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The discovery that ordinary skin cells can be turned into
pluripotent stem cells by the forced expression of defined fac-
tors has raised hopes that personalized regenerative treatments
based on immunologically compatible material derived from a
patient’s own cells might be realized in the not-too-distant
future. A major barrier to the clinical use of induced pluripo-
tent stem cells (iPSCs) was initially presented by the need to
employ integrating viral vectors to express the factors that
induce an embryonic gene expression profile, which entails
potentially oncogenic alteration of the normal genome. Several
“non-integrating” reprogramming systems have been devel-
oped over the last decade to address this problem. Among these
techniques, mRNA reprogramming is the most unambiguously
“footprint-free,” most productive, and perhaps the best suited
to clinical production of stem cells. Herein, we discuss the ori-
gins of the mRNA-based reprogramming system, its benefits
and drawbacks, recent technical improvements that simplify
its application, and the status of current efforts to industrialize
this approach to mass-produce human stem cells for the clinic.

Just over a decade has elapsed since the publication of Shinya Yama-
naka’s groundbreaking work' showing that ordinary skin cells can be
“reprogrammed” by the expression of a cocktail of transcription fac-
tors into induced pluripotent stem cells (iPSCs) capable of giving rise
to any cell or tissue of the body. Already, the first regenerative thera-
pies based on these cells, focused on age-related macular degenera-
tion, ischemic heart disease, and Parkinson’s disease, have progressed
to the stage of clinical trials.” The advent of cellular reprogramming
holds out the tantalizing prospect it might be possible to turn a
patient’s own cells into a limitless supply of physiologically rejuve-
nated, immunologically compatible stem cells that can be coaxed
to become specialized cells, tissues, and organs for transplant back
into the donor, enabling new treatments for a wide range of diseases
and for the maladies of old age.

Clearly, there is a long road ahead before this futuristic vision can be
fully realized, with many technical, financial and regulatory obstacles
to be overcome. A major hurdle to any clinical application of iPSCs
made with Yamanaka’s original method was its dependence on inte-
grating viral gene expression vectors to effect reprogramming, as the
resulting heritable changes to cellular DNA would entail an unaccept-
able risk of tumorigenicity were the iPSCs or their differentiated
progeny to be transferred into a human host. The goal of achieving
“footprint-free” reprogramming obsessed the field for several years
in the wake of Yamanaka’s breakthrough. This once-daunting chal-
lenge can now be considered a solved problem. One of the first

compelling solutions presented relies on the sustained delivery of syn-
thetic mRNA encoding Yamanaka’s reprogramming factors. Today,
mRNA reprogramming vies with other well-established “non-inte-
grating” methods, but it remains one of the most promising ways
of making pluripotent stem cells for clinical use, based on the unam-
biguously transient character of the vector, the superior speed and ef-
ficiency of iPSC generation it provides, and the supple control it
affords over reprogramming factor dosing, stoichiometry, and time
course. This review surveys the emergence of mRNA reprogramming,
looking at the roadblocks that had to be circumvented to bring it to
fruition, improvements that have been made to the method since it
was first described, areas where work remains to be done to address
outstanding limitations, and progress toward the industrialization
of this technique and its application in a clinical setting.

It is appropriate here to recap the general character of cellular reprog-
ramming, highlighting why techniques that alter the targeted cells’
DNA were employed in its early embodiments, and why this is a prob-
lem from a clinical perspective. Yamanaka asked if there is a way to
take a differentiated cell such as a skin fibroblast and revert its gene
expression profile back to an early embryonic state, so it becomes a
blank slate with the potential to produce any of the cell lineages
that make up the body. That this might be possible in principle is im-
plicit in the fact that changes in gene expression rather than changes
in DNA sequence underpin almost all known changes in cellular line-
age and phenotype during development. More concretely, Sir John
Gurdon’s work in the 1960s on somatic cell nuclear transfer revealed
that the global expression profile of a nuclear genome isolated from a
differentiated cell can be reset when it is transferred into an enucle-
ated egg, presumably by factors such as proteins in the cytoplasm
of the egg, allowing the formerly specialized genome to support devel-
opment of the entire organism.” Subsequently, decades of research
into the character of cellular differentiation have identified a class
of nuclear proteins designated “transcription factors” that regulate
the overall gene expression profile of every cell. In many cases, it
has proved possible using classical genetic techniques to pinpoint spe-
cific transcription factors or small networks of cross-regulating fac-
tors that act as master regulators of cell fate. There were also a few
published experiments, going back to the 1980s, in which transgene
constructs were used to ectopically express master regulator factors
within cells in vitro, resulting in broad phenotypic changes or putative
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cell-lineage conversions.” Notably, transient expression of the mus-
cle-specific transcription factor MyoD was shown to induce cultured
fibroblasts to undergo a remarkable and enduring remodeling and
conversion into multinucleate myotube-like cells.”

The emergence of retroviral gene expression vectors as a powerful
method for producing strong, heritable ectopic gene expression in
cultured cells gave Yamanaka the means to conduct a large-scale
screen for transcription factors that might trigger differentiated cells
to activate genes associated with embryogenesis and pluripotency.
Focusing on factors known to be associated with the embryonic state,
Yamanaka transduced random combinations of transcription factor
expression cassettes into cultured fibroblasts. He went on to identify
the factors that had integrated into the genome of emergent colonies
expressing selection markers indicative of embryonic reversion, then
winnowed down these factors by a process of elimination to find espe-
cially potent factor combinations. He discovered that a cocktail of
four factors (the so-called Yamanaka factors: Oct4, Sox2, Klf4, and
c-Myc) can reliably reprogram a small fraction of murine and human
fibroblasts into cells that are almost indistinguishable from the em-
bryonic stem cells (ESCs) cultured from early embryos."*” These
rapidly growing, immortalized cells form compact colonies that can
be picked, replated, and expanded, then differentiated under appro-
priate conditions to produce cells representative of all three embry-
onic germ layers (mesoderm, ectoderm, and endoderm), satisfying
the basic criteria for pluripotency.

The ability of integrating retroviral vectors to sustain gene expression
at a high level over multiple rounds of cell division was crucial to the
success of Yamanaka’s strategy. Even the modest levels of reprogram-
ming efficiency seen in this early work, in which on the order of 0.01%
of fibroblasts gave rise to iPSC clones, required weeks of continuous
co-expression of the most potent factor combination. Expression of
reprogramming factors from the transgenes does not have to be sus-
tained indefinitely because they gradually activate a self-reinforcing
“pluripotency network” of endogenous transcription factors that
maintains the global embryonic gene expression pattern. In the retro-
viral system, native genome-defense pathways eventually methylate
and silence the transgenes, which is crucial because their continued
forced expression would inhibit differentiation of the iPSCs. None-
theless, the presence of these transgenes in iPSC genomes entails
serious risks from the standpoint of clinical application. In the first
place, the silencing of the retroviral cassettes is not always an irrevers-
ible process. Sporadic reactivation of the Yamanaka transgenes, some
of which are known to have oncogenic and immortalizing effects,
could easily lead to the formation of tumors. Even the disruption of
native DNA sequence brought about by the integration of retroviruses
at random genomic sites bears some risk of dysregulating normal
gene expression and, again, raises the specter of tumorigenicity.

The scientific community swiftly embraced the potential for applying
iPSCs to make almost any type of cell with any desired genetic back-
ground for use in developmental studies, disease modeling, and drug
screening. For these types of research applications, the problem of the
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carryover of integrated transgenes from the reprogramming process
is a marginal concern. Still, it was also recognized that novel reprog-
ramming methods would have to be developed to overcome the prob-
lem of genome modification before iPSCs could become the basis for a
new era of personalized regenerative medicine.

The first steps in this direction involved the use of two well-estab-
lished, non-integrating DNA-based gene expression vectors, plasmids
and adenovirus.*” Owing to the relatively inconstant gene expression
afforded when these vectors are delivered into rapidly dividing cells,
these substitute vectors gave even lower iPSC yields than integrating
retrovirus and lentivirus. This drawback was subsequently addressed
by the development of plasmid-like vectors called “episomes,” which
incorporate a eukaryotic origin of replication to promote replication
of the vector with the host cell.'’ Nonetheless, all of these DNA-based
reprogramming vectors suffer from the basic weakness that recombi-
nation between vector and genome can occur, albeit at very low fre-
quency, implying a need for rigorous screening, possibly involving
whole-genome sequencing, before iPSCs made using these systems
can be exploited in a clinical setting.'" "’

An end run around the problem of genome modification was her-
alded in 2009 by reports of reprogramming using specially modified
Yamanaka factor proteins supplied to target cells via culture media
rather than expressed from vectors introduced into the cells."*"
The chimeric factors used in this system incorporated “cell-pene-
trating peptide” moieties to promote their attachment to the cell
membrane, leading to subsequent endocytic internalization of the
protein by the cells. Unfortunately, this system suffered from
extremely low iPSC induction efficiency as originally presented, a
hurdle that has not been fully overcome in the years since and that
may reflect inherent technical limitations of the protein transduction
system.'® There has since been only minimal adoption of this
technique.

Early hopes that a small-molecule-based reprogramming system
might by developed to overcome the need for ectopic gene expression
altogether have yet to be convincingly realized, at least in the human
system.'” This is probably because of the complexity of the genetic
network remodeling required to achieve the induction of pluripo-
tency, as suggested by the fact that a four-transcription factor cocktail
is typically required to produce iPSC colonies with anything but a
vanishingly low level of efficiency.

As of now, the prime candidates to have emerged for a reasonably effi-
cient, clinically relevant reprogramming system that sidesteps the
issue of genomic modification are all RNA based. These include, prin-
cipally, systems based on synthetic mRNA, Sendai virus (a cytosolic
virus with a completely RNA-based life cycle), and synthetic RNA
“replicons” adapted from alphaviruses.'® >
focused on mRNA reprogramming, we will only touch on the charac-
teristics of the Sendai and replicon systems here. Both employ self-
replicating vectors that give a prolonged burst of transgene expression
after being introduced into target cells in a single delivery step.

Because this review is
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Therefore, they offer the convenience of “single-shot” reprogram-
ming. The long-lasting transgene expression resulting from the burst
of vector replication also allows them to reprogram cell types that can
only be transfected with low efficiency, including cells of the blood
lineages. The problem of assuring complete vector clearance after re-
programming is probably the main drawback to these systems from a
clinical standpoint."?

mRNA Reprogramming

The emergence of the mRNA reprogramming system in 2010 took
the stem cell field by surprise. Synthetic mRNA did not feature
in the standard toolkit of cell biologists at the time, in contrast
with retroviruses, lentiviruses, plasmids, small interfering RNAs
(siRNAs), soluble proteins, and small molecules. In fact, synthetic
mRNA has been produced and applied in niche research applica-
tions going as far back as the 1980s.”" By the early 2000s, a small
coterie of researchers in Europe and the United States had come
to envisage it as a versatile therapeutic tool with near-term applica-
tions in the field of cancer immunotherapy. These researchers estab-
lished ground rules for making long-lived, efficiently expressed
mRNA, providing insight and empirical data on the important roles
played in these artificial transcripts by features copied from natural
mRNA, such as the 5 cap, polyA tail, and UTRs, and describing
optimized techniques for mass-producing synthetic mRNA and
delivering it to cultured cells.”>** The rush to apply mRNA transfec-
tion to the problem of making footprint-free iPSCs would likely have
been a stampede had there been greater awareness of this body of
work. As it turned out, a handful of groups did see the potential.
They quickly ran into the key hurdle to realizing mRNA reprogram-
ming, which is that synthetic mRNAs delivered to cultured mamma-
lian cells powerfully activate broadly expressed antiviral defense
pathways, which in turn suppress protein translation from the exog-
enous transcripts and trigger a cascade of cytotoxic and cytostatic
responses that are inimical to reprogramming.

Upon optimization, efficient delivery of synthetic mRNA can usually
be achieved in adherent cells such as fibroblasts with cationic trans-
fection vehicles like those routinely used for transfecting other nucleic
acids such as plasmids and siRNAs. Employing mRNAs manufac-
tured according to established best practices regarding capping,
tailing, and UTR content, researchers found it relatively straightfor-
ward to produce robust levels of protein expression, comparable
with those given by plasmid and viral vectors, upon initial delivery
of mRNA into cultured cells. Because even longer-lived mRNAs
degrade in the cytoplasm on a timescale of 12-24 hr, the perdurance
of protein expression after mRNA transfection is short compared
with that from plasmid delivery, let alone compared with the expres-
sion attained with integrating viral vectors. Looking at the time course
of protein expression from a single mRNA transfection, researchers
could infer that many repeat rounds of mRNA delivery might be
needed to derive iPSCs with useful levels of efficiency. Further, given
that the protein half-life of transcription factors is typically quite
short, daily dosing is required to avoid massive seesawing in the levels
of the reprogramming factors using the mRNA system.

Publications from the 2010-2012 period describe abortive attempts to
make iPSCs by mRNA transfection and report that cytotoxic re-
sponses limited the transfection time course to just a few days.”**
These studies detected robust expression of reprogramming factors
from transfected mRNA and document some activation of endoge-
nous pluripotency genes. There are also claims dating from this
period of abbreviated mRNA protocols giving colonies that stained
positive for stem cell markers, but overall the data in these studies
do not convincingly show that true iPSCs were ever obtained.”®

On closer investigation, it emerged that the difficulties experienced in
sustaining effective protein expression by repeat mRNA transfection
arose from the mRNA itself and not from (for example) vehicle
toxicity. Angel and Yanik®” showed that a battery of innate immune
response genes becomes activated when mRNA is delivered to fibro-
blast cultures, setting in play a positive feedback loop mediated by au-
tocrine and paracrine signaling via type I interferons that further sen-
sitizes the cells to follow-up challenges. This was an unexpected
finding because the prevalent view regarding innate immunity at the
time was that, to the extent this system is stimulated by RN A, the major
agonist is usually double-stranded RNA (dsRNA), not single-stranded
RNA (ssRNA).*® This picture is easily rationalized given that dsRNA is
a distinctive feature in the life cycle of many viruses, whereas ssRNA
(including endogenous mRNA) is ubiquitous within the cytoplasm
of uninfected cells. It is now apparent that this notion of the roles of
dsRNA versus ssRNA in triggering antiviral defenses is oversimplified.
Innate immunity has been honed by evolution to register exogenous
ssRNA, as well as dsRNA, based on cues such as compartmental
localization, the presence or absence of non-canonical, modified nu-
cleosides, and various other moieties or structural motifs. A further
complication, generally unappreciated at the time, is that the in vitro
transcription reactions used to make synthetic mRNA also give rise
to double-stranded side products that carry over into mRNA prepara-
tions unless specialized purification techniques are employed.”

Angel and Yanik®” went on to show that the antiviral response to
transfected mRNA can be abrogated by siRNA knockdown of key
genes within the innate immune defense network, and demonstrated
that such countermeasures could be used to prolong the expression of
reprogramming factors attainable by mRNA transfection, although
the goal of iPSC derivation itself remained elusive.

Warren et al.'® published the first rigorous demonstration of iPSC in-
duction by mRNA transfection in late 2010. As with the Angel study,
this research grappled with the problem of the immunogenicity of
exogenous mRNA, which likewise motivated the pursuit of counter-
measures to enable prolonged transfection regimens. Viruses have
evolved diverse genes to subvert innate immunity. BI8R,” a decoy re-
ceptor for type I interferons identified in the Vaccinia genome, has been
extensively characterized in the literature and is available commercially
in recombinant form. Employed as a media additive, B18R turned out
to be a useful tool for slowing the buildup of the inflammatory response
to transfected mRNA. A second and more fundamental strategy was
also brought to bear in this study, based on the use of “modified
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mRNA.” The modified-RNA gambit was inspired by the findings of
Kariké and Weissman,”' >’ revealing that the RNA-specific sensors
of innate immunity are more sensitive to “plain vanilla” RNA featuring
canonical nucleobases than they are to RNA that contains various non-
standard nucleobases, many of which occur frequently in eukaryotic
transcripts. In the setting of human fibroblast reprogramming trials,
a striking reduction in mRNA immunogenicity was seen when the
non-standard nucleosides pseudouridine and 5-methylcytidine were
substituted for uridine and cytidine in synthetic transcripts. When
this “stealthy” modified mRNA was deployed in conjunction with
the application of B18R interferon inhibitor, it proved possible to
keep daily mRNA transfections going at functionally relevant doses
for more than 2 weeks without provoking a marked immune response.
Given this foundation, a remarkably efficient and speedy mRNA re-
programming system was quickly attained and presented in the litera-
ture.'®** By highlighting the untapped potential of a hitherto relatively
obscure technology, this breakthrough had an impact well beyond the
iPSC research community, stimulating a groundswell of interest and
investment moved by the vision of synthetic mRNA as the basis for
an entirely new class of pharmaceutical drugs.’

The published “modified mRNA” reprogramming protocol incorpo-
rates several optimizations informed by earlier iPSC research,
including an mRNA cocktail stoichiometrically weighted in favor of
the most potent reprogramming factor, Oct4, and the use of 5% oxy-
gen culture.”®”” Applied to several low-passage fibroblast lines, this
regimen gave impressive results, with full-fledged iPSC colonies
emerging in under 20 days, compared with the ~30 days more typical
of traditional viral protocols, and with colony productivity in some
cases as much as two orders of magnitude higher than routinely ob-
tained with integrating viral vectors.

The productivity and rapidity of iPSC induction achieved with
mRNA reprogramming was unexpected because other early ap-
proaches based on transient vectors performed poorly by these met-
rics. The striking performance of the mRNA system (at least as
applied to low-passage human fibroblasts) has never been fully ex-
plained. One possibility is suggested by reports that activation of anti-
viral or pro-inflammatory pathways, which still occurs at a low level
even when countermeasures like modified mRNA and B18R are em-
ployed, might actually facilitate reprogramming.”®*' If this idea is
valid, the window in which such benign effects outweigh the cytotoxic
and cytostatic effects of innate immune stimulation must be quite
narrow. It also seems possible that collective effects involving cell-
cell communication are at work, linked to the homogeneity of factor
expression achieved in the mRNA system—a speculative hypothesis
prompted by the lockstep, population-wide phenotypic shifts charac-
teristic of mRNA reprogramming cultures.

Despite the availability of commercial reagents such as pre-made syn-
thetic mRNA that greatly simplified adoption of the mRNA reprog-
ramming system, its uptake by the research community has been
limited by comparison with the episomal and Sendai systems. This
can be attributed mainly to the demanding nature of the early proto-
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cols, which mandated around 2 weeks of consecutive daily transfec-
tions. For the research-oriented iPSC user, the greater hands-on
time and the discipline needed to stick to transfection regimens
7 days a week often outweigh the benefit of getting more iPSC colonies
in a shorter time. Further, although the productivity of mRNA reprog-
ramming is usually excellent with high-quality, low-passage fibroblast
lines, the minor fraction of “real-world” lines that prove refractory to
reprogramming tends to be higher with this system—or, at least, that
was the experience using early versions of mRNA reprogramming,**
Finally, as blood has gained in popularity as an alternative starting
point for iPSC derivations, the limited progress so far achieved in
adapting the mRNA system to the reprogramming of blood-derived
cell types has emerged as a significant limitation of the system.

Considerable work has now gone into developing enhanced mRNA
protocols that address the weak points of the protocol originally
described by Warren et al. in 2010."® A major focus has been to
further accelerate the rapid induction seen with the original system
by potentiating the RNA cocktail through incorporation of additional
reprogramming factors, use of “engineered” chimeric transcription
factors with extra transactivating domains, and co-transfection of
microRNAs (miRNAs) that synergize with the protein factors to pro-
mote mesenchymal-epithelial transition and pluripotency.” * In
some instances, these approaches support robust iPSC induction
from human fibroblasts with as few as four transfections. These accel-
erated protocols much reduce hands-on time and lower reagent costs.
Compressing the reprogramming timeline has also enabled the devel-
opment of streamlined protocols in which iPSC derivation is per-
formed in a single culture vessel coated with a defined substrate
without any need for feeder cells. Feeder-free derivation is now the
standard for mRNA reprogramming, as it is for most competing sys-
tems. The newer protocols have already been used to derive iPSCs
from hundreds of patient-specific fibroblast lines with a very high suc-
cess rate, testifying to their robustness in practice.

Lowering the number of transfections needed to induce pluripotency
is the most promising route to extending the applicability of the
mRNA system to hard-to-transfect cell types, which, as noted, re-
mains a weak point of the mRNA system. To date, nRNA reprogram-
ming has been performed mostly on human fibroblasts, although suc-
cess has also been reported in several other cell types including
¢ and human chondrocytes, mesenchymal stromal

cells, vascular endothelial cells, urine-derived cells, and dental pulp
45,47-49

murine fibroblasts
cells. Blood cells tend to be somewhat refractory to transfection
with cationic reagents, and this presents a major hurdle to their
reprogramming with mRNA. Electroporation can achieve efficient
mRNA delivery into blood cells,”>*" but the harshness of this proced-
ure raises similar difficulties when repeat dosing is necessary. Novel
RNA delivery methods may yet render this problem more tractable.
For example, over the last decade several promising membrane
disruption-based delivery approaches, in some cases realized within
lab-on-a-chip platforms, have been described in the literature.>”
Meanwhile, mRNA reprogramming of the relatively transfectable
endothelial progenitor cells that can be isolated from peripheral blood
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has recently been reported,”” but there is still an unmet demand for an
mRNA protocol that works with true blood lineages.

Much progress has been made in the last few years toward adapting
mRNA protocols to industrial-scale use for mass-producing clin-
ical-grade iPSCs. Highly automated mRNA reprogramming-based
iPSC production lines have been implemented and characterized in
the scientific literature,” cGMP-compliant mRNA reprogramming
and iPSC expansion protocols have been described,”**” and the
dedication of specialized facilities for iPSC production using such
methods has been announced.

One important technical choice facing the architects of these facilities
is whether the iPSC colonies generated within their production lines
should be individually picked, graded, and selectively expanded (rep-
resenting a “classical” approach), or whether it is better to pool the
iPSCs from each derivation and expand them together without estab-
lishing clonal iPSC lines. The New York Stem Cell Foundation, which
has done extensive work on industrializing the mRNA system, has
argued for a polyclonal approach in describing a prototype automated
iPSC derivation pipeline and has presented data suggesting that the
averaging effect of pooling alleviates problems associated with clonal
dominance that attend traditional colony-picking strategies.”> The
mRNA method certainly lends itself to this approach, not least because
the reprogramming system is itself inherently non-clonal. Pooling
takes maximum advantage of the high efficiency of mRNA reprogram-
ming, which amounts to a bulk conversion of the input cells in some
instances, potentially slashing the number of population doublings
required to produce any given number of iPSCs for clinical use. Fewer
doublings implies less in vitro selection and potentially fewer muta-
tions before differentiated iPSC progeny are administered to a patient.
Although the data from different groups are mixed, there is evidence
that mRNA reprogramming is associated with a lower burden of spon-
#2307 This might reflect the
faster timelines involved in the process, and it may be that the shorter
expansion timelines achievable by polyclonal culture can extend this
advantage. Doubtless it will be some time before the relative merits
of the alternative iPSC expansion strategies can be accurately assessed.

taneous mutations than other methods.

Conclusions

Of the techniques so far demonstrated that can make iPSCs with useful
efficiency, mRNA transfection affords the cleanest solution to the
problems associated with gene expression vector persistence, obvi-
ating any need to screen for residual traces of vector and minimizing
any concerns that the reprogramming system will leave an imprint on
the iPSCs. From this standpoint alone, it appears to be a strong
contender for application to iPSC production in the clinical arena. It
also offers advantages with respect to speed and efficiency that may
translate to benefits at the level of genomic integrity in a mass-produc-
tion setting, assuming the polyclonal iPSC expansion strategy
described above gains favor. The labor-intensive character of the orig-
inal protocol, perhaps the biggest drawback to the technique, has been
greatly alleviated in more recent versions of the system. The difficulty
of reprogramming blood lineages with mRNA remains a significant

challenge, but it is by no means clear that blood will be the starting ma-
terial of choice for future clinical-grade iPSC production. In conclu-
sion, the mRNA reprogramming system offers an attractive path
around one of the main stumbling blocks to future iPSC-based thera-
peutics and, accordingly, continues to deserve and receive the atten-
tion of scientists working to bring that dream to reality.
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