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Chemical modification of uridine modulates
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In vitro transcribed (IVT)-mRNA has been accepted as a prom-
ising therapeutic modality. Advances in facile and rapid pro-
duction technologies make IVT-mRNA an appealing alterna-
tive to protein- or virus-based medicines. Robust expression
levels, lack of genotoxicity, and their manageable immunoge-
nicity benefit its clinical applicability. We postulated that
innate immune responses of therapeutically relevant human
cells can be tailored or abrogated by combinations of 50-end
and internal IVT-mRNAmodifications. Using primary human
macrophages as targets, our data show the particular impor-
tance of uridine modifications for IVT-mRNA performance.
Among five nucleotide modification schemes tested, 5-me-
thoxy-uridine outperformed other modifications up to 4-fold
increased transgene expression, triggering moderate proin-
flammatory and non-detectable antiviral responses. Macro-
phage responses against IVT-mRNAs exhibiting high immuno-
genicity (e.g., pseudouridine) could be minimized upon HPLC
purification. Conversely, 50-end modifications had only modest
effects on mRNA expression and immune responses. Our re-
sults revealed how the uptake of chemically modified IVT-
mRNA impacts human macrophages, responding with distinct
patterns of innate immune responses concomitant with
increased transient transgene expression. We anticipate our
findings are instrumental to predictively address specific cell
responses required for a wide range of therapeutic applications
from eliciting controlled immunogenicity in mRNA vaccines
to, e.g., completely abrogating cell activation in protein
replacement therapies.

INTRODUCTION
Growing demands for rapid, robust, and scalable production of
therapeutics for disease prevention or treatment lead to remarkable
advances in mRNA-based medicines over the past few years.1–3

Lack of genotoxicity and facile production, as well as efficient intra-
cellular delivery are advantages of mRNA therapeutics, when
compared with preceding non-cellular, nucleic acids-based
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Advanced Therapy Medicinal Products such as recombinant viruses
of DNA or recombinant protein-based medicines.4,5 Clinical appli-
cations of mRNA include both, protein replacement therapies6 and
mRNA vaccines,7,8 deployed not only for treatment of inherited and
non-infectious acquired diseases such as cancer,9 but also viral dis-
eases, such as recently the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2).10,11 The latter is a showcase example for
the power of mRNA technology in tackling disease, outpacing other
types of vaccines, with rather fast development from bench to
market.12

Despite progress in mRNA production technology by in vitro tran-
scription (IVT) via bacteriophage enzymes such as SP6, T3, and T7
RNA polymerases, potential immunogenicity of transcripts remains
a major issue for some mRNA-based medicines.5,13 The exogenous
in vitro transcribed mRNAs (IVT-mRNA) can be recognized by
various endosomal and cytosolic pattern recognition receptors
(PRRs).8 Examples are Toll-like receptor-7, and -8 (TLR-7, -8) and
TLR-3,14 sensing single- and double-stranded RNA (ssRNA and
dsRNA), respectively. The latter can also be recognized by melanoma
differentiation-associated protein 5 (MDA5)15,16 and retinoic acid-
inducible gene I (RIG-I), which are part of the RIG-I-like receptor
family. Pathways activated by these PRRs induce production of cyto-
kines, such as type I interferons (IFNs), tumor necrosis factor-a
(TNF-a), interleukin (IL)-1b, and IL-6,17 as well as upregulation of
co-stimulatory molecules such as CD80, CD86, and CD40.18 RIG-I
also recognizes the 50-triphosphate end of IVT-RNA, particularly
those of dsRNA termini.19 In addition, cell-autonomous mechanisms
mediated by 20–50 oligoadenylate synthases (OAS), RNase L, or the
holtz-Zentrum Hereon.
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Figure 1. The effect of chemical modification of IVT-

mRNA on potential cell response

Intracellular pathways of innate immune response in mac-

rophages transfected with either non-modified (left) versus

chemically modified IVT-mRNA (right). The elements

labeled with magnifying glass are the actual readouts

measured at the present study.
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IFN-induced, RNA-activated protein kinase R (PKR) can directly lead
to RNA instability and inhibition of RNA expression.20–22

Previous studies suggested several approaches to abrogate or modu-
late unintended immune activation, such as chemical modification
of either cap structures23,24 or nucleotides,23–27optimization of
pDNA template sequence,23,28 and modification of IVT reaction con-
ditions,29,30 as well as extra purification steps to remove impurities,
e.g., dsRNA by-products.31,32 However, most of these strategies
were evaluated either in vitro, using non-primary macrophage and
monocyte cell lines such as RAW 264.7 or THP-1, respectively, or
investigated in vivo by using mouse models.33 Indeed, macrophages
are of particular interest for this type of study. Here, we analyze the
effects of IVT-mRNA transfection in primary human monocyte-
derived macrophages, which are the first line of cellular defense due
to their high phagocytosis capacity. We, therefore, consider this cell
type to be of special relevance for clinical research, not only for its ex-
pected uptake of formulated IVT-mRNA even if not specifically tar-
geted,34 but also because of its considerable immune-modulatory ca-
pacity,35,36 as well as its ability to initiate and modulate antiviral or
anti-tumor T cell responses37,38 as antigen-presenting cells,39 and as
a potential direct target in addressing macrophage-related diseases.40

We postulated that systematic analysis of different 50-end and internal
nucleotide modifications of IVT-mRNA transfected in human mac-
Molecular T
rophages reveals the pattern of cellular response,
which could be harnessed to minimize or poten-
tially abrogate the subsequent immune response
(Figure 1). In a comprehensive side-by-side
study, mRNA constructs with three distinct cap
structures, with or without extra phosphatase
treatment, were investigated in parallel with three
different uridine modifications and one cytidine
modification; see Figure 2 and Table S1 for details
of mRNA synthesis process and chemistry, and
Figure S1 for precise chemical formula of cap
and nucleoside modifications. The quality and
biological performance of chemically modified
IVT-mRNAs upon transfection in macrophages
were evaluated as key readouts. This was
achieved by assessing changes in surface marker
expression and the cytokine secretion patterns
as indicators of antiviral and proinflammatory
immune responses. Transfection efficiency and
level of transgene expression were determined
to rule out that the postulated effect of modifications, i.e., dampening
of the innate immune response, should not reduce protein produc-
tion. In fact, the highest possible level of expression from the admin-
istration of the lowest feasible dose of mRNA is desired, if not
required, for most clinical applications, also under health economic
considerations. Thus, our work provides guidelines to uncouple
maximized IVT-mRNA-mediated protein production levels from im-
mune activation that could be prohibitive for future translational
applications.

RESULTS
Study design

IVT-mRNAs with distinct chemical compositions were evaluated
by agarose gel electrophoresis and dot blot analysis to determine
transcript integrity and potential dsRNA by-products, respec-
tively. Primary human macrophages were generated from
blood-derived CD14+ monocytes. Macrophages (MFs) were sub-
sequently transfected with lipoplexes containing the chemically
modified IVT-mRNAs. The fluorescent protein marker produc-
tion was evaluated 24 h posttransfection by fluorescent micro-
scopy and further quantified with flow cytometry. In parallel,
immune response of transfected MFs was assessed either by
measurement of activation-induced cell surface molecules such
as CD80, and by analyzing cytokine secretion patterns, which
included TNF-a, IL-6, and IFN-b.
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Figure 2. Overview of in vitro transcription process and chemical modifications of IVT-mRNA used in this study

Main steps, and conditional post-transcriptional treatments, which were only applied to samples with cap modifications, i.e., methylation and dephosphorylation, are

illustrated at the top panel. Simplified chemistry of IVT-mRNA synthesized and utilized at this study with various cap and/or nucleotide modifications are depicted at the

bottom panel. Sequence of synthesis steps applied for cap modified mRNAs are indicated as colored bars corresponding to each synthesis step. Phosphatase treatment

step is further indicated with/� or/+ next to sample name. Chemical formula only indicate the main variations among nucleotides as well as cap structures. See Figure S1 for

precise chemical formula of cap and nucleotide modifications, and Table S1 for detailed information on chemistry and synthesis process of each sample. pDNA, plasmid

DNA; T7 Pol., T7 RNA polymerase; NTs, nucleotides; ARCA, anti-reverse cap analog;J, pseudouridine; me1J, N1-Methylpseudouridine; 5moU, 5-methoxy-uridine; 5meC,

5-methyl-cytidine.
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Chemical modification of IVT-mRNA

Three variations of cap structure, including anti-reverse cap analogs
(ARCA) as an example of Cap 0 structure, 20-O-methylated ARCA
(ARCA + MT), and CleanCap AG (CleanCap), as two examples of
Cap 1 structure, were investigated side-by-side (Figure 2). Note that
co-transcriptional integration of CleanCap requires a nucleotide
change in T7 promoter at +1/+2 positions from “GG” to “AG”; see
“Materials and methods: IVT-mRNA synthesis with various chemical
modifications” for detailed explanation of the procedure.

Since none of the co-transcriptional cap modifications are entirely
efficient in transcript capping, a fraction of uncapped IVT-mRNA
could trigger immune response through their 50-triphosphate end
groups. Thus, to investigate the effect/necessity of 50-triphosphate
removal on overall biological performance of IVT-mRNA products,
856 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
both in terms of protein production level and immune stimulation,
an extra phosphatase treatment was included for each of the three
examined cap structures and evaluated in parallel.

To assess the importance of IVT-mRNA nucleotide modifications,
non-modified IVT-mRNAwas compared with uridine modifications,
namely pseudouridine (J), N1-methyl-pseudouridine (me1J),
and 5-methoxyuridine (5moU), a cytidine modification 5-methylcy-
tidine (5meC), as well as a combination of J and 5meC (J/5meC)
(Table S1).

Of note, IVT-mRNA synthesized with the various cap structures for
comparative analysis of the effect of 50-end modifications were uni-
formly substituted withJ and 5meC. This combination of nucleotide
modifications, which has been extensively analyzed in the past, is
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Figure 3. IVT-mRNA double strand content and

integrity investigated by dot blot and agarose gel

electrophoresis

(A) Poly(A) as ssRNA-negative control, and dsRNA positive

control were blotted with the same amount as main sam-

ples (1,000 ng/dot), next to dsRNA gradient of 4-fold serial

dilutions for generating a standard curve for subsequent

quantifications and detected by a dsRNA-antibody.

Representative dot blots of IVT-mRNAs with different (B)

cap modifications, and (C) nucleotide modifications pre-

sented side-by-side with denatured agarose gel electro-

phoresis images of the same samples. Quantified dsRNA

for IVT-mRNAs with various cap modifications (D) as well as

(E) nucleotide modifications plotted as weight percent of

dsRNA content (calculated according to positive control

standard curve) to total mRNA amount blotted on mem-

brane for each sample. Error bars indicate SEM for three

independently synthesized IVT-mRNA batches blotted on

the membrane in duplicates; see Figure S2 for uncropped

membrane and the gel image. ARCA, anti-reverse cap

analog; MT, methyl-transferase; AnP, Antarctic phospha-

tase; J, pseudouridine; me1J, N1-Methylpseudouridine;

5moU, 5-methoxy-uridine; 5meC, 5-methylcytidine.
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known to reduce the immune response without its complete elimina-
tion,41 and thus can serve as a baseline for analyzing further modifi-
cations. Conversely, for comparatively analyzing the effects of inter-
nal nucleotide modifications, we uniformly incorporated a 50 ARCA
as a standard cap structure in the synthesis of IVT-mRNAs.

Chemical modification of nucleotides, but not cap structure,

affects dsRNA content of IVT-mRNA

Dot blot analysis was performed using the J2 dsRNA-specific anti-
body in order to evaluate the degree of dsRNA formation in the
run-off transcripts, which is a major trigger of cellular anti-IVT-
mRNA responses (Figure 3), as positive control serial dilutions of a
dsRNA sample were used for validation and subsequent quantifica-
tion (Figure 3A). Accordingly, the calculated values of dsRNA were
normalized to the total amount of membrane-immobilized IVT-
mRNA for each sample. Identical amounts of ssRNA were measured
as negative control, and found to be non-detectable by the dsRNA-
specific antibody, ruling out the interference of unspecific binding
of J2 antibody in this experimental setup (Figure 3A).

No obvious differences were observed between signal intensities of
IVT-mRNAs equipped with different cap structures, in the groups
with or without 50-end dephosphorylation (Figure 3B). This finding
Molecular T
was also proved quantitatively, with only minor
variations in dsRNA content (Figure 3D). In
contrast, IVT-mRNAs with ARCA as cap struc-
ture and various nucleotide modifications had a
prominent effect on dsRNA content of IVT-
mRNA products. Notably, the highest dsRNA
content was found in non-modified IVT-
mRNA, and J-modified IVT-mRNA. However,
the dsRNA signal was reduced by 5meC, andJ/5meC modifications
of IVT-mRNAs. Interestingly, IVT-mRNA with other uridine modi-
fications, i.e., me1J and 5moU, resulted in the lowest number of
dsRNA by-products (Figures 3C and 3E), underscoring overall
impact of uridine on quality of transcripts. Moreover, the integrity
of IVT-mRNA samples was evaluated with agarose gel electropho-
resis (Figures 3B and 3C) to rule out correlation of detected dsRNA
signal to presence of potential unknown side-products or possible
degradation. Of note, similar patterns were consistently observed
throughout IVT-mRNA samples of three independent syntheses.

Protein production level was substantially influenced by IVT-

mRNA chemistry

Transfection efficiency and level of protein production were measured
as key parameters to assess biological performance of IVT-mRNAs
with distinct chemical modifications. IVT-mRNA coding enhanced
GFP (EGFP) was transfected in primary human monocyte-derived
macrophages in low dose (125 ng∙mL�1) and high dose
(500 ng∙mL�1). The corresponding mRNA amounts for the two
administrated doses were selected according to cell viability and im-
mune activation as described in our earlier study.41 IVT-mRNA
expression was initially assessed qualitatively by fluorescent micro-
scopy (Figures 4A and 4E), and quantified at single cell resolution by
herapy: Nucleic Acids Vol. 27 March 2022 857
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Figure 4. Transfection efficiency and EGFP mRNA

expression level in macrophages transfected with

IVT-mRNA with various cap and nucleotide

modifications

(A) Representative fluorescent images and (B) flow cyto-

metric density plots indicating EGFP expression in mac-

rophages transfected with low dose and high dose of IVT-

mRNA made of either Cap 0 (i.e., ARCA), or Cap 1 (i.e.,

ARCA + MT, and CleanCap) with and without phospha-

tase treatment. (C) Quantification of transfection effi-

ciency, and (D) EGFP mRNA expression level in macro-

phages transfected with low doses and high doses of the

different IVT-mRNAs with cap modifications. (E) Repre-

sentative fluorescent images of macrophages transfected

with low doses of IVT-mRNA composed of nucleotides

with different chemical modifications. (F) Flow cytometric

density plots indicating EGFP expression in macrophages

transfected with low dose and high dose of IVT-mRNA

with various nucleotide modifications. (G) Transfection

efficiency and (H) EGFP mRNA expression level quantified

by flow cytometry and plotted in terms of EGFP-positive

cells percentage and MFI of EGFP signal among EGFP-

positive cell populations, respectively. Poly(I:C) was also

transfected in low dose (125 ng∙mL�1). For each condi-

tion 125 ng∙mL�1 and 500 ng∙mL�1 of IVT-mRNA were

used for transfection referred here as low dose and high

dose, respectively. Values are presented as mean ± SD.

Error bars indicate SD of three independent experiments

from three individual donors. Bar = 50 mm. Statistical dif-

ferences are depicted with **p < 0.005, ***p < 0.001.

ARCA, anti-reverse cap analog; MT, methyl-transferase;

AnP, Antarctic phosphatase; J, pseudouridine; me1J,

N1-Methylpseudouridine; 5moU, 5-methoxy-uridine;

5meC, 5-methyl-cytidine.
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flow cytometry (Figures 4B–4D, 4F–4H). Modifications of the cap
structure had only a slight impact on fluorescence intensity of macro-
phages transfectedwith either Cap 0 (ARCA) or Cap 1 (ARCA+MTor
CleanCap)modified IVT-mRNAs (Figures 4A and 4B ). In addition, no
obvious differences in EGFP production from phosphatase-treated
IVT-mRNAs, for any of the three examined cap structures could be
observed (Figure 4A). No signal was detected for the untransfected
controls (Figure S3). Moreover, flow cytometric assessment revealed
substantial amounts of EGFP-producing MF with slight variations in
EGFP production level after transfection with low as well as high doses
of cap modified IVT-mRNA (Figure 4B). Transfection efficiency and
EGFP mRNA expression was quantified as percent of EGFP-positive
cells, and mean fluorescent intensity (MFI) of EGFP in positive cells,
respectively (Figures 4C and 4D). Remarkably, the low and high
IVT-mRNA doses led to a transfection efficiency of more than 60%
and 80%, respectively. However, no significant differences were found
between transfection efficiency of IVT-mRNAs with distinct cap mod-
ifications, neither at low dose nor at high dose (Figure 4C). When
treated with phosphatase, the level of EGFP production was signifi-
cantly higher for Cap 1 (i.e., ARCA + MT and CleanCap) compared
with Cap 0 (i.e., ARCA) at high dose of mRNA (Figure 4D).

For IVT-mRNA with chemical modifications of nucleotides, non-
modified as well as J, me1J, and 5moU modified IVT-mRNAs led
to the highest EGFP signal intensity, notably also at low dose of
mRNA, whereas 5meC and its combination with J resulted in the
lowest EGFP synthesis in transfectedMFs,measured24hpost transfec-
tion (Figure 4E). Different EGFP levels were consistently detected in
MFs transfected with various nucleotide modifications both at low
dose and, more prominently, at high dose of IVT-mRNA (Figure 4F).
Especially 5moUoutperformed the other chemicalmodifications under
the aspect ofmaximizingprotein synthesis.While the number of EGFP-
positive cells was not affected by different nucleotide modifications at
low and high doses of mRNA (Figure 4G), the EGFP production level
was substantially higher for 5moU, non-modified, and me1J IVT-
mRNA, especially at high dose ofmRNA (Figure 4H). The lowest levels
of EGFP mRNA expression were consistently observed for J/5meC
modified IVT-mRNA(Figures 4E, 4F, and 4H). The results were consis-
tent fordifferentmRNAsyntheses, since similar transfection efficiencies
and EGFP intensities could be observed when one donor was treated
with three independently prepared IVT-mRNA batches (Figure S4),
which excluded a potential bias due to batch effects.

In addition to the quantitative assessment with flow cytometry and
qualitative analysis with fluorescent microscopy, the resulting protein
produced by IVT-RNA with different chemical modifications were
evaluated using western blot analysis. In fact, it could be confirmed
that intact EGFP protein was produced for all chemically modified
IVT-mRNA with no sign of other unspecific side products (Figure S5).

Nucleotide chemicalmodifications of IVT-mRNAmodulateCD80

in transfected MFs already at low doses

Unintended cellular stress, and immune responses elicited by IVT-
mRNA upon transfection are critical issues, which could lead to com-
plete inhibition of protein production machinery and eventually
result in cell death. Analysis of co-stimulatory surface molecules,
such as CD80, was found to be a valuable readout for evaluating
the activation of transfected MFs.41 Thus, CD80 production was
measured by flow cytometry and compared within different IVT-
mRNA modifications (Figure 5). Macrophage treatment with IFNg/
lipopolysaccharide (LPS) resulted in a substantial upregulation of
CD80, whereas poly(I:C) induced only little amounts of CD80. Inter-
estingly, the CD80 levels on cells transfected with low dose of IVT-
mRNA remained unchanged, irrespective of cap modifications,
whereas noticeable CD80 upregulations were detected at the high-
dose conditions (Figure 5A). Quantification of the results revealed
that phosphatase treatment consistently reduced these elevated
CD80 levels for all three examined cap structures (Figure 5B).

Nucleotide modification of IVT-mRNA, on the other hand, resulted
in pronounced differences in CD80 level both at low dose, and more
dramatically at high dose of IVT-mRNA transfected MFs, clearly
recognizable by comparison of histograms with negative and positive
controls (Figure 5C). Maximum level of CD80 was related to non-
modified and 5meC-modified IVT-mRNA, when compared quantita-
tively (Figure 5D). While J modification resulted in high CD80
production levels, combined J and 5meC modifications resulted in
substantial reduction of IVT-mRNA induced CD80 production levels
(Figure 5D). Other uridine modifications including me1J or 5moU
led to no changes in CD80 production in relation to untransfected
MFs when transfected at low dose of IVT-mRNA, and only a slight
increase at high dose (Figure 5D).

The downstream effect of IVT-mRNA-induced immune response on
cell viability was investigated by measurement of DAPI-negative cells
via flow cytometry. Interestingly, MFs that were producing a higher
level of CD80, such as high dose of ARCA +MT in cap modified IVT-
mRNA and non-modified, J, and 5meC-modified IVT-mRNAs,
were observed to have a low level of cell viability (Figure S6).

Chemical modifications of IVT-mRNA influenced both

proinflammatory and antiviral cytokines secretion by

transfected MFs

To evaluate the immune activation of MFs, secretion of TNF-a,
IL-6, and IFN-b was measured at 6 h and 24 h posttransfection,
throughout all cap modifications (Figure 6), as well as nucleotide
modifications (Figure 7). There were no significant differences be-
tween TNF-a and IL-6 secretion from MFs transfected with Cap
0 structure (i.e., ARCA) and Cap 1 structures (i.e., ARCA + MT,
or CleanCap) 6 h after transfection (Figures 6A and 6C). This ap-
plies for low dose and most of high doses of IVT-mRNA, in partic-
ular when absolute cytokine levels are considered in relation to the
LPS positive control. However, after 24 h, Cap 1 structures induced
higher levels of TNF-a and IL-6 compared with Cap 0 at high dose
of mRNA (Figures 6B and 6D). Noteworthy, phosphatase-treated
IVT-mRNAs elicited less TNF-a and IL-6 secretion at high
dose of IVT-mRNA, consistently for all cap structures, when
compared with untreated IVT-mRNA of the same cap formula
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 859
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Figure 5. Evaluation of CD80 expression in macrophages, in response to IVT-mRNA transfection with different chemistry

Staggered histogram of CD80 levels in macrophages transfected with low doses and high doses of IVT-mRNA with various cap modifications (A), as well as nucleotide

modifications (C) along with untransfected, poly(I:C), the dsRNA positive control transfected in low dose, and activated macrophages. Activated cells were treated with LPS/

IFN-g. MFI of CD80 normalized to untransfected cells is indicated for macrophages transfected with low doses and high doses of mRNA with different cap modifications (B)

and nucleotide modifications (D). Mock transfection refers to carrier (i.e., LipoMM) without mRNA. For each condition 125 ng∙mL�1 and 500 ng∙mL�1 of IVT-mRNA were

used for transfection, referred here as low dose and high dose, respectively. Expressionwasmeasured 24 h after transfection. Values are presented asmean ± SD. Error bars

indicate SD of three independent experiments from three individual donors (n = 3). ARCA, anti-reverse cap analog; MT, methyl-transferase; AnP, Antarctic phosphatase;

J, pseudouridine; me1J, N1-Methylpseudouridine; 5moU, 5-methoxy-uridine; 5meC, 5-methyl-cytidine.
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(Figures 6A–6D). Similar patterns were observed for IFN-b, as
enhanced IFN-b secretion was detected for Cap 1 compared with
Cap 0 (Figures 6E and 6F). While there were no remarkable differ-
ences between various cap structures with and without phosphatase
treatment at 6 h post transfection (Figure 6E), phosphatase treat-
ment led to substantial decrease in IFN-b secretion, particularly
noticeable for CleanCap by secretion of IFN-b almost identical to
untransfected MFs (Figures 6E and 6F) and unexpected for this
cap structure given the reported high incorporation efficacy (data
provided by manufacturer).

Nucleotide modifications had a profound effect on cytokine secretion
(Figure 7). Non-modified nucleotides persistently resulted in the
highest level of TNF-a, IL-6, and IFN-b, similar to corresponding
positive controls, both at low and high doses of IVT-mRNA (Fig-
860 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
ure 7). IVT-mRNAmodified only withJ or 5meC resulted in signif-
icantly high levels of TNF-a and IL-6 secretion at 6 h and more dras-
tically at 24 h upon transfection, both at low and high doses of mRNA
when compared with untransfected MFs (Figures 7A–7D). However,
transfection-induced cytokine secretion was significantly reduced,
but not abolished, when the combination of the two modifications,
i.e., J/5meC, was applied together (Figures 7A–7D). Uridine substi-
tution with me1J led to a significant reduction of TNF-a (Figures 7A
and 7B) and IL-6 (Figures 7C and 7D) secretion at low dose, and high
dose of IVT-mRNA, when compared with unmodified mRNA. In
contrast, 5moU IVT-mRNA outperformed other modifications by
completely preventing TNF-a and IL-6 induction, even at high doses
of IVT-mRNA when measured at 6 h (Figures 7A and 7C) and 24 h
(Figures 7B and 7D). Consistently, IFN-b secretion was found to be
minimal for the 5moU modification (Figures 7E and 7F), whereas
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Figure 6. Cytokine secretion by macrophages transfected with cap modified IVT-mRNA

TNF-a secretion was measured (A) 6 h and (B) 24 h after transfection with low doses and high doses of IVT-mRNA. IL-6 secretion was quantified (C) 6 h and (D) 24 h post

transfection. IFN-b secretion was evaluated (E) 6 h and (F) 24 h upon transfection. Mock transfection refers to carrier (i.e., LipoMM) without mRNA. Poly(I:C) was also

transfected in low dose as positive control. For each condition, 125 ng∙mL�1 and 500 ng∙mL�1 of IVT-mRNA were used for transfection, referred here as low dose and high

dose, respectively. Values are presented as mean ± SD. Error bars indicate SD of three independent experiments from three individual donors. Statistical differences are

depicted with *p < 0.05, **p < 0.005, ***p < 0.001. Error bars indicate SD. ARCA, anti-reverse cap analog; MT, methyl-transferase; AnP, Antarctic phosphatase.
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non-modified,J-, 5meC-modified IVT-mRNA resulted in the high-
est level of antiviral response. While J/5meC and me1J modifica-
tions were beneficial in reduction of IFN-b secretion both at low
and high doses of IVT-mRNA at 6 h (Figure 7E), they failed to
completely overcome the IFN-b production at high dose of mRNA
when measured at 24 h. Overall, 5moU-modified IVT-mRNA was
found to induce only minimal levels of cytokine secretion, in most
cases similar to untransfected MFs (Figure 7).

To ensure that the observed effects were not specific to the
sequence of EGFP, an IVT-mRNA coding for another protein,
i.e., mCherry, with a different nucleotide sequence was evalu-
ated for four selected nucleotide modification conditions. The
transfection efficiency, as well as level of mRNA expression re-
vealed the same pattern of differences as observed for EGFP
(Figure S7A). The immune activation was measured 24 h
post transfection in terms of CD80 expression and IFN-b secre-
tion. When plotted side-by-side to EGFP transfected macro-
phages, no remarkable difference was identified (Figures S7B
and S7C). This result was consistent with dsRNA content
of mCherry IVT-mRNA samples evaluated by dot blot
(Figure S8).
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 861
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Figure 7. Cytokine secretion in macrophages transfected with IVT-mRNA with various nucleotide modifications

TNF-a secretion was measured (A) 6 h and (B) 24 h after transfection with low doses and high doses of different IVT-mRNA formula. IL-6 secretion was quantified (C) 6 h and

(D) 24 h after transfection. IFN-b secretion was investigated (E) 6 h and (F) 24 h upon transfection. Mock transfection refers to carrier (i.e., LipoMM) without mRNA. Poly(I:C)

was also transfected in low-dose positive control. For each condition, 125 ng∙mL�1 and 500 ng∙mL�1 of IVT-mRNA were used for transfection, referred here as low

dose and high dose, respectively. Values are presented as mean ± SD. Error bars indicate SD of three independent experiments from three individual donors (n = 3).

J, pseudouridine; me1J, N1-Methylpseudouridine; 5moU, 5-methoxy-uridine; 5meC, 5-methyl-cytidine.

Molecular Therapy: Nucleic Acids
Effect of HPLC purification on MF immune response triggered

upon transfection of IVT-mRNA

While we have shown so far that immune responses due to delivery of
synthesized mRNAs can be minimized if not abrogated by the proper
choice of modified nucleotides, we also addressed the possibility of
avoiding macrophage activation by an additional HPLC-purification
step even for otherwise immunogenic IVT-mRNA chemistry, as pre-
viously described for other cell types.31 The elimination of impurities
and dsRNA by preparative chromatography, also proved by dot blot
(Figure S8C), barely effected transfection efficiency and levels of
transgene expression (Figures 8A–8E) in a series of experiments anal-
ogous to those presented in Figure 4. The only exception was the
862 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
2-fold increase in EGFP MFI for non-modified IVT-mRNA. By
contrast, for IVT-mRNAs that were highly immunogenic in the un-
purified stage, i.e., non-modified and J-modified, cell activation
measured both by CD80 levels (Figure 8F) and IFN-b production
(Figures 8G and 8H) was largely reduced, confirming the efficacy of
this technique in elimination of immune-stimulatory mRNA speci-
mens and contaminants.

DISCUSSION
We investigated the effect of systematically varied IVT-mRNA chem-
istry, including various cap structures as well as nucleotide modifica-
tions in human monocyte-derived macrophages, analyzing transgene



(legend on next page)
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expression and activation of these primary cells. Being equipped with
numerous sensors/receptors against a variety of pathogen-associated
molecular patterns, macrophages play a pivotal role in innate im-
mune response and can initiate adaptive immunity. Consequently,
evaluation of their behavior is of high relevance for development of
new therapeutics, such as mRNA vaccines. When compared with var-
iations of cap structure, modification of nucleotides had the more
pronounced effect on macrophages as identified by transgene expres-
sion levels and immunogenicity (Figure S9).While these biological re-
sponses could neither be attributed to differences in mRNA integrity
nor potential unintended side-products of the T7-mediated in vitro
transcription process, we found a partial correlation to the dsRNA
content of transcripts, bringing up the necessity for extra purification
steps. In fact, HPLC purification led to the reduction of dsRNA
content and subsequently reduced the immunogenicity of the IVT-
mRNA.

Given the sometimes striking effects of IVT-mRNA purification steps
on both transgene expression and cell activation, this issue deserves
further attention, as evidented by recent research. In line with our
findings, Karikó et al. reported a direct correlation between dsRNA
content of non-modified and J-modified and J/5meC-modified
mRNA and type I IFN response of transfected dendritic cells.31 How-
ever, elimination of dsRNA by HPLC alone was not sufficient for
complete evasion of innate immune response, drawing attention to
other aspects of IVT-mRNA, which could be involved in induction
of immune activation.29 Last, as a note of caution in considering a
direct quantitative connection between dsRNA content and immune
activation, we want to point out that the J2 antibody test used by us
and some of the studies mentioned, to the best of our knowledge
has not been rigorously validated to exclusively respond to dsRNA
structures, irrespective of chemical modifications of the target
transcripts.

Despite a high degree of similarity and functional equivalence, IVT-m
RNA molecules can be distinguished from endogenous mRNA
through differences in their chemical compositions and distinct traf-
ficking routes. Therefore, many studies have been conducted to
mimic intrinsic mRNA chemistry, such as the cap structure. Consid-
ering the fact that Cap 1 structure is more prevalent in higher eukary-
Figure 8. HPLC purification increases protein expression and ameliorates imm

(A) Representative fluorescent images transfected with low dose of non-purified and H

5moU-modified mRNA. (B) Flow cytometric density plots indicating EGFP expression in
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ciency and (D) EGFP mRNA expression level quantified by flow cytometry and plotted as
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donors. Bar = 50 mm.
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otes than Cap 0,42,43 in an in vivo study Vaidyanathan et al. investi-
gated the immune stimulation and functional protein production
by IVT-mRNA made of Cap 0 and Cap 1 structure, along with three
other approaches, but did not find striking differences in their func-
tionality and immunogenicity.23 Likewise, we also found no remark-
able differences in proinflammatory and antiviral responses in pri-
mary macrophages, as well as level of protein production between
Cap 0- and Cap 1-modified IVT-mRNA. Our observation is also in
agreement with a previous study,43 where no differences in RIG-I-
mediated immune activation was reported between ssRNA samples
with Cap 0 versus a 20-O-methylated cap, i.e., a Cap 1 structure. How-
ever, when cap modifications were examined and compared in
dsRNA samples, Cap 1 was superior to Cap 0 in inhibition of
RIG-I pathway.43 In our experimental setting, a modest decrease of
innate immune response with almost no detectable change in protein
production level was observed for phosphatase-treated IVT-mRNAs.
Notably, the dampening of immune response upon dephosphoryla-
tion was slightly more pronounced, when high doses of IVT-
mRNA were applied.

In order to evaluate the impact of nucleotide chemical modifications
on corresponding IVT-mRNA expression level and immune
response, macrophages were transfected with low and high doses of
IVT-mRNA in side-by-side experiments. Our results revealed that
modification of IVT-mRNA with J led to high level of protein pro-
duction, but concurrently induced high levels of IFN-b, TNF-a, and
IL-6 secretion. In line with these results, a previous study suggested an
enhanced immunogenicity forJ-modified mRNA, which was corre-
lated to dsRNA mediated-MDA5 stimulation.16 The combination of
J and 5meCmodifications, however, was effective in the reduction of
IVT-mRNA immunogenicity. This finding is in agreement with pre-
vious reports by others31 and us,41 where we observed similar pattern
throughout different doses, also when examined with different types
of carriers such as polyplexes.41

Reduced protein expression observed for J/5meC and 5meC-modi-
fied mRNAmight be attributed to cell-autonomous immunity, which
can be mediated by dsRNA interacting with PKR. Following activa-
tion by dsRNA or viral RNA, PKR monomers are phosphorylated
and dimerize to form the active enzyme.44 Dimerized PKR can
une activation of macrophages

PLC-purified IVT-mRNAs comparing non-modified mRNA with J-, J/5meC-, and

macrophages transfected with low dose (top) and high dose (bottom) of IVT-mRNA

ified (gray color) versus HPLC-purified (blue color) conditions. (C) Transfection effi-

percentage and MFI of EGFP-positive cells, respectively. (E) Staggered histogram of

T-mRNA comparing non-modified mRNA withJ-,J/5meC-, and 5moU-modified
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ted with low doses and high doses of non-purified versus HPLC-purified IVT-mRNAs

ock transfection refers to carrier (i.e., LipoMM) without mRNA. (G, H) IFN-b secretion
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phosphorylate eIF2a, leading to translation inhibition. Consistently,
Anderson et al. reported enhanced activation of PKR in a cell-free
in vitro system for J-modified IVT-mRNA compared with non-
modified transcripts.45 OAS can also be activated by dsRNA to poly-
merize ATP into oligomers of adenosine, which can specifically
activate RNaseL that, in turn, mediates RNA degradation. OAS can
be induced by type I IFNs. We found IFN-b production elevated
by non-modified, J-modified and 5meC-modified mRNA, but
only for 5meC-modified mRNA a reduced mRNA expression was
observed, indicating that PKR or OAS pathways could be activated
by this modification. However, HPLC purification of 5meC-modified
mRNA completely abolished the IFN-b secretion, while the EGFP
expression remained at low level, indicating that interferon-induced
cell-autologous mRNA decay pathways are not responsible for the
reduced translation.31

Chemical modifications of uridine, including me1J, and 5moU out-
performed others in terms of augmenting mRNA expression level, as
well as substantially reducing both antiviral and proinflammatory
cytokine secretion. In particular, 5moU-modified IVT-mRNA led
to almost complete evasion of IFN-b secretion, a result that even
extended to high-dose IVT-mRNA transfection. This finding is in
line with an earlier report, where in an in vivo experimental setup a
similar pattern of reduced activation was reported for 5moU, when
compared with unmodified and other uridine and cytidine chemical
modifications.23 Another study by Nelson and colleagues also sug-
gested that me1J modification of IVT-mRNA reduced, but not
eliminated the expression of inflammatory chemokine, CXCL-10,
produced by transfected primary human monocyte-derived macro-
phages. However, when this modification was combined with an extra
purification step using reversed-phase high-performance liquid chro-
matography (RP-HPLC), it resulted in the pronounced inhibition of
innate immune response to background level, examined both in vitro
and in vivo.29 Both of the recently developed mRNA-based SARS-
CoV-2 vaccines that are on the market as of the beginning of 2021
rely on me1J-modified IVT-mRNA formulated in lipid-based nano-
particles,10,46 where the moderate activation of the immune system
is often intended. However, our study demonstrates that, at least
for macrophages, the immune reaction can be reduced almost
to background levels without employing sophisticated extra purifica-
tion steps, only by using 5moU modification of IVT-mRNA, thus
facilitating potential applications that require minimal immune
stimulation.

We observed that nucleotide modifications of IVT-mRNA with
me1J and 5moU increased yield of protein production. This was
in line with a previous report that attributed the enhanced expression
level of me1J-modified IVT-mRNA to increased ribosome loading
density and higher ribosomal recycling rate compared with mRNA
containing canonical uridine in cell-free translation systems.47 Other
studies, however, attribute high mRNA expression to reduced inhib-
itory effects of cell-autonomous antiviral defense mechanism medi-
ated by PKR or OAS leading to mRNA decay or translation inhibi-
tion.16 Noteworthy, we found that the pattern in immune activation
observed between the nucleotide modifications tested were not
dose-sensitive. However, variations of protein synthesis were more
obvious upon transfecting low IVT-mRNA doses and deviation of
immune response at high doses of IVT-mRNA.

Elucidation of the mechanisms involved in modulation of immune
response by chemical modification of nucleotides, in particular uri-
dine, were the subject of previous studies that can be summarized
as follows: (1) transcripts containing modified nucleotides were re-
ported to have less binding affinity to endosomal ssRNA sensors
TLR7/825,27,48; (2) several studies reported that the incorporation of
modified nucleotides in transcripts results in less mRNA sensor acti-
vation as shown for cytosolic, RIG-I,43 MDA5,16 and TLR-3 18,27, with
subsequent reduction of type I IFN and proinflammatory cytokines
secretion, as well as reduction of PKR activity resulting in increased
translation24; (3) nucleotide modifications can reduce unspecific pro-
moter-independent activities of T7 RNA polymerase during the IVT
process, like synthesis of long dsRNA by-products16; and last, (4)
reduction of dsRNA potency in receptor stimulation.49

Conclusion

In the present study, we investigated the effects of different cap and
nucleotide modifications of IVT-mRNA upon macrophage transfec-
tion. The different modifications and/or treatments of the transcripts’
50-end had only modest consequences for protein expression and
macrophage activation. Intriguingly, the use of nucleotide modifica-
tions had a major impact on the overall biological performance of
the IVT-mRNAs. Chemical modification of uridine, in particular
5moU showed the highest levels of protein production with negligible
induction of inflammatory macrophage responses. While most envis-
aged therapeutic applications of IVT-mRNA will profit from the
highest possible protein yield per transcript delivered, such applica-
tions, ranging from protein replacement, expression of tumor anti-
gens, or “classical” vaccination strategies, have distinct requirements
for eliciting inflammatory responses, both quantitatively and qualita-
tively. Thus, while further experiments are required to elucidate mo-
lecular mechanisms corresponding to each specific modification, this
study should motivate consideration of human macrophages as a
mediator of custom-tailored mRNA-induced inflammatory reactions
for the intended therapeutic application.

MATERIALS AND METHODS
IVT-mRNA synthesis with various chemical modifications

Synthesis of mRNA was performed via in vitro transcription by T7
RNA polymerase in two groups to introduce chemical modifications
to cap structures and nucleotides described in detail as follows; also
see Figure 2, and Table S1 for more information about chemical
composition and overview of synthesis process.

1) Template linearization

The plasmid DNA (pDNA) vector, pRNA2-(A)128
50 was utilized as

template for synthesis of mRNAs with ARCA as cap structure. It con-
sists of a standard T7 promoter, a short 50-UTR containing a Kozak
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sequence, an EGFP coding region, and a head-to-tail duplicated hu-
man b-globin 30-UTR followed by a 128-base-pair (bp) polyadenine
[poly(A)] sequence.

A modified version of this plasmid comprised the features
(mentioned above) aside from an altered T7 promoter transcriptional
start site by changing from “GG” to “AG”. In this way, the standard
promoter sequence 50-TAATACGACTCACTATAGG-30 is changed
to 50-TAATACGACTCACTATAAG-30, in order to accommodate
integration of CleanCap AG as cap structure.

pDNA templates were linearized with BspMI restriction enzyme
(New England Biolabs, Frankfurt, Germany), and purified by adding
0.05 volume of 3 M sodium acetate (Thermo Fisher Scientific,
Darmstadt, Germany), 0.1 volume of 0.5 M EDTA (Thermo Fisher
Scientific) and 2 volumes 100% EtOH (Carl Roth, Karlsruhe,
Germany). Upon incubation at �20�C for 1 h, samples were centri-
fuged at 14,000 � g at 4�C for 30 min. The resulting DNA pellets
were air-dried and resuspended in UltraPure nuclease-free sterile
water (Merck Millipore, Darmstadt, Germany) for downstream
experiments.

2) T7-mediated in vitro transcription

mRNAs were synthesized using TranscriptAid T7 High Yield
Transcription Kit (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. Cap modified mRNAs were synthesized by
co-transcriptional incorporation of either ARCA (Jena Bioscience,
Jena, Germany) as a dinucleotide Cap 0, or CleanCap AG (TriLink,
San Diego, CA) as a trinucleotide Cap 1 analog, at final concentra-
tions of 5 mM. In both cases, IVT-mRNAs were also chemically
modified by complete substitution of uridine and cytidine with pseu-
douridine (J) (Jena Bioscience) and 5-methyl-cytidine (5meC) (Jena
Bioscience).

mRNAs with chemical modification of nucleotides were synthesized
with complete substitution of either uridine or cytidine with corre-
sponding modified nucleotides. Hereby, uridine is fully substituted
either by J, N1-methyl-pseudouridine (me1J) (Jena Bioscience)
or 5-methoxy-uridine (5moU) (Jena Bioscience); cytidine is fully
substituted by 5meC. In addition, in one case, uridine and cytidine
were modified by supplying a combination of J and 5meC. All nu-
cleotides were used at final concentration of 5 mM in the transcrip-
tion reaction, except GTP, which was decreased to 1.5 mM to increase
capping efficiency. The 50-end of these IVT-mRNAs was determined
co-transcriptionally by ARCA incorporation. IVT-mRNAs were pu-
rified using lithium chloride and resuspended in UltraPure nuclease-
free sterile water supplemented with 0.1 mM EDTA.

3) Cap methylation

In order to generate Cap 1 from ARCA-capped mRNA, IVT products
were purified with RNeasy kit (Qiagen, Hilden, Germany), denatured
at 65�C for 5 min, treated with mRNA Cap 20-O-methyl-transferase
(5 U/mg) (M0366S) (New England Biolabs) in 1x capping buffer and
866 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
0.2 mM S-adenosylmethionine (SAM) for 1 h at 37�C, and then re-
purified by using a RNeasy kit.

4) 50-end dephosphorylation

Dephosphorylation of the 50-end of potentially uncapped IVT-
mRNAs was performed by treatment with 1 U/mg Antarctic phos-
phatase (M0289L) (New England Biolabs) in 1x Antarctic phospha-
tase buffer. All transcripts were purified from reaction mixture by
overnight incubation at �20�C in lithium chloride solution
(Thermo Fisher Scientific) at final concentration of 2.8 M. Upon
centrifugation at 14,000 � g at 4�C for 30 min, IVT-mRNA prod-
ucts were washed with 70% EtOH, and the air-dried pellets were
then resuspended in UltraPure nuclease-free sterile water containing
0.1 mM EDTA.

IVT-mRNA purification with HPLC

Four of the mRNAs with different nucleotide chemistries were puri-
fied by HPLC using 7.8 � 50 mm alkylated non-porous polystyrene-
divinylbenzene (PS-DVB)-based RNASep Prep RNA purification col-
umn (ADS Biotech, Hillington Park, Glasgow). WAVE Optimized
Buffer A contained 0.1 M triethylammonium acetate in water (ADS
Biotech), and WAVE Optimized Buffer B, composed of 0.1 M
TEAA in 25%Acetonitrile (ADS Biotech), were used as the buffer sys-
tem throughout. The purification was done according to the previ-
ously published protocol.31 The collected fractions were desalted via
Amicon Ultra-15 centrifugal filter unit (30 K membrane) (Merck
Millipore), and the mRNA samples were subsequently recovered
from fractions using overnight precipitation by 1:10 vol NaOAc
and 1 vol isopropanol and glycogen (Roche).

IVT-mRNA characterization

The concentrations of IVT-mRNAs were determined using UV/Vis-
spectroscopy (NanoDrop 1000 Spectrophotometer; Peqlab, Erlangen,
Germany) and integrity of transcripts was analyzed by denaturing
agarose gel electrophoresis.

Measurement of dsRNA by dot blot assay

The dsRNA content of synthesized IVT-mRNAs was analyzed by dot
plot assay according to the previously published protocol in Baiers-
dörfer et al.32 Briefly, IVT-mRNA samples were blotted on a super-
charged nylon membrane (GE Healthcare Life Science, Freiburg,
Germany) using a 96-well bio-dot silicon gasket (Bio-Rad, Munich,
Germany), at concentration of 1,000 ng per dot. In parallel, 1:4 serial
dilutions of 142-bp dsRNA positive control (Jena Bioscience), were
blotted on the same membrane, starting at 1,000 ng as the highest
concentration. Besides, 1,000 ng of single-stranded polyadenylic
acid (poly(A)) (Sigma-Aldrich, Hamburg, Germany) was blotted
side-by-side as negative control. After loading of the samples, the
membrane was air-dried and blocked in 5% (w/v) blotting grade
non-fat dry milk (Bio-Rad) in 1x Tris-buffered saline with Tween
20 (TBS-T) buffer (Cell Signaling Technology, Leiden, Netherlands)
at room temperature (RT) for 1 h. The membrane was incubated
with 15 mL 1:5,000 diluted dsRNA-specific monoclonal antibody
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(mAb) J2 (English & Scientific Consulting, Szirák, Hungary) in 1%
(w/v) blotting grade non-fat dried milk at 4�C overnight on a rocker
shaker. The membrane was washed three times with 30 mL 1x TBS-T,
and incubated with 15 mL 1:2,500 diluted horseradish peroxidase
(HRP)-conjugated goat anti-mouse immunoglobulin G (IgG)
(Thermo Fisher Scientific) in 1% (w/v) blotting grade non-fat dry
milk at RT for 1 h. Upon washing three times with 30 mL 1x TBS-
T, the membrane was treated with 0.1 mL/cm enhanced chemilumi-
nescence (ECL) western blotting detection reagent (GE Healthcare
Life Science) in the dark and immediately analyzed using a ChemiDoc
MP imaging system (Bio-Rad). For comparison of different samples,
signal intensities were measured by corresponding densitometry soft-
ware, Image Lab (Bio-Rad), using volume tools. The dsRNA content
of samples was interpolated using dsRNA positive control standard
curve, then normalized to the total amount of mRNA loaded per
dot, i.e., 1,000 ng, and eventually presented as dsRNA/total mRNA
% (w/w).

In vitro culture of primary human macrophages

Primary human macrophages were differentiated from monocytes,
according to the protocol reported previously.41 In brief, monocytes
were purified from buffy coat-derived peripheral blood mononuclear
cells (Deutsches Rotes Kreuz, Berlin, Germany; ethics vote EA2/018/
16; Charité University Medicine Berlin, Berlin, Germany), by mag-
netic sorting using the Monocyte Isolation Kit II (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the manufacturer’s in-
struction. CD14-positive monocytes were subsequently cultured in
very low endotoxin (VLE) RPMI 1640 (PAN-Biotech, Aidenbach,
Germany), supplemented with 10% (v/v) fetal bovine serum (FBS)
(Sigma-Aldrich), and 50 ng/mL human macrophage colony stimu-
lating factor (Miltenyi Biotec) at 37�C in an atmosphere with 5 vol
% CO2 for 7 days, withmedium change at day 3. Upon differentiation,
macrophages were cultured in VLE RPMI, only supplemented with
10% (v/v) FBS for subsequent experiments.

IVT-mRNA transfection

The transfection experiment was performed by complexing IVT-
mRNA with Lipofectamine MessengerMAX (LipoMM) (Thermo
Fisher Scientific) reagent as follows: LipoMM reagent was diluted in
Opti-MEM reduced serum medium (Thermo Fisher Scientific) at a
1:50 volume ratio, and incubated for 10 min at RT. The resulting so-
lution was then mixed with equal volume of Opti-MEM containing
4 ng/mL of IVT-mRNA. Complexed IVT-mRNAs were briefly vor-
texed and incubated for 10 min at RT. The corresponding volumes
to deliver 125 ng and 500 ng IVT-mRNA per 1 mL of cell culture me-
dium were added drop-wise to each well, referred to as low dose and
high dose, respectively, throughout all experiments. Macrophages
were transfected with poly(I:C) (125 ng/mL), mimicking dsRNA as
positive control. Besides, transfection reagent mixed with Opti-
MEM without addition of IVT-mRNA was considered as mock nega-
tive control. Untransfected cells treated with 2 mg/mL LPS (Enzo Life
Sciences) and 10 ng/mL IFN-g (Miltenyi Biotec) served as positive
control for innate immune response. Macrophages were imaged
with inverted microscope ELIPSE Ti-U equipped pE-300lite LED
light source (Nikon, Düsseldorf, Germany) 24 h after transfection,
and images were analyzed with NIS-Elements imaging software,
version 4.51 (Nikon). Of note, to avoid unintended cell activation
due to potential endotoxin contamination, all reagents used for
IVT-mRNA synthesis as well as cell isolation and cell culture me-
diums were purchased as very low endotoxin and/or endotoxin-free
grade. Besides, IVT-mRNA batches were regularly tested for endo-
toxin level using EndoLISA assay according to guidance for industry
pyrogen and endotoxins testing from the Food and Drug Administra-
tion (FDA), and consistently proved to be endotoxin-free (EU < 0.05).
Evaluation of IVT-mRNA expression and CD80 expression with

flow cytometry

At 24 h post transfection, macrophages were harvested by scraping,
then washed with cold autoMACS running buffer (Miltenyi Biotec).
Cells were incubated with FcR blocking reagent (Miltenyi Biotec)
for 10 min at 4�C, to avoid unspecific antibody binding. Upon
washing, cells were stained with CD80-PE (clone L307.4) (BD Biosci-
ence, Heidelberg, Germany) antibody with dilution factor 1:100
(5 mg/mL final concentration) at 4�C for 10 min. After a final washing
step, cells were analyzed with MACSQuant VYB (Miltenyi Biotec).
For live-dead discrimination, DAPI, at a final concentration of
1 mg/mL, was added to each sample immediately before measure-
ment. All flow cytometric data were analyzed by FlowJo software
V10 using the previously established gating strategy.41 Briefly, cells
were initially identified from debris by gating on forward versus
side scatter area (FSC-A versus SSC-A) dot plots, followed by exclu-
sion of aggregated cells using forward scatter area against height
(FSC-A versus FSC-H). DAPI-negative cells were identified as live
cells. EGFP-positive cell populations were determined among live sin-
gle cells, by gating with respect to untransfected negative controls.
Cytokine measurements

Macrophage culture media were collected at 6 h and 24 h post trans-
fection, centrifuged at 1,000� g at 4�C for 15 min to remove possible
cell debris, and the supernatants were preserved at �20�C until
downstream measurements. Concentrations of cytokines were
measured by Bio-Plex immunoassay (Bio-Rad) using Bio-Plex stan-
dards including Pro Human Cytokine Screening Group 1
(171D50001; Bio-Rad) for TNF-a and IL-6, and Pro Human Inflam-
mation Panel 1 (171DL0001) (Bio-Rad) for IFN-b, according to cor-
responding manufacturers protocol. Briefly, 50 mL of 1x magnetic
beads conjugated with capture antibody were added to each well of
the 96-well assay plate, and washed twice with 1x wash buffer (Bio-
Rad) in a Bio-Plex Pro II wash station (Bio-Rad). Subsequently,
50 mL of a dilution series of reconstituted cytokine standards and sam-
ple supernatants were added to prewashed beads and incubated on a
shaker at 900 rpm at RT for either 30 min or 1 h, depending on the
assay type. The plates were washed three times with 1x wash buffer,
and then incubated with 1x biotinylated detection antibodies on a
shaker at 900 rpm at RT for 30 min. Upon three times washing, 1x
PE-conjugated streptavidin was added to each well and plates were
incubated at 900 rpm at RT for 10 min. After three last washing steps,
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beads were resuspended in 125 mL assay buffer, shaken at 900 rpm for
30 s and measured by Bio-Plex 200 System (Bio-Rad).

Statistics and software

Data were statistically analyzed using Prism 7.00 software (GraphPad,
San Diego, CA). All data are presented as means ± standard deviation
(SD) of at least three independent experiments. two-way ANOVA test
was performed for multiple comparisons between different groups
with a 95% confidence interval. Statistical significance was considered
as p < 0.05.

Figures 1 and 2 created with BioRender.com.
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Figure S1. The upper panel (yellow box) depicts the chemical formula of naturally occurring eukaryotic cap 
structures in context of mRNA modification including Cap 0, Cap 1 and Cap 2 forms. Synthetic anti-reverse cap 
analogs used as initiator of in vitro mRNA synthesis process in form of dinucleotide ARCA, with and without 
extra methylation (Cap 0 vs. Cap 1), and trinucleotide CleanCap®AG, methylated at first adenosine (Cap1) 
(purple box). The changes of cap analogs compared to the natural cap are highlighted. The lower panels depict 
original and modified uridine and cytidine nucleoside implemented in this study; (ARCA: anti-reverse cap 
analogue, MT: methyl-transferase, Ψ: pseudouridine, me1Ψ: N1-Methylpseudouridine, 5moU: 5-methoxy-
uridine, 5meC: 5-methyl-cytidine)  
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Figure S2. The uncropped image of (a) a dot blot membrane and (b) an agarose gel. (a) The dotted frames on 
dot blot correspond to samples as follows; 1) dsRNA standard series, 2) ssRNA as negative control, 3) cap 
modified IVT-mRNAs, 4) nucleotide modified IVT-mRNAs; all of which are presented in figure 3a-c. (b) The 
dotted frames on the agarose gel image correspond to 1) cap modified and 2) nucleotide modified IVT-mRNAs 
presented in figure 3b, c.  
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Figure S3. Fluorescent images of control samples, including untransfected, EGFP transfected positive control, 
mock transfected (LipoMM only), IFNγ/LPS treated as proinflammatory immune response positive control and 
poly(I:C) transfected macrophages as dsRNA-induced antiviral response positive control. Scale bar= 50 µm.  
 
 

 

 
 
Figure S4. Evaluation of batch effects by comparison of three independently synthesized IVT-mRNA batches 
within the same donor; comparison of (a) transfection efficiency and (b) level of EGFP production between 
three batches of IVT-mRNA (B1-B3), with cap modification. Macrophages transfected IVT-mRNA with distinct 
nucleotide modification were evaluated in terms of (c) transfection efficiency and (d) level of EGFP production 
throughout three IVT-mRNA batches. (ARCA: anti-reverse cap analogue, MT:methyl-transferase, AnP: Antarctic 
phosphatase, Ψ: pseudouridine, me1Ψ: N1-Methylpseudouridine, 5moU: 5-methoxy-uridine, 5meC: 5-methyl-
cytidine)    
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Figure S5. Protein expression evaluated by western blot analyses for macrophages transfected with either (a) 
cap modified or (b) nucleotide modified IVT-mRNA (ARCA: anti-reverse cap analogue, MT:methyl-transferase, 
AnP: Antarctic phosphatase, Ψ: pseudouridine, me1Ψ: N1-Methylpseudouridine, 5moU: 5-methoxy-uridine, 
5meC: 5-methyl-cytidine) 
 
 

 

 
Figure S6. Viability of macrophages transfected with low dose and high dose of IVT-mRNA with chemical 
modification of either (a) cap structure or (b) nucleotides, evaluated by determining the percentage of DAPI-
negative cells. Values are presented as mean ± SD, n = 3. (ARCA: anti-reverse cap analogue, MT: methyl-
transferase, AnP: Antarctic phosphatase, Ψ: pseudouridine, me1Ψ: N1-Methylpseudouridine, 5moU: 5-
methoxy-uridine, 5meC: 5-methyl-cytidine) 
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Figure S7. Macrophage response to transfection of mRNA coding for mCherry and EGFP with different 
nucleotide modification. (a) Transfection efficiency (bar graph, left axis), and mRNA expression level quantified 
by percentage of mCherry positive cells and mean fluorescent intensity of mCherry, respectively, (scattered 
dots, right axis), quantified using flow cytometry, 24 h post transfection. Comparison of CD80 level (b) and IFN-
β secretion (c) by macrophages after IVT-mRNA transfection enconding for mCherry or EGFP with different 
nucleotide modifications, both measured 24 h after transfection. mCherry IVT-mRNA was transfected in low 
dose, i.e. 125 ng∙mL-1. Untransfected, poly(I:C)-treated, and LPS/IFN-γ-activated macrophages served as 
negative, positive and high control, respectively. Values are presented as mean ± SD. Error bars indicate SD of 
three independent experiments from three individual donors. 
 

 
Figure S8. dsRNA detection by J2 antibody comparing non-purified with HPLC-purified  IVT-mRNAs (a) Poly(A) 
as ssRNA negative control, and dsRNA positive control were blotted with the same amount as main samples 
(1000 ng/dot), dsRNA was 4-fold serial diluted (from left to right). (b) dsRNA content of mCherry encoding IVT-
mRNA modified with different nucleotide modifications evaluated by J2 antibody binding. (c) Representative 
dot blots of EGFP encoding IVT-mRNAs with different nucleotide modifications comparing non-purified (top) 
versus HPLC-purified (bottom) samples.  (Ψ: pseudouridine, 5moU: 5-methoxy-uridine, 5meC: 5-methyl-
cytidine)
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Figure S9. Overview of the properties and performance of IVT-mRNA with different cap and nucleotide modifications in terms of dsRNA content, protein expression, and 
inflammatory responses of transfected macrophages illustrated as heat map graphs. (a) dsRNA content, (b) (from left to right) transfection efficiency in percentage of EGFP 
positive cells, mRNA expression level measured by mean fluorescent intensity (MFI) of EGFP signal, and relative CD80 surface marker expression indicating the inflammatory 
responses, normalized MFI measured by flow cytometry. The cytokine secretion measured 24 h after transfection is presented as concentration (pg∙mL-1) of TNF-α, IL-6 and IFN-β. 
Untransfected, poly(I:C)-treated, and LPS/IFN γ-activated macrophages served as negative, positive and high control, respectively.
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Table S1. Chemical modifications and process of preparation of IVT-mRNAs synthesized 

 

Sample ID 

Chemical composition Post-transcriptional modifications 

Cap structure (type) Nucleotides 
2’-O-

Methyltransferase 
treatment 

Phosphatase 
treatment 

Ca
p 

m
od

ifi
ed

 IV
T-

m
RN

A 

ARCA/- ARCA (Cap 0) Ψ/5meC/A/G - - 

ARCA/+ ARCA (Cap 0) Ψ/5meC/A/G - + 

ARCA+MT/- ARCA (Cap 1) Ψ/5meC/A/G + - 

ARCA+MT/+ ARCA (Cap 1) Ψ/5meC/A/G + + 

CleanCap/- CleanCap AG (Cap 1) Ψ/5meC/A/G - - 

CleanCap/+ CleanCap AG (Cap 1) Ψ/5meC/A/G - + 

N
uc

le
ot

id
e 

m
od

ifi
ed

 IV
T-

m
RN

A non-mod ARCA (Cap 0) U/C/A/G - - 

Ψ ARCA (Cap 0) Ψ/C/A/G - - 

me1Ψ ARCA (Cap 0) me1Ψ/C/A/G - - 

5meC ARCA (Cap 0) U/5meC/A/G - - 

5moU ARCA (Cap 0) 5moU/C/A/G - - 

Ψ/5meC 
(2nt. mod.) ARCA (Cap 0) Ψ/5meC/A/G - - 

Sample ID refers to abbreviations which was used in text throughout. (ARCA: anti-reverse cap analogue, MT: 
methyl-transferase, Ψ: pseudouridine, me1Ψ: N1-Methylpseudouridine, 5moU: 5-methoxy-uridine, 5meC: 5-
methyl-cytidine, 2nt. mod: two nucleotides were modified)  
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