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The development ofmessenger RNA (mRNA) vaccines and ther-
apeutics necessitates the productionof high-quality in vitro-tran-
scribed mRNA drug substance with specific critical quality attri-
butes (CQAs), which are closely tied to the uniformity of linear
DNA template. The supercoiled plasmid DNA is the precursor
to the linearDNA template, and the supercoiledDNApercentage
is commonly regarded as a key in-process control (IPC) during
the manufacturing of linear DNA template. In this study, we
investigate the influence of supercoiled DNA percentage on key
mRNA CQAs, including purity, capping efficiency, double-
stranded RNA (dsRNA), and distribution of poly(A) tail. Our
findings reveal a significant impact of supercoiled DNA percent-
age onmRNApurity and in vitro transcription yield.Notably, we
observe that the impact on mRNA purity can be mitigated
through oligo-dT chromatography, alleviating the tight range
of DNA supercoiled percentage to some extent. Overall, this
study provides valuable insights into IPC strategies for DNA
template chemistry, manufacturing, and controls (CMC) and
process development for mRNA drug substance.

INTRODUCTION
The COVID-19 pandemic has propelled the rapid development of
mRNA vaccines and therapeutics, leading to an upsurge in mRNA
pipelines across various stages of discovery research and clinical
trials.1,2 To support these efforts, the manufacturing of high-quality
mRNA as drug substance is of utmost importance.3,4 A functional
mRNA structure comprises the 50 cap, 50 untranslated region (UTR),
coding sequence (CDS), 30 UTR, and 30 poly(A) tail (Figure 1A). A
typical mRNA manufacturing process begins with in vitro transcrip-
tion (IVT), an enzymatic reaction that utilizes a linearDNAwith bacte-
riophage promoter as the template for RNA synthesis.5 Two widely
accepted capping processes are employed to ensure correct cap struc-
ture at the 50 end of the mRNA sequence: the classical capping process
involving a separate post-IVT enzymatic step,6 and the co-transcrip-
tional process utilizing dinucleotide or trinucleotide cap analogues
such as ARCA7 and CleanCap AG8 during a one-pot IVT reaction.
In addition to the upstream IVT and capping reaction, the downstream
purification process is crucial inmRNAdrug substancemanufacturing.
Compared with lithium chloride (LiCl) precipitation,9 which is a non-
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affinity purification method commonly used in research labs but chal-
lenging to scale up, oligo-dT chromatography that selectively binds the
30 poly(A) tail of mRNA is amore effective and easily scaled-up affinity
purification method to improve mRNA purity by removing tailless
fragments.10,11 LiCl precipitation represents a non-affinity purification
method in our study. For buffer exchange and some impurity removal
in a scaled-up production, tangential flow filtration (TFF) is often used
instead of LiCl precipitation.12,13

DNA template, a pivotal starting material for mRNA IVT reaction, en-
codes nearly all the functional elements of mRNA, including 50 UTR,
CDS, 30UTR, and30 poly(A) tail. Although the 50 cap is an enzymatically
or chemically added structure in front of 50 UTR and is not encoded in
the DNA template, it may still be affected by the incomplete starting
sequence of 50 UTR. Consequently, understanding the correlation be-
tween DNA template quality and product-related CQAs is crucial for
mRNA process development and manufacturing. These CQAs include
mRNA purity (percentage of intact or full-length mRNA out of total
RNA, or integrity), capping efficiency (percentage of correctly capped
mRNA out of mRNAwith intact 50 end), poly(A) tail distribution, dou-
ble-stranded RNA (dsRNA) content, as well as the potency (protein
expression efficiency).14 Note that dsRNA is an important RNA type
and immunogenic byproduct formed during IVT reaction through
various mechanisms,15,16 and uncapped mRNA also possesses immu-
nostimulatory properties.17 The supercoiled plasmid DNA, serving as
a precursor to the linear DNA template, plays a critical role in deter-
mining the homogeneity of the linear DNA template, with the super-
coiled (SC) DNA percentage serving as a key in-process control (IPC)
during process development andmanufacturing. However, very limited
studies have comprehensively explored the correlation between the
supercoiled DNA percentage and CQAs of mRNA drug substances.

Herein,wepresent a study that investigates how the supercoiledplasmid
DNA percentage affects the major CQAs of mRNA drug substance
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Figure 1. Illustration of mRNA structures, different mRNA manufacturing processes, and supercoiled DNA affecting mRNA purity

(A) Two mRNA structures with different poly(A) tails. L stands for a 10-nt non-full-A linker. (B) Four different mRNA manufacturing processes used in this study, including

enzymatic capping, co-transcriptional capping, non-affinity purification, and affinity purification. (C) Lower supercoiled DNA generating heterogeneous linear DNA template,

leading to mRNA of lower purity.
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manufactured from four different processes, covering enzymatic
capping and co-transcriptional capping as well as non-affinity purifica-
tion and affinity purification. The findings contribute insights into an
in-process control strategy for linear DNA template production and
the determination of suitable processes for mRNA manufacturing.

RESULTS
Impact of supercoiled DNA percentage on mRNA purity and

integrity

In our study, we employed firefly luciferase (FLuc) plasmid (Figure S1)
and COVID-19 S-protein (COVID) plasmid (Figure S2) to serve as
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DNA templates for coding mRNAs. More specific, FLuc mRNA con-
sists of about 2,000 nucleotides (nt), while COVID mRNA is about
4,000-nt in length. The poly(A) tail of FLuc mRNA is a continuous
100-nt poly A tail, whereas COVID mRNA is a segmented 100-nt
poly(A) tail that has a short linker inserted between 30A and 70A
(Figure 1A). FLuc mRNA with GG as starting sequence is suitable
for enzymatic capping, while COVID mRNA starting with AG is bet-
ter for co-transcriptional capping. Thus, we utilized different capping
processes in the upstream for FLuc and COVID mRNA synthesis
(Figure 1B) and also applied two kinds of purification processes in
the downstream for comparison.



Figure 2. Changes of supercoiled DNA percentage on HPLC and

heterogeneity of linear DNA template by qPCR

(A) Decreasing FLuc supercoiled (SC) DNA percentage and increasing open-circular

(OC) DNA percentage with heat. (B) Increasing cycle numbers with more hetero-

geneous FLuc linear DNA template. Data are represented as mean ± SD.

www.moleculartherapy.org
Heat treatment on plasmid DNA is known to generate open-circular
(OC) DNA18 by creating nicks on random spots of any strand. These
nicks will be further inherited by linear DNA templates that might
potentially affect mRNA integrity (Figure 1C). Following themethods
described in the “plasmids and DNA template generation” section, we
were able to produce each plasmid DNA with target supercoiled
percentages.

For the FLuc plasmid, the target supercoiled percentages were 100%,
95%, 90%, 85%, and 80%. In practice, we got FLuc plasmids with
supercoiled percentages at 98%, 94%, 90%, 87%, and 81%
(Table S1). Similarly, for the COVID plasmid, we got plasmids with
supercoiled percentage at 96% 88%, 79%, 70%, and 59% after heat
treatments to target 100%, 90%, 80%, 70%, and 60% by design
(Table S2). The actual supercoiled DNA percentages were determined
by the integration of high-pressure liquid chromatography (HPLC)
peaks under absorbance at 260 nm, as shown in Figures 2A (FLuc)
and S3 (COVID). An OC control was generated by a nicking endonu-
clease, Nt.BtsI, and confirmed the retention time of OC plasmid
generated by heat on HPLC analysis (Figure S4). As expected, incuba-
tion at elevated temperatures and longer time resulted in an increase
in nicks or OC plasmids, leading to a decrease in the supercoiled DNA
percentage. Once the plasmids were linearized, we further analyzed
the integrity of linear DNA templates by quantitative PCR (qPCR).
The cycle numbers obtained from qPCR indicated how much ampli-
fication required to reach a certain cycle threshold (Ct). Theoretically,
with more correct startingmaterials, it took fewer amplification cycles
to reach a certain Ct. As shown in Figure 2B, linear DNA templates
from plasmids of lower supercoiled percentages apparently required
more amplification cycles, indicating these linear DNA templates
were associated with reduced integrity due to a higher number of
nicks.

We then proceeded to IVT synthesis of mRNA using linear DNA
templates generated from plasmids of different supercoiled percent-
ages. Capillary electrophoresis (CE) analysis of mRNAs generated
through the non-affinity purification process revealed increasing
shoulder peaks preceding the main peak, indicating a decrease in
the percentage of full-length mRNA purity as the supercoiled per-
centage decreased (Figures 3A, 3C, S5, and S6). Since lower super-
coiled percentage templates inherit more random nicks, RNA
polymerase is not capable of reading through these nicks easily,19 re-
sulting in the generation of more mRNA fragments of varying shorter
lengths instead of the intact mRNA. These mRNA fragments later
contributed to the formation of broad shoulder peaks on CE. As
the plasmid supercoiled percentage decreased, the corresponding
mRNA purity continued to decline (Figures 3E and 3F). Notably,
COVID mRNA appeared to be more affected by the supercoiled
DNA percentage compared to FLuc mRNA. Even at a supercoiled
DNA percentage of approximately 80%, significant differences in
mRNA purity were observed (62% for FLuc mRNA vs. 21% for
COVID mRNA). This observation might be attributed to the length
of the target gene sequence. Specifically, the COVID sequence is
approximately twice as long as the FLuc sequence, making it more
susceptible to damage caused by heat, even at the same supercoiled
DNA percentage.

Enhanced mRNA purity and reduction of supercoiled DNA

impact through affinity purification

Oligo-dT chromatography is a widely utilized method in mRNA pro-
cesses known for effectively removing degraded mRNA lacking a suf-
ficient poly(A) tail. The principle behind this technique relies on the
base pairing between adenine and thymine, enabling mRNA mole-
cules with complete or partially intact poly(A) tails to be retained
on the matrix. In contrast, mRNA fragments without a sufficient
poly(A) tail are eliminated during the loading and washing steps.11

However, it should be noted that degraded mRNA fragments with
a poly(A) tail may not be separated. When oligo-dT chromatography
was applied to both the FLuc and COVID mRNAs, a significant in-
crease in mRNA purity was observed (Figures 3B, 3D, S7, and S8),
mitigating the impact caused by low supercoiled DNA percentages
initially.

As depicted in Figures 3E and 3F, the purity of FLuc mRNAs derived
from different supercoiled percentages approached approximately
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Figure 3. Comparison of mRNA purity

(A) FLuc mRNA purity from 80% supercoiled DNA and purified by LiCl precipitation. (B) FLuc mRNA purity from 80% supercoiled DNA and purified by oligo-dT chroma-

tography. (C) COVID mRNA purity from 80% supercoiled DNA and purified by LiCl precipitation. (D) COVID mRNA purity from 80% supercoiled DNA and purified by oligo-dT

chromatography. Full chromatograms can be found in Figures S5–S8. (E) FLuc mRNA purity change with different supercoiled DNA percentage (purple is FLuc mRNA

manufactured by LiCl precipitation and yellow is FLuc mRNA manufactured by oligo-dT chromatography). (F) COVID mRNA purity change with different supercoiled DNA

percentage (orange is COVID mRNA manufactured by LiCl precipitation and blue is COVID mRNA manufactured by oligo-dT chromatography). Data are represented as

mean ± SD.
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90% after undergoing oligo-dT chromatography. Similarly, COVID
mRNA purity was raised to at least 83% from its initial lowest value
of only 6%. Notably, the FLuc mRNAs were produced through
enzymatic capping process and coupled with affinity purification
including two oligo-dT steps. This purification process resulted in
remarkable consistency in high mRNA purity across all the groups,
regardless of initial supercoiled percentage for templates. Compara-
tively, the co-transcriptional capping process combined with affinity
purification utilized a single oligo-dT step. Although one oligo-dT pu-
rification still left the mRNA purity between highest and lowest super-
coiled percentage group about 10% difference, it indeed exhibited a
significant improvement in mRNA purity in all groups.

Impact of supercoiled DNA percentage on mRNA IVT yield and

oligo-dT recovery yield

WhilemRNA in vitro transcription yieldmay not be considered a crit-
ical quality attribute (CQA), it remains a crucial factor for budgeting
themanufacturing. As shown in Figure 4A, lower supercoiled percent-
ages resulted in reduced mRNA IVT yields for both the FLuc and
COVID mRNAs. Although the exact reasons behind this reduction
are not explicitly elucidated in this study, it is likely attributed to the
production of a higher number of mRNA fragments associated with
lower supercoiled DNA percentages. On one hand, LiCl precipitation
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may lead to the loss of smaller mRNA fragments,20 which are prefer-
ably produced from lower supercoiled plasmids. On the other hand,
precipitated mRNA fragments may weigh less than intact mRNA,
assuming that the transcription start is the rate-limiting step.21

In addition to IVT yield, the recovery yield of oligo-dT is also an
important consideration. It is reasonable to expect that mRNA with
lower purity would exhibit decreased recovery yields, as fragmented
mRNA lacking a sufficient poly(A) tail would not bind effectively to
oligo-dT. As demonstrated in Figure 4B, the oligo-dT recovery yield
reduced with decreasing supercoiled percentage. This observation is
consistent with the trend observed in mRNA purity as shown in
Figures 3E and 3F. Furthermore, fractions collected during the loading
step were compared to the main fractions collected during the elution
step using CE, as shown in Figures S9 and S7. It is evident that only
minimal amounts of intact mRNA were found in the unbound frac-
tions, emphasizing the necessity of oligo-dT chromatography as a
crucial purification process for mRNA with insufficient purity.

Impact of supercoiled DNA percentage on mRNA Poly(A) tail

distribution

mRNA poly(A) tail length might be influenced by plasmid nicks
occurring at the poly(A) region. Oligo-dT chromatography has the



Figure 4. Comparison of mRNA IVT yield and oligo-

dT recovery yield

(A) Change of mRNA IVT yield (purple is for FLuc mRNA

and orange is for COVID mRNA). (B) Change of oligo-dT

recovery yield (yellow is for FLuc mRNA and blue is for

COVID mRNA). Data are represented as mean ± SD.
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potential to retain mRNA with a desired poly(A) tail length, thereby
shifting the poly(A) distribution toward the target length. T7 RNA
polymerase, responsible for run-off transcription, may occasionally
miss or add extra nucleotides at the end, resulting in a distribution
of poly(A) tail lengths rather than a specific length.22,23 In this study,
liquid chromatography-mass spectrometry (LCMS) was employed to
compare the poly(A) distributions at a high-resolution level.24 Ribo-
nuclease T1 was used in this experiment, and it specifically degraded
single-stranded RNA and cleaved the phosphodiester bond between
the 30-guanylic residue and the 50-OH residue of adjacent nucleotides,
thus the poly(A) tracts contained a few cytidines and uridines as well
as one guanidine. Based on the theoretical molecular weight of
poly(A) tracts, poly A tail distribution can be detected on LCMS.

Surprisingly, no significant differences in poly(A) distributions were
observed when comparing high and low supercoiled DNA percent-
ages. Both FLuc mRNA, with a continuous 100A tail (Figure 1A),
and COVID mRNA, with a segmented poly(A) tail consisting of
30A connected to 70A (Figure 1A) through a small non-A linker,25 ex-
hibited poly(A) distributions that matched the target poly(A) tail
length. Treatment with ribonuclease T1 led to the separation of the
segmented poly(A) linker into 30A and 70A sections, while the contin-
uous 100A tail remained undigested. As illustrated in Figures 5 and
S10, there were no evident shifts in poly(A) distributions for either
mRNA, irrespective of the supercoiled DNApercentages and purifica-
tion processes tested in our study. This suggests that supercoiled DNA
percentages did not compromise mRNA poly(A) distribution.

This finding might contradict our initial hypothesis, but it can be ex-
plained by considering that the poly(A) tail region on the supercoiled
plasmid may not have been damaged. The presence of a long adenine-
thymine track within the plasmid may lack constraints26 and remain
intact during the heating process. Additionally, although low super-
coiled DNA percentages resulted in mRNA of reduced purity, tran-
scribed RNA sequences lacking poly(A) tails were effectively digested
by ribonuclease T1, ensuring that they did not influence the analysis
of poly(A) tail distribution.

Influence of supercoiled DNA percentage on dsRNA content

dsRNA is naturally formed as a byproduct of the IVT reaction and
possesses immunostimulatory properties.27 Quantification of dsRNA
Molecula
was conducted using an ELISA method. In
Figures 6A and 6B, the results showed almost
no impact on dsRNA content for FLuc mRNA
but a dramatic increase for COVID mRNA
along with the decline of supercoiled DNA per-
centage. The mechanisms underlying dsRNA formation during IVT
reaction are diverse,15,16 and it remains unclear why and how the
supercoiled DNA percentage might affect the dsRNA contents differ-
ently in this study. However, oligo-dT chromatography seems to
enrich dsRNA content in the case of COVID mRNA. It is possible
that the self-templated 30 extended dsRNA28 was concentrated due
to the increase of full-length mRNA percentage by oligo-dT
chromatography.

This observation warrants further investigation to understand the
relationship between supercoiled DNA percentage and dsRNA con-
tent in mRNA product. Additional studies are required to elucidate
the specific mechanisms through which supercoiled DNA influences
the generation or reduction of dsRNA during mRNA production.

Impact of supercoiled DNA percentage on capping efficiency

The presence of a natural Cap1 structure is crucial for efficient protein
expression and is commonly incorporated in mRNA design. Both
enzymatic capping and co-transcriptional capping methods are
widely utilized in mRNA manufacturing processes. Interestingly,
the capping efficiency for both methods did not appear to be affected
by the supercoiled DNA percentage, as depicted in Figures 7A and 7B.
Instead, a decrease in supercoiled DNA percentage primarily affected
mRNA yield and purity rather than capping efficiency. This suggests
that transcribed mRNA, whether full-length or missing 30 sequence
(50 intact), can be successfully capped and detected in both capping
methods.

Comparing Figures 7A with 7B, it becomes evident that the purifica-
tion process plays a significant role in enzymatic capping. Specifically,
the LiCl precipitation process demonstrated approximately 90%
capping efficiency, while the oligo-dT purification process exhibited
around 99% capping efficiency. It is plausible that the oligo-dT puri-
fication step removed impurities that may have hindered enzymatic
capping. In contrast, co-transcriptional capping with a Cap1 analogue
consistently provided similar capping efficiency regardless of the pu-
rification method, as capping is completed at the outset of the IVT
reaction.

However, it is important to note that the capping efficiency testing
described above was limited to measuring mRNA sequences
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Figure 5. Comparison of poly(A) distribution of FLuc mRNA generated from different supercoiled DNA and purification processes

The poly(A) tracts contain U, C, and G due to the digestion mechanism of ribonuclease T1, and non-A nucleotides are intentionally omitted to highlight the numbers of A.
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with intact 50 ends of approximately 10–20 nt.29 Consequently,
degraded mRNA sequences lacking the 50 end were not accounted
for in the analysis. Such degraded mRNA sequences are unlikely to
be caused by broken DNA templates, as the IVT reaction com-
mences with the promoter followed by the 50 end. Instead, these
degraded sequences may arise during IVT, enzymatic capping,
or subsequent downstream processes when formed mRNA strands
degrade.

Overall, while the precise determination of successfully capped
mRNA sequences over the total number of RNA molecules is chal-
lenging, the current results do not establish a correlation between
capping efficiency and supercoiled DNA percentage. Further investi-
gations are necessary to gain a more comprehensive understanding of
the factors influencing capping efficiency and their potential relation-
ship with supercoiled DNA content.

Impact of supercoiled DNA percentage on mRNA potency

As a drug substance, the protein expression of this mRNA as well as
the functionality of target protein is defined as potency, which can be
measured by an in vitro or in vivo assay. Here, we employed cell-based
protein expression assay to quantify the mRNA potency. Dose-
dependent FLuc protein expression with mRNA from plasmids
with varying supercoiled DNA percentages are presented in
Figures 8A and 8B. Given the direct influence of supercoiled DNA
percentage on FLuc mRNA purity, as observed previously in our
study (Figures 2 and 3), the correlation between supercoiled DNA
percentage and protein expression at specific FLuc mRNA dose was
also established, as depicted in Figures 8C and 8D. Here, luminous in-
tensity of FLuc is an indicator to represent the functional FLuc protein
expression in the cell.
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In all FLuc mRNA dosing groups, we observed clear patterns that
FLuc mRNA produced from higher supercoiled DNA percentage
templates displayed much higher luminous intensity in cells. Note
that the mRNA purity from 98% supercoiled DNA template was
86% and decreased to 62% from 81% supercoiled DNA template
when LiCl precipitation purification was performed (Figure 3E).
This 24% purity difference became almost 3-fold difference on the
protein expression level resulting in cell potency. Similar cell-based
potency results were also found in earlier reports.16 On the other
hand, mRNAs purified by oligo-dT reduced the impact of supercoiled
percentage from DNA template and showed overall higher purity
compared with mRNAs purified by LiCl precipitation, given the
same IVT and storage conditions were used. Indeed, at any given
dose, cells transfected with FLucmRNAs purified by oligo-dT showed
higher luminous intensity than those cells transfected with mRNAs
purified by LiCl precipitation. Although themRNA purity varied little
after affinity purification, it was still notable on the potency level.
Further optimizations on mRNA purity analysis or protein expres-
sion assay may be needed.

These findings highlight the importance of optimizing supercoiled
DNA percentage and employing affinity purification methods to
minimize the negative effects of low supercoiled DNA percentages
on protein expression. It suggests that the selection of appropriate
manufacturing processes and purification strategies can help improve
protein expression levels and ensure consistent and reliable
results.16,30

DISCUSSION
The purity of mRNA is a crucial attribute that directly influences its
functionality and safety. In this study, we observed a clear correlation



Figure 6. Comparison of dsRNA content generated from non-affinity and affinity process

(A) FLuc mRNA dsRNA content change with supercoiled DNA percentage (purple is FLuc mRNAmanufactured by LiCl precipitation and yellow is FLuc mRNAmanufactured

by oligo-dT chromatography). (B) COVID mRNA dsRNA content change with supercoiled DNA percentage (orange is COVID mRNA manufactured by LiCl precipitation and

blue is COVID mRNA manufactured by oligo-dT chromatography. Note: at 59% supercoiled percentage, the dsRNA content is beyond 1,500 ng/mg, the upper quantitative

limit). Data are represented as mean ± SD.
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between lower supercoiled DNA percentages in plasmid DNA and
reduced mRNA purity. Heat-induced nicks in the supercoiled
plasmid DNA template ultimately led to the generation of mRNA
fragments, resulting in broader shoulder peaks observed in CE results.
A lower supercoiled DNA percentage or higher OC percentage sig-
nifies the presence of more broken points on the DNA template. If
some of the broken points occur on the antisense strand within the
mRNA coding region, incomplete RNA fragments directly after
IVT are inevitable (Figure 1C). These fragmented impurities further
affected protein expression from mRNA and dramatically reduced
the potency. In this respect, it is pivotal to maintain a high degree
of homogeneity of the DNA template to set for high mRNA purity.
Currently, it is still challenging to analyze and identify the nicks on
the linear double-stranded DNA template, but the nicks on plasmid
DNA (pDNA) resulting in the pDNA in OC forms can be well sepa-
rated from supercoiled forms on HPLC.31 This underscores the ratio-
nale behind setting the supercoiled DNA percentage as a key IPC for
the manufacturing of linear DNA templates. It is essential to ensure
that the supercoiled DNA percentage falls within the specified range
to guarantee the successful production of linear DNA template and
further mRNA drug substance.

The implementation of oligo-dT chromatography proved effective
in removing degraded mRNA fragments lacking sufficient poly(A)
tails, thereby enhancing mRNA purity. Notably, the affinity purifi-
cation process using oligo-dT exhibited superior performance in
improving mRNA purity compared to the non-affinity purification
method of LiCl precipitation, as expected. However, this improve-
ment comes at the cost of reduced yield and the use of expensive
oligo-dT resins or monolith. Although mRNA yield is not a CQA,
it holds strategic importance for CMC team of each mRNA pipeline,
especially in large-scale productions for clinical trials and commer-
cialization. Therefore, striking a balance between the supercoiled
DNA percentage as an IPC and the manufacturing process of linear
DNA templates and mRNA is essential. More specific, setting a
tighter range for supercoiled DNA percentage requires a robust
linear DNAmanufacturing process, potentially involving additional
chromatography steps, and leading to lower yield of DNA template.
However, this approach allows for higher mRNA yield, improved
purity, better potency and reduced risks of failure of mRNA
manufacturing. As an extreme example, a linear DNA template
with sufficiently high uniformity might save the use of oligo-dT
chromatography in mRNA production, assuming optimal IVT con-
ditions and proper storage are used. On the other hand, a wider
range of supercoiled DNA percentage shifts the burdens from
DNA template manufacturing to the more costly mRNA
manufacturing process. Thus, the determination of the target IPC
range should consider various factors encompassing DNA and
mRNA manufacturing, such as release specifications, cost consider-
ations, yield optimization, and process robustness.

Ideally, a regulatory-guided supercoiled DNA percentage range as the
target IPC for plasmid production is preferred, but the release speci-
fications of a specific mRNA drug candidate should also be taken into
consideration when determining the range. Additionally, the super-
coiled DNA percentage range should be tailored to the mRNA se-
quences and lengths, as demonstrated by the differing mRNA purity
results from 80% supercoiled FLuc and COVID plasmids (Figures 3A
and 3C), as well as the conflicting performance of dsRNA contents
between FLuc mRNA and COVID mRNA (Figure 6). For example,
if the mRNA purity release specification is set as 80% on the
current CE method and affinity process is used in mRNA
manufacturing in the two examples provided herein, it appears that
quite a wide range of supercoiled DNA percentages may be accepted
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 7
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Figure 7. Summary of 50 capping efficiency from different mRNA manufacturing processes

(A) FLuc mRNA capping efficiency change with supercoiled DNA percentage (purple is FLuc mRNA manufactured by LiCl precipitation and yellow is FLuc mRNA manu-

factured by oligo-dT chromatography). (B) COVID mRNA capping efficiency change with supercoiled DNA percentage (orange is COVID mRNA manufactured by LiCl

precipitation and blue is COVID mRNA manufactured by oligo-dT chromatography). Data are represented as mean ± SD.
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(Figures 3E and 3F). However, when considering dsRNA content and
assuming 300 ng/mg is the release specification, it narrows the super-
coiled DNA percentage range dramatically for COVID DNA
template but there are almost no restraints on supercoiled DNA per-
centage toward FLuc DNA template. These hypothetical examples
again highlight the significance of customizing the range of super-
coiled DNA percentages for different mRNA pipelines. Overall, it
seems reasonable to suggest a preferably >80% supercoiled DNA per-
centage to control the plasmid quality for early-phase studies, with the
condition that affinity purification is employed in the mRNA
manufacturing process. This suggested supercoiled percentage is
consistent with Guidance for Industry: Considerations for Plasmid
DNA Vaccines for Infectious Disease Indications by the US Food
and Drug Administration (FDA),32 despite the different purpose of
plasmid DNA. It is also reasonable to gradually tighten the super-
coiled DNA percentage control moving toward late-phase studies
in the considerations of safety and efficacy observations.

Our study focused on the DNA template derived from Escherichia coli
fermentation, which is currently the mainstream process for produc-
ing the DNA template used in mRNAmanufacturing. However, there
is a growing interest in utilizing cell-free DNA production methods
to address unmet needs in mRNA therapeutics and synthetic
biology.33–35 The adoption of cell-free DNA systems for mRNA pro-
duction offers a more streamlined and controlled approach, present-
ing various advantages in terms of simplicity, control, speed, scalabil-
ity, and flexibility. It is important to note that, during cell-free DNA
production, the circular DNA step may be omitted. Consequently,
stringent control measures are necessary to ensure the integrity of
the linear DNA template for mRNA synthesis. We believe that these
advantageous characteristics render cell-free DNA systems an invalu-
able tool for advancing mRNA-based vaccines, therapeutics, and
other applications.
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In conclusion, we propose that the supercoiled DNA percentage
should be considered as a key IPC parameter during linear DNA tem-
plate manufacturing. By carefully establishing the IPC range for
plasmid DNA and taking into account multiple aspects in the CMC
work of DNA template and mRNA, we can achieve the successful
development of high-quality mRNA drug substances. We hope the
valuable insights gained from this study can benefit the process devel-
opment of mRNA drug substances in the pharmaceutical industry to
ensure the consistent and reliable quality of mRNA-based vaccines
and therapeutics.

MATERIALS AND METHODS
Plasmids and DNA template generation

Plasmids were first produced at 3 L scale E. coli fermentation in a 5
L glass bioreactor at 37�C for 20 h followed by alkaline lysis and
purification through multiple chromatography steps.36 In order
to generate desired supercoiled percentage DNA template, plasmid
samples were treated with heat to generate non-supercoiled for-
mats and evaluated across 24 h. Three temperatures (50�C,
55�C, and 60�C) were applied respectively and samples were
collected hourly then analyzed on a 0.6% agarose gel (100 V,
60 min, 1� Tris-Acetate-EDTA (TAE) buffer, pre-stained with
GelRed) to estimate the supercoiled percentage (Figure S11).
Through analysis, combinations of temperature and time were
found to obtain plasmid with a certain target supercoiled percent-
age through heat treatments (Tables S1 and S2). Later, 2 mg of
each purified plasmid DNA dissolved in MilliQ water was treated
accordingly, then quantified by HPLC to confirm the supercoiled
percentage (Tables S1 and S2). Linear DNA templates were gener-
ated by incubating plasmids with corresponding restriction
enzyme (EcoRI for FLuc plasmid and XbaI for COVID plasmid,
enzyme: SC plasmid = 2 U: 1 mg; restriction enzymes were sup-
plied by New England Biolabs) at 37�C for 5 h. After linearization,



Figure 8. FLuc mRNA potency

(A) Dose-dependent potency for FLuc mRNA generated from DNA template with different SC percentage and purified by LiCl precipitation. (B) Dose-dependent potency for

FLuc mRNA generated from DNA template with different SC percentage and purified by oligo-dT chromatography (black line is 98% SC, red line is 94% SC, blue line is 90%

SC, green line is 87% SC, and purple line is 81% SC). (C) Correlation of FLuc mRNA potency and supercoiled DNA percentage; mRNA was purified by LiCl precipitation. (D)

Correlation of FLuc mRNA potency and supercoiled DNA percentage; mRNA was purified by oligo-dT chromatography (black line is 75 ng, red line is 37.5 ng, blue line is

18.8 ng, green line is 9.4 ng, and purple line is 4.7 ng). Data are represented as mean ± SD.
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the linear DNA templates were purified by ethanol precipitation
and redissolved in 20 mM Tris buffer (pH 7.5).

HPLC of supercoiled DNA

The HPLC method was adapted from an earlier report.31 The
40-ng/mL supercoiled DNA samples were injected into the column
at 25�C. Buffer A was 20 mM Tris and 0.5 M NaCl; buffer B was
20 mMTris and 1MNaCl. Sample was separated with increasing per-
centage of buffer B at total flow rate of 0.5 mL/min. UV absorbance at
260 nmwas used tomonitor samples. Thermo Scientific DNAPac col-
umn was applied for separation. HPLC analysis of supercoiled DNA
was performed on Agilent HPLC 1260 Infinity II.

qPCR of linear DNA template

Taq Pro HS Universal U + Probe Master Mix (Vazyme) was used to
prepare samples, and 10-fold serial diluted samples were prepared
from 50 mg/mL stock standard (unheated supercoiled sample).
Different OC samples were diluted by 100-fold, 5,000-fold, and
50,000-fold for testing. In a 20-mL reaction, 1� Master Mix, 0.2 mM
forward primer, 0.2 mMreverse primer, and 0.1 mMprobe were mixed
with testing samples (3 mL). qPCR was performed on StepOnePlus
(Applied Biosystems). Heating program settings: 2-min holding stage
at 50�C, 10-min holding stage at 95�C, cycling stage (40 cycles) from
15 s at 95�C to 15 s at 55�C to 3 min of holding at 72�C. Cycle
threshold value was set at 0.25.

mRNA in vitro transcription

Here, 9 U/mL T7 RNA polymerase (Vazyme), 2 U/mL pyrophospha-
tase (Vazyme), 1 U/mL RNase inhibitor (Novoprotein), 8 mM of each
nucleoside triphosphate (Glycogene), 50 ng/mL DNA template,
40 mM MgCl2, 40 mM Tris, 10 mM DTT, and 2 mM spermidine
were used in a 100 mL IVT reaction. For co-transcriptional IVT,
6.4 mM GAG cap analogue (Synthgene) was also included in the
IVT reaction, and 20 mMMgCl2 was used. N1-methylpseudouridine
triphosphate was used instead of uridine triphosphate for all pro-
cesses. The IVT reaction went on at 37�C for 2 h, followed by DNase
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 9
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I (Novoprotein) digestion for 20 min. The crude IVT product was
then subject to proper purification steps listed in Figure 1C. The con-
centration of purified mRNA was measured on Nanodrop One
(Thermo Fisher Scientific).

Oligo-dT purification

Oligo-dT chromatography was performed on a 1 mL CIMmultus
dT18 monolith (Sartorius BIA Separations). Equilibrium, wash,
and elution buffers were prepared according to the supplier’s
manual. NaCl solution (4 M) was slowly added into mRNA samples
to obtain a final concentration of 250 mM. After filtration, mRNA
samples were loaded onto the pre-equilibrated monolith and
washed with equilibrium buffer for six column volumes (CVs)
followed by 5 CVs of wash buffer. Finally, 5 CVs of elution buffer
was used to elute mRNA samples. UV absorbance at 260 nm was
used to monitor the entire process, and elution fractions over 100
mAu were collected. Flow rate was set as 10 mL/min for the
entire purification process. ÄKTA Avant (Cytiva) was used for
chromatography.

Enzymatic capping

Enzymatic capping was performed according to previous literature37

with minor modification. Vaccinia capping enzymes, 2-O-
methyltransferase, S-adenosyl-methionine (SAM), and 10� buffer
were provided by Novoprotein. Briefly, in a 1.3 mL capping reaction,
uncapped mRNA, 1� capping buffer, GTP (0.5 mM), SAM
(0.2 mM), Vaccinia capping enzyme, 2-O-methyltransferase, and
RNase inhibitor (1 U/mL) were mixed together and incubated at
37�C for 60 min, followed by quenching the reaction with
10 mM EDTA.

mRNA purity measurement

The purity of mRNA was measured on Agilent Fragment Analyzer
5300 with RNA kit (15NT). Supplier’s manual was followed. Briefly,
100 ng/mLmRNA samples were heated at 70�C for 2 min, then chilled
on ice for 5 min. Then 2 mL of heated samples were mixed well with
22 mL of diluent, followed by transferring onto an Eppendorf 96-well
plate. A 6,000-nt RNA ladder from the kit was used as the marker to
estimate size of mRNA. Pre-set RNAmethod was used for separation.
ProSize 2.0 software was used to process the raw data. Two vertical
lines were drawn through inflection points of the main peak for inte-
gration (dot lines in Figures S5–S8).

Poly(A) distribution measurement

Poly(A) tail distribution measurement was adapted from a previous
study24 with minor modifications. mRNA samples were first digested
by RNase T1 to acquire poly(A) tail. Briefly, 50 mg of mRNA in 44 mL
of water, 1 mL of RNase T1 (Thermo Fisher Scientific), and 5 mL of
1 MNH4OAc were mixed in an Eppendorf tube. The resulting mixture
was vortexed briefly and kept at 37�Cwith shaking at 1,500 rpm for 1 h.
The solution after RNase T1 digestion was immediately transferred to a
2�C–8�C refrigerator and allowed to stand for 3–5 min. The cooled so-
lutionwas briefly centrifuged, followed by a brief vortex, and transferred
to theHPLCvial for injection.Thedigested solutionwas then injected to
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a 6545XT Q-TOFmass spectrometer coupled to an Agilent 1290 Infin-
ity II LC system.

dsRNA quantification by ELISA

CatPureTM dsRNA (N1mpU) reference standard used in this assay
was supplied by CATUG Biotechnology (catalog # CT40000) and
the ELISA kit was ordered from Vazyme. Supplier’s manual was fol-
lowed. Briefly, 5 mL of standard dsRNA (adjusted to 300 ng/mL)
was diluted with 995 mL of sample diluent, then standard samples
were prepared by 2-fold dilution. One-hundred microliters of samples
were added into each well of the pre-coated 96-well plate, and the
sealed plate was incubated at 37�C for 1 h, then the solution was dis-
carded. Plate was washed with 1� wash buffer (300 mL) for 30 s and
repeated four times. Then 1� detection antibody (100 mL) was added
into each well and the sealed plate was incubated at 37�C for 1 h, fol-
lowed by wash step, and then 1� enzyme-labeled reagent (100 mL) was
added into each well and the sealed plate was incubated at 37�C for 1 h,
followed by wash. Finally, TMB substrate (100 mL) was added into
each well and the sealed plate was incubated at 37�C for 15 min.
Then 50 mL of stop solution was added into each well and mixed
well. Spectramax iD5 (Molecular Devices) was used tomeasure the op-
tical density (OD) value per well at a single wavelength of 450 nm.

Capping efficiency measurement

Capping efficiency measurement was adapted from previous litera-
ture29 with minor modifications. Briefly, a short DNA-RNA chimera
complementary to 50 UTR sequence ofmRNAwas synthesized to guide
RNase H cleavage at 50 UTR. The enzymatic reaction system consisted
of 30 mg of purifiedmRNA, 3 mL of 10� reaction buffer (500mMTris-
HCl, pH 8, 750 mM KCl, and 30 mM MgCl2), 2 mL of thermostable
RNase H (Novoprotein), and 2 mL of synthesized guide at 0.1 M con-
centration. The mixture was incubated in thermomixer at 65�C for
15 min and cooled immediately in a 2�C–8�C refrigerator for 5 min,
followed by addition of 5 mL of 0.25 M EDTA for quenching. The di-
gested sample was then injected into 6545XT Q-TOF mass spectrom-
eter coupled to an Agilent 1290 Infinity II LC system.

FLuc mRNA potency

HeLa cells were used for FLuc mRNA expression study. MEM/EBSS
(Cytiva), Opti-MEM and fetal bovine serum (Gibco), Lipofectamine
MessengerMAX (Thermo Fisher Scientific), and One-Lite Luciferase
Assay Substrate (Promega) were employed for potency assay.
CatPureTM FLuc mRNA from CATUG Biotechnology (catalog #
CT072) was used as positive control for potency assay. About
1 � 104 cells were seeded in 96-well plate and incubated at 37�C
with 5% CO2 for 18 h. Transfection was done according to supplier’s
manual and cells were incubated for 24 h post transfection. One-Lite
Luciferase Assay Substrate (50 mL) was added to cells and held for
7 min before reading luminescence on Spectramax iD5 (Molecular
Devices).
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