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Codex® HiCap RNA Polymerase is a uniquely
engineered RNA polymerase that enables
researchers to produce synthetic capped mRNA
at the high yield and purity that today’s mRNA-
based vaccines and therapeutics demand. It
generates fewer undesirable double-stranded
RNA (dsRNA) byproducts than wild-type T7
(WT T7) RNA polymerase and incorporates
commercially available cap analogs more
efficiently by co-transcriptional capping,
producing in vitro transcription (IVT) products
with unparalleled efficiency.

This paper explores how Codex HiCap RNA
Polymerase can help deliver safer and more
potent therapeutic MRNAs while creating
efficiencies to reduce the costs of your clinical
development.

New Focus on mRNA

Therapeutics

The central dogma of molecular biology, which
dictates that genetic information flows from DNA
to RNA to protein, has been instrumental in
informing academic and translational biological
research. In the arena of therapeutics, the
upstream DNA and downstream protein ends of
the process have received the most attention.
More recently, the intermediate (i.e., RNA)
between a source genetic sequence and the
resulting protein has been the subject of intense
therapeutic interest. It’s in this area that Codex
HiCap RNA Polymerase excels.

The COVID-19 pandemic highlighted the
advantages of mMRNA-based approaches,

which include short development cycles,
straightforward manufacturing, and high
potential for platform-based development. These
advantages position mMRNA-based therapies as
an attractive avenue to reach previously difficult
or undruggable targets. As a result, the clinical
pipeline has become rich with mRNA-based
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approaches for prophylactic vaccines, cancer
immunotherapy, and other indications.'® From a
product development perspective, contemporary
research continues to provide invaluable insight
into the anatomy of a functional and potent
mRNA-based therapeutic.

Unprecedented growth in the mRNA space is
exciting but causing some growing pains for the
field. The rapid expansion of this technology has
forced regulatory agencies to intensify scrutiny
of these novel therapies. Even though two mRNA
vaccines are currently approved, there is still
significant uncertainty as to how to classify this
novel therapeutic modality.*

Ultimately, the classification of mMRNA
therapeutics will better define their regulatory
path to approval.* Consensus among experts

is that even though the industry as a whole is
still grappling with the classification of mMRNAs,
increased scrutiny from regulators will be
centered on manufacturing methods, with a keen
focus on mRNA purity.4
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To further complicate the nonlinear growth, global
supply chains have witnessed a surge in demand
for GMP-grade raw materials to support this
MRNA boom. While many suppliers attempted to
jump onto this bandwagon, only well-prepared
and experienced suppliers were set up to be
successful in both the short and long term. These
supply chain challenges, in combination with
periods of inflation, have placed strain on biotech
companies, including those in the mRNA space.®
As a result, a keen focus on manufacturing
process efficiency, through more conservative
usage of input materials, has emerged to reduce
overall cost of goods in mMRNA production.5®

We are in a golden age of advancement for
MRNA therapeutics. A collective industry focus
on overcoming the key challenges of enhanced
regulatory scrutiny, strained supply chains, and
a deeper understanding of the immunogenicity
of mMRNA is required to facilitate the realization
of their vast potential. Optimizing the mRNA
manufacturing process is a primary avenue to
enhance transcript yields, improve input reagent
efficiencies, reduce costs, and eliminate harmful
byproducts to produce a safe and effective
therapeutic mRNA.

The Importance of the 5’ Cap

The typical structure of a traditional mMRNA
consists of the desired protein encoded in the
open reading frame (ORF), flanked on either end
by the 5" and 3’ untranslated regions (UTRs).” The
3’ end contains the polyadenylated (poly(A)) tail
and the 5’ end contains a cap structure, both of
which are important for stability and translation of
the mRNA.

Therapeutic mMRNAs are developed and
manufactured using in vitro transcription from
DNA templates via RNA polymerase.®'° Although
the IVT process is somewhat straightforward
from a chemistry perspective, the process and
specific attributes of the target transcript must
be optimized to avoid unwanted byproducts.
Two such undesirable byproducts are truncated
RNA and double-stranded RNAs (dsRNAs), both
of which can cause undesirable immunogenic
effects in the host.

Truncated RNAs are short transcripts that arise
from aborted transcription." Double-stranded
RNAs can arise from a few different mechanisms,
resulting in the annealing of complementary
sequences and subsequent continued
transcription.''2 Both of these IVT byproducts
should be minimized as these impurities can
compromise both the safety and efficacy of
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the mRNA therapeutic by eliciting unwanted
immunogenic responses.’?* Codex HiCap RNA
Polymerase is proven to limit dsRNA.

Another major byproduct is improperly capped
MRNA species. When it comes to improper
capping of the mRNA, the 5’ cap, a standard
component of eukaryotic mRNA, is of central
importance. The 5’ cap renders the transcript
active in cellular functions and allows the host
immune system to recognize the mRNA as
“self.”'® Specifically, the cap stabilizes the mRNA
transcript'®, mediates splicing", is involved in
the nuclear export of the transcript®, initiates
translation of the transcript'®2°, and mediates
mRNA decay rates.?' Multiple studies have
demonstrated that targeted modifications of
the mRNA cap can enhance the translation
capability and stability of the transcript as well
as significantly reduce innate immune receptor
activation.22:23

Implications of mMRNA
Capping

In vivo, capping is the first modification made to
the nascent RNA during transcription and occurs
in the nucleus when the transcript is 25-30 nt
long.2* Capping of synthetic mRNA produced

in an IVT process is accomplished either
through enzymatic post-transcriptional capping
or using a co-transcriptional cap analog.” In
post-transcriptional capping, the uncapped IVT
product is subjected to a separate enzymatic
reaction to add the 5’ cap to the full-length
transcript. The most widely used version of this
capping strategy requires the use of recombinant
Vaccinia capping enzyme, a two-subunit
enzyme. Although somewhat effective, post-
translational capping is not considered ideal for
capping synthetic mMRNAs as it adds a separate
required step downstream of in vitro transcription,
and the post-transcriptional capping reaction

is relatively inefficient for many transcripts,
especially in the context of longer transcripts or
those with a 3’ end complementarity.25-27

Co-transcriptional capping is ideal because it
eliminates the additional reaction step, as the

5’ cap is added to the transcript during the IVT
process. This approach, while simpler from

a manufacturing perspective, does possess
some inherent complexities that need to be
considered. Not all mRNA obtained from the IVT
reaction is capped, therefore capping efficiency,
or the percentage of mRNA transcript that is
successfully capped during transcription, is
crucial.
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Since low capping efficiency can produce mRNA
that has significantly reduced function and

can be a potent immunostimulant to the host,
multiple process inputs have been investigated
to alleviate the issue. High molar excess of

the cap analog has been shown to bias the
capping reaction toward cap initiation as the

cap analog competes with nucleotides as the
initiator component.’s28 Although improvements

in capping efficiency upwards of 70% have

been reported, this improvement comes at the
expense of both significant increases in process
cost due to the cost of the additional cap analog
needed, and overall reduction of mMRNA product
yields. Using high concentrations required for this
competition-based strategy is even more cost
prohibitive when using advantageous but more
expensive cap analogs, such as CleanCap®
Reagent AG.

Another potential solution to increase the content
of capped mRNA is to remove uncapped species
through digestion with a 5’-polyphosphatase-
dependent exonuclease.” While possible, this
approach of using additional enzymatic reactions
negates the initial benefit of co-transcriptional
capping being a simpler and more cost-effective
process.

An additional consideration for co-transcriptional
capping includes inverted elongation, where
elongation occurs in the reverse direction at the
3’-OH of m7G."® These reverse transcripts will fail
to be translated and thus can significantly impact
potency of the mRNA product.?® The potential for
reverse elongation can be eliminated by utilizing
anti-reverse cap analogs such as ARCA which
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contain modifications that inhibit elongation in the
wrong direction.'

High capping efficiency is crucial for a

potent and safe therapeutic mRNA, given the
importance of the 5’ cap for mRNA transcript
functionality and minimizing unwanted
immunogenic response. Co-transcriptional
capping, from a process simplicity and cost
perspective, is the most attractive approach

to IVT capping as it eliminates additional post-
transcriptional and downstream unit operations.
In the end, co-transcriptional 5’ capping is ideal
for IVT-produced therapeutic mRNA.

Demonstration of Improved
IVT Capping Efficiency

As a novel and strategic approach to increasing
efficiency of the 5’ capping in IVT production of
mRNA products, an engineered RNA polymerase
was developed to increase the efficiency of the
capping reaction. This novel RNA polymerase,
Codex® HiCap RNA Polymerase (previously
referred to as T7-68 during development work
and early publications), was engineered through
directed evolution to selectively incorporate di-
and tri-nucleotide cap analogs while retaining
high mRNA yield.2° These development efforts
produced an RNA polymerase with exceptional
capping efficiency that enables significant cost
savings in the IVT process.

IVT reactions were conducted to express firefly
luciferase mMRNA and to highlight the enhanced
capping efficiency of the Codex HiCap RNA
Polymerase. This model, given the size of this
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Figure 1. Capping efficiency comparison for CleanCap AG. Trinucleotide analog capping efficiency in different buffers. (A)
Codex HiCap RNA Polymerase or WT T7 polymerases were used in IVT reactions with 0-4 mM CleanCap AG. IVT products
were analyzed by polyacrylamide gel electrophoresis showing the capped species (black arrow) were more prevalent in the
Codex HiCap RNA Polymerase-produced mRNAs compared to those produced using WT T7, which demonstrated more
uncapped mRNAs (white arrow). (B) Densitometry to quantify the extent of mRNA capping showed that Codex HiCap RNA
Polymerase was able to produce capping efficiencies of greater than 95% with CleanCap AG concentrations ranging from 1-4
mM, whereas WT T7 only reached more than 95% capping efficiency when using the highest cap analog concentration used in
the study.
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1.8kb construct, is representative of therapeutic
MRNA size and complexity. The capping
efficiency of Codex HiCap RNA Polymerase
was compared to the popular wild-type T7

(WT T7) polymerase, the most utilized RNA
polymerase for IVT, using the trinucleotide
analog cap CleanCap Reagent AG.%" This

cap generally improves capping efficiency

over dinucleotide analogs due to the selective
incorporation by RNA polymerases compared
to nucleotides. CleanCap AG reactions

also do not require nucleotide starvation to
achieve high capping efficiencies. For these
experiments GTP was held constant at 5 mM
and IVT reactions were performed across a
range of 0-4 mM CleanCap AG. Resulting
products were analyzed for capping efficiency
via polyacrylamide gel electrophoresis (PAGE)
(Figure 1A). It was observed in different buffers
that Codex HiCap RNA Polymerase performed
consistently well while WT T7 exhibited reduced
capping efficiencies, consistently below 95%.
In the optimized Buffer B, Codex HiCap RNA
Polymerase achieved a 97% capping efficiency,
which was equivalent to WT T7 only when using
4 times excess concentration of the cap (Figure
1B).%0

Similar studies were performed using
dinucleotide caps as well. Titrations of the
anti-reverse cap ARCA (Figure 2A) and the
symmetrical sCap analogs (Figure 2B) ranging
from 0-5 mM, with GTP ratios totaling 6 mM.

WT T7 HiCap
[ARCA], mM 5 3 2 1 056 0 5§ 38 2 1 05 0
[GTP],mM 1 3 4 5 55 6 1 3 4 5 55 6
>
>
WT T7 HiCap
[sCap,mM 5 3 2 1 05 0 5 3 2 1 05 0
[GTP],mM 1 3 4 5 55 6 1 3 4 5 55 6
] ™ - - e o am -
[> -

This titration range ensures the cap analog
becomes limiting, and thus evaluates the true
capping efficiency during the IVT reaction.
Again, the Codex HiCap RNA Polymerase was
compared to the popular WT T7 polymerase.
Similar to the CleanCap AG studies, resulting
IVT products were analyzed for capping
efficiency using PAGE. IVT products for both
cap types generated with the Codex HiCap RNA
Polymerase exhibited a significant increase in
capped mRNA species, especially prevalent in
lower cap concentration ranges when compared
to the WT T7 polymerase (Figure 2A and 2B).%°

To quantify these results, densitometry across
the entire dilution series was performed (Figure
2C). Capping efficiencies of Codex HiCap RNA
Polymerase-transcribed IVT products in the
presence of a 5 mM cap realized >95% efficacy
for both cap analogs (Figure 2C). These proved
to be significantly better capping efficiencies
when compared to IVT products generated with
WT T7 polymerase (~81%) for both dinucleotide
caps.®° The overall mMRNA yield was assessed
across this cap/GTP dilution range using a
fluorescent intercalating dye assay to determine
whether the increased capping efficiency
demonstrated by Codex HiCap RNA Polymerase
was at the expense of total transcript yield.2° No
loss in overall productivity was found with the
HiCap polymerase using either ARCA or sCap
(Figure 2D).
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Figure 2. Capping efficiency comparison for sCap and ARCA. Stepwise reduction in cap analog concentrations of ARCA
(A) and sCap (B) determined a stark difference between capped (black arrow) and uncapped mRNA content (white arrow)
between HiCap RNA Polymerase and WT T7 polymerase as determined by polyacrylamide PAGE gel electrophoresis. (C)
Quantification via densitometry over the entire dilution series demonstrated that at cap concentrations of 1mM, HiCap RNA
Polymerase produced approximately 3-fold higher capped mRNA relative to WT T7 polymerase. It was determined that this
enhanced capping efficiency was not at the expense of overall mMRNA vyield.
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Enhance Safety and Potency

Codex HiCap RNA Polymerase demonstrated
superior capping efficiencies of synthetic mMRNAs
with therapeutic relevance in the context of
transcript size and cap types when compared to
the popular WT T7 polymerase. These benefits
were observed with three different cap analogs
(CleanCap AG, ARCA, and sCap). Performing

a series of IVT reactions in the presence of
stepwise reduced cap concentrations, it was
found that the concentration of cap analog

was reduced at least 4-fold while still achieving
equal, if not better, capping efficiencies.®® Codex
HiCap RNA Polymerase exhibited significant
advantages over the WT T7 polymerase, thus
offering a significant reduction in cap inclusion
levels and associated costs of this expensive
reagent. And Codex HiCap RNA Polymerase’s
enhanced capping efficiency didn’t compromise
the overall mMRNA vyield.

When the per-base error rate of the Codex HiCap
RNA Polymerase was compared to that of the
WT T7, an equivalent transcriptional fidelity was
demonstrated. Furthermore, the Codex HiCap
RNA Polymerase exhibited full compatibility with
modified uridine analogs — deimmunizing feature
widely recognized as critical for therapeutic
MRNAs 30

Codex HiCap RNA Polymerase produced
significantly fewer dsRNA byproducts, known to
be potent in vivo immunogens.'? Crude Codex
HiCap RNA Polymerase-transcribed mRNA
exhibited dsRNA byproducts equivalent to that
of High Performance Liquid Chromatography
(HPLC)-purified WT T7 transcribed mRNAs and
a significantly reduced amount compared to
crude WT T7 transcribed preps.2° This significant
reduction in dsRNA contamination translated to a
less stringent immune response in a cell-based
assay and an 8-fold higher translation rate.

Overall, the Codex HiCap RNA Polymerase
offers better flexibility for IVT process
optimization and delivers a more cost-effective
route for manufacturing mRNA therapeutics.
Significant cost savings are realized through
reducing the need for excess concentration of
costly cap analogs as well as removing the
need for polishing chromatography steps to
remove known immunogenic IVT byproducts.
Specifically, Codex HiCap RNA Polymerase
enabled up to 62% reduction in co-capping
reagent demand and the resulting crude mRNA
transcript contained less dsRNA than HPLC-
purified WT T7 transcribed material.®®
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Ultimately, Codex HiCap RNA Polymerase has
the potential to help mRNA developers deliver
safer and more potent therapeutic mRNAs that
translate to more efficient clinical development
and delivery of these novel therapeutics to
patients who need them most.

Contact Aldevron to advance your program with
Codex® HiCap RNA Polymerase.
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