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A platform process underpins the manufacturing of RNA-based
vaccines and therapeutics. However, it remains constrained by
high operational expenditures from costly reagents, inefficient
raw-material utilization, and extensive purification. We report
an integrated sequential-batch in vitro transcription (IVT)-
oligo-dT chromatography process that links RNA synthesis
and purification via a shared buffer, enabling reagent recycling.
Across five cycles, 5’ cap analog utilization improved 3.72x and
calculated raw-material cost efficiency improved 2.21x for the
NaCl workflow at the demonstrated 8 mL scale, while stable
RNA production was maintained across recycling cycles.
Product quality was assessed across seven critical quality attri-
butes (CQAs), including RNA integrity, 5 capping, poly(A)-
tail heterogeneity, sequence identity, residual nucleotides,
dsRNA content, and cell-based functional activity, measured
by protein expression and cytokine responses. Purified recy-
cling-process RNA contained = 70%-77% less double-stranded
RNA (dsRNA) than purified standard-process RNA, purified
RNA integrity exceeded 90%, and five-cycle mean 5' capping
exceeded 80% with NaCl; 3’ polyadenylate (poly(A)) tail length
and heterogeneity remained stable across recycling cycles.
THP-1 cell assays showed no progressive cycle-dependent loss
of protein expression or increase in cytokine secretion across
recycling cycles. This integrated framework advances cost- and
resource-efficient mRNA production while identifying candi-
date control points for extended reagent recycling.

INTRODUCTION

RNA-based medicines are rapidly emerging as an important class of
therapeutics, including vaccines and therapies for a wide range of
diseases. The clinical success of messenger RNA (mRNA)-based
COVID-19 vaccines reinvigorated interest in RNA therapeutics
and accelerated exploration of their potential applications. Beyond
prophylactic vaccines, RNA therapeutics are poised to enable thera-
peutic protein replacement, immune modulation, and regenerative
medicine. In these latter contexts, RNA is increasingly used for cell
engineering applications, including immune-cell programming for

adoptive cell therapies (e.g, CAR-T).'” Additionally, RNA plays
a central role in gene-editing strategies, where guide RNAs direct
CRISPR-associated nucleases to genomic targets. These diverse
applications, spanning mRNA, self-amplifying RNA (saRNA),
circular RNA (circRNA), and small guide RNAs (sgRNA), are
driving unprecedented demand for scalable, high-quality, and
cost-efficient RNA manufacturing processes.* ® Although the pro-
cess developed here is most directly applicable to poly(A)-tailed
mRNA, this broader therapeutic landscape underscores the need
for manufacturing strategies that improve raw-material utilization,
process efficiency, and product quality.

RNA modalities are attractive because their manufacturing processes
are relatively simple and highly adaptable. The same production plat-
form can be used to manufacture many different RNA sequences,
which supports rapid deployment and scale-up across applications.”
Manufacturing is broadly divided into upstream drug substance (DS)
synthesis and downstream purification and formulation into the final
drug product (DP).'”"" Synthesis occurs via in vitro transcription
(IVT), a cell-free enzymatic process that employs a DNA template en-
coding the gene of interest (GOI), a DNA-dependent RNA polymerase
(typically bacteriophage-derived, such as T7, T3, or SP6), nucleotide
triphosphates (NTPs), cofactors, and other reaction modulators.'>!*
Standardized components and reaction simplicity enable a sequence-
agnostic platform for diverse RNA DS production.

The resulting mRNA contains a 5" cap and 3’ poly(A) tail, both of
which can be incorporated co-transcriptionally during IVT or
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Figure 1. Integrated sequential-batch IVT-oligo-dT
recycling workflow

(A) IVT in a shared buffer containing the DNA template,
NTPs, 5" cap analog, T7 RNA polymerase, and magne-
sium ions. (B) Direct loading of the IVT mixture onto an
oligo-dT column. Poly(A)-tailed RNA is captured and
eluted, while unbound IVT components pass into the
flowthrough. (C) Sequential-batch recycling in which the
pooled recycle stream receives predefined NTP and
MgCl, additions and a separate template-DNA top-up
before reuse in the subsequent IVT cycle. Created in

RNA (product) BioRender, https://BioRender.com/8r08g4y.
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Oligodeoxythymidinic acid acid (oligo-dT) af-
finity chromatography exploits base pairing be-
tween the poly(A) tail and the oligo-dT ligand,
operating under elevated-ionic-strength loading
conditions (0.5-1 M) and low-salt elution
(a suitable buffer or RNase-free water).””*°
Although current manufacturing is technically

o m

Flowthrough

Integrated IVT-oligo-dT

effective, it remains economically and resource

inefficient because high-value unconsumed

C
a IVT reaction ° Oligo-dT affinity
chromatography
NTPS e mRNA mRNA ' m
(crude) (pu

IVT reagents are largely discarded after each
R.fl_\lpa) batch. Integrating RNA synthesis with affinity
rires

Unconsumed high-value
components

* 5 cap analog

¢ RNA polymerase

initial IVT
e Template DNA

« Buffer components/cofactors

o Flowthrough with
unconsumed high-val
components

Direct column
loading

o Elution contains purified

purification can combine product capture with
recovery of unused reagents, reducing waste
and enabling more sustainable manufacturing.

lue

mRNA
formulation

mRNA
m) Re

Flowthrough (recycle streal

Top-up stream
NTPs, Mg?, DNA °

enzymatically added post-transcriptionally. The co-transcriptional
route is often preferred because it simplifies upstream operations.”
In this approach, the poly(A) tail is encoded in the DNA template,
and the 5’ cap is introduced using synthetic GAG-type trinucleotide
cap analogs such as CleanCap AG (TriLink Biotechnologies). Pfizer-
BioNTech’s COVID-19 vaccine (BNT162b2) employed the same co-
transcriptional capping strategy with CleanCap AG, underscoring
the clinical maturity of this method.””™'” Although only a single
cap analog is required per RNA molecule, efficient capping requires
analog concentrations comparable with those of NTPs. In represen-
tative techno-economic analyses, raw materials constitute & 74% of
total operating expenditure (OpEx),">'®'* with CleanCap AG ac-
counting for X36% of that spend. In conventional batch IVT
manufacturing, most of the unreacted 5’ cap analog (>99%), together
with potentially reusable enzymes and DNA templates, is discarded
after each batch. This loss of high-value reagents is the inefficiency
that motivates strategies for recovery and reuse.

Once the RNA DS is synthesized, it undergoes purification to remove
process- and product-related impurities. Common strategies include
tangential flow filtration (TFF)*°"** and chromatographic techniques,
including affinity and ion-pair reverse-phase chromatography.” >
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Here, we demonstrate an integrated IVT-oligo-
dT affinity chromatography process that cou-
ples RNA synthesis and purification through
a shared buffer system. This enables crude
IVT mixtures to be loaded directly onto the purification column
without intermediate buffer exchange or cleanup. In this context,
“integrated” refers to chemical and operational coupling through
shared-buffer compatibility, direct crude-IVT loading, and reuse of
the oligo-dT flowthrough as the reaction matrix for the subsequent
IVT cycle. The demonstrated workflow remains batchwise in execu-
tion and is distinct from simultaneous reaction-separation coupling
or fully continuous manufacturing. Importantly, unused IVT re-
agents that pass through the column are collected and reused in
subsequent transcription cycles. To our knowledge, no prior
study has demonstrated the combined direct loading of crude IVT
onto an oligo-dT affinity column and reuse of the chromatography
flowthrough as the reaction medium for subsequent IVT cycles.
Figure 1 illustrates the concept of the integrated IVT-oligo-dT
recycling process. In the first step, RNA is synthesized by IVT using
a DNA template, nucleotide triphosphates, and a 5 cap analog.
The resulting reaction mixture is then directly loaded onto an
oligo-dT affinity column using a buffer compatible with both
transcription and affinity binding. During purification, poly(A)-
tailed RNA binds to the oligo-dT stationary phase, while unused
IVT components, including the 5" cap analog, RNA polymerase,
DNA template, and small-molecule cofactors, pass through the
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column. This flowthrough is collected, supplemented with depleted
substrates such as NTPs and Mg2+, and reused as the reaction matrix
for subsequent IVT cycles. The integrated process therefore links
direct crude-IVT loading, oligo-dT capture, and flowthrough reuse
without dilution or intermediate buffer exchange. The process devel-
opment considered critical material attributes (CMAs) and critical
process parameters (CPPs) to assess their impact on manufacturing
key performance indicators (KPIs) and product critical quality attri-
butes (CQAs). KPIs are associated with manufacturing productivity
and cost, whereas CQAs are properties of the RNA DS that affect
patient safety, product efficacy, and process comparability.

In addition to quantifying process performance, raw-material utili-
zation, and cost reduction, we assessed whether integration pre-
served mRNA DS quality across repeated recycling cycles. Seven
CQAs were evaluated: RNA integrity, 5 capping efficiency, RNA
sequence identity, residual nucleotides, poly(A)-tail length and het-
erogeneity, double-stranded RNA (dsRNA) content, and cell-based
functional activity measured by protein expression and cytokine
responses. The integrated process reduced raw-material costs while
maintaining stable cycle-wise RNA production and a broad mRNA
quality profile, establishing a foundation for economically and
resource-efficient RNA manufacturing.

RESULTS

To systematically evaluate the performance of the integrated IVT-
oligo-dT recycling process, the results are presented in four stages.
First, we assess process performance, including RNA yield, produc-
tivity, and operational stability across recycling cycles. Second, we
quantify the economic impact of reagent recycling by analyzing
raw-material utilization and production costs. Third, we evaluate
whether the integrated workflow preserves mRNA CQAs, including
RNA integrity, poly(A)-tail heterogeneity, sequence identity, 5’
capping efficiency, and dsRNA content. Finally, we assess cell-based
functional activity, including protein expression and cytokine re-
sponses to the resulting mRNA. This structure allows the process
performance, economic benefits, and product quality of the inte-
grated workflow to be evaluated in a logical progression.

Process performance: Impact of IVT-oligo-dT integration on
RNA yield and productivity

Integrating IVT and oligo-dT capture requires a shared buffer that
supports transcription while enabling on-column poly(A)-oligo-dT
hybridization. We evaluated sodium chloride (NaCl) and potassium
acetate (CH;COOK)-based buffers over five sequential IVT-oligo-
dT cycles. Cycle 1 was initiated with equimolar NTPs (2.5 mM
each; 10 mM total) and CleanCap AG (2.5 mM; 20 pmol in 8 mL).
Before cycles 2-5, the pooled flowthrough received fixed additions
of 80 pmol total NTPs (20 pmol each) and 80 pmol MgCl,, together
with a separate 200 pg template-DNA top-up. Neither CleanCap AG
nor T7 RNA polymerase was replenished; subsequent cycles relied
on these components remaining in the recycled flowthrough. An
8 mL standard high-yield IVT followed by oligo-dT after buffer ex-
change served as the benchmark. The NaCl- and CH;COOK-based

workflows used different IVT incubation times because preliminary
development indicated buffer-dependent apparent RNA-accumula-
tion kinetics and informed buffer-specific operating points. The
selected durations balanced RNA yield, cycle time, and compatibility
with direct oligo-dT loading; they were not matched kinetic end-
points, and equivalent reaction completion or plateau conditions
were not established. The objective was to evaluate the configured
recycling workflows rather than maximize single-cycle yield. Pre-
liminary screening showed faster apparent RNA accumulation
with CH3;COOK than with NaCl under the tested shared-buffer con-
ditions (Figure S1).

RNA yields for each cycle are shown in Figure 2A. Individual IVT-
oligo-dT cycles took 2.17 h in NaCl (1.50 h IVT + 0.67 h oligo-dT)
and 1.08 h in CH;COOK (0.41 h IVT + 0.67 h oligo-dT), totaling
10.85 h and 5.40 h over five cycles, respectively. By comparison,
the standard 8 mL process yielded 84.3 + 0.4 mg purified RNA in
4.0 h (20 h IVT + 2.0 h oligo-dT), corresponding to a production
rate of 21.1 mg h™' and productivity of 2.63 mg mL™' h™'. The
longer oligo-dT step in the standard process reflects adjustment of
the crude IVT to the higher-salt loading condition it requires
(Table S3), which the integrated workflow avoids by loading directly.
Cumulative purified RNA yields were 78.5 + 4.9 mg (NaCl) and
68.6 + 4.4 mg (CH3COOK), compared with 84.3 + 0.4 mg for the
standard process. Recovery after oligo-dT averaged 87.3% + 2.0%
(NaCl) and 85.0% =+ 7.1% (CH3COOK) versus 95% for the standard
process (Figure 2B).

Between buffers, the cumulative difference favored NaCl but was
not statistically significant (A = NaCl — CH;COOK = +9.82 mg,
95% CI [—0.84 to 20.49]; two-sided Welch’s ¢ test, p = 0.063). Relative
to the standard process, cumulative yield was 5.81 mg lower with
NaCl (95% CI [-6.36 to 17.97]) and 15.63 mg lower with
CH;COOK (95% CI [4.76-26.49]; two-sided Welch’s t tests, n = 3
independent experiments). No statistically detectable cycle effect
on purified RNA yield was found for either buffer (Kruskal-Wallis:
CH;COOK, H(4) = 7.37, p = 0.118; NaCl, H(4) = 4.43, p = 0.351).
Variation across the five cycle means was low (<10% coefficient of
variation), and no monotonic decline was evident (Figure 2A).
This sustained per-cycle output demonstrates retained net process
functionality across five cycles, although active T7 RNA polymerase
recovery was not directly quantified. The CH;COOK workflow also
produced purified RNA from the longer CSP transcript in each recy-
cling cycle (Figure S2A). Taken together, these results identify
shared-buffer salt identity as a candidate CMA linked to the selected
operating point and yield-rate trade-off. Under the configured con-
ditions, NaCl produced the higher mean cumulative yield, whereas
CH;COOK used a shorter cycle time and achieved a higher calcu-
lated production rate. Because the workflows were not compared
at matched kinetic endpoints, these differences should not be inter-
preted as intrinsic salt effects at equivalent reaction completion.

In summary, these results demonstrate that the integrated IVT and
oligo-dT workflow maintains sustained RNA production across
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Figure 2. RNA yield and productivity across recycling cycles

(A) Crude and oligo-dT-purified RNA yields across five sequential cycles using NaCl- or CHz;COOK-based buffers. Annotations show cycle duration, total process time,
production rate, and volumetric productivity. Bars show mean (SD), and points denote individual experiments (n = 3 independent experiments). (B) Cumulative purified RNA
yield and percentage recovery after oligo-dT purification for the recycling workflows and standard batch IVT process. Horizontal bars show mean yield + SD, and black points
show mean recovery (n = 3 independent experiments). Kruskal-Wallis tests assessed cycle effects on purified RNA yield within each buffer in (A), and two-sided Welch’s

t tests were used for cumulative-yield comparisons in (B). See also Figure S1.

multiple recycling cycles while operating under buffer conditions
compatible with both transcription and affinity capture. However,
the standard process achieved higher space-time productivity by
generating cumulative RNA mass comparable with the NaCl work-
flow and greater than the CH3;COOK workflow within a shorter total
process time. The advantage of the integrated recycling workflow
therefore lies primarily in reagent reuse and raw-material efficiency,
rather than maximum short-term productivity. Having established
the process-performance trade-off, we next examined how recycling
affects raw-material utilization and overall production costs, which
are key economic drivers of RNA manufacturing.

Economic impact: Efficiency in raw material utilization and cost
improvements

Having established that the recycling process operates using either
NaCl or CH3COOK, we quantified raw-material input efficiency
and cost relative to the standard process. As shown in Figure 3A, re-
cycling improved 5 cap-analog input efficiency by 3.72-fold with
NaCl and 3.26-fold with CH3;COOK and improved the calculated
input-normalized RNA output per amount of T7 RNA polymerase
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charged by 1.24-fold and 1.09-fold, respectively. By contrast, the
calculated input efficiency of the DNA template and NTPs decreased:
additional NTP input and predefined DNA supplementation were
required across the five-cycle workflow relative to the cumulative
purified RNA recovered. The lower calculated input-normalized
template utilization therefore primarily reflects the greater cumula-
tive DNA charge relative to purified RNA output. Template recovery
in the recycled flowthrough was not directly quantified. Partial
adsorption of plasmid DNA to the oligo-dT membrane or associated
surfaces may also have reduced template carryover, but this remains
unconfirmed. Despite these trade-offs, the calculated four-compo-
nent raw-material cost decreased from USD 41.8/mg of purified
RNA for the standard process to USD 18.9/mg with NaCl and
USD 21.6/mg with CH;COOK, corresponding to standard-to-buffer
cost ratios of 2.21 and 1.94 and cost reductions of 54.8% and 48.3%,
respectively (Figure 3B). Figure 3C decomposes this cost into four
major raw-material contributions. Because the two buffer conditions
received identical cumulative material inputs, their cost composi-
tions were identical. Although the 5’ cap analog remained the largest
contributor, its share decreased from 89% in the standard process
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A Efficiency in material utilization and cost

Figure 3. Raw-material utilization and cost analysis
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to ~53% during recycling. In parallel, the greater cumulative DNA
charge increased the relative contribution of DNA template cost
from 4.7% to 33.7%. Overall, the recycling workflow reduced the
calculated four-component raw-material cost per milligram of puri-
fied RNA by approximately one-half under the demonstrated 8 mL
laboratory-scale conditions and stated unit-price assumptions; this
calculation is not a manufacturing-scale cost-of-goods estimate.

Product quality: RNA integrity, poly(A) tail heterogeneity, and
sequence identity

While the recycling workflow improves reagent utilization and re-
duces raw-material cost, it is essential to verify that these gains do
not compromise RNA quality. We therefore next evaluated key critical
quality attributes (CQAs) of the resulting RNA, including RNA
integrity, poly(A) tail heterogeneity, and sequence identity. RNA
integrity was measured by capillary gel electrophoresis (CGE) and
reported as the percentage of full-length transcripts. Across cycles,
purified RNA consistently exhibited higher apparent integrity than
crude RNA for both buffers. With NaCl, crude integrity averaged
88.2% + 0.6%, increasing to 97.9% + 0.3% after purification; with
CH;COOK, crude and purified integrity averaged 86.5% =+ 0.6% and
98.0% + 0.6%, respectively. In the standard process, crude and purified
RNA integrity averaged 90.0% =+ 2.0% and 96.3% =+ 1.5%, respectively.
The crude-purified difference likely reflects the removal of residual
DNA and other non-full-length species from crude fractions, which

[C] ona [] NTPs [l T7 RNAP

lowers apparent integrity prior to purification,
rather than restoration of individual RNA
transcripts. Cycle-wise integrity trends and
the standard-process comparator are shown in
Figure 4A, with representative electrophero-
grams in Figure S3. In addition, representative electropherograms of
purified CSP mRNA from cycles 1 and 5 showed comparable electro-
pherogram profiles (Figures S2B and S2C). Because crude CSP electro-
pherograms were not available, these data are used as supportive
evidence for preserved purified-product integrity in the longer tran-
script, rather than as a crude-to-purified integrity comparison.

80 100

Poly(A) tail heterogeneity was assessed for elution cycles 1 and 5 us-
ing the abundance-weighted deviation index (AWDI) and median
tail-length statistics. In NaCl, both cycle 1 and cycle 5 showed
AWDI = 0.01, a dominant species at ~50 nt and median lengths
of 53-54 nt (17.3-17.7 kDa), spanning 42-66 nt. CH;COOK samples
showed slightly broader heterogeneity (AWDI = 0.01-0.02) and
shorter median lengths (43-47 nt, 14.1-15.6 kDa), with a similar
modal species near 49-50 nt. No systematic differences were
observed between cycles 1 and 5 within either buffer, indicating
stable poly(A) distributions over repeated IVT-oligo-dT cycles.
The standard process yielded median tail lengths of 55 nt and
AWDI values of 0.01-0.02, consistent with run-to-run variability.
Full summary statistics are provided in Table 1, and representative
tail-length distributions for NaCl cycles 1 and 5, overlaid with the
standard-process distribution, are shown in Figure 4B.

RNA sequence identity was evaluated for elution cycles 1 and 5 to
confirm that recycling did not alter the primary sequence. Partial
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Figure 4. RNA integrity, poly(A)-tail profiles, and
sequence identity
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(o 5, and CH3;COOK decreased from 87.3% =+ 8.2%

RNase T1 and U2 digests were analyzed by mass spectrometry, and
the resulting fragments were matched to the theoretical reference
sequence. Cycles 1 and 5 showed 92% and 93% sequence coverage
across the transcript, respectively, with no mismatched fragments
detected within the covered regions, providing no evidence that re-
cycling altered the primary sequence over successive cycles. The cor-
responding sequence identity plots are shown in Figures 4C and 4D.

Product quality: RNA 5' capping efficiency anddsRNA content

CQAs such as 5 capping efficiency and dsRNA content directly
impact RNA function and are therefore central to therapeutic perfor-
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to 62.3% =+ 5.3%. Cycle 1 mean values were
numerically comparable with those of the stan-
dard batch IVT process, suggesting that baseline
performance was maintained initially. Although
NaCl showed a numerical decline in capping
efficiency across cycles, the cycle effect was not
statistically significant at the tested sample size
(Kruskal-Wallis, H(4) = 547, p = 0.242). In
contrast, CH;COOK showed a stronger cycle ef-
fect (Kruskal-Wallis, H(4) = 12.6, p = 0.0136),
although no individual cycle pair remained sig-
nificant after multiple-comparison correction
— (minimum adjusted q = 0.126). Because the
five cycles are pooled to represent the cumula-
tive five-cycle product, capping efficiency of
the pooled product was calculated for each experiment as the yield-
weighted mean across cycles and compared with the standard process.
Pooled capping efficiency was 80.9% =+ 4.2% for NaCl and 75.1% +
1.8% for CH;COOXK, against 88.6% + 1.3% for the standard process.
The NaCl difference was not statistically significant (A = —7.73 pp,
95% CI [—17.25, +1.80]; p = 0.077), whereas the CH;COOK difference
was (A = —13.47 pp, 95% CI [—17.23, —9.71]; p < .001; two-sided
Welch’s ¢ tests, n = 3 independent experiments).

The progressive reduction in capping efficiency reflects the one-time
CleanCap AG charge used in the baseline workflow. CleanCap AG
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Table 1. Poly(A) tail heterogeneity across IVT-oligo-dT cycles

Buffer Cycle Replicate AWDI Most abundant length (nt) Median mass (Da) Median length (nt) Tail length range (nt)
NaCl 1 1 0.01 50 17365.8 53 42-64
2 0.01 50 17493.9 53 42-64
3 0.01 50 17658.9 54 43-65
5 1 0.01 50 17386.3 53 42-66
2 0.01 50 17493.9 53 42-65
3 0.01 50 17329.8 53 43-64
CH;COOK 1 1 0.02 50 14075.3 43 42-57
2 0.02 50 15587.0 47 42-66
3 0.02 49 15587.0 47 42-62
5 1 0.01 50 15434.5 47 42-61
2 0.02 49 15379.5 47 42-61
3 0.02 50 15434.5 47 42-60
- 1 0.01 51 18055.5 55 45-67
Standard process - 2 0.01 50 18097.9 55 45-67
- 3 0.02 50 18055.5 55 45-67

was added only in cycle 1 and was not replenished in cycles 2-5.
Residual NTPs were not detected in NaCl eluates and ranged from
0.2% to 0.8% in CH;COOK eluates across cycles (Table S4). The
decline also paralleled the measured decrease in residual 5 cap
analog concentration in the flowthrough (Table S4), supporting
reduced cap analog availability as a contributor to lower capping
in subsequent transcription reactions. Thus, cap analog retention
and controlled replenishment represent important control levers
for maintaining capping efficiency during extended recycling.
Despite the downward trend, the five-cycle mean capping efficiency
remained above 80% in the NaCl workflow.

We next quantified dsRNA using a bioluminescent immunoassay
across five recycling cycles and compared it with the standard batch
IVT process (Figure 5B). dsRNA remained consistently low across
cycles for both buffers. No cycle-to-cycle differences were detected
(Kruskal-Wallis: NaCl, H(4) = 4.87, p = 0.301; CH;COOK, H(4) =
5.59, p = 0.232), and no individual cycle pair was significant after
correction (minimum adjusted q = 1.000). Yield-weighted pooled
dsRNA content was 0.41% =+ 0.18% for NaCl and 0.56% + 0.10%
for CH;COOXK, against 1.81% =+ 0.55% for the standard batch IVT
process, corresponding to 77.1% and 69.3% lower dsRNA, respec-
tively. The NaCl difference was statistically significant (A = —1.40
pp> 95% CI [—2.62, —0.17]; p = 0.038), while the CH;COOK differ-
ence did not reach the significance threshold (A = —1.25 pp, 95% CI
[—2.57, +0.06]; p = 0.055; two-sided Welch’s ¢ tests, n = 3 indepen-
dent experiments). Together, these data show that dsRNA did not
increase progressively across recycling cycles and that oligo-dT-
purified RNA from both recycling workflows contained lower
dsRNA than oligo-dT-purified RNA from the standard batch IVT
process. Because dsRNA was quantified after oligo-dT purification,
these measurements do not distinguish whether the difference arose

from altered dsRNA formation during IVT, differential impurity
clearance during purification, or both.”"*?

Functional performance: Protein expression and
immunogenicity of recycled mRNA

Although analytical measurements provide detailed information on
RNA CQAs, it is also important to confirm that recycled RNA per-
forms as expected in a biological context. We therefore evaluated
the functional activity and innate immune-stimulatory potential of
the mRNA using THP-1 cell-based assays, which provide comple-
mentary readouts of translational output and innate immune activa-
tion. These assays were conducted using RNA samples for which
dsRNA content and 5’ capping efficiency had already been quanti-
fied, allowing the cell-based response to be interpreted alongside
the measured analytical CQAs. All IVT reactions used canonical
UTP, providing an unmodified RNA context for assessing whether
recycling was associated with progressive changes in protein expres-
sion or innate immune signaling.

mRNA produced using the NaCl buffer yielded a consistently higher
percentage of enhanced green fluorescent protein (eGFP)-positive
cells across all five cycles than both the CH;COOK and standard
batch IVT processes. Expressed as the yield-weighted pooled prod-
uct, NaCl-derived mRNA gave 46.3% + 4.5% eGFP-positive cells
versus 26.7% + 2.8% for the standard process (A = +19.55 pp, 95%
CI [+10.31, +28.79]; p = 0.0057), whereas CH3;COOK-derived
mRNA did not differ from the standard process (26.4% =+ 2.2%;
A = —0.27 pp, 95% CI [—6.03, +5.50]; p = 0.90; two-sided Welch’s
t tests, n = 3 independent experiments). No cycle-to-cycle drift was
evident within either buffer (Kruskal-Wallis: NaCl, H(4) = 2.01,
p = 0.734; CH;COOK, H(4) = 1.17, p = 0.884; Figure 6A). Where
available, fluorescence intensity measurements were also used to
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Figure 5. 5’ capping efficiency and dsRNA content
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(A) 5’ capping efficiency across five IVT-oligo-dT recycling
cycles using NaCl- or CH3zCOOK-based buffers and for
the standard batch IVT process. (B) dsRNA content
across the same conditions. Bars show mean (SD);
closed circles denote recycling measurements, and
open circles denote standard-process measurements
(n = 3 independent experiments). Kruskal-Wallis tests
assessed cycle effects within each buffer, and two-
sided Welch’s t tests compared the vyield-weighted
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process. See also Table S4.
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Together, these functional assays support
maintenance of functional mRNA perfor-
mance across cycles while revealing distinct
cytokine-response patterns relative to the
corresponding standard-process
tors. The higher eGFP expression observed
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assess expression level per GFP-positive cell, complementing the
percentage of eGFP-positive cells. Representative flow cytometry
gating plots are shown in Figure 6B. Median GFP fluorescence inten-
sity provided a complementary expression readout and showed
higher GFP signal for NaCl-derived mRNA than CH;COOK-
derived mRNA across recycling cycles (Figure S4).

Cytokine measurements for the NaCl- and CH;COOK-derived
mRNA sample sets were acquired separately, and log, fold
changes for each sample set were calculated relative to the arith-
metic mean of the standard-process measurements associated
with it. Because each fold change is referenced to an estimated
control mean specific to its sample set, the cytokine comparisons
are reported descriptively, with reproducibility of the direction of
change across the three independent experiments used in place of
significance testing.

Relative to its corresponding standard-process comparator,
NaCl-derived mRNA showed higher CCL3, CXCL10, and IFN-§
(median log, fold changes 2.37, 0.70, and 1.43, respectively),
with each direction reproduced in all three independent experi-
ments, whereas CXCL8, CCL5, IL-1p, and IFN-a showed no
consistent shift. CH;COOK-derived mRNA showed a different
pattern relative to its own comparator, with higher CCL3 and
IL-1f (0.28 and 0.17) and lower CXCL10, CXCL8, CCL5, and
IFN-a (—1.32 to —0.13); IFN-B showed no consistent shift
(Figure 6C). Importantly, no progressive increase in cytokine
secretion was apparent across the five recycling rounds for either
buffer, providing no evidence of cumulative innate immune acti-
vation with repeated reuse.
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Standard process  with NaCl cannot be attributed to a single
measured CQA alone, because the NaCl
condition combined lower dsRNA content,
higher overall 5 capping than CH;COOK,
despite a decline across cycles, and preserved
RNA integrity and poly(A)-tail profiles. Similarly, the higher
CCL3, CXCL10, and IFN-p responses observed with NaCl relative
to its corresponding standard-process comparator suggest that
dsRNA content alone does not fully explain the innate immune
profile. These data therefore support the functional feasibility of
the integrated recycling workflow, while identifying buffer compo-
sition and the combined CQA profile as important variables for
further optimization.

DISCUSSION

The continued expansion of RNA-based vaccines and therapeutics
depends on manufacturing processes that are scalable, multi-prod-
uct, cost-efficient, and resource-efficient. While recent advances
have refined individual manufacturing steps, many efforts have
addressed either process KPIs or product CQAs in isolation. This
study integrates process development with comprehensive product
characterization to advance reagent-recycling-based mRNA DS
manufacturing. By considering upstream-downstream interactions
rather than optimizing IVT and purification as independent unit
operations, it provides an experimentally validated framework
for connected RNA production. Previous studies have optimized
IVT to achieve high conversion efficiency and reduced reagent
usage, yet these advances were rarely accompanied by detailed
RNA characterization or purification data.”> > Conversely, work
that prioritized product quality was often conducted in narrowly
defined settings with limited attention to process scalability.””°
A similar imbalance extends to downstream purification, where
filtration or chromatography optimization has typically focused
on isolated yield and recovery rather than overall process eco-
nomics and reagent utilization.””***® The approach described
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Figure 6. eGFP expression and cytokine responses in
THP-1 cells

(A) Percentage of eGFP-positive THP-1 cells following
transfection with mRNA from five NaCl- or CH3COOK-based
recycling cycles or from the standard batch IVT process.
Bars show mean (SD); closed circles denote recycling
measurements, and open circles denote standard-process
measurements (n = 3 independent experiments). Kruskal-
Wallis tests assessed cycle effects within each buffer, and
two-sided Welch’s t tests compared the yield-weighted
pooled product of each buffer with the standard process.
(B) Representative flow cytometry plots showing GFP-A on
the x axis and SSC-A on the y axis for the negative control
(untreated cells) and cells transfected with NaCl- or
CH3COOK-derived  recycled mRNA. The GFP-positive
threshold was defined using the untreated controls. (C)
Cytokine secretion across cycles 1-5. The NaCl- and
CH3COOK-derived samples were evaluated as separate
sample sets, and values are shown as mean log, fold change
relative to the arithmetic mean of the corresponding standard-
process measurements (1 = 3 independent experiments).
Each standard-process tile shows the mean of the individual
standard-process measurements expressed on the same
scale. Because replicate-level log, ratios are averaged
after normalization to an arithmetic mean, these values are
close to, but not constrained to, zero; the deviation is most
visible for CXCL10. Sample-set-specific standard-process
means were used for normalization. Values are presented
descriptively, and no inferential significance testing was
applied. Negative log, fold-change values indicate lower
secretion than the corresponding standard-process control
and should not be interpreted relative to untreated cells. See
also Figure S4.
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here bridges these perspectives by coupling process performance,
raw-material utilization, and CQA assessment within a single inte-
grated workflow.

Prior innovations have addressed several challenges examined here,
particularly reducing 5’ cap analog usage and immunogenic byprod-
ucts.””*” Mutant T7 RNA polymerases can achieve high capping
efficiency at substantially lower cap analog concentrations, and
several variants are now commercially available, including GMP for-
mulations. Engineered or alternative bacteriophage-derived RNA
polymerases have also been reported to generate fewer immunogenic
byproducts, such as dsRNA, potentially reducing the need for exten-
sive downstream purification and associated costs. However, their
transcriptional fidelity relative to the wild-type enzyme remains to
be fully assessed.”**’ Because the 5’ cap analog remains a dominant
cost driver, other approaches have explored enzymatic capping stra-
tegies that bypass proprietary co-transcriptional cap analogs. These
methods, however, introduce additional complexity through extra
enzymatic steps or fusion proteins capable of both capping and
transcription.™** In practice, these strategies often substitute one
proprietary reagent or process dependency for another and require
techno-economic evaluation to confirm net advantage. Advanced
purification techniques, including diverse chromatographic formats,
have improved RNA CQAs*>***° but have largely targeted impurity
removal rather than recovery of unused IVT reagents. The distinctive
contribution of the present work is therefore not simply higher IVT
yield or improved purification, but the recovery and reuse of uncon-
sumed high-value IVT components after product capture.

The cost advantage of the integrated process arises from how conven-
tional high-yield IVT reactions are typically designed. In conventional
high-yield IVT, NTPs are used at high concentrations, typically
7.5-15 mM per nucleotide.”** Similarly high concentrations of 5’
cap analog are required to maintain efficient co-transcriptional
capping because the cap analog competes with GTP during transcrip-
tion initiation, with optimal cap-to-GTP ratios of 0.8-1.0."° As a
result, although only one cap analog molecule is incorporated per
RNA transcript, the reaction begins with a large excess of this reagent.
This creates a major inefficiency: most of the input cap analog remains
unconsumed after transcription and is normally discarded during
purification. By enabling direct crude-IVT loading onto oligo-dT
chromatography and recycling the flowthrough as the reaction matrix
for subsequent IVT cycles, the integrated workflow converts this
normally discarded stream into a reusable process input. This explains
the improved cap analog utilization and raw-material cost reduction
observed across the recycling workflow. Cap-analog mass balance
indicates that this depletion is largely process-related rather than
consumption-related. Because approximately one cap analog molecule
is incorporated per transcript, five-cycle cumulative incorporation
accounts for about 1% of the 20 pmol charged in cycle 1, whereas
the residual cap analog concentration in the pooled flowthrough falls
t0 36.9% (NaCl) and 39.4% (CH;COOK) of the cycle 1 value by cycle 5
(Table $4). Since flowthrough fractions were pooled on UV signal
rather than as a fixed share of the load and wash volume, the cap
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analog leaving the recycle stream is consistent with incomplete
recovery of unbound material during washing rather than with incor-
poration into transcript. Increasing the recovered fraction of the load-
and-wash volume, or reducing wash volume at constant impurity
clearance, is therefore a direct lever for sustaining capping efficiency
across cycles without additional cap input. Extended recycling could
employ either a validated predefined cap-analog addition for each
cycle or residual-cap-guided supplementation coordinated with
NTP control to maintain an appropriate cap-analog-to-initiating-
NTP ratio. Neither strategy was evaluated in the present study. Both
would increase total cap input and would therefore reduce the re-
ported cap-utilization and raw-material-cost advantages.

The process also introduces a clear trade-off. The standard batch IVT
process had higher short-term volumetric productivity because it
generated cumulative RNA mass comparable with the NaCl workflow
and greater than the CH;COOK workflow in a shorter total process
time. However, the 0.41 h CH;COOK and 1.5 h NaCl durations
were empirically selected operating points rather than matched kinetic
endpoints. Comparisons therefore describe the configured workflows
and should not be interpreted as intrinsic buffer effects at equivalent
reaction completion. The integrated recycling workflow should not
be interpreted as a productivity-maximizing replacement for high-
yield batch IVT. Its advantage lies primarily in raw-material efficiency,
cap analog utilization, and reduced reagent loss rather than maximum
short-term throughput. This distinction is important for process
positioning. In settings where facility time is the dominant constraint,
the standard batch IVT process may remain preferable. In settings
where cap analog cost, reagent availability, or raw-material sustain-
ability dominates, the integrated recycling workflow becomes more
attractive. Future techno-economic analyses should therefore evaluate
the workflow under different manufacturing scenarios, including
reagent-constrained, facility-constrained, and cost-constrained
production settings. Under the demonstrated 8 mL conditions and
stated unit-price assumptions, calculated raw-material cost per milli-
gram of purified RNA was 54.8% lower for NaCl and 48.3% lower
for CH;COOK than for the standard process, corresponding to
2.21- and 1.94-fold improvements in raw-material cost efficiency,
respectively. These values are not manufacturing-scale cost-of-goods
estimates. Translation to manufacturing scale will depend on scale-
dependent reagent pricing, recovery, automation, labor and facility
utilization, quality-control and validation requirements, and oligo-
dT device capacity and lifetime.

The lower dsRNA content measured in purified RNA from the
recycling workflows should be interpreted as a product-quality
outcome of the complete IVT-oligo-dT process rather than direct
evidence that recycling reduced dsRNA formation during transcrip-
tion. The observed difference could reflect altered IVT conditions,
including lower per-cycle RNA accumulation, shorter product resi-
dence time and elevated ionic strength; differential impurity parti-
tioning during oligo-dT capture; or a combination of these effects.
Specific retention on oligo-dT is governed primarily by the presence
and accessibility of a poly(A) tail. Abortive or truncated transcripts
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that terminate before the template-encoded poly(A) sequence would
therefore be expected predominantly in the flowthrough or wash,
whereas truncated or aberrant species retaining a sufficiently long
poly(A) tail may bind and co-elute with the product. These RNA-
impurity populations were not directly quantified in the recycled
flowthrough. Purified-product yield, integrity, and dsRNA content
did not deteriorate over five cycles. However, these endpoints were
not designed to quantify RNA impurities in the recycled flowthrough
and therefore neither demonstrate nor exclude their accumulation
or competitive effects on subsequent transcription. A dedicated im-
purity-partitioning study should therefore compare matrix-matched
pre- and post-oligo-dT samples and characterize the flowthrough for
RNA size distribution, poly(A) status, and dsRNA content. Previous
studies provide plausible mechanisms by which lower RNA concen-
tration, shorter product residence time, and elevated ionic strength
may reduce RNA-templated secondary transcription; however,
these mechanisms were not independently deconvoluted in the
present workflow.”*>*"*° High salt also enables direct capture
on oligo-dT by shielding electrostatic repulsion between oligo-dT li-
gands and the poly(A) tail, thereby enhancing binding.”® Preliminary
time-course screening showed that NaCl and CH;COOK produced
different apparent transcription kinetics under the shared-buffer
conditions, consistent with reports that solution composition and
specific ions affect T7 RNAP activity.”®
limited to maintain manageable viscosity and minimize poly(A)-
RNA breakthrough into the recycled flowthrough. Under the tested
conditions, these results identify three process-design implications
for integrated RNA manufacturing: (1) moderate substrate use
across multiple cycles can improve raw-material efficiency while
maintaining a broad CQA profile; (2) lower per-cycle RNA accumu-
lation and shorter product residence time may limit RNA-templated
secondary transcription while keeping viscosity compatible with
direct column loading; and (3) elevated ionic strength can support
oligo-dT capture while altering the transcription environment and
potentially influencing the final purified-product dsRNA profile.
Thus, the shared buffer is not a passive medium but a coupled
process variable that affects transcription, capture, recycle-stream
composition, and product quality.

47 .
’ RNA accumulation was

The THP-1 assays further demonstrate that biological performance
was not predicted by any single measured CQA. NaCl-derived
mRNA produced a higher proportion of eGFP-positive cells than
CH;COOK-derived and standard-process mRNA, despite showing
lower capping than the standard process, and, relative to its corre-
sponding standard-process comparator, induced higher CCL3,
CXCL10, and IFN-p secretion. Within their respective assay series,
NaCl- and CH3;COOK-derived mRNA showed distinct cytokine-
response patterns relative to the corresponding standard-process
controls. Because the buffer arms were evaluated in separate assay
series and differed simultaneously in capping, dsRNA content, and
potentially unmeasured process-related attributes, these patterns
cannot be attributed to buffer identity, dsRNA, or capping alone.
No progressive cycle-dependent drift in eGFP expression or increase
in cytokine secretion was observed, providing no evidence of cumu-

lative functional deterioration or innate immune activation over the
five-cycle operating window.

The main limitations arise from an inherent trade-off: the recy-
cling-based process balances two coupled unit operations rather
than allowing each to operate at its individual optimum. This
compromise improves raw-material efficiency and preserves a
broad CQA profile, but it reduces short-term productivity relative
to the standard batch IVT process. When RNA concentration be-
comes too high, viscosity increases, hindering flow and promoting
column clogging; conversely, the ionic strength required for oligo-
dT binding can inhibit transcription. Several strategies may miti-
gate these constraints. Modified promoters used with wild-type
T7 can permit operation at elevated salt concentrations without
substantial kinetic penalties. Nicked promoters or single-stranded
templates can improve initiation and transition to elongation,
increasing tolerance to higher ionic strength.*>*® From the purifi-
cation side, improving column hydrodynamics by using geometries
that reduce pressure drop while maintaining capacity, such as
monoliths or fibrous adsorbents, could enhance efficiency and
scalability.”®>*° The oligo-dT membrane used here was selected
for proof-of-concept development because it enabled direct
crude-IVT loading, rapid product capture, and straightforward re-
covery of the flowthrough for reuse. The membrane and operating
load were chosen to reduce the risk of poly(A)-RNA breakthrough
into the recycle stream rather than to maximize chromatographic
capacity utilization, because uncaptured RNA would otherwise
be carried into the subsequent IVT cycle. Manufacturer-reported
binding capacities obtained under conventional oligo-dT condi-
tions are not directly transferable to the crude-IVT shared-buffer
matrices used here. Process-specific breakthrough, pressure-flow,
capacity, and device-lifetime studies under the actual recycling
conditions will therefore be required for scale-up. A breakthrough
curve and formal dynamic binding capacity were not measured,
and the observed product recovery should therefore not be inter-
preted as a capacity determination.

The present configuration is a laboratory-scale, sequential batch
recycling process, not a simultaneous reaction-separation system
or continuous manufacturing process. In this study, integration
denotes chemical and operational coupling through shared-buffer
compatibility, direct crude-IVT loading, oligo-dT capture, and reuse
of the chromatography flowthrough between successive batch IVTs.
This definition is distinct from simultaneous reaction-separation
coupling or closed-loop continuous operation. The current process
establishes a foundation for future automated or continuous IVT-
purification architectures by demonstrating that upstream tran-
scription and downstream capture chemistries can be linked through
a common solution environment. Further development could auto-
mate flowthrough collection, inline supplementation, and recycle
handling to reduce manual operations and improve reproducibility.
Tighter control of column equilibration and switching, including
reduced hold-up and axial dispersion during loading, washing, and
elution, would also reduce unintended mixing of the crude IVT
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stream with column buffers. Losses of key reagents, such as template
DNA and T7 RNA polymerase, could be reduced by improved sur-
face compatibility or immobilization strategies, supporting more
efficient reagent reuse and eventual transition toward continuous
RNA synthesis.””>*’ Although feasibility was assessed with a longer
CSP transcript, process efficiency was lower than for eGFP, presum-
ably due to viscosity, precipitation, and loading constraints that are
commonly more pronounced with larger mRNA transcripts.”® A
broader evaluation across templates and a mechanistic dissection
of innate immune responses, including contributions of dsRNA,
incomplete 5’ capping, nucleotide chemistry, and residual process-
related impurities, were beyond the scope but remain active areas
for optimization. Nevertheless, the combined KPI, CQA, and func-
tional assay data support the feasibility of the integrated recycling
workflow and identify candidate control points for translation
beyond laboratory-scale proof of concept. Translation toward
GMP-relevant implementation will require a defined control strat-
egy. In the demonstrated workflow, NTPs and MgCl, were replen-
ished using fixed cycle-wise additions, while a separate predefined
template-DNA top-up was intended to compensate for expected
process loss. These additions were not determined from cycle-
specific measurements of residual NTPs, free Mg>*, or template-
DNA recovery. Cap analog concentration in the flowthrough and
residual rNTPs in the purified eluate were quantified. Residual
NTP concentrations in the recycled flowthrough, total and free
Mg”*, PPi concentration, residual PPase activity, and T7 RNA
polymerase concentration and catalytic activity were not directly
quantified across cycles. Exogenous PPase was included in the IVT
formulation. The absence of a progressive decline in per-cycle
RNA vyield indicates that the combined effects of any PPi accumula-
tion, Mg®" limitation, or T7 RNA polymerase loss were insufficient
to cause progressive yield deterioration over the five-cycle operating
window. However, this process-level evidence does not establish
the concentrations or activities of these components in the recycled
flowthrough. PPi formation, magnesium pyrophosphate precipita-
tion, and free Mg>" availability are coupled during IVT, and direct
monitoring of free Mg** can provide a more informative basis for as-
sessing PPase performance and Mg>" availability than nominal total
Mg** concentration alone.”™”' Extended recycling should therefore
use predefined acceptance ranges and cycle-specific measurements
for cap analog and NTP concentrations, total and free Mg>*, PPj, re-
sidual PPase activity, T7 RNA polymerase concentration and cata-
Iytic activity, DNA template carryover, residual RNA impurities,
conductivity, pH, and hold time. Cap analog could be replenished
to a predefined cycle-start concentration and cap analog:GTP ratio
using flowthrough measurements, while NTP and Mg** supplemen-
tation could be adjusted from measured residual concentrations
rather than a fixed supplementation recipe. T7 RNA polymerase
concentration could be monitored using a polymerase-specific capil-
lary immunoassay, although an orthogonal activity assay would still
be required to establish active enzyme recovery.”> These measure-
ments would enable feedback-controlled supplementation, distin-
guish component loss from activity decay, and define a maximum
validated number of recycle cycles. For longer recycling campaigns,
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free PPase supplementation could be adjusted using PPi or free-Mg>*
measurements, while immobilized PPase could be evaluated as an
alternative approach to maintain PPi hydrolysis and limit enzyme
loss from the recycle stream. Because GuHCI was included in the
shared buffer but was not varied independently, its specific contribu-
tions to transcription, loading behavior, impurity control, and
recycle-stream stability remain to be established.

The platform scope is clearest for poly(A)-tailed mRNA because
oligo-dT capture depends on poly(A)-oligo-dT hybridization. The
CSP data support feasibility beyond the shorter eGFP construct,
but broader transcript generality will require systematic evaluation
across RNA lengths, sequences, nucleotide chemistries, and
poly(A)-tail designs. Within poly(A)-tailed mRNA, transcript length
and construct-specific sequence or secondary structure may affect
IVT kinetics and byproduct formation.”>** Even though generality
was assessed using a longer transcript, process efficiency was lower,
potentially reflecting viscosity, precipitation, and loading constraints
associated with larger mRNA transcripts.”® Ongoing studies are sys-
tematically evaluating these variables across a broader transcript
panel to define the operating range and transcript dependence of
the recycling workflow. Polyadenylated saRNA could, in principle,
use the same capture mechanism, although its greater length and
structural complexity would require separate evaluation of IVT ki-
netics, viscosity, loading, and recovery. Extension to RNA modalities
lacking a poly(A) tail, such as many sgRNAs or circRNAs, would
require alternative capture ligands or engineered affinity handles
and a new compatibility assessment for reaction chemistry, capture
conditions, and recycle-stream composition. Thus, the present
work should be positioned as an experimentally demonstrated inte-
grated recycling strategy for poly(A)-tailed mRNA manufacturing
and as a broader conceptual foundation for reagent-reuse strategies
in RNA production.

In summary, the sequential batch IVT-oligo-dT workflow reduced
calculated raw-material cost and improved cap analog utilization
while maintaining stable cycle-wise RNA production and several
measured CQAs across five recycling cycles. Oligo-dT-purified
RNA retained high integrity and stable poly(A)-tail profiles, and
sequencing of cycles 1 and 5 revealed no mismatches within the
covered regions. Purified recycling-process RNA also contained
less dsRNA than the purified standard-process comparator, although
altered formation and differential clearance could not be distin-
guished. Functional expression was maintained without progressive
cycle-wise drift. Declining capping efficiency, accompanying pro-
gressive cap analog depletion, remained the principal measured
CQA limitation. These findings establish laboratory-scale proof of
concept for resource-efficient reagent recycling and identify the
measurements and control strategies required before extended,
automated, or continuous implementation.

MATERIALS AND METHODS

Key reagents, materials, instruments, and software used in this study
are listed in Table 2.
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Table 2. Key resources table

Reagent or Resource Source Identifier
T7 RNA polymerase Roche (Germany) 8140669103
RNase inhibitor Roche (Germany) 9537589103
Inorganic pyrophosphatase Roche (Germany) 8140677103
ATP Roche (Germany) 9744410103
CTP Roche (Germany) 9745122103
GTP Roche (Germany) 9745220103
UTP Roche (Germany) 9962689103
CleanCap AG TriLink (USA) N-7113
MgCl, Thermo Fisher Scientific (USA) AM9530G
Tris-HCl Thermo Fisher Scientific (USA) AM9851
DTT Thermo Fisher Scientific (USA) R0861
Spermidine Sigma-Aldrich (USA) 85558-5G
Triton X-100 Sigma-Aldrich (USA) 648466
NaCl Thermo Fisher Scientific (USA) AM9759
Potassium acetate (CH;COOK) Thermo Fisher Scientific (USA) J60832.AK

Guanidine hydrochloride (GuHCI)

Sigma-Aldrich (USA)

50937-100ML

Silica RNA cleanup columns NEB (USA) T2050L
AKTA Pure 25 Cytiva (Sweden) -
UNICORN software Cytiva (Sweden) v7.8

10 mL sample loop Cytiva (Sweden) -
Purexa OdT Maxi membrane column, 2 mL, 0.5 pm Donaldson (USA) -
DNAPac PA200 column (50 mm X 2.1 mm) Thermo Fisher Scientific (USA) -
DNAPac RP column (2.1 mm 1.D.) Thermo Fisher Scientific (USA) -
UltiMate 3000 HPLC Thermo Fisher Scientific (USA) -
Chromeleon software Thermo Fisher Scientific (USA) v7.2.10
Fragment analyzer 5200 Agilent (USA) -
DNF-471 RNA Kit (15 nt) Agilent (USA) -

FA 12-capillary array short, 33 cm Agilent (USA) -
ProSize software Agilent (USA) -
RNase T1 Thermo Fisher Scientific (USA) ENO0542
SMART Digest Bulk Magnetic RNase U2 Kit Thermo Fisher Scientific (USA) -
Triethylammonium acetate Sigma-Aldrich (USA) -
Vanquish UHPLC Thermo Fisher Scientific (USA) -
Orbitrap Exploris 240 Thermo Fisher Scientific (USA) -
ACQUITY premier oligonucleotide C18 (2.1 x 100 mm, 1.7 pm, 130 A) Waters -
Dibutylamine (DBA) Laboratory stock -
HFIP Laboratory stock -
Lumit dsRNA detection assay Promega W2041

THP-1 cells

Laboratory stock

RPMI-1640

Laboratory stock

FCS (heat-inactivated)

Laboratory stock

TransIT-mRNA transfection reagent

Mirus Bio (USA)

TransIT-mRNA boost reagent

Mirus Bio (USA)

Opti-MEM

Thermo Fisher Scientific (USA)

(Continued on next page)
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Table 2. Continued

Reagent or Resource

Source

Identifier

LIVE/DEAD fixable violet dead cell stain

Thermo Fisher Scientific (USA) -

Cytek Aurora 5-laser spectral flow cytometer

Cytek Biosciences (USA) -

FCS Express

De Novo Software (USA) -

BD CBA cytokine kits (IFN-a, IL-1f, CCL5, CCL3, CXCL10, CXCL8)

BD Biosciences (USA)

560379, 558279, 558324, 558325, 558280, 558277

BD CBA Master Buffer Kit BD Biosciences (USA) 558265
IFN-p ELISA R&D Systems (USA) DY814-05
Tecan Infinite M200 plate reader Tecan -
GraphPad Prism GraphPad v10

R R Core Team v4.5.0

R packages: tidyverse, MSnbase, xcms, mzR, pracma, etc. CRAN/Bioconductor -

In vitro transcription

RNA transcripts were synthesized by IVT using a linear DNA tem-
plate with a sequence described in Supplemental Information under
“Template DNA sequences.” The IVT mixture contained T7 RNA
polymerase (Roche, Germany), ribonucleoside triphosphates (ATP,
CTP, GTP, UTP; Roche, Germany), and the co-transcriptional 5’
cap analog CleanCap AG (TriLink, USA). Reactions were supple-
mented with magnesium chloride, Tris-HCI (pH 7.0), dithiothreitol
(DTT) (all from Thermo Fisher Scientific, USA), spermidine (Sigma-
Aldrich, USA), Triton X-100 (Sigma-Aldrich, USA) and, where
indicated, with sodium chloride (NaCl; Thermo Fisher Scientific,
USA) or potassium acetate (CH;COOK; Thermo Fisher Scientific,
USA) and guanidine hydrochloride (GuHCI; Sigma-Aldrich, USA).
Inorganic pyrophosphatase (Roche, Germany) was added to hydro-
lyze PPi released during transcription and prevent magnesium pyro-
phosphate precipitation. RNase inhibitor (Roche, Germany) was
included to maintain an RNase-free environment. Reactions were
incubated at 37 °C for 1.5 h (NaCl-based) or 0.41 h (CH;COOK-
based). These durations were empirically selected process operating
points rather than matched kinetic endpoints. For yield quantifica-
tion following IVT, aliquots of crude IVT were cleaned up by
solid-phase extraction on silica columns (NEB, USA) following the
manufacturer’s protocol to remove UV-interfering reagents and
quantified by UV absorbance at 260 nm using a NanoDrop One®
spectrophotometer (Thermo Fisher Scientific, USA), normalized to
a 1.0 cm path length. The complete compositions for the standard
and integrated IVT-oligo-dT recycling processes are listed in
Table S1. All main reactions were performed on an 8 mL scale.

Oligo-dT affinity chromatography

All oligo-dT affinity chromatography procedures were performed
using an AKTA Pure 25 system (Cytiva, Sweden) equipped with
dual binary pumps and four inlet valves (Al, A2, Bl, and B2) to
enable buffer selection. Absorbance was monitored at 260 nm
using an integrated multi-wavelength UV detector, and conductivity
was recorded in line to track salt concentration. Samples were
injected using a 10 mL sample loop (Cytiva, Sweden). Method
programming, system operation, and data analysis were performed
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using UNICORN software v7.8 (Cytiva, Sweden). A 2 mL Purexa
OdT Maxi membrane column (0.5 pm pore size; Donaldson, USA)
was used for oligo-dT affinity capture. The purification protocol
comprised column equilibration, sample loading, washing, elution,
and cleaning-in-place (CIP). The column was equilibrated with 10
column volumes (CV) of equilibration buffer, after which 8 mL of
IVT reaction mixture was loaded under the same buffer conditions
to promote poly(A)-oligo-dT hybridization. A wash step (10 CV)
was performed to remove unbound and loosely bound components.
Flowthrough fractions generated during loading and washing were
monitored at 260 nm (typically 50-100 mAU) and collected in
96-deep-well plates (1 mL per fraction). These fractions (total ~
8 mL) were pooled and reused as the reaction matrix for subsequent
IVT runs after supplementation with predefined NTP and MgCl,
additions. Flowthrough supplementation was performed using the
predefined NTP and MgCl, additions specified for each subsequent
IVT cycle in Table S2. Supplementation was not adjusted using cycle-
specific measurements of residual NTP or Mg**; therefore, true
cycle-start concentrations were unknown. The fixed additions were
predefined and were not calculated from cycle-specific RNA yield
or a product-based mass balance. Template DNA was supplemented
before cycles 2-5 at 50% of the cycle 1 input (200 pg per cycle),
resulting in a cumulative template-DNA input of 1,200 pg across
five cycles. Template supplementation was predefined and was
not adjusted using cycle-specific measurements of residual DNA
in the recycled flowthrough. CleanCap AG was not included in the
between-cycle supplementation. It was charged only in cycle 1 at
2.5 mM (20 pmol), while cycles 2-5 used residual cap analog carried
forward in the pooled flowthrough. Bound mRNA was eluted
isocratically using nuclease-free water (10 CV), and the column
was regenerated by CIP with 0.1 M NaOH (10 CV). Buffer compo-
sitions for the standard oligo-dT and integrated IVT-oligo-dT
methods are provided in Table S3.

Quantification of unincorporated NTPs and 5 cap analog with
AEX-HPLC

The concentrations of the 5" cap analog in the flowthrough and
residual NTP contaminants in the elution from oligo-dT



www.moleculartherapy.org

chromatography were quantified using anion-exchange (AEX)
HPLC on a U3000 system equipped with a DNAPac PA200 col-
umn (50 mm x 2.1 mm L.D.; Thermo Fisher Scientific, USA).
The analysis followed the protocol of Welbourne et al.”> Chrome-
leon software version 7.2.10 (Thermo Fisher Scientific, USA) was
used to integrate peak areas and quantify against calibration
curves for each NTP and the 5’ cap analog.

Quantification of RNA integrity with CGE

CGE measured RNA integrity (% full-length transcripts) of oligo-dT
purified samples on a 5200 Fragment Analyzer System (Agilent,
USA), which separates and detects RNA fragments based on size.
The method employed the DNF-471 RNA Kit (15 nt) (Agilent,
USA), which consists of an RNA separation gel, dsDNA inlet buffer,
TE rinse buffer, intercalating dye, RNA diluent marker (15 nt), RNA
ladder (200-6,000 nt), and capillary conditioning solution. An FA
12-Capillary Array Short, 33 cm (Agilent, USA), was used for the
separations. Purified mRNA samples were diluted in nuclease-free
water to ~50 ng/uL and further diluted 1:12.5 in RNA diluent
marker to a final concentration of ~4 ng/uL. Before each run, a
pre-run voltage (8 kV for 30 s) was applied, and the capillaries
were conditioned with the conditioning solution and dipped twice
in the rinse buffer. The capillaries were then filled with RNA separa-
tion gel (by pressure), and the sample was introduced by voltage
injection (5 kV for 4 s). Separation was performed at 8 kV for
45 min. Detection was achieved by laser-induced fluorescence using
a fluorescent dye incorporated into the separation gel. Data were
analyzed with Agilent ProSize Data Analysis Software.

Quantification of 5' capping efficiency with LC-MS

RNase digestion was performed on 25 pg RNA employing 60 U
RNase T1 (Thermo Fisher Scientific) in 0.1 M triethylammonium
acetate (Sigma-Aldrich) at 37 °C overnight to generate 5 cap and
poly(A) fragments. Before LC-MS, 10 mM EDTA (pH 8, adjusted
with ammonium hydroxide) was added to minimize sodium ad-
ducts. Ion-pair reversed-phase (IP-RP) HPLC-UV-MS was carried
out on a Vanquish UHPLC coupled to an Orbitrap Exploris 240
mass spectrometer (Thermo Fisher Scientific) using a Waters
ACQUITY Premier Oligonucleotide C18 Column (130 A 1.7 pm,
2.1 x 100 mm) (Waters). Mobile phases comprised 10 mM dibutyl-
amine (DBA) + 50 mM hexafluoro-2-propanol (HFIP) in water
(A) and in 50% acetonitrile (B). Separations were performed at 50
°C with UV detection at 260 nm, starting with 5% B for 1 min, fol-
lowed by a ramp to 35% B over 60 min. MS data were acquired in
negative-ion mode (HESI source, 2.5 kV; sheath gas 35; aux gas 10;
ion-transfer 320°C; vaporizer 350°C). MSI1 scans (430-1,350 m/z,
120 k resolution) were followed by data-dependent HCD MS2
(150-1,500 m/z, 30 k resolution, 3 m/z isolation window). Capping
efficiency was quantified using a custom R Shiny application and
calculated based on Equation 1. Raw LC-MS data were converted
to .mzML and processed with MSnbase to extract ion chromato-
grams (EICs) for user-defined capped and uncapped species. Reten-
tion-time ranges (+30 s default) were interactively selected in plotly
plots, and peak areas integrated by trapezoidal rule (pracma), with

optional MS2 confirmation of singly charged ions.

Z AUCcapped

x 100
Z AUCcapped+ Z AUCuncapped

Capping efficiency =
(Equation 1)

where
AUC_appeq = integrated area under the EIC of the capped species

AUCpcapped = integrated area under the EIC of the uncapped species

Quantification of poly(A) heterogeneity with LC-MS

Poly(A) tail fragments were analyzed by IP-RP HPLC-UV-MS on
a Vanquish UHPLC coupled to an Orbitrap Exploris 240 mass
spectrometer (Thermo Fisher Scientific). The gradient was initiated
at 35% B, increased linearly to 40% B over 1 min, and then to 50% B
over 30 min at a flow rate of 0.25 mL min™'. MS acquisition was
performed using the intact protein method in low-pressure mode
with a resolving power of 240,000, a scan range of 750-1,500
m/z, an RF lens of 75%, and a normalized AGC target of 100%.
Maximum injection mode was set to custom with a 300 ms injec-
tion time, and five microscans were recorded in negative-ion
mode. Poly(A) heterogeneity was quantified using a custom R
Shiny application implementing the AWDI. Monoisotopic masses
were matched to theoretical poly(A) monoisotopic masses at
nucleotide resolution to determine tail lengths, and AWDI was
computed by weighting squared deviations from the expected
poly(A) tail mass by each species’ relative abundance, yielding a
single metric of heterogeneity. The expected mass is calculated
from the poly(A)-tail length encoded in the template DNA. Reten-
tion-time, mass, and abundance filters were applied to suppress
noise and improve quantitation.

n 2
AWDI = Zwi <¥>
0

i=1

(Equation 2)
where

m; = observed monoisotopic mass of the i poly(A) species

mo = monoisotopic mass of the expected full-length poly(A) tail

w; = fractional abundance of the i species

n = number of fragments after filtering

Quantification of RNA sequence identity with LC-MS

RNA sequence identity was analyzed with LC-MS following a previ-
ously described protocol.” Briefly, RNase T1 digests were performed
on an automated platform (KingFisher Duo Prime, Thermo Fisher
Scientific; BindIt software v4.0) using RNase T1 immobilized on
magnetic beads. A 96-deep-well plate was prepared with 50 pL
SMART Digest buffer containing RNA (row A) and 50 pL SMART
Digest buffer with RNase-coated beads (row G). The instrument
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transferred beads to row A and digested at 37 °C for 10 min (eGFP),
with bead resuspension maintained by repeated magnetic-comb
insertion at “Fast” mixing speed. Digests were analyzed by IP-RP
HPLC-MS on a Vanquish UHPLC coupled to an Orbitrap Exploris
240 (Thermo Fisher Scientific) with a DNAPac RP column
(2.1 mm L.D.). Chromatographic and MS parameters followed the
referenced protocol unless noted earlier.

Quantification of dsRNA with Lumit bioluminescent
immunoassay

dsRNA impurities were quantified using the Lumit dsSRNA Detection
Assay (Promega, Cat. W2041), according to the manufacturer’s
instructions with minor modifications. The assay is based on
NanoLuc Binary Technology (NanoBiT), in which dsRNA-binding
domains fused to complementary luciferase fragments (LgBiT and
SmBIT) reconstitute an active enzyme upon dsRNA binding, gener-
ating luminescence proportional to dsRNA concentration. The assay
buffer was freshly prepared before each run. A dsRNA standard
curve (0-2.5 ng mL™") was generated by 2-fold serial dilution in assay
buffer and included in triplicate on each plate. DNase-treated, oligo-
dT-purified mRNA samples were diluted to 20-200 ng mL™" total
RNA (or 200-2,000 ng mL™" for NaCl-buffer samples). Fifty micro-
liters of each standard or sample were dispensed into black 96-well
plates, followed by 50 pL of freshly prepared sensor reagent (Lumit
dsRNA Sensor-SmBiT and Sensor-LgBiT diluted in assay buffer).
Plates were shaken at 300 rpm for 1 min, incubated at 21°C for
60 min, and then supplemented with 25 pL of Lumit Detection
Substrate per well. Luminescence was recorded after 15 min using
a plate reader in luminescence detection mode. Raw relative light
unit (RLU) values were background-corrected using the 0 ng mL!
standard. Standard curves were fitted in GraphPad Prism using
linear regression (log-log scaling for visualization), and dsRNA
concentrations were interpolated and adjusted for sample dilution.
Results were reported both as % dsRNA relative to total RNA mass
and as pg dsRNA per pg mRNA.

Protein and cytokine expression analysis

Cell culture

THP-1 cells were cultured as a suspension. Cells were seeded at a
density of 0.2 x 10° cells/mL in RPMI-1640 medium supplemented
with 10% (v/v) heat-inactivated fetal calf serum (FCS), 2 mM
L-glutamine, 100 IU/mL penicillin, and 100 pg/mL streptomycin
and incubated at 37°C in a humidified atmosphere of 5% CO..
Cell medium was replaced, and cell density was maintained every
2-3 days to achieve optimal growth.

Cell culture, mRNA transfection, and flow cytometric analysis

For transfection experiments, THP-1 cells were seeded at 0.5 X 10°
cells per mL (1 mL per well) in 12-well plates (Corning Costar,
USA). TransIT-mRNA Transfection Reagent (Mirus Bio, USA)
was used according to the manufacturer’s protocol. Briefly, 1 pg of
e¢GFP mRNA was diluted in 100 pL Opti-MEM (Thermo Fisher Sci-
entific, USA), mixed with 2 pL TransIT-mRNA Reagent and 2 pL
TransIT-mRNA Boost Reagent. After a 5-min incubation at room
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temperature, the transfection mix was added dropwise to the cells,
which were then incubated for 24 h at 37°C, 5% CO,. After incuba-
tion, each cell suspension was transferred to a 1.5 mL microcentri-
fuge tube and centrifuged at 5,000 x g for 5 min. The cell culture
supernatant was collected and stored at —20°C for subsequent
cytokine bead array (CBA) and IFN-f ELISA analyses. Cell pellets
were resuspended in 0.5 mL of 0.1% bovine serum albumin (BSA)
in phosphate-buffered saline (PBS) and stained with 0.5 pL LIVE/
DEAD Fixable Violet Dead Cell Stain (Thermo Fisher Scientific,
USA) for 20 min at 4°C, protected from light. Staining was stopped
by the addition of 1 mL 0.1% BSA in PBS, followed by centrifugation
at 5,000 x g for 5 min. Pellets were resuspended in 200 pL of 2%
paraformaldehyde (PFA) in PBS to fix the cells, transferred to a
96-well plate, and stored at 4°C until flow cytometric analysis. Trans-
fection efficiency was quantified by assessing intracellular eGFP
(excitation at 488 nm, emission peak at 511 nm) using a Cytek
Aurora 5-laser spectral flow cytometer (Cytek Biosciences, Califor-
nia, USA) and analyzed with FCS Express software (De Novo Soft-
ware, California, USA). Only events corresponding to live cells
(i.e., cells that were not stained violet with the viability LIVE/
DEAD dye) were included for subsequent analysis of eGFP-positive
cells for transfection efficiency calculations. All settings and gating
strategies were standardized across experiments.

Cytokine release analysis

THP-1 cell-conditioned medium was analyzed for cytokine release
using Cytometric Bead Array (CBA) (BD Biosciences, USA). The
following cytokines were assessed: IFN-a (catalog no. 560379), IL-1p
(catalog no. 558279), CCL5 (catalog no. 558324), CCL3 (catalog no.
558325), CXCL10 (catalog no. 558280), and CXCL8 (catalog no.
558277). Reagents and buffers were prepared using the BD CBA
Human Soluble Protein Master Buffer Kit (catalog no. 558265)
according to the manufacturer’s instructions. The concentration of
IFN-p in conditioned media was evaluated by ELISA (R&D Systems,
Minnesota, USA; catalog no. DY814-05). Spectrophotometric read-
ings were taken at 450 nm with a 570 nm correction filter using a
Tecan Infinite M200 plate reader coupled with Magellan software.

Statistical analysis, reproducibility, and data visualization

Unless stated otherwise, all results are reported as mean + SD from
n = 3 independent IVT-oligo-dT recycling experiments, each
comprising five sequential IVT-oligo-dT cycles. Analytical assays
(LC-MS, CGE, AEX-HPLC, dsRNA quantification, and cytokine
measurements) were performed on at least three independent
samples, yielding consistent results. No data were excluded. Statis-
tical analyses combined parametric and nonparametric approaches
to summarize central tendency, assess cycle-to-cycle stability, and
compare cumulative yields between conditions. Welch’s ¢ tests
were used to compare mean yields between buffers, with 95%
confidence intervals reported for the difference in means (A).
Kruskal-Wallis tests were used to assess cycle effects within each
buffer (e.g., yield, capping, dsSRNA, and eGFP expression). Because
the five sequential cycles of each experiment are combined to
represent the cumulative five-cycle product, quality attributes of
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the pooled product (5 capping efficiency, dsRNA content,
and eGFP expression) were calculated for each campaign as the
yield-weighted mean across cycles and compared with the standard
process by two-sided Welch’s ¢ tests, with 95% confidence inter-
vals reported for the difference in means (A). The independent
experimental unit for these comparisons is the campaign (n = 3),
not the individual cycle. For post-hoc cycle-pair comparisons,
Benjamini-Hochberg adjustment was applied separately within
each buffer-endpoint family. Cytokine measurements for the
NaCl- and CH3;COOK-derived sample sets were acquired sepa-
rately, and log, fold changes for each sample set were calculated
relative to the arithmetic mean of the standard-process measure-
ments associated with it. Because each fold change is referenced
to an estimated control mean specific to its sample set, the cytokine
comparisons are reported descriptively based on directional repro-
ducibility across the three independent experiments, and no signif-
icance testing was applied.

Data processing and figure generation were performed in R (version
4.5.0; R Core Team, Vienna, Austria) using the packages tidyverse,
ggplot2, dplyr, cowplot, patchwork, reshape2, readxl, openxlsx,
shiny, DT, MSnbase, xcms, mzR, ggpubr, pheatmap, and rstatix,
together with base stats, stringr, and tidyr for data manipulation
and statistical testing. Figures were rendered in ggplot2 and assem-
bled with cowplot and patchwork.

DATA AND CODE AVAILABILITY

All data supporting the findings of this study are provided in the article, supplemental
information, and Table S5. Analysis scripts used for KPI and CQA visualization and sta-
tistical testing are available at https://github.com/Adnair-94/RNA-CQA-Analysis.
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