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mRNA is produced by in vitro transcription reaction, which
also leads to formation of immuno-stimulatory impurities,
such as double-stranded RNA (dsRNA). dsRNA leads to activa-
tion of innate immune response linked to inhibition of protein
synthesis. Its removal from mRNA preparations increases effi-
ciency of protein translation. Previous studies identified ion-
pair reverse-phase high-performance liquid chromatography
as a highly efficient approach for dsRNA removal. Here, we pre-
sent a comprehensive study of IP-RP LC purification on mono-
lith chromatographic supports for mRNA polishing, demon-
strating its ability to remove dsRNA, as well as hybridized
RNA fragments and residual DNA template, which are not fully
removed by mRNA capture methods. We develop step elution
methodology, including at microgram scale with novel spin col-
umns operated by centrifugation. We demonstrate SDVB effi-
ciency across a range of molecular sizes and explore the neces-
sity for temperature control for effective dsRNA removal from
self-amplifying RNA. SDVB-purified mRNA and saRNA
showed significantly increased transgene expression in cell-
based assays and reduced the activation of cell autonomous
innate immunity in A549 at early time points. Our findings
highlight the importance of IP-RP purification for high-quality
mRNA production, while simplifying the technological re-
quirements for its adoption in clinical mRNA and saRNA
manufacturing processes.

INTRODUCTION
Increased interest in mRNA as a therapeutic modality stems from its
ability to deliver the genetic information of almost any protein in vitro
or in vivo, a tractable production process and promising preclinical
and clinical outcomes in areas ranging from vaccines, cancer immu-
notherapies, protein replacement therapies, regenerative medicine,
and cellular reprogramming.1 Although new production paradigms
are emerging (e.g., mRNA production in yeast2 or E. coli3), mRNA
for clinical use is still exclusively produced by in vitro transcription
(IVT) reaction: an RNA polymerase-catalyzed polycondensation of
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NTPs guided by linearized plasmid DNA (pDNA) templates. The
production process is relatively short (2–3 days) compared with tradi-
tional vaccines (several weeks) and yields between 5 and 15 g/L can
easily be obtained.4

Phage RNA polymerases, such as T7 RNA polymerase, transcribe the
RNA with high fidelity from a linearized pDNA template containing
the corresponding promoter; however, multiple impurities are known
to form, including short abortive RNA fragments, double-stranded
RNA (dsRNA), and full-length anti-sense RNA.5 Once transfected
into cells, these impurities mimic molecular patterns associated
with viral infection triggering an innate immune response, and sub-
sequent protein translation inhibition leads to decreased efficacy of
mRNA therapies.6,7 Therefore, for efficacious and safe mRNA thera-
pies, it is important to eliminate immuno-stimulatory impurities by
ensuring high RNA purity by optimized production processes.

Due to their high physicochemical similarity to single-stranded RNA
(ssRNA) like mRNA, dsRNA impurities are not efficiently removed
by standard purification methods, including LiCl or alcohol-based
precipitation,8 size exclusion,9 and affinity chromatography on Oligo
dT column,10 which are not able to distinguish between ssRNA and
dsRNA (reviewed in Rosa et al.4). Anion-exchange (AEX) chroma-
tography for RNA purification has been limited to relatively short se-
quences (<500 nt).8,11 Preparative denaturing polyacrylamide gel
electrophoresis (PAGE) is commonly used to purify in vitro–tran-
scribed RNA.12 However, this method is only suitable for short
RNAs at small (mg) purification scales, since long RNAs are left un-
translatable due to covalent modifications introduced by the denatur-
ants glyoxal and formaldehyde.13 Multimodal chromatography (e.g.,
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AEX-hydrogen bonding) achieves partial dsRNA separation from
ssRNA, but seems to be limited to short dsRNAs, which are not bound
to parent ssRNA.14,15 Removal of dsRNA and recovery rates with cel-
lulose chromatography are high (65% and 85%, respectively) at rela-
tively low cost, but challenges in scalability and lot-to-lot reproduc-
ibility remain: cellulose chromatography columns are practically
challenging to prepare16; and cellulose particles have been found in
mRNA elution fractions, requiring additional filtration steps for
removal.16 RNAse III digestion can be used to digest dsRNA frag-
ments,17 at the cost of introducing an additional enzyme and conse-
quent RNase III-removal purification step but with similar efficacy in-
crease reported as for HPLC purification.18 RNAse III selectivity for
dsRNA over secondary ssRNA structures has not yet been thoroughly
investigated, potentially posing challenges with RNA sequences with
highly structured sections, such as self-amplifying RNA (saRNA). Sil-
ica mesoporous particles showed promise in dsRNA removal but are
not commercially available, and further research is required to opti-
mize specificity and recovery and minimize potential interference
from contaminants.19

To date, the most effective way to eliminate dsRNA contaminants from
long IVT mRNAs is ion-pair reverse-phase high-performance liquid
chromatography (IP-RPHPLC),16,19–21 which approximately separates
according tomolecular size, based on RNAhydrophobicity. In the sem-
inal study, removal of dsRNA by IP-RP HPLC from nucleoside-modi-
fied mRNA reduced induction of interferons (IFN) and inflammatory
cytokines, and translation occurred at much greater levels in primary
cells compared with unpurified mRNA.19 IP-RP HPLC can be per-
formed under non-denaturing conditions (room temperature), partly
denaturing, or fully denaturing conditions (60�C and higher; 75�C
was shown to fully denature dsRNA into ssRNA).20,22 Furthermore,
IP-RP HPLC eliminates contaminating RNases.23

We were intrigued by the potential of IP-RP chromatography to pro-
duce mRNAwith improved purity, which did not trigger an innate im-
mune response andwewished to address the issues identified byKarikó
et al.19 as limiting factors: scalability, recovery, and the use of acetoni-
trile (ACN). Other reports agreed that IP-RP is time-consuming, re-
sults in recoveries of eluted fragments as low as 50%, and that ACN
toxicity could preclude its use in clinical manufacturing.7

Previously reported IP-RP mRNA work was performed with non-
porous particle chromatographic supports, which may have contrib-
uted to the limitations observed in (1) scalability, since extremely low
porosity of the material generates high back-pressures for chromato-
graphic experiments, reducing working flow rates or requiring
extremely high pressures for operation which are not practical at pilot
or production scales; and (2) recovery, due to low binding capacity
resulting from relatively low surface area available for binding of
analytes.24,25

CIM monolith chromatography media was designed with highly in-
terconnected networks of large channels (2–6 mm) without dead-
end pores, enabling convective mass transport of analytes, resulting
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in capacity and resolution that are not compromised by the slow
diffusion constants of large mRNA. Multiple publications reported
high recovery of mRNA purifications with monolith chromato-
graphic supports where porous particle media either showed low re-
covery (anion exchange/multimodal chromatography14,15) or flow-
rate dependent loss of binding capacity.26 Hence, we postulated
that use of monoliths could alleviate the recovery, scalability, and
speed constraints of IP-RP identified by others,16,19,27 and we set
out to build on proof-of-concept studies by Gagnon who demon-
strated separation of DNA, dsRNA, and ssRNA synthetic standards
by size on poly(styrene-co-divinylbenzene) (SDVB) monoliths.28

We wished to explore the versatility of available SDVB monolith for-
mats, from chromatographic skid-operated large-scale columns to
centrifuge-operated spin columns. Our goal was to facilitate the effi-
cient removal of immunogenic RNA contaminants for both large-
scale (multi-mg) and small-scale (mg) mRNA preparations, as well
as related modalities, including significantly longer sequences such
as saRNA. We also examined the subsequent impact of this purifica-
tion on transgene expression, viability and interferon response.

RESULTS
Ion-pair reverse-phase chromatographic purification of mRNA

in linear ascending ACN gradient

Optimization ofmRNApolishing by IP-RP chromatography was based
on previously published analytical separation on SDVB monolith28,29

and preceding studies on particle-based chromatography.21 Initially,
we screened the effect of ion pairing reagent triethylammonium acetate
(TEAA) concentration on dynamic binding capacity (DBC10), of SDVB
for mRNA. The inflexion point of the curve was 50mM, resulting in an
optimal ratio between binding capacity and reagent consumption (Fig-
ure S1); further increase in TEAA to 100–300 mM resulted in compar-
atively small further increase in DBC10 (10%–40%), therefore we pro-
ceeded with 50 mM in all subsequent studies. DBC did not vary
between flow rates of 0.5–5 CV/min, confirming that DBC of IP-RP
chromatography on SDVB monolith is flow-rate independent (Fig-
ure S2). Following previous IP-RP publications,23 7.5% ACN was
used for loading to enable retention of the mRNA. A shallow gradient
(95 CV) to 18% ACN resulted in a broad elution peak spanning �40
CV (elution completed at 13%ACN), after which the columnwas strip-
ped in 18% ACN and sanitized with 75% ACN (Figure 1A).

Fragment Analyzer identified short RNA sequences (200–800 nt),
significantly below the targetmolecular weight of eGFPmRNA, in frac-
tion 1 eluting at approximately 9.3%ACN (17%MPB; Figure 1B). Frac-
tion 2 contained lower molecular weight RNA sequences as well as full-
length mRNA. The first two elution fractions were positive on J2 dot
blot (Figure 1C), indicating the presence of dsRNA. Full-length
mRNA, which was J2-negative, eluted in fractions 3–11. Strip fraction,
which represented <1% of total peak area, exhibited a strong J2
response, suggesting a high relative abundance of dsRNA sequences
or longer dsRNA stretches (e.g., 30 extended transcripts; Figure 1C).

To establish whether short RNA fragments in early SDVB elution
were IVT-derived, we prepared ARCA-capped eGFP mRNA, which



Figure 1. Ion-pair reverse-phase polishing of mRNA on CIMmultus SDVB with linear gradient removes dsRNA and truncated RNA

(A) A mass of 0.5 mg of Oligo dT pre-purified mRNA (eGFP) was loaded onto 1 mL CIMmultus SDVB column at room temperature and eluted in linear gradient from 7.5% to

18% ACN over 95 CV at 1 CV/min. (B) Fragment Analyzer electropherograms of selected fractions show lower molecular weight (MW) impurities eluting in fractions 1 and 2,

with higher MW impurities observable in fractions 5–7 and significant in fraction 11. LM: Low molecular weight marker. (C) Elution fractions were analyzed on J2 dot blot,

which confirmed the presence of dsRNA sub-populations in fractions 1, 2, 12, and strip.
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was first purified with Oligo dT and then subjected to the same elution
gradient on SDVB, with the ascending part of the elution peak (up to
10.5% ACN) fractionated in 0.5 CV intervals (data not shown). All
collected fractions were analyzed for molecular size, 50 capping using
a capping efficiency assay, and presence of polyA tail using an analyt-
ical CIMac Oligo dT assay (Figure 2). Consistent with the initial
experiment on uncapped mRNA, early elution (fractions 1–6) con-
tained RNA sequences of 200–750 nt length with no detectable full-
length mRNA (Figure 2A); these fractions were 75%–85% capped
(Figure 2B), but only 20%–25% bound to CIMac Oligo dT, indicating
that the majority lacks polyA tail and that they likely originate from
premature termination during the transcription process (Figure 2C:
elution). Mid-elution (fractions 7–15) contained an increasing per-
centage of full-length mRNA signal and increasing binding to CIMac
Oligo dT column alongside lower molecular weight (MW) impurities,
while capping was still >75%. Full-length mRNA signal continued to
increase in main elution (fractions 16–21), which predominantly con-
tained higher MW impurities (fraction 19 had 87% mRNA in Oligo
dT elution). Overall, analytical Oligo dT column recovered 85% of
the starting material (SDVB Load), suggesting that at least this
amount of IVT product contained intact polyA tail (Figures 2C and
S3). To verify if SDVB purification leads to fragmentation of
mRNA, we reinjected the main, fragment-free SDVB elution peak,
following an identical purification SDVB protocol. Elution fractions,
including the earliest UV signal increase, contained no detectable
fragments or J2 dot blot signal (Figure S4). Linear gradient
experiments thus demonstrated that mRNA devoid of fragments
and dsRNA can be obtained with >76% recovery at room
temperature.

IP-RP mRNA purification with step elution

Linear gradient elution strategy requires fractionation and purity
analysis before fraction pooling, which can slow production processes
due to the need for in-process analytical gating. We therefore inves-
tigated a step elution strategy for IP-RP purification of mRNA to
speed up and simplify in-process control (IPC) analytics and avoid
the need for pooling decisions.

Increased mRNA mass loading on SDVB led to earlier onset of
elution (increasing loading from 50 mg to 150 mg, ACN required
for mRNA elution decreased from 11.4% to 9.4%; Figure S5). We
therefore optimized mRNA step elution protocol at room tempera-
ture based on estimates of ACN concentration for desired peak
elution from the linear gradient experiment, at a constant load chal-
lenge (0.6 mg/mL or �86% DBC), on 0.2-mL and 1-mL columns
(Figure 3A). Experiments on an 8-mL CIMmultus SDVB column
performed under the same conditions resulted in a consistent recov-
ery of >85% (Figure 3B): material was loaded in 7.5% ACN
(0% MPB), washed with 8.5% ACN (10% MPB), and eluted with
11.7% ACN (40% MPB), followed by a final strip with 18% ACN
(100% MPB). Consistent with the analysis of linear gradient elution
fractions, the wash step (fraction 1) exhibited truncated RNA se-
quences on Fragment Analyzer, and a weak J2 dot blot signal, indi-
cating the presence of short RNA chains containing dsRNA struc-
tures. The elution step contained the desired MW peak as the
major product, with short dsRNA impurities below the detection
limit of respective analytical methods (fractions 2 and 3). The strip
step resulted in a peak with lower UV intensity, containing higher
MW species (>2000 nt) and a very strong J2 dot blot signal, suggest-
ing that these likely correspond to incompletely denatured multi-
meric eGFP species, or 30 extended transcripts (although at room
temperature the possibility of mRNA multimers cannot be
excluded).

This step method was then translated to larger column volume
(80 mL CIMmultus SDVB column, Figure 3C). Minor modification
of steps was required for scale-up with an additional 9.6% ACN
wash step (20% MPB), and process recovery was 69%. Variation is
Molecular Therapy: Nucleic Acids Vol. 36 June 2025 3
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Figure 2. Analytical characterization of RNA fractions collected from SDVB linear gradient purification

A mass of 0.5 mg of ARCA-capped mRNA eGFP, pre-purified with CIM Oligo dT, was loaded onto CIM SDVB column at room temperature and eluted in a linear gradient

(from 7.5% to 18% ACN over 95 CV) at 1 CV/min. The first 10 mL of elution peak was collected in 20 fractions (1-20), and the remaining 30 mL was collected as one fraction

(21). (A) Fragment Analyzer results show RNA size distribution in fractionated elution peak. LM: molecular weight marker. (B) Capping efficiency analysis of selected elution

fractions. (C) CIMac Oligo dT chromatographic analysis indicates % polyadenylation of elution fractions. Relative amounts of unbound, non-specifically bound, and bound

RNA are presented in the bar chart, from integration of CIMac Oligo dT flow-through (FT), wash (W), and elution (E) peaks, respectively.

Molecular Therapy: Nucleic Acids
likely due to minor differences in chromatographic equipment spec-
ifications, mobile phase batch-to-batch variability, or CIP strategy
applied at 80-mL scale (NaOH-based CIP procedure was applied to
80-mL column as opposed to 75%ACN to reduce ACN consumption,
see materials and methods). Elution fraction purity remained consis-
tent at this scale: wash (fraction 1) and strip exhibited a positive J2 dot
blot signal, while elution (fractions 3 and 4) did not (Figure 3C iii).
Residual pDNA template was identified in the early and strip frac-
tions, but not in elution fraction, by agarose gel electrophoresis
(AGE) (Figure 3C iv) and CIMac pDNA residual template quantifica-
tion (Figure 3C v). pDNA detected in early SDVB fractions had the
predicted molecular size by AGE but did not migrate with electropho-
retic mobility of linearized pDNA standard on native PAGE, while the
pDNA from strip fraction did (Figure S6). DNA electrophoretic
bands were absent in SDVB step elution fractions of mRNA that
had been treated with DNase I prior to IP-RP separation (Figure S7).
In absence of DNase I digestion, proteinase K treatment did not affect
4 Molecular Therapy: Nucleic Acids Vol. 36 June 2025
the amount of residual pDNA template in Oligo dT elution
(Figure S8).
Downscaling of the mRNA purification for laboratory

applications using spin columns

With verified step elution conditions, it is possible to perform pu-
rification without online UV absorbance measurements and, by
inference, without chromatographic equipment. Spin columns,
widely used in kit format for isolation of pDNA and mRNA
from crude mixtures at laboratory scale, could in principle also
be used to remove dsRNA. We tested step elution conditions opti-
mized for eGFP mRNA construct on prototype CIM SDVB spin
columns (0.1 mL bed volume) using a benchtop centrifuge.
Satisfyingly, applying identical mobile phase compositions to
centrifuge-operated spin columns resulted in a purity profile high-
ly comparable to purifications executed on chromatography



Figure 3. Ion-pair reverse-phase polishing of mRNA with CIMmultus SDVB operated with step elution removes dsRNA, truncated RNA, and residual pDNA

template at least to 80-mL column scale

Purification of (A.i) 0.6 mg and (B.i) 4.8 mg of Oligo dT-prepurified mRNA eGFP on 1 mL and 8 mL CIMmultus SDVB column, respectively, at room temperature and at

1 CV/min. Step elutions of 8.5% ACN, 11.7% ACN, and 18% ACN were applied. (A.ii and B.ii) Fragment Analyzer results of corresponding fractions. (A.iii and B.iii) J2 dot blot

confirmed clearance of truncated sequences and dsRNA species in main mRNA fractions (“2”). (C.i) Scale-up preparative chromatogram of Oligo dT-prepurified mRNA

(48 mg) on 80mL CIMmultus SDVB column at room temperature and at 2 CV/min operated with Hipersep Flowdrive Pilot HPLC chromatography system. Step elutions were

fractionated in five fractions (1–4 and strip). (C.ii) Fragment Analyzer and (C.iii) J2 dot blot analytics of collected fractions. (C.iv) AGE residual DNA template analysis and (C.v)

CIMac pDNA quantification of residual DNA template in collected fractions.

www.moleculartherapy.org
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Figure 4. mRNA polishing to remove dsRNA performed with CIM SDVB spin (0.1 mL) column in a benchtop centrifuge

(A) A mass of 95 mg of Oligo dT-prepurified mRNA eGFP was diluted 10 times in loading buffer containing 7.5% ACN and applied onto a CIM SDVB spin (0.1 mL) column.

Wash with 8.5%ACN eluted truncated species (fraction 1), elution with 11.7%ACN yielded full-length RNA (fraction 2) and strip with 18%ACN eluted dsRNA (strip). Recovery

of mRNA in fraction 2 was 77%. (B) Fragment Analyzer of load, fractions 1, 2, and strip. (C) J2 dot blot of collected fractions.
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skids: wash step (fraction 1) was J2-positive and contained RNA
fragments, elution (fraction 2) did not exhibit a detectable J2 signal
or fragments and strip fraction was strongly positive on J2 dot blot
(Figure 4).

SDVB purification of saRNA

To confirm the generality of IP-RP approach with SDVB monoliths,
purification was verified on a significantly longer saRNA construct
mCHIK(S27) (9787 nt). Prior to SDVB experiments, mCHIK(S27)
saRNA was purified from IVT with CIM Swiper achieving clearance
of IVT components, such as NTPs, DNA template, and proteins.15

Initial screening of elution conditions in 5% MPB (cca 0.5% ACN)
increments from 7.5% to 18% ACN was performed on a CIM
SDVB 0.2-mL column (loading 0.5 mg saRNA per mL of chromato-
graphic support) to guide optimization toward a three-step method.
It is notable that removal of dsRNA was not achieved at room tem-
perature and required elevated temperatures of at least 38�C
(applied to the column and mobile phases) regardless of whether
the purification was performed in linear gradient or as step elution
(Figure S9). Nonetheless, even at elevated temperatures, step elution
achieved only partial size-based separation of low molecular weight
impurities (fragments), without sufficient improvement in purity
profile (Figures S10A and S10B), although residual DNA template
and dsRNA were removed (Figures S10C and S10D). Reversion to
a linear gradient elution (from 7.5% to 18% ACN) at 40 or 50�C
achieved comparable dsRNA clearance, but far superior size-based
separation, resulting in successful isolation of >90% pure elution
fractions (Figure 5).

In vitro testing of SDVB-purified mRNA and saRNA

Our next aim was to evaluate the physiological impact of removing
product-related impurities in cellular models, and we hypothesized
6 Molecular Therapy: Nucleic Acids Vol. 36 June 2025
that performing SDVB purification to eliminate impurities would in-
crease transcriptional efficiency by reducing immunogenicity of
mRNA and saRNA. To assess the functionality of mRNA purified
either with (1) Oligo dT (“w/o SDVB”), (2) Oligo dT plus linear
gradient SDVB (“linear-SDVB”), or (3) Oligo dT plus step gradient
SDVB (“step-SDVB”), samples were tested in BHK-21 cells. BHK-
21 is a cell line deficient in type I IFN activation30,31 and allows deter-
mination of mRNA or saRNA expression and replication indepen-
dent from its activity to trigger innate immunity. GFP was used as
a transgene encoded on mRNA. After liposome-mediated transfec-
tion of the three differently purified mRNA samples, neither a differ-
ence in total GFP expression (Figure 6A) nor in relative viability (Fig-
ure 6B) was observed. Similarly, transfection of saRNA, encoding for
the transgene firefly luciferase, purified with Swiper (“w/o SDVB”) or
with Swiper and linear-SDVB (“+ SDVB”), as shown in Figure 5 (frac-
tions 6–7), resulted in comparable firefly luciferase levels with any of
the three tested doses (Figures 6C and S11A). None of the samples
had a significant cytotoxic effect on BHK-21 cells (Figure 6D). These
results indicate that the additional purification step does not impair
the functionality of mRNA or saRNA, while the percentage of dsRNA
present in the saRNA is not sufficient to make any difference in pro-
tein expression.

Next, mRNA and saRNA were separately transfected into A549 cells,
a cell line known to express IFNs in response to viral infection, which
consequently limits RNA expression.31 Purification of Oligo dT
mRNA with linear SDVB gradient, as well as step-SDVB, resulted
in about 3-fold higher GFP expression (Figure 7A). Furthermore,
significantly smaller decrease in viability (Figure 7B) as well as lower
IFNb release (Figure 7C) in response to mRNA purified with both
SDVB strategies was observed. Similarly, SVDB-purified saRNA re-
sulted in significantly greater transgene expression levels, particularly
pronounced at 24 h after transfection (Figure S11B). Total transgene



Figure 5. Linear gradient SDVB purification of long saRNA construct on CIMmultus SDVB column

(A) A mass of 1.5 mg of saRNA mCHIK(S27) (pre-purified with CIM Swiper multimodal column) was loaded onto a 4-mL SDVB column at 50�C and eluted in linear gradient

from 7.5% to 18% ACN over 25 CV at 1 CV/min. (B) Fragment Analyzer electropherograms of sample load and elution fractions 1–9. (C) J2 dot blot analysis of collected

fractions.
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expression after 72 h was increased by up to 17-fold, and subsequently
a 16-fold lower dose of SDVB-purified saRNA provided 6-fold higher
luciferase expression than saRNA that was not SDVB-purified:
AUC6–72h 1.29E7 relative light units (RLU) for 10 ng + SVDB vs.
0.23E7 RLU for 160 ng w/o SVDB (Figure 7D). SDVB purification
apparently reduced RNA toxicity about 5%, although the differences
were not significant (Figure 7E). IFNb levels in the supernatant 6 h
after transfection were dose-dependent and decreased by SDVB puri-
fication; however, at 24 h, IFNb levels reached comparable or even
higher levels in cells treated with saRNA + SVDB than w/o SDVB
(Figure 7F).

After confirming the superior performance of SDVB-purified saRNA
with reduced impurities in immortalized cells, our next objective was
to verify these findings in peripheral blood mononuclear cells
(PBMCs). Given that PBMCs contain various human immune cell
types, they represent a more physiologically relevant model for
RNA treatment. While transgene expression of saRNA w/o SDVB
was close to the assay limit of detection, saRNA + SDVB reached
significantly higher transgene expression levels (Figure S11C). Total
transgene expression was increased with all three tested doses by up
to 26-fold (Figure 8A). Furthermore, relative viability was slightly
higher with saRNA + SDVB (Figure 8B). Levels of IFNb secreted
by PBMCs in response to saRNA were comparable irrespective of
SDVB treatment (Figure 8C).

DISCUSSION
In the present study, we optimized mRNA polishing by IP-RP
chromatography for scalable mRNA purification. Ion pairing re-
agent (TEAA) was initially optimized for optimal ratio of reagent
consumption and binding capacity; the latter was shown to be
flow-rate independent between 0.5 and 5 CV/min, consistent
with prior reports of flow-rate independent monolith properties.
Furthermore, consistent steepness of the breakthrough curves indi-
cated that mass transfer remained convective even at higher flow
rates.

Linear gradient elution experiments revealed the presence of short
RNA fragments in early SDVB elution, indicating that short RNA
sequences were either not removed during the capture step (Oligo
dT) or were created during sample processing by IP-RP. To
exclude the latter, we subjected the main elution peak, which
was shown to be fragment-free, to a repeated SDVB purification
protocol, which resulted in no detectable fragments or J2 dot
blot signal (Figure S4), confirming that short RNA fragments
were derived from preceding steps (either Oligo dT purification
or IVT). Hence, use of affinity chromatography alone for purifica-
tion of mRNA produced by IVT reactions was confirmed as insuf-
ficient to eliminate immune-stimulatory impurities. Although gen-
eral base-catalyzed random RNA hydrolysis through 20OH as
described before32 cannot be excluded, the results are consistent
with presence of abortive transcripts and truncated sequences
that are formed during the initiation of transcription, when T7 po-
lymerase randomly aborts RNA synthesis.33 These aberrant RNA
fragments can randomly prime to complementary RNA and
initiate RNA-dependent RNA polymerase activity, which leads
to formation of dsRNA contaminants of various lengths.34–36

Furthermore, the results suggest that, at least in part, the frag-
ments, which may form dsRNA, interact with complementary
RNA sequences and co-purify through Oligo dT with full-length
Molecular Therapy: Nucleic Acids Vol. 36 June 2025 7
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Figure 6. Purification of mRNA and saRNA with CIM SDVB does not compromise functionality in immuno-incompetent BHK-21 cells

(A) A mass of 100 ng mRNA purified with Oligo dT (“w/o SDVB”) or Oligo dT + SDVB with linear gradient elution strategy (“linear-SDVB”) or Oligo dT + SDVB with step elution

strategy (“step-SDVB”) was transfected into BHK-21 cells. After 24 h, GFP expression was measured by flow cytometry. Themean fluorescence intensity was multiplied with

the percentage of GFP expressing cells to receive the total GFP expression levels. (B) Relative viability of cells was assessed bymeasuring viability after 48 h and normalized to

the mock control. (C) BHK-21 cells were lipofected with the indicated doses of either Swiper (“w/o SDVB”) or Swiper and SDVB-purified saRNA (“+SDVB”). Luciferase

expression was measured 6, 24, 48, and 72 h after transfection. Area under the curve (AUC) was calculated to determine the total luciferase expression. (D) Viability was

measured 48 h after transfection and normalized to the mock control. Mean and standard error of the mean (SEM) of three independent experiments, each performed in

technical triplicates, are shown.
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mRNA; it is unclear how these dsRNA structures interact with
mRNA that binds to Oligo dT; under IP-RP conditions, interac-
tion with the parent mRNA is weakened and short, dsRNA-form-
ing fragments are separated under acetonitrile gradient, while
dsRNA is not efficiently destabilized by ACN at room temperature,
and remains in double-stranded form, resulting in intense J2 dot
blot signal of early SDVB fractions (Figure 1).

Strong J2 dot blot signal was also observed in the peak tail and in the
strip fraction. It is assumed that strip fractions contain longer dsRNA
molecules (extended duplexes) that are formed from 30 extension of
the mRNA product, which folds back and anneals to the complemen-
tary sequences on the same RNA molecule or anneals to a second
RNA molecule.37 These structures have greater hydrophobic surface,
bind more strongly to reverse-phase support, and therefore require
higher organic solvent concentration for elution compared with less
hydrophobic full-length mRNA.19

Successful development of a step elution strategy at room temper-
ature for IP-RP chromatographic purification of mRNA greatly
simplifies the technological requirements for manufacturing pro-
cesses, by reducing in-process control (IPC) analytics and avoiding
the need for pooling decisions. Step elution was shown to be appli-
cable on a wide range of purification scales and technologies, from
0.1 mL bed volume CIM SDVB spin columns operated with
benchtop centrifuges, up to large-scale purification of 48 mg of
Oligo dT-prepurified mRNA eGFP on an 80 mL CIMmultus
SDVB column, requiring only minor modifications of mobile
phase compositions. A known challenge is dependence of elution
conditions on mass loading (increased mass loadings lead to
earlier onset of elution), requiring lower % ACN for elution of
short fragments (Figure S5). It is therefore important to maintain
constant loading in step elution methods to reach optimum recov-
ery of purified RNA, and this should particularly be borne in mind
when translating to larger scales.
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It has been reported that if the linearized pDNA template was not
digested with DNase I post-IVT, mRNA capture methods do not
completely remove the pDNA template (which was only reduced
to 0.1%–0.4%38) and it had been suggested that IP-RP achieves
pDNA clearance comparable to DNase I.38 We confirmed that
SDVB can remove residual pDNA template from mRNA so that
no residual pDNA is detected in the main elution fraction of
SDVB, but surprisingly found residual pDNA both in early (low
ACN) and late (high ACN) fractions (Figure 3). Elution of
pDNA template at a later retention time compared to mRNA
was expected based on previous reports,28,29 but elution of
pDNA before the main mRNA was surprising. pDNA detected
in early SDVB fractions had the predicted molecular size by
AGE, but did not migrate with electrophoretic mobility of linear
pDNA standard on native PAGE, while the pDNA from strip frac-
tion did (Figure S6), suggesting that early SDVB fraction contains
pDNA complexed with a non-DNA species, either RNA-DNA
hybrid or an RNA-DNA-T7 transcription bubble.36 In absence
of DNase I digestion, proteinase K treatment did not affect the
amount of residual pDNA template in Oligo dT elution (Figure S8),
suggesting that residual pDNA is not complexed to mRNA via T7
or other IVT proteins, but thus more likely interacts directly
with mRNA.

Verification of an IP-RP purification approach with SDVB mono-
liths on a significantly longer (9787 nt) saRNA construct
mCHIK(S27) revealed two important aspects of general applica-
bility: (1) linear gradient elution provided superior size-based sep-
aration, which is required for much larger RNA molecules con-
taining relatively more high-molecular weight contaminants; (2)
room temperature was not sufficient to remove dsRNA contami-
nants from full-length saRNA. To investigate if an increase in
column temperature improved chromatographic separation of
saRNA, heating between 25�C and 50�C was applied (to the col-
umn and mobile phases). In order to minimize thermal hydrolysis



Figure 7. SDVB purification of mRNA and saRNA improves transgene expression in A549 cells, where IFNb response limits expression

(A) A549 cells were lipofected with 100 ng of mRNA purified with Oligo dT (“w/o SDVB”) or Oligo dT plus SDVB with linear gradient elution strategy (“linear-SDVB”) or Oligo dT

plus step elution strategy (“step-SDVB”). Twenty-four hours after transfection, GFP expression was detected by flow cytometry. (B) Viability of cells was detected 48 h after

lipofection and normalized to untreated cells. (C) IFNb release into the supernatant was quantified by ELISA 6 and 24 h after transfection. (D) 10, 40, or 160 ng of saRNA

without (“w/o SDVB”) or with (“+ SDVB”) SDVB purification was transfected into A549 cells. Luciferase expression was measured at 6, 24, 48, and 72 h after transfection and

area under the curve was calculated to assess total transgene expression. (E) After 48 h, ATP levels were quantified and normalized to the levels of untreated cells to

determine relative viability. (F) 6 and 24 h after lipofection, IFNb levels in the supernatant were quantified by ELISA. Mean and standard error of the mean of three independent

experiments, each done in technical triplicates, are shown. Statistical differences were calculated using two-sided unpaired t tests with p values lower than 0.05 considered

as significant and classified into *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.
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of RNA, the lowest possible temperature was sought, and the flow
rate throughout the purification process was increased to 5 CV/
min to reduce the time that saRNA was exposed to elevated tem-
perature. We observed a gradual decrease in dsRNA content in
main elution fraction (Figure S9F, “fraction 2”) as the temperature
increased, with a minimum temperature required for efficient
dsRNA removal of 38�C. Comparable dsRNA removal with CIM
SDVB at 38�C was achieved regardless of whether purification
was performed in linear gradient or step elution (Figure S9), while
fragment removal was superior with linear gradient compared with
step (Figures 5 and S10).

Similarly, for mRNA, further increasing the temperature of SDVB pu-
rification to 50�C led to a decreased J2 signal of early fractions (and
increased recovery of J2-negative mRNA), confirming that dsRNA
species can be partly denatured from mRNA prior to chromato-
graphic separation (Figure S12), which increased recovery of pure
mRNA by up to 20%. Increasing temperature is thus a possible gen-
eral approach to increase recovery of dsRNA-free mRNA/saRNA,
although the relative increase in recovery must be assessed against
the practical challenges of heating the chromatographic system and
possible sample degradation.

In vitro, we could validate that purification improvements trans-
lated to an enhanced performance of SDVB-purified RNAs; how-
ever, exposing RNA to an additional purification step with
increased temperatures might also impact its functionality. This
might be especially important for saRNA, which incorporates
stem-loop structures that are required for replication. BHK-21
cells are deficient in type I IFN activation,30,31 which is crucial
for activation of cell autonomous innate immunity. This defense
system involves a variety of sensors and mechanisms that detect
the presence of pathogens but also gets activated by IVT RNA.5

We observed comparable transgene expression levels from RNA
produced without or with SDVB purification in BHK-21 cells,
which indicated that the additional purification step does not
impair the functionality of mRNA and saRNA (Figures 6A and
6C). Immunocompetent A549 cells and PBMCs, which are potent
in sensing and reacting to non-self RNA structures,39 demon-
strated that eliminating product-related impurities reduces the
immunogenicity of the RNA sample and allows more efficient
mRNA and saRNA expression (Figures 7A, 7D, and 8A). This is
of particular interest because saRNA without sophisticated purifi-
cation had been shown to be able to give protection in mice against
viral infection equivalent to mRNA vaccines but at much lower
doses.40 SDVB purification may allow further reduction of the pro-
tective dose. Increased transgene expression from SDVB-purified
saRNA is in accordance with findings that reducing innate im-
mune response activation by using modified nucleotides increases
the potency of saRNA.41,42 Increased IFNb levels at later time
points in A549 cells and in PBMCs in response to saRNA may
be explained by greater saRNA replication where dsRNA occurs
Molecular Therapy: Nucleic Acids Vol. 36 June 2025 9
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Figure 8. CIM SDVB purification of saRNA allows transgene expression in PBMCs

saRNAmCHIK(S27) without (“w/o SDVB”) or with (“+ SDVB”) SDVB purification was lipofected at 10, 40, and 160 ng into PBMCs. Luciferase expression was measured at 3,

6, 9, and 24 h after transfection. (A) Area under the curve was calculated to assess total transgene expression. (B) Viability wasmeasured 24 h after lipofection and normalized

to the untreated cells to assess relative viability. (C) Secreted IFNb levels in the supernatant were quantified by ELISA 6 h after transfection. Error bars depict standard error of

the mean from three independent experiments with triplicates each. Statistical differences were calculated using two-sided unpaired t tests with p values lower than 0.05

considered as significant and classified into *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.
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as an intermediate replication product and is being sensed by
cellular antiviral machinery.

Conclusions

We have developed a scalable purification of mRNA and saRNA
based on IP-RP chromatography with CIM monolith chromato-
graphic support (SDVB). We show that early SDVB fractions consis-
tently contain short RNA fragments, which were derived from the
Oligo dT purification step or preceding steps, rather than being gener-
ated during the IP-RP polishing step. Longer dsRNA sequences, likely
corresponding to 30 extensions and full complements, elute in late
fractions. Both early and late fractions contain dsRNA species, while
main elution fractions contain full-length, J2 dot-blot negative
mRNA/saRNA.

We show that SDVB removes residual pDNA template, thus obvi-
ating the need for DNase treatment. Future work can investigate
the different populations of residual DNA template separated by
SDVB into early and late fractions.

We implemented step elution strategy for IP-RP purification of
mRNA to speed up and simplify the downstream purification process
and simplify IPC analytics. Percentage of acetonitrile required to
maximize removal efficiency for RNA fragments, dsRNA, and DNA
template varied based on RNA length and RNA mass loading. There-
fore, method optimization may be warranted to maximize purity and
yield for different RNA constructs to deliver the full benefit of step
elution approach. SDVB-purified mRNA and saRNA demonstrated
enhanced performance in cell-based assays, with reduced initial
immunogenicity of IVT RNA and increased transgene expression
in immunocompetent cells. Importantly, we demonstrated for the
first time that RNA can be polished to remove immunogenic impu-
rities with a simple, centrifuge-operated spin column approach,
similar to extraction kits commonly used for extraction of pDNA
or RNA, and accessible to most RNA/DNA laboratories. This has
the potential to increase the quality of RNA drug substance used
for early preclinical studies, thereby potentially reducing the attrition
of RNA-based therapies that may have been discarded due to under-
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appreciated effect of purity profile on immunogenicity and efficacy,
which could not be mitigated by traditional laboratory RNA purifica-
tion techniques used to produce them.

MATERIALS AND METHODS
Chemicals and reagents

All CIMmultus (Convective Interaction Media) chromatography col-
umns (Oligo dT and SDVB) had 2-mm channel diameter and were
from Sartorius BIA Separations. Buffer solutions were freshly
prepared with double-distilled water (ddH2O) from Adrona water
purification system and analytical grade reagents. Acetonitrile
(ACN), agarose, ammonium acetate, skim milk powder (non-fat
dried milk), sodium chloride (NaCl), triethylammonium acetate
(TEAA), Trizma base and boric acid were from Sigma-Aldrich. Hy-
drochloric acid and sodium hydroxide were from Honeywell, Tween
20 was from VWR, MgCl2 was from Invitrogen, and Kompleksal III
(EDTA-Na2x2H2O)was fromKemika. Mobile phases for scale-up ex-
periments on 80 mL CIMmultus SDVB (50 mM TEAA, 7.5% aceto-
nitrile, pH 7.0 and 50mMTEAA, 18% acetonitrile, pH 7.0) were from
ADS Biotec. Vivacon 500 and Vivaspin 2, 30000 MWCO, Hydrosart
were from Sartorius. All IVT reagents (RNase Inhibitor Murine, NTP
mix, Pyrophosphatase, T7 RNA Polymerase, Anti-Reverse Cap
Analog [ARCA]) were from MEBEP Bio Science, CleanCap AU
was from TriLink BioTechnologies. Restriction enzyme SapI and
DNase I with reaction buffer were from NEB, RNase A was from
Monarch, RNA 50 Polyphosphatase with RNA 50 Polyphosphatase
Reaction Buffer were from Lucigen, Terminator 50-Phosphate-
Dependent Exonuclease and Terminator Reaction Buffer A were
from Biosearch Technologies. For J2 dot blot experiment, Biodyne
Pre-Cut Nylon membrane and western blotting filter paper were
from Thermo Fisher Scientific, Magi2 dsRNA standard (1,000 base
pairs [bp]) was from RNA Greentech, anti-dsRNA primary antibody
J2 was from Jena Bioscience, secondary antibody Peroxidase
AffiniPure Goat Anti-Mouse IgG (H + L) was from Jackson
ImmunoResearch, and WesternBright ECL was from Advansta. For
electrophoresis experiments, 6%Novex TBEGels, denaturing 6%No-
vex TBE-Urea Gels, Novex Hi-Density TBE Sample Buffer (5X), No-
vex TBE-Urea Sample Buffer (2X), SYBR Gold Nucleic Acid Gel
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Stain, and GeneRuler 1 kb Plus DNA Ladder were from Invitrogen
(Thermo Fisher Scientific).

BHK-21 cells were from ATCC (CCL10) and A549 cells from Abcam
(ab255450). All media (Eagle’s minimum essential medium, F-12K
Nutrient Mixture-Kaighn’s RPMI Modification medium) as well as
non-essential amino acids and sodium pyruvate were from HiMedia,
fetal calf serum from Bio&Sell, plasma-derived human serum from
OneLambda. Nunc MicroWell 96 Well plates, RNAse-free tubes
and Lipofectamine MessengerMax were from Thermo Scientific,
OptiMEM, and phosphate-buffered saline from Gibco. The lumines-
cence-based assays Bright Glo and CellTiter Glo were both from
Promega, the Spark multimode microplate reader used to measure
luminescence from Tecan. LumiKine Xpress hIFN-b 2.0 was from
InvivoGen.

E. coli cell pellet containing plasmid encoding mRNA eGFP (size
995 nt) was provided by Biomay AG and plasmid for saRNA
mCHIK(S27) encoding chikungunya replicase and firefly luciferase
(size 9787 nt) was provided by TRON (Mainz, Germany).

mRNA synthesis and capture purification

Isolation of pDNA encoding mRNA eGFP from E. coli paste,
plasmid purification and linearization was performed as described
previously.43

The same pDNA purification protocol was used for plasmid
pCHIK(S27), which was subsequently linearized with SapI enzyme.
IVT protocols used to produce mRNA/saRNA used in the study are
listed in Table S1. The IVT reactions were quenched with 30 mM
EDTA (final concentration) and immediately purified. Where appli-
cable, DNAse digestion of pDNA template was performed after IVT
by incubating the mixture with DNase I in 1X reaction buffer (1 U of
enzyme per mg pDNA) for 15 min at 37�C. Purification of mRNA by
hybridization-affinity chromatography on CIMmultus Oligo dT col-
umn was performed as described elsewhere.43 saRNA was purified
either with CIM Swiper (Sartorius BIA Separations, not commercially
available) as previously described15 or with CIMmultus Oligo dT as
follows: sample was first diluted 5-fold in 50 mM Na-phosphate,
pH 7.4 and loaded on the column by in-line dilution (dilution ratio
1:1) in 50 mM Na-phosphate, 0.75 M NaCl, pH 7.4, washed with
50 mM Na-phosphate, 0.15 mM NaCl, pH 7.4, and eluted in
ddH2O. After purification, the RNA concentration was determined
using NanoDrop One (Thermo Fisher Scientific).

IP-RP chromatographic purification of mRNA and saRNA with

CIM SDVB

Small-scale chromatographic experiments on CIM SDVB 0.2 mL disc
were performed on a PATfix analytical system (Sartorius BIA Separa-
tions), experiments on CIMmultus SDVB 1-mL and 8-mL column
were performed on ÄKTA pure 150M (Cytiva) and scale-up experi-
ment on CIMmultus SDVB 80 mL column was performed on Hiper-
sep Flowdrive Pilot HPLC system (Sartorius). UV absorbance
was monitored at 260 nm and 280 nm. Dynamic binding capacity
(DBC10) was calculated from the breakthrough curve at 10%maximal
UV signal at 1 mg/mL. PATfix software (Sartorius BIA Separations),
UNICORN software (Cytiva), and Hipersep Flowdrive SC software
(Sartorius) were used for instrument control, data acquisition, and
data analysis.

For each purification experiment with CIM SDVB, the mRNA or
saRNA sample was diluted 10-fold in loading buffer 50 mM TEAA,
7.5% ACN, pH 7.0 (mobile phase A, MPA), prior to processing on
SDVB column equilibrated in MPA. Elution with 50 mM TEAA,
18% ACN, pH 7.0 (mobile phase B, MPB) was subsequently per-
formed in 95 CV long linear gradient or steps at temperature and
flow rate as described in the results section. For subsequent analytics,
elution fractions were immediately buffer exchanged into ddH2O, us-
ing Vivacon 500 by loading 500 mL of sample onto the filter, centri-
fuging for 4 min at 4,000 � g, washing three times with 450 mL
of ddH2O, and concentrating to approximately 50 mL. RNA concen-
tration was determined using NanoDrop One (Thermo Fisher
Scientific).

Before each chromatographic experiment, CIM SDVB monoliths,
with the exception of 80 mL, were sanitized with at least 10 CV
(column volume) of 50 mM TEAA and 75% ACN (contact time
15 min), followed by equilibration with MPA. To test a variation of
sanitization procedure without ACN, CIMmultus SDVB 80 mL col-
umn was washed with ddH2O in a 10 CV linear gradient, sanitized
with 10 CV of 1 M NaOH (contact time 15 min), neutralized with
10 CV of 1 M ammonium acetate (contact time 15 min), followed
by 10 CV of ddH2O, and finally equilibrated with MPA in a 10 CV
linear gradient (10 min contact time).

Small-scale chromatographic experiments on CIM SDVB spin col-
umn with 0.1 mL monolith (Sartorius BIA Separations, not commer-
cially available) were performed using a MiniSpin centrifuge (Eppen-
dorf) operated at 1,000 rpm for 8 min per cycle. For each experiment,
95 mg of Oligo dT-prepurifiedmRNA sample was diluted 10-fold with
MPA to final volume of 600 mL and loaded onto equilibrated spin col-
umn. Elution with 600 mL of 50 mM TEAA buffers containing 8.5%,
11.7%, and 18.0% ACN, pH 7.0, was subsequently performed. Elution
fractions were immediately buffer exchanged into ddH2O using Viva-
con 500 as described above. RNA concentration was determined us-
ing NanoDrop One (Thermo Fisher Scientific). After each experi-
ment, spin columns were washed with 500 mL of ddH2O, sanitized
with 500 mL of 0.5 M NaOH, neutralized with 500 mL of 1 M ammo-
nium acetate, washed again with 500 mL of ddH2O, and finally equil-
ibrated with 2x 500 mL of MPA.

Electrophoretic analyses

Buffer-exchanged SDVB elution fractions were evaluated for purity
and integrity on capillary gel and agarose gel electrophoresis
(AGE). Analyses on Fragment Analyzer (FA) 5200 (Agilent Technol-
ogies) were performed according to manufacturer’s instructions for
RNA kit (15 nt) and AGE was performed as previously described.44

AGE was also used to semi-quantitatively determine the amount of
Molecular Therapy: Nucleic Acids Vol. 36 June 2025 11

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
residual linear pDNA template in purified RNA samples as described
previously.44 For this experiment, 10 mg of RNA sample was first
incubated with RNase A for 1 h at 37�C prior to analysis, which
enabled visualization of residual pDNA template in RNA samples.
RNA in-process samples were resolved on PAGE using native 6%No-
vex TBE Gels or denaturing 6% Novex TBE-Urea Gels with the XCell
SureLock Mini-Cell (both Invitrogen) according to the manufac-
turer’s instructions. For the native gel, the samples were diluted to
10 ng/mL, mixed 1:4 with Novex Hi-Density TBE Sample Buffer
(5X) and loaded on the gel. Electrophoresis was performed at
230 V for 60 min. For the denaturing gel, samples were diluted to
10 ng/mL, mixed 1:1 with Novex TBE-Urea Sample Buffer (2X), dena-
tured for 3 min at 75�C and snap-cooled on ice for 5 min prior to
loading. GeneRuler 1 kb Plus DNA Ladder was used for sizing. Elec-
trophoresis was performed at 180 V for 300min. After electrophoretic
separation, gels were stained in TBE solution (89 mM Tris, 89 mM
boric acid, 2 mM EDTA) containing 1X SYBR Gold for 5 min and
the nucleic acids were visualized on iBright FL 1500 (Thermo Fisher
Scientific).

J2 dot blot

Aliquots of SDVB fractions were analyzed on J2 dot blot for
dsRNA detection. Positively charged Biodyne pre-cut nylon mem-
brane and western blotting filter paper were first wetted in ddH2O
and placed into the sealing gasket of Minifold I 96-well system
(Whatman). One hundred to 500 mL of sample containing approx-
imately 1 mg of RNA was pipetted into each well and loaded onto
the membrane by vacuum. Strip fractions were loaded at 0.5 mg
due to higher intensity of J2 signal. Magi2 dsRNA standard was
used as a positive control (10 ng per dot). The Minifold was
then disassembled, and the membrane was transferred to blocking
buffer containing 5% (w/v) non-fat dried milk in 1x Tris-buffered
saline with Tween 20 (TBS-T) for 15 min, followed by one wash
with 1x TBS-T buffer for 1 min. For dsRNA detection, the mem-
brane was incubated for 30 min in 1x TBS-T buffer containing 1%
(w/v) non-fat dried milk, 5,000x diluted anti-dsRNA primary anti-
body J2 and 5,000x diluted secondary antibody Peroxidase
AffiniPure Goat Anti-Mouse IgG (H + L). Finally, the membrane
was washed (5 � 5 min) in 1x TBS-T buffer and chemiluminescent
signal was visualized with WesternBright ECL on iBright FL1500
imaging system (Thermo Fisher Scientific).

LC analytics of residual pDNA template

CIMac pDNA analytical column (Sartorius BIA Separations) with
0.3-mL bed volume and average channel size of 1.4 mm was used to
quantitate the amount residual pDNA template in RNA samples as
published previously.38 Briefly, 10 mg of RNA sample was first incu-
bated with 20 ng of RNase A for 1 h at 37�C to digest RNA and enable
visualization of >2 ng of residual linear pDNA. Samples were then
diluted 10-fold in binding buffer and injected onto the column for
separation of digested RNA fragments from residual pDNA template.
The concentration of residual pDNA template in RNA samples was
calculated from the calibration curve prepared with linear pDNA
standard, by integrating peak area of the UV 260 nm signal.
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Capping efficiency

Relative amount of 50 capped and uncapped RNA in IVT reaction was
evaluated with a two-step enzymatic reaction based on Chiron and
Jais,45 coupled with HPLC determination of RNA concentration as
described before.46 First, 50-triphosphate was removed from RNA
sample by mixing 20 U of RNase Inhibitor, 1 mg of mRNA (RNA
mass determined by CIMac PrimaS method), 10 U of RNA 50 Poly-
phosphatase, and RNA 50 Polyphosphatase Reaction Buffer in
20 mL total reaction volume. The mixture was incubated at 37�C
for 60 min and then mixed with 0.5 U of Terminator 50-Phosphate-
Dependent Exonuclease and 20 U of RNase inhibitor in Terminator
Reaction Buffer A to 40 mL final volume. This mixture was further
incubated at 30�C for 30 min and finally quenched with 5 mM
EDTA, pH 8.0 (final concentration). The concentration of undigested
(capped) RNA and control RNA (non-processed RNA) were deter-
mined with CIMac PrimaS analytical method as described previously.
Capping efficiency was calculated as a quotient of digested RNA and
undigested control.

Oligo dT quantification of polyadenylated mRNA

Buffer-exchanged SDVB elution fractions were analyzed using a
CIMac Oligo dT column (Sartorius BIA Separations) with 0.1 mL
bed volume and an average channel size of 2 mm, to quantify polya-
denylated mRNA as described before,47 with the following modifica-
tions: mRNA samples were prepared for injection by a 10-fold dilu-
tion in MPA (50 mM Na-phosphate, 0.5 M NaCl, pH 7.4) and 1 mg
was injected on the column. A step to MPB (50 mM Na-phosphate,
pH 7.4) removed non-specifically bound RNA and a step to ddH2O
eluted polyadenylated mRNA. After each injection the column was
washed with 0.5 M NaOH. Flow rate was 1 mL/min throughout
the analysis. The peaks were integrated and the amount of bound
(polyadenylated) mRNA and unbound (flow-through and wash) se-
quences was calculated as percentage of total peak area.

Cell culture

BHK-21 cells were cultured in Eagle’s minimum essential medium
and A549 cells in F-12KNutrientMixture-Kaighn’sModificationme-
dium. Media of both cell types were supplemented with 10% fetal calf
serum. Peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats obtained from the Transfusion Center of the Univer-
sity Medical Center of the Johannes Gutenberg University Mainz by
Ficoll gradient and cultivated in RPMI medium containing 5%
plasma-derived pooled human serum, 1% non-essential amino acids,
and 1 mM sodium pyruvate. All cells were grown at 37�C in a humid-
ified atmosphere equilibrated to 5% CO2.

RNA transfection

For lipofection, 10,000 A549 cells, 5,000 BHK21, or 400,000 PBMCs
were seeded in 100 mL medium per well into a Nunc MicroWell
96 Well plate and left to adhere. RNAs were prepared in RNAse-
free tubes and complexed with Lipofectamine MessengerMax in
OptiMEM following the manufacturer’s instructions. Per 100 ng
RNA, RNA was diluted in 5 mL OptiMEM and mixed with 0.4 mL
MessengerMax in 5 mL OptiMEM.
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Firefly luciferase expression

At the desired time points post transfection, either 30 mL Bright Glo
reagent to access transgene expression or 50 mL CellTiter Glo to
analyze cell viability via ATP concentration was added to the cells
and incubated for 3 min at room temperature. After incubation, the
emitted luciferase signal was measured with an integration time of
1,000 ms using a Spark multimode microplate reader.
Flow cytometry

GFP expression was quantified by flow cytometry. Therefore, cells
were harvested, washed with PBS, and fixed with PBS containing
4% formaldehyde. GFP expression was detected using a FACS Canto
II flow cytometer (BD Biociences) and analyzed using the FACSDiva
or FloJo v10 software (both BD Bioscience).
ELISA

To detect secreted human IFNb, luciferase-based sandwich ELISA
kit (Invivogen) was used according to the manufacturer’s instruc-
tions. Supernatants of transfected cells were collected and stored
at �80�C until usage. Luminesence was detected with a Spark
multimode microplate reader.
Statistical analysis

Statistical analysis was performed with GraphPad Prism 10. Statistical
differences between two groups were calculated using two-sided un-
paired t tests. p values lower than 0.05 were considered as significant
and classified into *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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