amplified by PCR from ¢cDNA library prepared from a
mouse lung endothelial cells [26] using primers with the se-
quences of 5-CCGTAATACGACTCACTATTAGGAACC
GTCAGAACAAGCATCC and 5-TTTTGTTTTTIGTITITIG
TTTTATTGGCC. PCR was performed with Q5 High-Fidelity
DNA polymerase (New England Biolabs). The resulting
dsDNA templates contain the T7 ¢2.5 promoter for in vitro
transcription [24,25], the 5-UTR region with the Kozak se-
quence [27], and the open reading frame of EGFP or Etv2. In
addition, EGFP has a 3’-UTR region.

Using the above EGFP DNA as the template, 3p-EGFP-
mRNA (long 3p-ssRNA) was prepared by in vitro transcription
under the same condition as the short ssSRNA preparation
described previously and was purified by an M100 Microcon
membrane filter. To prepare functional EGFP and Etv2 mRNA,
in vitro transcription from their DNA templates was carried
out in the presence of the cap analog m’GpppA (chemically
synthesized in our laboratory, unpublished) to generate 5-
capped EGFP and Etv2 mRNA transcripts. The purified RNA
transcripts were polyadenylated by Escherichia coli Poly(A)
polymerase (New England Biolabs), resulting in functional
mRNA, m’GpppA-EGFP-polyA, and m’GpppA-Etv2-polyA.

Cell culture and treatment

ESCs (D3 cell line, ATCC) were cultured in the standard
mESC medium that contains leukemia inhibitory factor as
previously described [7]. Epithelial cells (SKOV3 cells, a
human ovarian carcinoma cell line) and mouse fibroblasts
(10T1/2 cell line, derived from mouse embryonic tissues that
can differentiate into several cell lineages) [28,29] were cul-
tured in the RPMI and DMEM medium, respectively, which
contain 10% fetal calf serum and 100 units/mL penicillin and
100 pg/mL streptomycin. All cells were maintained at 37°C
in a humidified incubator with 5% CO,.

Cells were plated at 40%-50% confluence and were usu-
ally cultured for 24h before the experiments. Synthetic
dsRNA (polylC [polyinosinic-polycytidylic acid], Sigma),
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ssRNA, and mRNA in different formats were transfected
into the cells with DharmaFECT reagent (Thermo Scientific)
as previously described [7]. The control cells were transfected
with DharmaFECT reagent only. The cells were collected and
used for various analyses after incubation for the times in-
dicated in individual experiments.

Real-time quantitative PCR

Total RNA was extracted using Tri-reagent (Sigma).
c¢DNA was prepared by M-MLV reverse transcriptase (Pro-
mega). Real-time quantitative PCR (RT-qPCR) was performed
using SYBR green ready mix on a MX3000PTM RT-PCR sys-
tem (Stratagene), as previously reported [30]. The mRNA level
from qRT-PCR was calculated using the comparative Ct
method [31]. B-actin mRNA was used to normalize relative
levels of mRNA for tested genes. The sequences of the primer
sets are listed in Supplementary Table S1; Supplementary
Data are available online at www liebertpub.com/scd

Cell proliferation, viability, and cell cycle analysis

Cell proliferation and viability were determined by cell
number and by cell morphology after toluidine blue (TB)
staining as we previously described [32]. The absorbance at
630nm of TB-stained cells was measured with a microtiter
plate reader. The values, which correlate with the number of
viable cells, were used as an indirect measurement of cell
proliferation or viability. Cell cycle analysis by flow cytom-
etry was performed after the cells were stained with 50 pg/
mL propidium iodide. The cell cycle profiles were generated
with the CFlow software [33].

Protein phosphorylation analysis by flow cytometry

Activation of dsRNA-activated protein kinase (PKR) was
determined by the phosphorylation state of eukaryotic initiation
factor 2o (elF20a, a physiological substrate of PKR) [34]. Treated
cells were incubated with the antibodies that specifically rec-
ognize phosphorylated elF2q (Cell Signaling). The cells were
then incubated with fluorescein isothiocyanate-conjugated
secondary antibodies and examined by an Accuri C6 flow
cytometer. The fluorescence intensity, which correlates with
phosphorylated elF2a level, was used as an indirect measure-
ment of PKR activation as we previously described [7].

Microscopic analysis and quantitative measurement
of GFP expression

Expression of GFP in live cells was visualized using a LSM
confocal fluorescence microscope. To quantitatively measure
the GFP expression level, the cells were grown in a black-
walled, clear-bottom 96-well cell culture plate (Costar) and
analyzed with a SpectraMax® M5 Scanning Multi-Detection
Microplate Reader (Molecular Devices) according to the
manufacture’s instruction.

Results

Characterization of short synthetic ssRNA-induced
antiviral responses in epithelial cells

Synthetic short ssRNA and long protein-encoding mRNA
prepared by in vitro transcription have been used as viral
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RNA mimics to study antiviral responses. The length and the
5’-triphosphate (3p) group of RNA are considered to be the
most important factors in eliciting antiviral responses, while
the sequence seems to be less critical [35-37]. We synthesized
a panel of short 3p-ssRNA that have 20, 40, 60, and 80 nt
with a random sequence of A, U, C, and G, each of which
was detected as a single band with expected size by PAGE

analysis (Fig. 1A, gel inset).

3p-40nt = 3p-60nt = 3p-80nt’ HO-80nt

7000 -

HO-80nt

1000

IFNB mRNA (Fold of activation) I»

Con

125 -
100 -
75 4

Cell viability (%) o

] o
o (=]
A I

3p-20nt 3p40nt 3p-60nt 3p-8Ont HO-8ONt

: AN

FIG. 1. Single-stranded RNA (ssRNA) induced antiviral re-
sponses in SKOV3 cells. The cells were transfected with dif-
ferent format of ssSRNA (40 nM) as indicated. (A) The induction
of interferon (IFN)p mRNA were determined by real-time
quantitative polymerase chain reaction (RT-qPCR) at 12 h post-
transfection. Control (Con) represents cells transfected with
DharmaFECT without ssRNA. The results are means+SD of
three independent experiments. The gel inset shows the poly-
acrylamide gel electrophoresis analysis of purified ssRNA. (B)
Cell viability was determined by toluidine blue (TB) cell
staining of viable cells at 24 h post-transfection. The values are
means+SD of a representative experiment performed in trip-
licates. (C) Cell morphology was examined under a phase-
contrast microscope (200x) at 24 h after TB cell staining. The
images were photographed from a representative experiment.
Arrows denote apoptotic cells. All representative experiments
were repeated at least twice with similar results.
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We first determined potency of these short ssSRNA in eli-
citing antiviral responses in a human ovarian epithelial car-
cinoma cell line (SKOV3 cells), which have been previously
used as a model to study the immunogenicity of different
types of RNA [38-40]. Using IFNP expression as a bench-
mark for antiviral responses, our data showed that only
3p-ssRNA with longer than 60 nt induced IFNp, whereas the
removal of the 3p group completely abolished this effect, as
demonstrated in the case of 3p-80nt-ssRNA (Fig. 1A, p-80nt
vs. HO-80nt). 3p-60nt-ssRNA and 3p-80nt-ssRNA caused cell
death (Fig. 1B, C), in parallel with their potency of IFN
induction. The cytotoxicity was not seen when the cells were
treated with HO-80nt-ssRNA, correlating with its inability to
induce IFNP (Fig. 1A). Similar results were observed with an
ssRNA of 145 nt that encodes a segment of luciferase (data
not shown). These results are in line with the characteristics
of synthetic ssRNA previously described by other investi-
gators [16,17,41].

Short 3p-ssRNA induced strong antiviral responses
in fibroblasts but not in mESCs

Using 3p-80nt-ssRNA characterized in SKOV3 cells, we
investigated its effects on 10T1/2 cells, which are fibroblasts
derived from early mouse embryonic tissues with mesen-
chymal stem cell properties that can differentiate into several
cell lineages [28,29]. Similar to SKOV3 cells, 3p-80nt-ssRNA
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induced strong IFNf expression in these cells, as well as the
expression of several other genes commonly upregulated
during antiviral responses, including IL-6 (an inflammatory
cytokine), ICAM-1 (a cell adhesion molecule), and RIG-I and
MDADS (cytosolic RNA receptors) (Fig. 2A-a). 3p-80nt-ssRNA
also reduced cell viability in a dose-dependent manner (Fig.
2A-b). The cytotoxicity caused by 3p-80nt-ssRNA was ap-
parent at 12 h after transfection and significantly increased at
24h as indicated by the reduced number of viable cells (Fig.
2A-c). A time course analysis indicated that IFNf induction
by 3p-80nt-ssRNA was detectable at 7h and dramatically
increased at 14 and 20h post-transfection (Fig. 2A-d), coin-
ciding with the onset of cytotoxicity and increased cell death.
However, when mESCs (D3 cells) were treated with 3p-80nt-
ssRNA under the same conditions, the induction of IFNf
was negligible at 12h treatment (Fig. 2B-a) in comparison
with 10T1/2 cells and was not detected at 6 or 24h time
points (data not shown). The upregulation of IL-6 (Fig. 2B-a)
ICAM-1, MDAS5, and RIG-I was not observed in D3 cells
(data not shown). Undifferentiated ESCs are characterized
by their rapid cell proliferation with about 60% of cells in S
phase and their growth in compact colonies. Transfection
with 3p-80nt-ssRNA did not have detectable effects on cell
viability, colony morphology, or cell cycle profile (Fig. 2B-b,
¢, or d, respectively). Similar results were obtained when the
cells were treated with 3p-80nt-ssRNA up to 100 uM (data
not shown) The different responses in 10T1/2 cells and D3

FIG. 2. Comparative analy-
sis of 3p-ssRNA induced an-
tiviral responses in 10T1/2
cells and D3 cells. The cells
were transfected with 3p-80nt-
ssRNA (40nM). The mRNA
levels of IFNf and other gene
as indicated were determined
by RT-gPCR in cells trans-
fected for 12h (a). The results
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count of D3 cells were deter-
mined with CFlow software at
24h post-transfection (B, d).
The morphology of trans-
fected 10T1/2 cells (A, ¢) and
D3 cells (B, ¢) were examined
under a phase-contrast mi-
croscope (400x) after TB cell
staining. All representative
experiments were repeated at
least twice with similar results.
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FIG. 3. Comparative analy-
sis of enhanced green fluores-
cence protein (EGFP)-mRNA
induced antiviral responses
in 10T1/2 (A) and D3 cells
(B). The cells were transfected
with 3p-EGFP-mRNA (EGFP,
300ng/mL) for 12h. The
mRNA levels of genes invol-
ved in antiviral response were
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cells were not due to the different transfection efficiency
since both cell types effectively expressed transfected GFP
mRNA, as will be discussed later.

Protein-encoding mRNA (long ssRNA) induced
antiviral responses in fibroblasts but not in mESCs

To test the effects of long ssRNA, we used the coding
sequence of EGFP mRNA with a 3p group (3p-EGFP, 1033
nt, without cap and polyA tail). It not only strongly induced
the expression of IFNo and IFNf in 10T1/2 cells (~150-fold
and ~5,500-fold, respectively) but also upregulated RNA
receptors (RIG-I, TLR3 and PKR) that play key roles in an-
tiviral responses (Fig. 3A) and caused cell death (data not
shown, similar to the effects of 3p-80nt-ssRNA illustrated in
Fig. 2A-b, c). On the other hand, 3p-EGFP mRNA only
induced about 5- and 10-fold increase of IFNa and IFN,
respectively, in D3 cells (Fig. 3B), which is negligible in
comparison with its effects on 10T1/2 cells. The 3p-EGFP
mRNA did not have a significant impact on cell viability or
morphology of D3 cells (data not shown, as illustrated in
Fig. 2B-b, d). It is noted that unlike 3p-80nt-ssRNA where the
removal of the 3p group completely abolished its immuno-

>

150
1
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genicity as shown in Fig. 1, the removal of the 3p group from
EGFP mRNA significantly reduced but did not completely
abolish IFNB induction since HO-EGFP mRNA can still in-
duce ~40-fold increase of IFNf in 10T1/2 cells. These ob-
servations were in line with the notion that the 3p group
plays a critical role in type I IFN induction, but the length
also contributes the immunogenicity of ssRNA [16,17,42].

dsRNA, but not ssRNA, activates PKR in mESCs

dsRNA directly activates PKR (dsRNA-activated protein
kinase), which in turn phosphorylates elF20. and results in a
general inhibition of translation and cell proliferation,
thereby limiting viral replication as a part of antiviral
mechanisms [34,43]. It is noted that polyIC fails to induce
type I IFN in D3 cells, but it can activate PKR and induce a
strong inhibition of cell proliferation [7]. Since it has been
reported that PKR can also be activated by ssRNA that have
certain structural features [44], we analyzed the effect of 3p-
EGFP mRNA on PKR activation in mESCs. As a positive
control experiment, we show that transfection of D3 cells
with polylC significantly increased the level of phosphory-
lated elF2q, indicating the activation of PKR (Fig. 4A,

fluoresce intensity) with flow -
cytometry after immunostain-
ing of the cells with antibodies
against phosphorylated elF2a.
(B) Cell proliferation was
determined by TB staining.
The values are means+SD of
a representative experiment
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Cell cycle progression was
analyzed by flow cytometry.
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cells was indicated by arrows.
All experiments were re-
peated at least twice with
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polyIC). However, transfecting the cells with 3p-EGFP
mRNA did not show any effect compared with the control
experiment (Fig. 4A, EGFP mRNA). We have previously
demonstrated that PKR activation by polyIC significantly
inhibited the synthesis of cyclins, thereby inhibiting D3 cell
proliferation [7]. Although this effect of polyIC-induced PKR
activation is reflected by the reduced cell number in cell
proliferation analysis (Fig. 4B) and by the decreased cell
population at G2/M phase in cell cycle analysis (Fig. 4C), the
effects of 3p-EGFP mRNA on these cellular processes are
rather limited, if there is any.

mESCs can effectively express synthetic mRNA
with expected biological functions

To determine if synthetic mRNA can be translated in the
cells, we first made a functional EGFP by adding a cap and a
polyA tail to EGFP-mRNA (m7GpppA-EGFP-polyA). After
transfection, EGFP expression was detected in D3 cells as
early as 12h and the fluorescence intensity progressively in-
creased in a time course from 18 to 48h as determined by
fluorescence microscopy and by spectrometric analysis
(Fig. 5A, B, respectively), whereas very limited EGFP ex-
pression was detected with an EGFP mRNA without a poly A
tail (m’GpppA-EGFP) (Fig. 5B, -polyA). In a separate exper-
iment, D3 cells grown at low density were transfected with
m’GpppA-EGFP-polyA and were then transfected a second
time after 24 h. The expression of EGFP was analyzed under a
fluorescence microscope at 24 h after each transfection. EGFP
was effectively expressed after each transfection with a sig-
nificant increase of EGFP florescence intensity after the second
transfection (Fig. 5C, 1x vs. 2x). The cells after the second
transfection quickly reached confluence. Therefore, they were
split into new culture dishes where they received the third and
the fourth transfection. Similar to the first two rounds of
transfections, EGFP was effectively expressed under both
low- and high-density growth conditions (Fig. 5C, 3x and
4x, respectively). Transfection of mESCs grown at low den-
sity slightly decreased the cell number, but such effect was not
obvious in cells grown at high density (Fig. 5D, 3x and 4 x,
respectively). These results demonstrated that mESCs can
tolerate repeated mRNA transfection and effectively translate
the synthetic mRNA without affecting cell viability.

When 10T1/2 cells were transfected with m’GpppA-EGFP-
polyA, EGFP was detected at 18 h, similar to its expression in
D3 cells. However, the cells began to lose viability around 30 h
after transfection, concurrent with a decrease in fluorescence
signal. EGFP expression was significantly diminished with
only about 60% of cells remaining viable compared with the
control cells at 40h (Fig. 5E, F). Therefore, even after being
capped and polyadenylated, the functionalized mRNA can
still cause a strong toxicity in 10T1/2 cells, although the
synthetic mRNA can be translated at an early stage of trans-
fection before the cells mount strong antiviral responses.

To further determine the functionality and compatibility
of synthetic mRNA with mESCs, we transfected D3 cells
with the Etv2 mRNA (m’GpppA-Etv2-polyA), a member of
the E-twenty-six (ETS) transcription factor family that di-
rectly transactivates several genes required for vascular de-
velopment [23,45]. As shown in Fig. 6, several genes essential
for endothelial cell specification (known target genes of Etv2)
were upregulated to different degrees in D3 cells transfected
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with Etv2 mRNA (Fig. 6A), demonstrating the expected
transcription activity of Etv2. However, the three genes most
upregulated in D3 cells, FIk1, Flil, and VE-cadherin (VE-cad),
were not significantly affected in 10T1/2 cells (Fig. 6B). Si-
milar to EGFP mRNA, Etv2 mRNA transfection did not af-
fect the viability of D3 cells but caused significant
cytotoxicity in 10T1/2 cells (Fig. 6C, D). These results cor-
related with the strong induction of IFNo./p by Etv2 mRNA
in 10T1/2 cells, but not in D3 cells (Fig. 6E). Therefore, the
failure of FIk1, Fli1, and VE-cad expression in 10T1/2 cells can
be logically explained by the fact the antiviral responses,
especially PKR activation and cytotoxicity, are known factors
that strongly inhibit protein synthesis in the host cells [34,43].
It is conceivable that the antiviral responses induced by Etv2
mRNA in 10T1/2 cells will inhibit its own translation, re-
sulting in insufficient transcription activation required for
the target genes (FIk1, Flil, and VE-cad).

Chemical modifications reduce, but not eliminate,
the immunogenicity of synthetic mRNA

The 3p group is an intrinsic part of RNA synthesized by in
vitro transcription [46]. When the mRNA is capped and
polyadenylated, the functionalized synthetic mRNA still can
induce strong antiviral responses as we have just shown in
10T1/2 cells and other investigators have reported in other
types of fibroblasts [15]. Base modifications of the mRNA
during in vitro transcription have been used to reduce the
immunogenicity. However, cell reprogramming requires re-
peated transfection. Therefore, the modified mRNA must be
used in combination with either siRNA knocking down the
RNA receptors in the host cells [15] or inhibitors of IFN sig-
naling pathway [12]. To test how mESCs respond to mRNA
modifications, we used a fully functional GFP mRNA with
base modifications (purchased from Stemgent). It also con-
tains a nuclear localization signal sequence that directs the
translated GFP to the nucleus (designated as nGFP-mRNA).
The nGFP mRNA was effectively translated in both 10T1/2
cells and D3 cells and detected in the nucleus as expected
after transfection for 24h (Fig. 7A, 1x). The cells did not
display detectable cytotoxicity within 48h of transfection.
However, subsequent transfection for the second time re-
sulted in a dramatically increased cytotoxicity in 10T1/2 cells
(30%-50% loss of viable cells) and significantly diminished
GFP expression. On the contrary, the second transfection
substantially increased GFP expression in D3 cells without
causing cell death (Fig. 7A, 2x), similar to the results ob-
tained from EGFP mRNA synthesized in our laboratory
without base modifications (Fig. 5). It is noted that the first
transfection with n"GFP-mRNA did not induce IFNf expres-
sion in 10T1/2 cells or in D3 cells (data not shown), but the
second transfection induced the expression of [FNf and RNA
receptors in 10T1/2 cells (10- to 20-fold) while the effects in
D3 cells were negligible (Fig. 7B). The results from 10T1/2
cells suggest that base modifications of synthetic mRNA can
reduce, but cannot eliminate, the immunogenicity.

Discussion

We have recently reported that mESCs are deficient in
expressing type I IFN when exposed to viral infection and
dsRNA viral analogs [7]. In this study, we extended our
investigation to their responses to different formats of
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FIG. 5. Expression of EGFP in 10T1/2 cells and D3 cells from synthetic mRNA. The cells were transfected with 300 ng/mL
of m7GpppA-EGFP—polyA (+polyA). Con cells were transfected with DharmaFECT without mRNA. (A) The expression of
EGEFP in D3 cells was examined with a fluorescence microscope at 18 and 48 h after one time transfection. (B) The expression
of EGFP in D3 cells from m’GpppA-EGFP-polyA (+polyA) or m’GpppA-EGFP (- polyA) was quantified with a fluorescence
plate reader within a time course from 18-48 h. (C) D3 cells were transfected with m’GpppA-EGFP-polyA once or twice (1 x
and 2 x, respectively). The expression of EGFP was examined with a fluorescence microscope at 24 h after each transfection.
The cells were split into new culture dishes after the second transfection, where they received the third (3x) and fourth
transfection (4x) following the same protocol used for the first two rounds of transfections. The cells were examined for
EGFP expression with a fluorescence microscope (middle panels) and for cell morphology with a phase-contrast microscope
(bottom panels). (D) The number of viable cells (determined by OD630 nm) was determined by TB staining at 24 h after the
third (3x) and fourth (4 x ) transfections. (E) 10T1/2 cells were transfected m’GpppA-EGFP-polyA under the same conditions
as described for D3 cells and examined for EGFP expression and for cell morphology. (F) The relative number of viable cells
was determined by TB staining at the end of the experiment (40 h for 10T1/2 cells and 48 h for D3 cells for comparison). The
values are means +SD of a representative experiment performed in triplicates. All experiments were repeated at least twice
with similar results.

synthetic ssRNA as viral ssRNA mimics. Short ssRNA in-
duced antiviral responses in highly differentiated epithelial
cells (SKOV3 cells) in a manner that depends on the length
and the presence of the 5-3p group. Even less differenti-
ated fibroblasts with mesenchymal stem cell properties
(10T1/2 cells) displayed strong antiviral responses to 3p-
ssSRNA and mRNA. These results are consistent with fea-
tures of ssSRNA characterized in other types of somatic cells

[16]. None of the cellular effects associated with antiviral
responses were observed in mESCs. Together with the re-
sults previously obtained from viral infection and dsRINA
[7], the current study provided additional evidence to a
general conclusion that mESCs have underdeveloped anti-
viral mechanisms.

RNA-induced type I IFN expression is mediated by toll-
like receptors 3 and 7 localized on the cell surface or on the
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endosomal membrane and by RIG-I and MDAG5 localized in
the cytosol [1,2]. Apparently, none of these receptors are
functional in mESCs with respect to IFN induction based on
our results with live viral infection, dsSRNA [7] and ssRNA
(this study). Although the detailed molecular mechanisms
remain to be elucidated, the low level expression of RNA
receptors and their signaling components in ESCs could be at
least partly responsible for the deficient antiviral responses
[4,7]. RIG-I is the major receptor that mediates the effects of
viral ssRNA and synthetic ssSRNA, especially those with a
3p-group [16,17,41,42,47]. In addition to its well-defined
function in inducing type I IFN, a recent study showed that
RIG-T activation leads to apoptosis by a mechanism that is
independent of IFN expression in SKOV3 cells [48]. There-
fore, the RIG-I pathway may play a major role in mediating
the IFNf expression and cytotoxicity induced by ssRNA, as
demonstrated in 10T1/2 cells where 3p-80nt-ssRNA induced
IFNf expression and cell death within a similar time course.
Apparently, the antiviral responses elicited by ssRNA
through the RIG-I pathway typically seen in differentiated
cells are not induced in mESCs. The only pathway that is
functional in mESCs seems to be the PKR pathway, which
is activated by polyIC and responsible for polylC-induced
inhibition of translation and cell proliferation as we previ-
ously reported [7]. Although best characterized as dsRNA-
activated kinase, recent studies have indicated that PKR
can be also activated by ssRNA depending on certain struc-
tural features of ssSRNA [44] and that there is a synergistic
involvement of RIG-I and IFN [49]. The failure of ssRNA to
activate PKR in mESCs can be explained by the inactive
status of the RIG-I pathway and defected IFN expression
mechanism in these cells. Therefore, the inactivation status of
PKR in mESCs may play a key role for the effective trans-
lation of synthetic mRNA.
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FIG. 6. Expression of Etv2
from its synthetic mRNA in

10T1/2 10T1/2 cells and D3 cells.
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(300ng/mL) for 48h. (A, B)
The effects on the expres-
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analysis. The results are
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dent experiments. (C) The
morphology of transfected
cells were examined under a
phase-contrast microscope
(400x) after TB cell staining.
(D) The relative number of
viable cells was determined
by TB staining at the end of
the experiment. (E) The
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Expression of type I IFN in response to viral infection is
the central part of innate immunity developed in most types
of somatic cells [1,2]. The lack of this mechanism to viral
infection and the lack of inflammatory responses to bacterial
challenge [6] in ESCs indicated that “innate immunity” is, in
fact, not developed in ESCs and has to be acquired during or
after their differentiation to other cell types. While our
findings opened up an important area in ESC research for
understanding the development of innate immunity during
embryogenesis, we are particularly excited about the possi-
bility that the underdeveloped antiviral responses in ESCs
may provide a “natural solution” to resolve the most chal-
lenging issue in the application of mRNA-mediated gene
expression. As discussed earlier, the problems associated
with antiviral responses induced by synthetic mRNA are not
insurmountable, but the need of complex modifications has
been a major barrier for the application of this method. We
demonstrated that 5" capping and 3’ polyadenylation of
mRNA is not sufficient to repress the immunogenicity of
long ssRNA since a single transfection of 10T1/2 cells with
m’GpppA-EGFP-polyA (without base modifications) caused
significant cell death. Base modifications of mRNA can in-
deed reduce the immunogenicity since the transfection of
10T1/2 cells with nGFP-mRNA (with base modifications)
resulted in GFP expression without causing serious cyto-
toxicity. Therefore, the difference in immunogenicity be-
tween the two GFP-mRNA preparations is mainly due to
base modifications. However, it is interesting to note that the
effect of base modifications cannot eliminate the immuno-
genicity since the effect is limited to a single transfection and
the subsequent transfection of 10T1/2 cells with nGFP-
mRNA resulted in apparent antiviral responses. This can be
explained by a well-documented phenomenon in antiviral
responses; through a positive feedback loop, an initial weak
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FIG. 7. Base substitution of synthetic nGFP mRNA reduces
but not eliminates its immunogenicity. The cells were trans-
fected with a synthetic nGFP-mRNA (nGFP, 300ng/mL) that
has been modified by base modifications. (A) The transfection
was performed twice (1x and 2x) with a 48h interval. The
expression of GFP was exampled with a LSM confocal flou-
rescence microscope at 24 h after each transfection. The boxed
area (10T1/2:nGFP, 1x) shows enlarged cells to illustrate the
nuclear location of GFP. The morphology of transfected cells
was examined under a phase-contrast microscope after TB
staining (400x). (B) The mRNA levels of IFNf, RIG-I, PKR,
and TLR3 were determined by RT-qPCR in the cells that were
transfected for a second time for 12h. The results are
means =SD of three independent experiments.

stimulus (the first nGFP-mRNA transfection in our case) can
upregulate the antiviral signaling pathways, thereby “prim-
ing” the cells to mount stronger antiviral responses to the
subsequent stimulus (second nGFP-mRNA transfection) [50-
52]. Therefore, immunogenicity intrinsically associated with
mRNA (long ssRNA, sequence independent) can sensitize the
host cells that have active antiviral mechanisms to repeated
mRNA transfection. Without other interventions, such as
knockdown of RNA receptors in the host cells [15] or using
inhibitors of IFN signaling pathway [12], base modification of
mRNA alone is not sufficient for successful cell reprogramming
that needs multiple mRNA transfections. On the other hand,
mESCs can be repeatedly transfected even with unmodified 3p-
mRNA (ssRNA with the most potent immunogenicity) and can
effectively translate functional proteins from the synthetic
mRNA either with or without nucleotide modifications.

The ultimate goal of ESC research is to generate clinically
usable ESC-derived cells for regenerative medicine. It is in-
creasingly clear that obtaining ESC-derived cells with clinical
quality by existing methods is a difficult task. Based on the
same principle and methodology for iPSC reprogramming, a

WANG ET AL.

recent study demonstrated that forced expression of three
transfection factors (Etv2, Flil, and Ergl) that control vas-
cular differentiation effectively converted hESCs to endo-
thelial cells with significantly increased yield and maturity
[23,45]. This study demonstrates that intervention at the
transcriptional level can provide a strong internal driving
force for cell-specific differentiation. However, the expres-
sion of the aforementioned transcription factors in that study
was also mediated by viral vectors [23]. Using synthetic
mRNA as an alternative gene expression approach could
avoid the safety concerns associated with viral vectors. While
the present study has proven the principle of this approach
and demonstrated the feasibility of increasing the transcrip-
tion activity of Etv2 from its synthetic mRNA, it should be
pointed out that the experiments described in this study
were carried out in undifferentiated mESCs. Generating
specific cell types must be performed under differentiation
conditions and meet cell-specific requirements. In the case of
generating mature and functional endothelial cells from
ESCs, simultaneous expression of Etfv2, Flil, and Ergl
and repression of TGFP signaling is required [23]. The effort
toward that goal is under way in our laboratories.

Conclusions

Our current and previous studies demonstrate that mESCs
have underdeveloped antiviral mechanisms. This finding
represents a unique and previously uncharacterized prop-
erty of mESCs that is not only important for understanding
innate immunity development but can also be exploited for
developing mRNA-based gene expression methods that may
transform the existing differentiation paradigms.
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