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Abstract

In vitro transcription of DNA with phage RNA polymerases is currently the most efficient method to
produce long sequence-specific RNA. While the reaction can yield large quantities of RNA, it contains
impurities due to various unwanted activities of the polymerases. Here, we described an easily performed
HPLC purification that removes multiple contaminants from in vitro transcribed RNA and is scalable. The
purified RNA is translated at much greater levels, especially in primary cells and in vivo. HPLC purification
of RNA containing modified nucleosides that suppress RNA-mediated activation of innate immune sensors
leads to a non-immunogenic RNA with superior translational capacity.
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1. Introduction

The first in vivo delivery of mRNA encoding a therapeutic protein
was reported in 1992 (1), but only recently has the delivery of
mRNA for scientific and therapeutic purposes gained expanded
interest. Potential uses include; delivery of mRNA encoding tran-
scription factors to generate induced pluripotent stem (iPS) cells
(2—4), in vivo administration to express therapeutic proteins (1, 5, 6),
ex vivo delivery to expanded cells as a cancer therapeutic (7-11), as
the vector for vaccines (12-14), and in vitro delivery to express
protein at a high efficiency (15-17). The recognition that the
immunogenicity of RNA could be reduced by the incorporation of
modified nucleosides with an associated increase in translation
(16, 18) potentially allows efficient expression of proteins in vivo
and ex vivo without activation of innate immune receptors.
Unfortunately, modified nucleoside-containing RNA transcribed
by phage RNA polymerases still retains a low level of activation of
such pathways (4, 16, 19, 20). This remaining activation of RNA
sensors could be due to modified nucleosides that do not completely

Peter M. Rabinovich (ed.), Synthetic Messenger RNA and Cell Metabolism Moadulation: Methods and Protocols,
Methods in Molecular Biology, vol. 969, DOI 10.1007/978-1-62703-260-5_3, © Springer Science+Business Media New York 2013

43



44 D. Weissman et al.

suppress the RNAs ability to activate sensors (5) or dsRNA
contaminants that activate even in the presence of nucleoside
modification (15). It is well established that RNA transcribed
in vitro by phage polymerase contains multiple aberrant RNA,
including short RNAs as a result of abortive transcription initiation
events (21) and double stranded (ds)RNAs generated by RNA-
dependent RNA polymerase activity (22), RNA-primed transcrip-
tion from RNA templates (23), and self-complementary 3’
extension (24).

Multiple methods of purification from transcription or associ-
ated reactions (capping and poly(A)-tailing) to produce efficiently
translated mRNA have been described, including precipitation either
with alcohol (isopropanol, ethanol) in the presence of monovalent
cations or with high concentration of LiCl that are supplied in
commercial in vitro transcription kits, size exclusion columns, and
matrices based on silica and other compounds that bind RNA. Each
of these procedures removes free nucleotides, proteins, salt, and
short RNA oligos with varying efficiencies, but none are capable of
removing long RNA contaminants or contaminants bound to the
RNA ofinterest. Preparative denaturing polyacrylamide gel electro-
phoresis is commonly used to purify in vitro transcribed RNA; how-
ever, this method is suitable only for short RNAs (reviewed in ref. 25).
Long RNAs can be separated on denaturing agarose gels, but they
are not translatable due to covalent modifications introduced by the
denaturants glyoxal and formaldehyde (26).

The continued development of mRNA as a research tool or for
therapeutics requires the RNA to have high translatability, and in
many instances, to avoid RNA sensor activation. The continued
development of mRNA as a vector for vaccines, which is currently in
human trials, and other therapeutic approaches also requires the
highest levels of translation for both cost and potency. The HPLC
approach described here allows efficient and scalable purification
yielding RNA that can produce up to 1,000-fold more protein in
primary cells and in vivo compared to unpurified in vitro transcribed
RNA through the removal of dsRNA contaminants that activate
RNA sensors that inhibit protein translation directly (reviewed in
ref. 27, 28) or indirectly (reviewed in ref. 29). In addition, when
such purified RNA contains certain modified nucleosides, it can also
ablate activation of innate immune RNA sensors resulting in a highly
translatable non-immunogenic RNA (15).

2. Materials

Use RNase-free and HPLC grade reagents, whenever possible.
Acetonitrile is toxic, ensure proper protection is used. Its major
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toxicity is due to metabolism to hydrogen cyanide. The onset of
toxic effects typically occurs 2-12 h after exposure, due to the
requirement for the metabolism to cyanide. Follow all waste
disposal regulations when disposing waste materials.

1.
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HPLC system capable of monitoring optical density at 260 nm
fitted with a fraction collector and a column heater. We use an
AKTApurifier 10 FPLC with a Frac-920 fraction collector (GE
Healthcare Biosciences, Piscataway, NJ) and a TL105 column
heater (Timberline Instruments, Boulder, CO).

. HPLC columns contain a nonporous matrix consisting of

polystyrene-divinylbenzene (PS-DVB) copolymer beads
(2 pm) alkylated with C-18 chains (Transgenomic, Omaha,
NE) (see Note 1).

. Buffer A: 0.1 M triethylammonium acetate (TEAA), pH 7.0

(Cat. number 553401) (Transgenomic).

. Buffer B: 0.1 M TEAA, 25% acetonitrile, pH 7.0 (Cat. number

553402) (Transgenomic).

. Acetonitrile: 100% for HPLC system cleaning.

. NaOH: 0.1 M for HPLC system cleaning.

. HPLC grade water.

. Ethanol: 20% for long-term storage of HPLC system.

. Amicon Ultra-15 centrifugal filter units (30K membrane) (Cat.

number UFC903096) (Millipore, Billerica, MA).

. Sorvall ST16R centrifuge (Thermo Scientific, Asheville, NC)

or similar.

. Nuclease-free water.

. NaOAc: 3.0 M, pH 5.5.

. Isopropyl alcohol.

. Glycogen (Cat. number 10901393001) (Roche Applied

Science, Indianapolis, IN) (sce Note 2).

. Super charged Nytran membranes.
. TBS-T bufter: 50 mM Tris=HCI, 150 mM NaCl, 0.05%

Tween-20, pH 7.4.

. Blocking bufter: 5% nonfat dried milk in TBS-T buffer.

4. Incubation buffer: 1% nonfat dried milk in TBS-T buffer.

. dsRNA-specific mAb J2 (English & Scientific Consulting,

Szirak, Hungary).

. dsRNA-specific mAb K1 (English & Scientific Consulting).
. HRP-conjugated donkey anti-mouse IgG (Cat. number 715-

035-150) (Jackson ImmunoResecarch, West Grove, PA).
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2.3.2. RNA Translation

2.3.3. RNA Immunogenicity

. ECL Plus Western blot detection reagent (Cat. number

RPN2109) (Amersham/GE Healthcare Biosciences).

. Fujifilm LAS1000 digital imaging system or similar.

. TransIT-mRNA transfection reagent containing TransIT-

mRNA transfection and boost reagents (Cat. number MIR
2225) (Mirus Bio, Madison, WI) (see Note 3).

. Human monocyte derived dendritic cells (DCs) for measuring

RNA translation and immunogenicity (see Note 4).

(a) Plate human primary monocytes at 1x10%/ml, 3 ml per
well in a 6-well plate in Aim V medium (Cat. number
12055-091) (Invitrogen, Grand Island, NY) supplemented
with 50 ng/ml GM-CSF (Cat. number 215-GM-050) and
100 ng,/ml IL-4 (Cat. number 204-11.-050) (R&D Systems,
Minneapolis, MN).

(b) On dav 3 and 6 of culture, remove 1 ml of media from

each well and add 1.5 ml of fresh Aim V medium supple-
mented with 50 ng/ml GM-CSF and 100 ng/ml IL-4.

(¢) On day 7-9, collect non-adherent cells and plate in a
96-well flat bottom plate in RPMI medium with 10% FCS
and glutamine for transfection (see Note 5).

. Luciferase Cell Culture Lysis 5x Reagent (Cat. number E1531)

(Promega, Madison, WI) (see Note 6).

. Firefly luciferase assay buffer (Cat. number E1500) (Promega)

(see Note 6).

. Luminometer, LUMAT LB 950 (Berthold /EG&G, Wallac/

PerkinElmer, Waltham, MA) or similar.

. DCs (5% 10* cells /well) in 96-well plates (see Note 7).
2. Poly(I:C): 50 pg,/ml as a positive control.
3. Human IFN-a ELISA assay.

3. Methods

HPLC purification of RNA can be performed before or after the
posttranscriptional addition of a 5" cap with or without methylation
(ScriptCap m7G capping system and ScriptCap 2'-O-methyl-
transferase kit, CELLSCRIPT) (see Note 8) or addition of poly(A)
tail with poly(A) polymerase. The in vitro transcription reaction with
or without DNase treatment or associated posttranscriptional
modification reactions can be directly added to the HPLC column
or any standard method of initial purification can be used before
application to the HPLC column.
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Fig. 1. HPLC purification of in vitro transcribed mRNA. RNA was applied to the HPLC col-
umn and eluted using a linear gradient of Buffer B (0.1 M TEAA, 25% acetonitrile, pH 7.0)
in Buffer A (0.1 M TEAA, pH 7.0). The gradient spanned 38-65% Buffer B over 6 column
void volumes (gray line). Absorbance at 260 nm was analyzed (black fine), which demon-
strated the expected sized RNA, as well as smaller and larger RNA species. A small peak is
observed in the flow through (a). Column fraction selection noted by the vertical black lines
on the x-axis (b) exclude RNA eluting before and after the expected major RNA peak.

Purify mRNA by LiCl sedimentation prior to HPLC.

The advantage of using a standard purification (LiCl or spin
columns) prior to HPLC purification is that it helps to identify
overloading of the HPLC column. When a standard purification is
used first, a small peak measured by the OD at 260 nm represent-
ing residual nucleotides or other trace components of the tran-
scription reaction will appear in the flow through (Fig. 1, noted as #).
If the column is overloaded with RNA, a greater OD260 signal
appears in the flow through fraction representing unbound RNA.
In the absence of pre-purification, the flow through is overwhelmed
by the constituents of the transcription reaction, namely nucleotide
triphosphates, that give a signal 10-100-times greater than the
purified RNA signal.

1. Set column oven to 45°C (see Note 9).

2. Set the flow rate to 5 ml/min.

3. Equilibrate column with 3 column void volumes (see Note 10)
of 38% buffer B.

4. Load column with RNA in water (see Note 11) at one half the
standard flow rate, 2.5 ml/min. Run 1.5 column void volumes
of 38% buffer B after loading RNA.

5. Increase flow rate to 5 ml/min and run a 38-65% linear
gradient of buffer B over 6 column void volumes.

6. Collect 5 ml column fractions corresponding to the major
RNA peak excluding RNA eluting prior to and after (Fig. 1,
noted as 4).

7. Run a linear gradient from 65% to 100% bufter B over 0.2
column void volumes.
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3.2. RNA
Contamination
of HPLC Column

3.3. HPLG Column
and System Storage
and Cleaning

8. Run 100% buffer B for 3 column void volumes.

9. Run a linear gradient from 100% to 38% buffer B over 0.2
column void volumes.

10. Equilibrate with 38% buffer B for 1.5 column void volumes
(see Note 12 for standard HPLC protocol).

RNA contamination from previous purifications is found. For
purifications where RNA immunogenicity is being reduced or the
presence of contamination with the previously purified RNA is not
acceptable, cleaning of the column and attention to the order that
RNAs are purified is important. An unmodified RNA, which
remains immunogenic after HPLC purification (15), should not
be run prior to an RNA where no immunogenicity is required.

Run a cleaning program between RNA samples to reduce
contamination.

1. Run 1 column void volume of 38% buffer B.
. Increase to 100% bufter B over 0.2 column void volumes.
. Run 1 column void volume of 100% buffer B.

. Decrease to 38% bufter B over 0.2 column void volumes.

[S LI SIS R S

. Repeat steps 1-4 two additional times for a total of 3 cycles
(see Note 13 for HPLC cleaning protocol) (see Note 14).

Standard HPLC protocols for short and long term storage of the
HPLC columns and system should be followed.

1. For short-term storage, less than 4 days, wash the column and
system with 10 column void volumes of HPLC grade water.

2. For longer-term storage, wash the column and system with 10

column void volumes of 20% ethanol after the HPLC grade
water wash.

Weekly HPLC cleaning or at the completion of purifications
prior to an extended period of nonuse.

1. Clean the HPLC system with 100% acetonitrile for 10 column
void volumes.

2. Clean the HPLC system with HPLC-grade water for 10 col-
umn void volumes.

Complete HPLC cleaning. When RNA with no contaminating
RNA from previous runs is needed or when purification efficiency
drops.

1. Clean the column and system with 10 column void volumes of
0.1 M NaOH.

2. Clean the column and system with 20 column void volumes of
HPLC-grade water.
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. Extensively re-equilibration with 38% buffer B after NaOH

cleaning, run 38% buffer B at 5 ml/min for 10 column void
volumes.

. Run 38% buffer B at 0.5 ml/min continuously for 3—4 days.

. Concentrate and desalt RNA from the desired column

fractions in Amicon Ultra-15 centrifugal filter units
(30K membrane).

2. Add column fractions to the filter.

. Centrifuged at 4,000x4 for 10 min (25°C) in a ST16R

centrifuge.

4. Dilute concentrated RNA with nuclease-free water.

. Repeat concentration and dilution (steps 1-4) two more times

or until below a desired concentration of acetonitrile.

. Recover RNA with overnight precipitation at -20°C by adding

1,/10th volume NaOAc, 1 volume of isopropanol, and 3 pl of
glycogen.

A major contaminant that is found in all RNA sequences and with
all modified nucleosides studied thus far is dsRNA. Binding of
dsRNA-specific mAb ]2 occurs even when the dsRNA contains
modified nucleosides, ¢.g., pscudouridine and/or 5-methyleyti-
dine, while binding of the other dsRNA-specific mAb K1 is reduced
when dsRNA contains such modifications (15) (see Note 15).

1.

Blot RNA (200 ng) onto super charged Nytran membranes
and dry (see Note 16).

2. Block membranes with blocking buffer for 1 h.

. Incubate membranes with dsRNA-specific mAb J2 or KI

(5,000-fold dilution) in incubation buffer tor 60 min.

. Rinsc membranes four times and then wash six times (5 min

for each wash) with TBS-T buffer.

. React membranes with HRP-conjugated donkey anti-mouse

IgG (5,000-fold dilution) in incubation buffer for 60 min.

. Rinse membranes four times and then wash six times (5 min

for each wash) with TBS-T buffer.

. Detect membranes with ECL Plus Western blot detection
reagent.
. Capture images on a Fujifilm LAS1000 or similar digital imag-

ing system (see Note 17).

. Complex HPLC-purified and corresponding unpurified firefly

luciferase encoding mRNA to TransIT-mRNA (see Note 3)
according to the manufacturer by combining RNA (0.1 pg)
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3.5.3. BRNA Immunogenicity

with 17 pl serum free RPMI and adding TransIT-mRNA
transfection reagent (0.3 pl) and boost reagent (0.2 pl).

. Add 17 pl of complexed RNA to a single well of DCs in a

96-well plate in 180 pl of RPMI 10% FCS medium (see Notes
4 and 5).

. Three to 24 h later, remove medium and lyse cells in 25 ul of

Luciferase Cell Culture Lysis Reagent (see Note 18).

. Measure mRNA translation by adding 2 pl of cell lysate to

10 wl of Firefly luciterase assay buffer and measuring for 10 s in
a luminometer (see Note 19).

. Treat DCs (5x10* cells/well) in 96-well plates with medium,

poly(I:C) (50 pg/ml) not complexed to TransIT transfection
reagent (positive control) (see Note 20), and TransIT transfec-
tion reagent-complexed RNA (0.1 pg/well), as prepared above
in RNA translation (Subheading 3.5.2).

2. Harvest supernatant after 24 h.
3. Assay for IFN-a by ELISA on undiluted supernatant.

4. Notes

. A small column (7.8 mm diameter by 50 mm long (2.4 ml

total volume)) can be directly obtained from Transgenomics
(http://www.transgenomic.com/) (Cat # RNA-99-3810).
It can purify up to 10 pg of RNA and runs at a flow rate of
1 ml/min. Larger columns can be special ordered from
Transgenomic. We use a 21.2 mm diameter by 100 mm long
column (35 ml total volume) that allows up to 600 pg of RNA
per run to be purified.

. Numerous commercially available glycogen preparations were

found to be contaminated with RNA and DNA (30). We found
that Roche Applied Science glycogen was free of DNA or RNA
contamination.

. Other transfection reagents compatible with long RNA can be

used.

. Human DCs are optimal for analyzing mRNA as they are pri-

mary cells and contain all known RNA sensors (31) and their
ability to translate exogenously delivered mRNA is very sensi-
tive to contaminants. Other primary cells or cell lines can be
used.

. TransIT-mRNA transfection reagent requires serum in the

medium of cells when they are transfected.
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. Translation can be measured for any encoding mRNA with the

appropriate quantitative assay.

. Other cell types or cell lines can be used for measuring RNA

immune activation. The appropriate assay to measure immu-
nogenicity is needed and can include IFN-f, TNF-a, or IL-8
ELISAs depending on the cell used.

. If5'-cap is added enzymatically atter HPLC purification, ensure

that the RNA is precipitated with %2 volume of LiCl without
adding alcohol to avoid S-adenosyl-methionine contamination
that can reduce translation.

. RNA purification can be optimized for maximum translation

per RNA molecule transfected and, if it contains nucleoside
modifications, for lack of immunogenicity. Each RNA has an
optimal temperature for purification that results in the highest
level of translation. For optimal performance, this should be
determined for cach RNA. We have observed differences of up
to a twofold increase in translation comparing purifications at
different temperatures. It is typically in the 45-55°C range.

The void volume of an HPLC column is the total volume of
the liquid or mobile phase in a packed column. It is typically
50% of the total column volume for alkylated (PS-DVB) copo-
lymer beads.

The column can be loaded with RNA in the constituents of the
transcription reaction or post transcription reactions (cap or
poly(A) tail addition) without any purification. Run 3 column
void volumes of 38% buffer B after loading RNA in this
fashion.

HPLC program for puritying RNA using a 35 ml column:
(a) Column Pressure Limit 25.00 MPa

(b) Averaging Time UV 1.30

(c) Flow Rate 5 ml/min

(d) Start 38% Buffer B

(¢) Equilibrate with 3 column void volumes
(f) Flow Rate 2.5 ml/min

(g) Inject sample

(h) Empty loop with 6 ml

(1) Wash column with 3 column void volumes
) Flow Rate 5 ml/min

(k) Start fraction collection for mAU>20 (dependent on
amount and type of RNA), 1-5 ml fractions

() Linear gradient to 65% Buffer B over 6 column void
volumes

(m) Stop fraction collection
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13.

14.

15.

16.

(n) Linear gradient to 100% Buffer B over 0.2 column void
volumes

(o) Equilibrate with 100% Buffer B for 3 column void
volumes

(p) Linear gradient to 38% Buffer B over 0.2 column void
volumes

(q) Equilibrate with 38% Buffer B for 1.5 column void
volumes

HPLC program for cleaning between runs using a 35 ml
column:

(a) Column Pressure Limit 25 MPa

(b) Flow Rate 5 ml/min

(c) Start 38% Buffer B

(d) Equilibrate with 38% Bufter B for 1 column void volume

(e) Linear gradient to 100% Buffer B over 0.2 column void
volumes

(f) Equilibrate with 100% Buffer B for 1 column void
volume

(g) Linear gradient to 38% Buffer B over 0.2 column void
volumes

(h) Equilibrate with 38% Buffer B for 1 column void volume

(i) Linear gradient to 100% Buffer B over 0.2 column void
volumes

(j) Equilibrate with 100% Buffer B for 1 column void
volume

(k) Linear gradient to 38% Buffer B over 0.2 column void
volumes

(1) Equilibrate with 38% Buffer B for 1 column void volume

(m) Linear gradient to 100% Buffer B over 0.2 column void
volumes

(n) Equilibrate with 100% Bufter B for 1 column void
volume

(o) Linear gradient to 38% Buffer B over 0.2 column void
volumes

For additional column cleaning to reduce contamination by
RNA from previous runs, a single cycle of the above cleaning
cycle (see Note 13) can be run prior to equilibration with buf-
fer B in the standard RNA purification run (see Note 12).

The effect of other nucleoside modifications on binding by the
dsRINA-specific mAbs will need to be determined.

dsRNA (25 ng) can be used as a positive control.
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Hybridization with labeled DNA complementary to the desired
RNA can be performed to confirm RNA loading on the
membrane.

Both translation and immunogenicity of RNA can be measured
with TransIT-mRNA complexing at 24 h post transfection.
The peak and duration of translation varies with other transfec-

tion reagents, which will have to be determined.

19.
priate assay.

20.

RNA encoding other proteins can be analyzed with the appro-

R-848 or other TLR7 or TLR7 /8 agonists can be used as a

positive control for DCs.
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