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Abstract

Macrophages play an integral role for the innate immune system. It is critically important for
basic research and therapeutic applications to find approaches to potentially modulate their
function as the first line of defense. Transient genetic engineering via delivery of synthetic
mRNA can serve for such purposes as a robust, reliable and safe technology to modulate
macrophage functions. However, a major drawback particularly in the transfection of sensitive
immune cells such as macrophages is the immunogenicity of exogenous IVT-mRNAs.
Consequently, the direct modulation of human macrophage activity by mRNA-mediated
genetic engineering was the aim of this work. The synthetic mRNA can instruct macrophages
to synthesize specific target proteins, which can steer macrophage activity in a tailored fashion.
Thus, the focus of this dissertation was to identify parameters triggering unwanted immune
activation of macrophages, and to find approaches to minimize such effects. When comparing
different carrier types as well as mRNA chemistries, the latter had unequivocally a more
pronounced impact on activation of human macrophages and monocytes. Exploratory
investigations revealed that the choice of nucleoside chemistry, particularly of modified uridine,
plays a crucial role for IVT-mRNA-induced immune activation, in a dose-dependent fashion.
Additionally, the contribution of the various 5’ cap structures tested was only minor. Moreover,
to address the technical aspects of the delivery of multiple genes as often mandatory for
advanced gene delivery studies, two different strategies of payload design were investigated,
namely “bicistronic” delivery and “monocistronic” co-delivery. The side-by-side comparison
of mRNA co-delivery via a bicistronic design (two genes, one mRNA) with a monocistronic
design (two gene, two mRNAs) unexpectedly revealed that, despite the intrinsic equimolar
nature of the bicistronic approach, it was outperformed by the monocistronic approach in terms
of reliable co-expression when quantified on the single cell level. Overall, the incorporation of
chemical modifications into IVT-mRNA by using respective building blocks, primarily with
the aim to minimize immune activation as exemplified in this thesis, has the potential to
facilitate the selection of the proper mRNA chemistry to address specific biological and clinical
challenges. The technological aspects of gene delivery evaluated and validated by the
quantitative methods allowed us to shed light on crucial process parameters and mRNA design

criteria, required for reliable co-expression schemes of [IVT-mRNA delivery.

VIII



Zusammenfassung

Makrophagen spielen eine wesentliche Rolle fiir das angeborene (innate) Immunsystem.
Sowohl fiir die Grundlagenforschung sowie als auch fiir therapeutische Anwendungen ist es
von grofiter Wichtigkeit, Moglichkeiten zu finden, die Funktion von Makrophagen als erstem
Abwehrmechanismus des Immunsystems zu modulieren. Transientes Genetic Engineering
mittels synthetischer mRNA kann hierbei als robuste, zuverlissige und sichere Technologie zur
Modulation des Zellverhaltens zu dienen. Eine besondere Herausforderung ist jedoch die
Immunogenitidt exogener IVT-mRNAs, insbesondere fiir sensitive Immunzellen wie
Makrophagen. Die direkte Modulation der Zellaktivitdit von humanen Makrophagen durch
mRNA-vermitteltes Genetic Engineering ist das Ziel dieser Arbeit. Mit synthetischer mRNA
lassen sich Makrophagen so instruieren, dass sie spezifische Zielproteine produzieren, um die
Zellaktivitdt bedarfsgerecht zu steuern. Der Hauptfokus dieser Dissertation war die
Identifikation der Parameter, die eine aus dem IVT-mRNA Transfer resultierende,
unerwiinschten Zellaktivierung bei Makrophagen ausldsen und Ansétze zu finden, um diese zu
minimieren. Beim Vergleich verschiedener Transfektionsagenzien und
Nukleinsdurekompositionen der mRNA zeigte sich, dass letztere einen weitaus eindeutigeren
Effekt auf die Zellaktivierung von humanen Makrophagen und Monozyten haben. Explorative
Untersuchungen ergaben, dass die Wahl der Nukleosidchemie, insbesondere des modifizierten
Uridins, eine entscheidende Rolle fiir diese dosisabhingige Immunaktivierung durch IVT-
mRNA spielt. Im Vergleich dazu war der Einfluss der verschiedenen getesteten 5'-Cap-
Strukturen nur geringfiigig. Der Transfer mehrerer Gene in Zellen ist fiir komplexe Studien
und Anwendungen oft zwingend erforderlich. Hierzu wurden die technischen Aspekte von zwei
verschiedenen Strategien untersucht, ndmlich die "bicistronische" Transfektion und die
"monocistronische" Co-Transfektion. Der direkte Vergleich von mRNA-Co-Transfer iiber ein
bicistronisches Design (zwei Gene, eine mRNA) mit einem monocistronischen Design (zwei
Gene, zwei mRNAs) ergab liberraschenderweise, dass trotz der intrinsischen dquimolaren
Natur des bicistronischen Ansatzes dieser dem monocistronische Ansatz in Bezug auf eine
zuverlédssige Koexpression bei der Quantifizierung auf Einzelzellebene unterlegen war. Wie in
dieser Arbeit gezeigt kann die Einbeziehung geeigneter chemischer Modifikationen in IVT-
mRNA durch die Verwendung der entsprechenden Bausteine bei der Synthese zur Bewéltigung
spezifischer biologischer und klinischer Herausforderungen beitragen, in erster Linie durch die
Minimierung der Immunaktivierung. Die Evaluation und Validierung technologischer Aspekte
des Gentransfers durch quantitative Methoden ermdglichten uns auch entscheidende
Prozessparameter und Kriterien fiir das mRNA-Design zu identifizieren, die fiir eine

zuverldssige Co-Expression von Genen nach IVT-mRNA Transfektion erforderlich sind.
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Chapter 1: Introduction

An overview of the scientific background of the thesis is presented in this chapter, organized in
the two main parts. First part describes the immunomodulation by macrophages, which was the
primary motivation of this study. The second part elaborates genetic engineering by in vitro
transcribed messenger RNA (IVT-mRNA) as the envisaged scientific concept of this work in

more detail.

1.1 Immunomodulation by macrophages

1.1.1 Distinct features of macrophages desired for immunomodulation

Innate and adaptive immunity are two arms of the immune system to protect the organism
against exogenous pathogens, and potential endogenous malfunctions '. Innate immunity
responds promptly, and is nonspecifically directed against a broad range of pathogens.
However, adaptive immunity has more versatile and complex means, which can theoretically
adapt and specifically respond to any danger signal or invading pathogens?. Despite the innate
immune system is often incapable of complete eradication of an infection, it has crucial roles
in initiation and regulation of adaptive immunity >*. Moreover, in some cases cells of the innate
immune system are recruited as effector means by activated lymphocytes, such as T helper
cells, to eradicate the source of infection, e.g. by phagocytosis °. Therefore, the immune
homeostasis is maintained by active interplay of both innate and adaptive immune responses °.
Among the different innate immune cells, macrophages and neutrophils are the first line of
defense, which encounter the pathogens and immediately initiate the immune response °.
Compared to neutrophils, which have a short half-life of a few hours, macrophages can live
days to weeks after activation, or even permanently reside in tissues in case of tissue
macrophages’”. Besides maintaining homeostasis by clearance of senescent or dead cells in
sterile inflammation '°, tissue resident macrophages present antigens and release chemokines
and cytokines to attract other leukocytes from bloodstream to the site of infection upon
pathogen recognition ''. Examples for tissue macrophages are microglial cells in brain tissue,
Kupffer cells in liver, alveolar cells in lung, and Langerhans cells in skin tissue '2. While tissue
macrophages originate from fetal precursor cells, hematopoietic-derived circulating monocytes
differentiate to macrophages “on-demand”, after recruitment/migration to the site of infection
by inflammatory chemokines !!. They play a key role both in further development of immune

response and at later stages to resolve the immune response and promote healing process and
1



tissue repair °. To accommodate this wide range of functions, macrophages develop distinct
phenotypes depending on microenvironmental stimuli, each delineated by unique sets of
surface markers and secretome characteristics '*"1°. This phenotypical and also morphological
heterogeneity is a prominent feature of macrophages, which appears not only progressively over
different stages of development, but is also visible within a single population at a given time '>
16-18 (Figure 1.1). Moreover, given that macrophages are not terminally differentiated, they can
dynamically respond to microenvironmental cues, a feature known as plasticity '°. Exploiting
this character in immunomodulation studies, macrophages can be deliberately polarized to an

intended phenotype by providing the corresponding milieu or stimuli '7-2°,
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Figure 1.1. Different features and functions of macrophages

The spectrum of macrophages features and functions are illustrated. MO macrophage are equipped with
different sorts of receptors enabling them to response to different microenvironmental cues, shown in
dark gray color in the center. The second circle illustrates various stimulation factors, which direct
macrophage response to the specific pattern, i.e. unique pattern of cytokine, chemokine and biological
marker production. The ultimate function for each phenotype is written in the white box in the outermost
rectangle. These versatile functions enable macrophages to play a key role in many biological processes
such as FBR to biomaterials; see text for more details.



1.1.2 Macrophage polarization for regulation of foreign body response

The macrophage polarization paradigm was traditionally defined by two main phenotypes,
including classically activated macrophages, and alternatively activated macrophages, referred
to as M1 and M2 phenotypes, respectively '®. While M1 macrophages promote inflammation
by producing pro-inflammatory surface markers, cytokines and chemokines, as well as
proteolytic enzymes and reactive oxygen species (ROS), M2 macrophages reduce inflammation
and promote tissue remodeling and healing processes '*!7-21:22, Despite being initially accepted
by researchers in the immunology field, soon it became evident that macrophages versatility is
beyond the two defined phenotypes, and instead a continuum spectrum of subtypes, identified
by distinct sets of features and functions, which present macrophages heterogeneity more
precisely 2%, However, the M1/M2 model was taken up by numerous studies in other fields,
as a simplified classification to investigate macrophages phenotype switching, i.e., polarization,
in response to different stimulation methods. One prominent example is studying the effect of
macrophage polarization, i.e. M1/M2 balance, on foreign body reaction (FBR) to biomaterials

2628 which is elaborated on in more detail in the following.

The foreign body reaction consists of five main phases, including protein absorption, acute
inflammation, chronic inflammation, formation of foreign body giant cells (FBGCs) and fibrous
capsule formation 232, In the first phase, a provisional matrix composed of fibrin, complement
proteins, and platelets are deposited on surface of biomaterial. The complement proteins, e.g.
C3a, and C5a play as strong chemoattractant for phagocytic cells. Mast cells and poly-
morphnuclear leukocyte are recruited to the implant interface during acute inflammation phase,
which usually lasts hours to few days *!. Next, monocytes migrate to the site of injury and
differentiate to macrophages, and play the major role in chronic inflammation phase. The
macrophage phenotype depends on the type of cytokines secreted by other leukocytes nested
on surface of implant. For instance, IL-4 and IL-13 cytokines secreted by mast cells can
differentiate macrophages to M2 phenotype. Subsequently, anti-inflammatory macrophages
promote tissue remodeling and later the vascularization by production of matrix
metalloproteinase enzymes (MMPs) and secretion of pro-angiogenic cytokines such as VEGF>*
34 In contrast, pro-inflammatory macrophage can cause degradation of biomaterial by release
of degradative enzymes and/or reactive oxygen species (ROS) at biomaterial interface **. The
chronic inflammation takes 2-5 weeks in context of implants. If macrophages fail to phagocyte
the implant biomaterial, they tend to fuse together and form multinucleated giant cells, referred
to as foreign body giant cells (FBGS). These cellular structures can be up to several hundred

pum large encompassing dozens of nuclei, adhering to implant surface. The formation of fibrous
3



capsule is the ultimate phase in FBR, which involves fibrotic collagenous capsule around the

biomaterial isolating it from the rest of host microenvironment 2% 3! (Figure 1.2)
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Figure 1.2 Schematic representation of the five phases in foreign body response to implants

The gray substrate is a simplified illustration of a biomaterial surface.

Given that macrophages are the predominant and key cell type orchestrating FBR 3°, approaches
to induce anti-inflammatory functions are of utmost importance for modulation of immune
response to support host-implant integration *°. Of note, the goal of such studies is not
necessarily to completely avoid the pro-inflammatory phenotype, but to induce to the anti-
inflammatory capacities at proper time, and to have the best pro/anti-inflammatory balance
supporting the healing and remodeling process *°. For instance, Brown et al. evaluated the FBR
to several scaffolds from natural ECM, and found more constructive remodeling for samples

with higher M2 to M1 ratio *’.

By exploiting the active interplay between implant and host microenvironment, the modulation
of macrophage polarization by changing the physical or chemical properties at biomaterials-
tissue interface has been studied % 342, For physical features such as surface topography,
mechanical properties, porosity, and wettability, effects on macrophage responses have been
shown 2”44 For instance, it was reported that surface topography had an influence on

macrophages morphology and cytokine secretion in vitro and cell adhesion in vivo *. By



evaluation of poly(e-caprolactone) (PCL), polylactide (PLA) and poly(dimethyl siloxane)
(PDMS) substrates with imprinted rectangular patterns of different dimensions, Chen and

colleagues found reduced macrophage adhesion on 2 um grating compared to planar controls

26, 45 6 47

. Likewise, surface chemistry % e.g. type and density of functional groups ¥/,

functionalization with specific ligands *%, growth factors # or other signaling molecules 3% 3!
affect foreign body response. More precisely, they can affect the primary protein absorption on
the surface, the macrophage polarization and consequently the type of immune response, i.e.
pro-inflammatory vs. pro-regenerative response. For example, hydrophilic biomaterials such as
polyesthers, e.g. poly(ethylene glycol) (PEG), and polyhydroxyethylmethacrylate

(poly(HEMA)) 2, were presumed to reduce protein absorption 3

and dampen the immune
activation by production of an aqueous layer on biomaterials surface >*. The in vivo evaluation,
however, invalidated this assumption, and macrophages, as main player of inflammatory
response, were found to secrete higher level of pro-inflammatory cytokines in contact with
neutral or hydrophilic surfaces compared to hydrophobic or charged surfaces®. Sustained
release of anti-inflammatory cytokines such as IL-4 °°, and IL-10 *’ from biomaterials is another
possibility for immunomodulation mediated by macrophages **. Given the dynamics of host-
implant interaction and the progressive changes in both biomaterial’s properties and biological
milieu, finding robust biomaterial-based strategies to regulate macrophages phenotype and
function and eventual immune response is challenging . Alternatively, also to complement

those approaches, biological tools such as genetic engineering can be harnessed to modulate

macrophages response, as elaborated in the next section.

1.1.3 Modulation of macrophage response by genetic engineering

Macrophages can polarize to pro-inflammatory or anti-inflammatory phenotypes in response to

1

the corresponding stimuli ''. While the anti-inflammatory features are preferred for organ

58

transplantation °°, modulation of FBR and autoimmune diseases, the pro-inflammatory

39, 60 or for

capacities are useful in tumor microenvironments mediating tumor rejection
vaccination approaches serving as adjuvant. The biological cues to shift the macrophages to
either direction can be provided either by soluble mediators such as cytokines ', alternatively
cells can be instructed to produce their own stimulatory factors ®'. The latter is realized by
introduction of genetic material to cells to transfer the information required for synthesis of

intended proteins, by genetic engineering tools, such as virus, plasmid DNA, or mRNA. Since

synthetic mRNA was used as tool for genetic engineering in this study, the details including



comparison of these tools as well as advantages of gene delivery versus protein delivery are

described in details in the next sections.

1.2 Genetic engineering by in vitro transcribed messenger RNA

1.2.1 Gradual development of IVT-mRNA in gene delivery field

The emergence of in vitro transcribed mRNA (IVT-mRNA) technology was primarily spurred
by demands for more versatile therapeutics ®. Indeed, traditionally developed small molecule
drugs are only beneficial for a fraction of diseases, and the vast majority of diseases is attributed
to malfunctioning proteins, which are often not “druggable” with small molecules (only 3000
out of 20 000 human proteins are druggable) ©. Therefore, the hope is that a next generation of
biomolecular-based drugs might fill up this gap. In particular, nucleic acid (NA)-based drugs
used in gene therapy enabled treatment of both hereditary as well as acquired diseases. In a
broader perspective for infectious diseases, beside drugs for treatment, preventive vaccines
were also of high interest ®*. Among various nucleic acid types for gene therapy, including
virus-based DNA, pDNA, siRNA/microRNA, antisense oligos, and RNA aptamers, IVT-
mRNA has become into spotlight particularly in recent years -7, While initially established in
1961, it took almost three decades for IVT-mRNA to be first administrated in mice in 1990 by
Wolff et al. ® and to successfully result in protein expression 2. Subsequently, it took another
three decades, until IVT-mRNA reached its full momentum in pharmaceutical industry in 2020,
upon SARS-CoV-2 mRNA vaccines received the FDA approval and were globally
administrated, in response to the Covid-19 pandemic *-7!,

The major drawback, which impeded the initial development of mRNA was low stability and
susceptibility to prevalent RNA degradation enzymes, namely RNases 7?. These primary well-
known issues could be addressed with further improvements of in vitro transcription technology
to synthesize mRNA with structural features resembling the endogenous mRNA molecules .
Overcoming issues like stability opened up new horizons for mRNA-based therapeutics, with

the potential to surpass other established biomacromolecules .

1.2.2 IVT-mRNA as an alternative to other bioactive molecules

While recombinant protein-based drugs face the challenge of a highly individualized multi-step

manufacturing and purification process, large-scale mRNA production can be performed in a

single-step process, with high efficiency and relatively low costs

. Moreover, a protein
production pipeline has to be re-established for every new product, whereas [VT-mRNA

synthesis process is essentially universal, with little impact of a given sequence ’>. The
6



sequence-independent IVT technology facilitated the adaptable and tailor-made production of
IVT-mRNA, simply by customizing the template DNA sequence 2. This well-defined
production pipeline is suited for complying with good manufacturing practice (GMP)
regulations, required for pharmaceutical and therapeutic applications ®*.

Biological activity of IVT-mRNA is largely determined by its intact primary structure, and
upon delivery, [IVT-mRNA harnesses the host cell machinery to produce protein of interest with
proper folding and post-translational modifications, e.g., glycosylation ®. In contrast, protein
products are highly susceptible to lose their desired 3D structure due to misfolding or
misglycosylation during the production process and prior to or during administration. Besides
impaired functionality, a misfolded protein can be immunogenic, and elicits unintended side
effects %,

As an alternative to viral vectors and non-viral plasmid DNA (pDNA), IVT-mRNA presents
the following advantages. First, IVT-mRNA is instantly translated to proteins after cellular
uptake and transfer to the cytoplasm®” 73, By contrast, for DNA-based NAs to reach the cell
nucleus for transcription they have to breach an extra barrier, the nuclear membrane. This has
to be overcome either actively or passively, during mitosis, when the nuclear membrane
temporarily dissolves. The latter option is difficult to realize for non- or poorly-proliferative
cells, such as the majority of primary cells ¢’. The lack of genotoxicity is the other prominent
advantage of using IVT-mRNA compared to pDNA and viral DNA ™, because mRNA is unable
to integrate with genome and cause mutation ®”.

Next, IVT-mRNA expression is transient, which is sufficient for many — but not all — biological
and therapeutic applications. In consequence, IVT-mRNA does not leave biological signature
corresponding to the protein products after a given time period 7°. By contrast, pPDNA and viral
gene expression could result in long-term if not permanent expression of proteins, i.e. in case
of genomic integration, which might be detrimental in many cases such a vaccines, where a
temporary expression of an antigen is sufficient and desired to induce an immune response and
immunize a person . Transient expression might also be beneficial for potential modulation
of immune cells such as macrophages, which might affect the foreign body response to

biomaterials 7.

1.2.3 Structural features of mRNA realized by IVT technology
The IVT-mRNA technology has been improved over time to more and more resemble the
structure and chemical identity of endogenous mRNA, encompassing the following elements

from 5’ to 3” end (Figure 1.3):
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Figure 1.3 mRNA features and functions substantiated by in vitro transcription process

The structure of an exemplary mRNA molecule including its prominent features and their corresponding
functions is illustrated in the upper panel. The different main as well as optional steps in the production
of in vitro transcribed mRNA are presented in the lower panel. The several options to implement the
same feature are indicated with color-coded dashed lines connected the upper panel with lower panel.

5’cap structure; a phosphate-phosphate linkage of 7-Methylguanosine (N’-methyl guanosine
or m’G) to the Guanidine (G) in the 5’end of mRNA, resulting in formation of m’GpppG. The
cap structure increases the mRNA stability by inhibiting degradation by exonuclease enzymes
62, Moreover, translation initiation can be facilitated by formation of a loop structure in mRNA,
made by its interaction with cap-binding proteins and other intermediate eukaryotic initiation
factors’’. In synthetic RNA, other cap structures, namely anti-reverse cap analogues, are usually
incorporated to the RNA molecules due to technical reasons ¥, explained in an upcoming

section; “Structural features of mRNA realized by IVT technology: Capping”.

5’untranslated region (5’ UTR); a non-coding sequence regulating the specificity and enhances
the level of translation efficiency 7°.

Coding region; the sequence, which determines the protein product.



3’ UTR; another non-coding region, which involves in regulation of expression, increasing the
mRNA stability and translation efficiency .

Poly(A) tail; a homopolymeric stretch of adenine, which is also regulating the level of protein
expression depending on its length, and increases the stability by formation of loop complex
together with poly(A) binding protein and cap binding proteins, by preventing the decapping
and degradation of mRNA ¢,

In order to synthesize fully functional mRNA molecules, comprising all the above-mentioned
features, in vitro transcription technology was developed based on phage RNA polymerases ’°.
While eukaryotic and prokaryotic RNA polymerases are highly complex holoenzymes,
including multiple protein subunits, each specified for a distinct function, phage polymerases
perform transcription as comparably simple, monomeric proteins, which makes it more feasible
to control and reproduce such reaction in an in vitro experimental set up *°. Among various
available phage RNA polymerases, including SP6, T3, and T7, the latter was most extensively
used, and thus commercialized by biotech supply companies. The process of mRNA synthesis
by in vitro transcription is described step-by-step in the following; at each step, options
available to realize the corresponding properties are elaborated. An overview of the in vitro
transcription process is illustrated in Figure 1.3.

DNA template should encompass a promoter sequence specific to the RNA polymerase to
support initiation of transcription. This sequence can be either integrated upstream of the gene
of interest (GOI) in a pDNA vector, or incorporated via a polymerase chain reaction (PCR) and
proper primers containing the phage promoter sequence. In the former case, pPDNA must be
linearized with a restriction endonuclease downstream of GOI to avoid production of transcripts
with heterogeneous size distributions, as there is often no transcription termination sequence
presented in the vector. Of note, experimental evidences suggested that only blunt-end or
5’overhang have to be realized by the use of appropriate restriction endonucleases for pPDNA
linearization to prevent any unpredicted T7TRNAP activity 8. The resulting DNA template
should be purified upon enzymatic reaction (i.e. PCR or digestion) and before proceeding with
in vitro transcription, with either phenol/chloroform, salt (sodium acetate, EDTA and ethanol),
or silica columns.

In vitro transcription reaction is assembled by mixing rNTPs, a buffer containing magnesium
ion (Mg?"), DNA template, and the RNA polymerase in RNase free DEPC treated water. When
rNTPs are provided separately, modifications can readily be incorporated to transcripts, by
partial or complete substitution of chemically modified rNTPs with non-modified ones, as

desired .



Capping of transcripts is achieved co-transcriptional or post-transcriptional, depending on the
type cap structure to be incorporated. To ensure unidirectional incorporation of cap structure to
the 5’ends of transcripts in co-transcriptional reaction, the cap structure (i.e. m’GpppG) is
modified by substitution of the 3’-OH with a 3’-O-methyl group, resulting in formation of
m’*’OGpppG or so-called anti-reverse cap analog (ARCA) 78. Other cap analog variants
include CleanCap structures with distinct first two nucleotides (CleanCap AG, AU, GG), all of
which are known as Cap 1 structures due to methylation of the first nucleotide at the 2’ position.
Implementing CleanCap structures requires introducing changes to the T7 promoter sequence
82

While “one pot” co-transcriptional reaction omits the need for additional purification steps,
which is in particular beneficial in large-scale production of mRNA by avoiding loss of
transcripts, there will always be a fraction of transcripts left uncapped %3. The post-
transcriptional enzymatic reaction, however, results in almost 100 % capping efficiency with
the cap structure identical to naturally occurring cap. The Vaccinia virus Capping Enzyme
(VCE) modifies the 5’end of transcripts with Cap 0 structure, i.e. m’GpppG. This can be
converted to Cap 1, with extra treatments explained in the following *°. Noteworthy, both co-
transcriptional and post-transcriptional reactions are actively used for capping mRNA
transcripts not only in research scale, but also in large-scale production of IVT-mRNA in
pharma industry, with each method having distinct advantages and limitations compared to the
other.

Tailing/Polyadenylation of 3’ends of transcripts is conceivable via two different approaches,
including co-transcriptional and post-transcriptional tailing reactions. The former harnesses a
60-130 stretch of adenine incorporated with DNA template to synthesize poly(A) tail, whereas
in the latter approach utilizes the E.coli poly(A)-polymerase to introduce the homopolymeric
adenine sequence at 3’end of RNA after completion of transcription reaction. Similar to the
T7RNAP promoter, in the co-transcriptional reaction the poly(A) tail can be added to the GOI
using PCR reaction and oligo(dT) primers, or alternatively the pDNA template encodes the
poly(A) sequence ®*. Aside from requirements for additional purification steps, as mentioned
for post-transcriptional polyadenylation, the major drawback of this method is the undefined
and heterogeneous size distribution of poly(A) tail in transcripts, which is the bottleneck for
production of mRNA with intended therapeutic applications. Moreover, omitting an extra
enzymatic reaction facilitates the process of GMP approval required for large-scale production

of mRNA-based therapeutics in pharmaceutical companies .
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Post-transcriptional modification of 5’ends are optional post-transcriptional treatments, to
reduce the mRNA immunogenicity, if necessary. In this section, however, the two most
common treatments including dephosphorelation and methylation of 5’end are described. As
mentioned above, the capping process is not 100% efficient, particularly when performing a

83

co-transcriptional reaction °°. Thus, the fraction of uncapped transcripts presenting a

triphosphate group at their 5’ends, which is removed by treatment with phosphatase enzyme .
Further, a methylation reaction can convert the Cap 0 to a Cap 1 structure, relevant for
transcripts capped enzymatically or co-transcriptional using ARCA cap structures. The mRNA
cap 2'-O-methyltransferase (MTase) and S-Adenosylmethionin (SAM) are incubated with
purified transcripts in a subsequent reaction to methylate the 2’-OH of the first nucleotide,
which is essential character of Cap 1 structure %>

Purification of transcripts is performed to remove impurities including free rNTPs, proteins
used for transcription and potential subsequent reactions, salts and buffers supplied with
enzymatic reaction, as well as potential RNA contaminations. The conventional approach for
purification of mRNA transcript is precipitation of mRNA using LiCl, or silica-membrane
purification provided commercially in form of spin column, both of which are capable of
removing non-RNA impurities. However, in order to remove RNA impurities such as dsSRNA,
high performance chromatography (HPLC) was successfully implemented as reported by
Kariko et al. ®”. Oligo(dT) affinity chromatography purification is also commonly used for
purification of mRNAs with poly(A) tail *®. Other alternative purification methods based on
oligo(dT) hybridization include magnetic beads covalently attached to oligo(dT) %, either
imbedded on the 96-/384-well plate or combined with spin-column separation, as well as
oligo(dT) cellulose columns *°. More recently, an approach only based on cellulose purification
has been reported to be effective for removal of dSRNA byproducts °'.

Understanding the mechanisms involved in in vitro transcription technology facilitates the

design of a workflow, by careful selection of the proper process parameters regarding each

individual step, in order to achieve the synthesis mRNAs with defined properties.

1.2.4 Therapeutic applications of IVT-mRNA

Facile production of mRNA using in vitro transcription technology motivated its application in
a wide range of research from basic biomedical and biotechnological areas to therapeutic and
clinical studies °*> °*. Being able to produce any given protein using the host cell machinery,
mRNA became an intriguingly versatile tool, which can be exploited for many different

purposes . The applications of IVT-mRNA in different fields are explained in the following.

11



Applications of IVT-mRNA in biotechnology research include genetic circuits, biosensors, and
studies, where the function of a single protein can be identified or studied by its upregulation
%, IVT-mRNA can also be used as a tool for genome editing, by inducing the expression of

Cas9 protein in CRISPR/Cas-mediated genome editing approaches % 3

, Or epigenetic
modifications of cells using dead Cas9 (dCas9) *°. Generation of induced pluripotent stem cells
by transfection with mRNAs coding for the reprogramming transcription factors required for
dedifferentiation of cells is another prominent application, more and more replacing viral
transductions ’°.

The therapeutic applications of mRNA is presented here in three main categories: (i)
immunotherapy °’, (ii) protein replacement therapy °%, and (iii) regenerative medicine **.
Firstly, IVT-mRNA coding an antigen is employed to elicit immune response either to
immunize against infectious diseases, or tumors, referred to as RNA Vaccine therapies > 1%,
Vaccines against flu '°!, HIV %2, Zika virus ', HBV infection !, and SARS-Cov-2 7% 1% are
examples of using mRNA for prevention from infectious diseases. The immunotherapy of

106,107 'some of which

leukemia as well as solid tumors is currently addressed by RNA vaccines
are currently in clinical trial phases'® 1%, Anti-tumor mRNA vaccines can be customized on
an individual basis, presenting them as a platform for personalized medicine °* 1%, By collection
and bioinformatics analysis of the gene mutation data from patients, the predominant target
tumor antigen can be identified and targeted. (Pre)clinical studies reported remarkable efficacy
of mRNA tumor vaccines in eradication of some tumors, also for residing metastatic cancers at
late stages !%°.

Secondly, IVT-mRNA can also encode a functional protein (i.e., not restricted to its
immunogenic potential), in order to reduce the symptom of a disease rather than omitting the
cause 8. This is in line with classical gene therapy approaches, except that IVT- mRNA

t 67. The production of cytokines for immune modulation, erythropoietin

expression is transien
(EPO) in treatment of anemia, Foxp3, TLR1/2, and TLR2/6 for treatment of asthma, Bcl-2 for
prevention of liver damage and Neprilysin for clearance for beta amyloid are some examples
of protein replacement therapy. IVT-mRNA-mediated production of antibodies against both
tumor and infectious diseases for passive immunization has also been reported ''% 1,

The third major application of IVT-mRNA is promoting damaged tissue repair. Production of
growth factors and/or the proteins facilitating tissue regeneration by host cells is the strategy
behind using mRNA in regenerative medicine. BMP-2 and BMP-9 expression for bone
regeneration, IGF1, Fstll, Pkm2-for cardiac tissue regeneration upon myocardial infarction,

HGF for liver regeneration are examples, where mRNA successfully promoted tissue
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regeneration *>. Given that most of these proteins are secretory and have both autocrine and
paracrine effects, all cells transfected with mRNA serve as a source for production target

proteins, supplying the adjacent cells and tissues with their induced signaling factors.

1.2.5 Challenges of using IVT-mRNA for genetic engineering

Employing mRNA as a tool for gene delivery was suggested at the same time as for pDNA
three decades ago '°. However, only the latter was initially perused in gene therapy
applications. This was partially because of overestimated issue of lack of RNA stability, which
further delayed the progress of mRNA compared to pDNA 73, The stability issue, however, was
addressed upon advances in in vitro transcription technology and production of IVT-mRNA
with features mimicking the naturally occurring mRNA, as explained in the previous sections.
While the half-life time of mRNA was remarkably increased, susceptibility to RNases,
prevalently exists both in vitro and to a higher extend in vivo, which can ultimately impede
RNA transfer to cells '2. Developing different types of lipid- and polymeric-based delivery
systems solved this issue by protecting mRNA molecules from degradative enzymes in
extracellular microenvironment '3, This, however, is only one of the many functions envisaged

for a carrier system to fulfill.

Transient expression was another challenge, which hindered widespread use of mRNA-based
genetic engineering within the first decades upon its discovery. This is in part due to the intrinsic
nature of mRNA, an entity acting as a blueprint of pDNA in cytoplasm, and ultimately
degradation but also out-dilution for proliferating cells is inevitable. However, mRNA
pharmacokinetic is currently adaptable to match many biological demands, by altering its
structural elements such as 5’and 3’ untranslated regions (UTRs), nucleotides chemistry and
5°Cap structures ''*. Repeated transfection over time with negligible influence on cells viability,
as well as sustained release of mRNA from an advanced carrier system are other approaches to
extend mRNA expression lifespan, even by so-called RNA-replicons '!°. It is important to take
into account, that there are many applications were the transient expression is preferred, and

therefore using mRNA per se without extra modifications is indeed advantageous.

Unintended immunogenicity is the third major issue, and the most challenging of all, which

hindered mRNA research, as soon as it was administrated in vivo ''°

. Despite being
advantageous in some therapeutic applications such as vaccines, in most cases such as protein
replacement therapy and other biotechnological applications, immune stimulation is usually

undesirable. Therefore, understanding the underlying reasons for mRNA immunogenicity
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facilitates tackling this issue. In the following, it is explained how and why mRNA is causing
immune stimulation. IVT-mRNAs immunogenicity is attributed to either intrinsic features of
an “ideal IVT-mRNA molecule”, or to unintended features of an “imperfect structure” both are
explained in the following. Here, an ideal mRNA molecule is defined as the structure, which
encompasses all designed features, with no impurities or unintended addition or elimination of
a feature. Interestingly, regardless of being the identical entity as endogenous mRNA, this ideal
mRNA molecule is still able to elicit immune response. This is in part due to the fact that they
have different transport routes ''®. Endogenous mRNA is transcribed within the nucleus and is
subsequently transported to the cytoplasm, whereas the IVT-mRNA has to enter the cell from
extracellular space, often through endosomal pathways. If it escapes the endosome prior to its
merging with the lysosome, it enters the cytosolic space, where it is translated to proteins.
Therefore, IVT-mRNA encounters endosomal receptors leading to immune stimulation. These
are indeed the pathways, which cells have developed primarily as defense mechanisms against
RNA-based virus infections !'7. Examples for such endosomal receptors are Toll-like receptors
(TLRs), with TLR-7 and -8 particular known to be activated by single strand mRNA molecule

within the endosome '8,

Next, the imperfect synthesis of mRNA results in production of transcripts either lacking one
or the other key features such as 5’Cap, or containing RNA impurities and byproducts. In both
cases, i.e. the free 5’-triphosphate ends and the dsRNA byproducts, mRNA can trigger an
immune response. In particular, RNA byproducts can form long dsRNA structures, which is
recognized by both endosomal receptors, TLR3, and cytosolic receptors including retinoic acid-
inducible gene-I (RIG-I), RIG-like receptors (RLRs), melanoma differentiation-associated
protein-5 (MDA-5), protein kinase R (PKR), and RNA interference receptors ''°. Activation of
these receptors leads to expression of inflammation and antiviral response cytokines, such as
IL-6, TNF-a, as well as type I interferons (IFN-a, and IFN-f8), which further stimulates immune
response not only in transfected cells but also potentially in adjacent cells by a paracrine effect
116 However, activated PKR inhibits translation by phosphorylation of eukaryotic initiation
factor 2a (elF2a), hampering the formation of translation initiation complex, which results in
global suppression of protein synthesis and eventually induction of cell death '?°. In the RNA
interference pathway, the expression is suppressed by cleavage of partial RNA duplexes, as a
result of annealing of short RNA oligoes, i.e. the short RNA byproducts, with complementary
sequence in single strand mRNA molecules ', Noteworthy, immune stimulation is not only
from mRNA, but can also be initiated from a carrier, such as poly(ethylene glycol) moiety of

lipid nanoparticles (LNPs), which recently was found to cause allergic reaction when tested in
14



121 Tt was recently reported that surface modification of

clinical applications in patients
nanoparticles with PEG conjugates to prolong their blood circulation can result in production
of anti-PEG antibodies, when administrated in patients. Consequently, the acquired anti-PEG
antibodies might result in accelerated blood clearance, hypersensitivity and in severe cases dire

side effect 2%,

1.2.6 Strategies to ameliorate IVT-mRNA modalities

In this section, an overview of already existing solutions to some of the mentioned challenges
of IVT-mRNA is provided, with particular focus immunogenicity, as a key aspect of this thesis.
In the following, approaches to reduce immunogenicity and other confounding issues are

explained.

Chemical modifications of nucleotides were initially suggested to decrease immune response.
The idea of incorporating naturally occurring chemical modifications of nucleotides was
spurred by a study, where different fractions of mammalian and E.coli RNA were evaluated in
vivo and the corresponding immune response to each fraction was determined by measuring
TNF-a concentration. By comparing total RNA with nuclear, cytoplasmic, polyA" mRNA,
mitochondrial and tRNA, Kariko and colleagues found that the tRNA fraction elicited almost
no inflammatory response 2. Incorporation of these chemical modifications of nucleotides to
the mRNA structure proved to reduce the immune response significantly, both in vitro by
evaluation of dendritic cells cytokine production!?* and later tested in an in vivo mouse model
124

Cap modifications can also have a considerable effect on reducing the immune response to [IVT-
mRNA spurring the use of Cap variants mimicking Cap 0 or Cap 1. Previous reports suggested
reduced immunogenicity of mRNA modified with Cap 1 compared to Cap 0 *2. However, the
differences were marginal and thus there is no consensus in necessity of using Cap 1 versus
Cap 0. Besides, in case of co-transcriptional capping, extra treatment with phosphatase enzyme
to remove the 5’triphosphage group was also performed in some reports to reduce immune
response 2.

Extra purification steps using HPLC or cellulose column can reduce or even abrogate immune
response to IVT-mRNA by removing dsRNA impurities ¥’. The efficiency of these methods
can be evaluated by dot plot technique using J2 anti-dsRNA antibody, which measures the
dsRNA content of each sample prior to and upon purification. Both approaches were successful
in eliminating dsSRNA and thus the immune response to purified mRNA as measured by type I

interferon response %’
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Sequence optimization might increase translation efficiency, and by avoiding formation of
secondary structure also to some extend reduce immune response. Replacing rare-codons with
preferred codons of the target species can also remarkably increase the level of mRNA
expression. Besides, reduction of uridine content in mRNA sequence, also referred to as
“uridine depletion”, was reported to remarkably reduce immune responses to the corresponding
mRNA transfection ®2. The underlying reason is not yet clear, however, some researchers
suggest that it is due to a higher tendency of uridine to interact with single strand RNA receptors
TLR7 and TLRS.

The scientific concept and precise goals of this thesis founded on the above background is

elaborated in the next chapter.
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Chapter 2: Aims and Strategy

Given the pivotal role of macrophages in orchestrating immune responses, reliable approaches
to modulate their behavior are instrumental. Particularly, polarization of macrophages to anti-
inflammatory phenotype could abolish foreign body reaction to implants, and thus improve the
implant-host integration and long-term performance. Addressing the technological demands,
the primary goal of the thesis was to regulate macrophages response by genetic engineering

with in vitro transcribed mRNA.

IVT-mRNA shall provide macrophages with the instruction to synthesize the target proteins, as
biological entities delineating their phenotypes and functions. Despite being an appealing and
potentially reliable tool for modulation of the cell behavior, IVT-mRNA delivery to
macrophages can lead to unintended cell stress and immune activation. Thus, the aim of the
thesis was to explore an IVT-mRNA-based technology for genetic engineering of macrophages

with minimum to ideally no side effects.

Four consecutive steps to perceive this concept were defined. The first step was dedicated to
identify whether the transfection-induced immune activation of human monocytes and
macrophages is primarily influenced by carrier formula or the payload chemistry. Second, to
minimize or abrogate immune responses, various 5’end or internal chemical modifications of
IVT-mRNA were explored. Next, the methodological aspects required for co-expression of
multiple genes was addressed, investigated in terms of payload design and process parameters.

The following strategies were conceived to substantiate the above concepts.

1. Transfection of primary human monocytes and macrophages with different carrier
formula, lipid- and polymeric-based, and payload chemistries, i.e. non-modified and
Y/5meC modified IVT-mRNA, could reveal the extent, to which each element of a the
IVT-mRNA/carrier complex affects transfection efficiency and cell stress. Moreover, the
pattern of mRNA dose-response provides a more conclusive scheme, when compared
between different transfection conditions and cell types.

2. By exploring different 5’end and internal modifications of IVT-mRNA, the optimal
chemistry for reduction and potentially ablation of immune response in human
macrophages should be identified. In case, the extra purification step would not be

required, thus omitting the potential source of variations.
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3. Comparison of different payload designs, i.e. bicistronic versus monocistronic, could
reveal the ideal method to achieve co-expression of several genes, which is required for
many advanced gene delivery studies.

4. Quantitative evaluation of process parameters in NA co-delivery as well as successive
delivery could provide a clear methodological scheme to consolidate the results, by
preventing the arbitrary selection of experimental setup.

Measurement of cell stress is quintessential to evaluate the effectivity of gene transfer to
immune cells, in particular macrophages, in addition to common readouts such as transfection
efficiency. Here, assessment of human macrophage responses to IVT-mRNA delivery was as
follows. First, transgene expression was measured both qualitatively by fluorescent imaging
and quantitatively by flow cytometry, after transfection of cells with marker genes coding for
fluorescent reporter proteins, such as EGFP and mCherry. Consequently, the transfection
efficiency and the level of IVT-mRNA expression were defined as percent of EGFP positive
cells and mean fluorescent intensity. The integrity of synthesized proteins was evaluated by
immunoblotting.

Cells viability and immune activation were measured to investigate the transfection-induced
cell stress. Cell viability was quantified by flow cytometry and defined as percent of DAPI-
negative cells. The inflammatory surface marker expression, CD80, and cytokine secretion
were measured as parameters indicating the immune response. The proinflammatory cytokines,
TNF-a, and IL-6, and antiviral cytokine type I interferon, IFN-3, were quantified by a multiplex
immunoassay.

Attributing the immune response to distinct chemical modifications requires investigation of
IVT-mRNA quality, such as integrity and dsRNA content. The integrity of transcripts was
measured by agarose gel electrophoresis, whereas the dsSRNA content was assessed by dot-blot
immunoblotting method. Of note, to avoid induction of immune response in macrophages
during the isolation and differentiation process, endotoxin-free reagents were used throughout.
Further, at least two different mRNA doses were implemented side-by-side mainly to compare

the level of expression at low dose and level of immune activation at high dose of mRNA.
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Chapter 3: Organization of the Thesis

This cumulative thesis aims to explore a reliable and robust technology based on IVT-mRNA
for genetic engineering of primary human macrophages without causing an interfering cell
response. The methodological aspects required for co-delivery of two genes were also

systematically addressed. The content of comprising chapters is outlined as follows.

Chapter 1 titled “Introduction” provides the scientific background of this dissertation, covering
different aspects experimentally investigated in chapters 4-7, considered as pillars of this

research.

Chapter 2 titled “Aims and Strategy” presents the motivations, aims, hypothesis, strategies and

outline of methodologies implemented in this thesis.
Chapter 3 titled “Organization of the Thesis” describes the structure of the thesis.

Chapter 4 titled “mRNA transfection-induced activation of primary human monocytes and
macrophages: dependence on carrier system and nucleotide modification” refers to the
systematic evaluation of different carrier types and two payload chemistries. The original article

is presented in Appendix .

Chapter 5 titled “Chemical modification of uridine modulates mRNA-mediated
proinflammatory and antiviral response in primary human macrophages” refers to the
explorative study of various 5’end and internal modifications to the cell activation potential of

synthetic mRNA. The original submitted manuscript is presented in Appendix II.

Chapter 6 titled “Co-delivery of genes can be confounded by bicistronic vector design” refers
to study of payload design and its influence on co-expression of multiple genes. The original

submitted is presented in Appendix III.

Chapter 7 titled “Strategies for simultaneous and successive delivery of RNA” refers to the
methodological investigation of co-delivery, and the remarkable role of process parameters on
the co-expression pattern, quantified at single cell level. The original article is presented in

Appendix IV.

Chapter 8 titled “Discussion” places the outcomes of this thesis into a more general perspective,

in context of recent state of the art.

Chapter 9 titled “Summary and Outlook™ presents an overview of the key findings, and
envisioned future prospects.
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The diagram shows various scientific perspectives addressed in this dissertation and how each chapter
is related to the main storyline.
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Chapter 4: mRNA transfection-induced activation of
primary human monocytes and macrophages:
dependence on carrier system and nucleotide
modification

Summary

In this publication, we investigated the primary human monocytes (MCs) and monocyte-
derived macrophages (M®s) response to [IVT-mRNA delivery. In a systematic study, the effect
of mRNA dose, mRNA modifications as well as the carrier type on cells viability, gene transfer
efficacy and immune response patterns was evaluated. By increasing mRNA doses the
transfection efficiency and the intensity of target gene expression within population of positive
cells were increased. However, it was at expense of substantial decrease in viability and high
level of macrophage activation, quantified by inflammatory surface molecule expression and
cytokines secretion. IVT-mRNA modified with pseudouridine (¥) and 5-methyl-cytidine
(5meC) elicited lower level of immune activation in both MCs and M®s, when compared with
non-modified IVT-mRNA. The findings also indicate that between three types of commercially
available carrier systems, including both polymer- and lipid-based reagents, one lipid-based
formula consistently resulted in the highest transfection efficiencies. The outcomes of this study
highlight the crucial impact of both carrier and payload on the overall performance of the carrier
system in terms of gene transfer and unintended cell response, particularly crucial for innate

immune cells, which are exceedingly sensitive to external interventions.
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Figure 4.1. Graphical representation of the study concept, derived from the publication'*
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Contribution to the publication

Literature review

Advantages of gene delivery using IVT-mRNA as payload versus other nucleic acid
entities, e.g. pPDNA

Essential role of monocytes and macrophages in innate immunity

Advantages of IVT-mRNA delivery to hard-to-transfect cells such as monocytes and

macrophages, versus the challenges due to the potential activation of macrophages

Study design’

Selection of different mRNA transfection reagents to cover both polymeric and lipid-
based carrier systems

Choice of cell type, also suitable for elucidation of immune response, i.e. MCs, and M®s
differentiated from them

Readouts for measurement of cell response including viability, mRNA transfer rate,
inflammatory surface molecules, as well as inflammatory and antiviral cytokine secretion
Selection of another marker protein for comparison to rule-out potential sequence-

specific effect

Experimental work

Synthesis and characterization of in vitro transcribed mRNA

Isolation of MCs from buffy coats, and establishment of differentiation to M®s
Transfection of MCs and M®s with different reagents

Morphological study of cells upon transfection via phase-contrast and fluorescent
microscopy

Quantification of cells viability, transfection efficiency and surface molecule expression
at single cell level using flow cytometry

Measurement of cytokine secretion via a multiplex immunoassay

Analysis and interpretation of the data

Evaluation of microscopic cell images for influence of transfection of cells morphology

and comparison of mRNA expression intensity between different samples

! Study design was performed in discussion with co-authors.
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- Analysis and representation of flow cytometry data in form of dot plots, histograms and
bar graphs

- Calculation of total cytokine secretion in samples using the corresponding standard
curves

- Statistical analysis of data sets to identify the significance of mRNA transfection

condition impact on measured parameters

Manuscript preparation
- Preparation of the manuscript outline, refined by discussion with the co-authors
- Writing the first draft of the manuscript. Manuscript revision and finalization of text for
submission according to comments from the co-authors
- Revision of the manuscript based on additional data, which were incorporated to address

reviewers comments and finalizing the revised manuscript together with the co-authors

Publication — Appendix I

H. Moradian, T. Roch, A. Lendlein and M. Gossen: mRNA Transfection-Induced Activation
of Primary Human Monocytes and Macrophages: Dependence on Carrier System and
Nucleotide Modification. Scientific reports 10, 4181 (2020). doi: 10.1038/s41598-020-60506-
4.
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Chapter 5: Chemical modification of wuridine
modulates mRNA-mediated proinflammatory and
antiviral response in primary human macrophages

Summary

The impact of IVT-mRNA chemistry on immune cells response was the subject of this study.
By incorporation of chemical modifications to transcripts either at the 5’end or internally by
substitution of nucleosides, we comprehensively evaluated the quality of run-off products at the
molecular level, i.e. dSRNA content, the transgene expression and distinct schemes of immune
response. The latter was measured in terms of both proinflammatory and antiviral responses
triggered by mRNA transfection in immune cells. Being relevant for both basic research as well
as therapeutic applications, study of primary human macrophages was the major focus. A side-
by-side comparison of different mRNA modifications revealed nucleotide chemistry to have a
remarkable impact compared to various tested 5’ cap structures on both gene expression and
immune activation. The outcomes suggested uridine chemistry to have the utmost influence
both at molecular and cellular level, as the highest dSRNA content was observed for the ¥
sample, whereas the minimum level of dsSRNA was identified for mRNA modified with 5-
methoxy-uridine, which was found to be directly correlated with the immune response level.
The predictable immune response pattern corresponding to distinct mRNA chemistry according
to the empirical evidences presented in this study can be harnessed as a reference to select
mRNA chemistry depending on intended biological applications. Thus, the study clarifies key
technological demands for genetic engineering of macrophages as the primary goal of this

thesis.
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Chemically modified Transfection efficiency, and
IVT-mRNA immune response in M®s

Surface marker
expression

1
]
]
‘ i
e (CD80) EGFP IVT-mRNA
+ IVT-mRNA ! expression

- 00 )
i ®) ;
| & !\I: LipoMM 1
~ = 1
i ;

! ! e Cytokine expression
IVT-mRNA/carrier '

complex i \_()TEF-a, IL-6, )
i

\_/uuv : -
et e® : 2

]

@ W

b
M = '
]

Figure 5.1. Summary of transfection of primary human macrophages and the subsequent cellular
response analysis

The transfection efficiency as well as immune response as key readouts. This figure was obtained from
the graphical abstract of the manuscript.

Contribution to the manuscript

Literature review
- Therapeutic applications of [IVT-mRNA
- The vital role of macrophages as primary line of defense in innate immune response with
potential therapeutic relevance
- Molecular mechanisms of immune response to IVT-mRNA
- Strategies to minimize unintended immune response to IVT-mRNA based on altering

mRNA chemistry

Study design'
- Selection of IVT-mRNA modification schemes, including 5’end modifications and
nucleotide modifications
- Evaluation of IVT-mRNA performance at the molecular level, including integrity and

dsRNA content of run-off transcripts

! Study design was performed in discussion with co-authors.
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Assessment of IVT-mRNA performance at the cellular level, including macrophage
transfection efficiency and patterns of innate immune activation, by evaluation of both

inflammatory and anti-viral response

Experimental procedure

IVT-mRNA synthesis with different chemical modifications, including post-
transcriptional treatments for cap modifications

Measurement of dSRNA content of transcripts by immunoblotting

Preparation of primary human macrophages from buffy coats followed by transfection
with IVT-mRNA with distinct chemistry

Qualitative evaluation of cells morphology and transgene expression level, i.e.
fluorescent marker protein by microscopic methods

Quantification of viability, transgene expression and immune activation surface marker,
e.g., CD8O, at single cell level by flow cytometry

Validation of protein production using western immunoblotting

Quantitative evaluation of proinflammatory and antiviral cytokines secretion at different

time points post-transfection by Bioplex multiplex immunoassay

Analysis and interpretation of the data

Evaluation of microscopic images and intensity of mRNA expression after cell
transfection

Analysis of flow cytometry data, interpretation of data, and representation of data in form
of various types of graphs including concatenated dot-plots, bar graphs, and histograms
Calculation of net protein, i.e. cytokine concentration of different samples by curve fitting
using values from standard series, and plotting the data in form of bar graphs

Statistical analysis of data to compare different conditions and identify potential

correlations

Manuscript preparation

Preparation of the manuscript outline, refined by discussion with the co-authors
Writing the first draft of the manuscript, and manuscript revision and finalization for

submission according to comments from the co-authors
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Publication — Appendix II

H. Moradian, T. Roch, A. Anthofer, A. Lendlein and M. Gossen: Chemical modification of
uridine modulates mRNA-mediated proinflammatory and antiviral response in primary human
macrophages. Molecular Therapy: Nucleic Acids 27, 854-869 (2022), doi:
https://doi.org/10.1016/j.omtn.2022.01.004.
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Chapter 6: Co-delivery of genes can be confounded by
bicistronic vector design

Summary

Two co-delivery methods differing in terms of payload design were investigated in this
manuscript. In a comparative study, we performed a series of side-by-side experiments to
identify the most reliable and robust method for co-delivery of two genes, which is demanded
in numerous biological studies. The two genes were either integrated within a single open
reading frame, to be separated via a 2A self-cleavage peptide sequence, or co-delivered as two
separate expression units, referred to as “bicistronic delivery” and “monocistronic co-delivery”,
respectively. While we initially envisaged the bicistronic method to result in homogeneous co-
expression of the two genes, due to inherent equimolar delivery, the empirical observations
proved otherwise. The co-delivery method, in contrast, consistently lead to uniform pattern of
co-expression. Moreover, the potential role of size ratio of the two genes, dependence on
nucleic acid entity, as well as the cell type were examined, none of which found to have a clear
influence on the co-expression outcomes. Overall, our findings suggested that co-expression
can be confounded by bicistronic delivery, in contrast to the co-delivery method, which reliably

resulted in uniform patterns of co-expression.
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Figure 6.1. Schematic representation of the study design

Approaches to achieve mRNA-directed co- production of target proteins in individual cells, derived

from the graphical abstract of the manuscript.
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Contribution to the manuscript

Literature review

Biological demands for induced co-expression of multiple genes
Various approaches for co-expression of multiple genes and their advantages and
disadvantages

Bicistronic delivery and 2A peptide-mediated co-expression

Study design’

Sequence design to prepare a bicistronic cassette, including 2A peptide sequence
Potential interfering variables including size ratio of the two genes, NA entity, e.g. [IVT-
mRNA and pDNA, and cell type

Investigation of equimolar versus equimass delivery of mRNA

Experimental procedure

Molecular cloning of bicistronic genes into a T7 promoter-based, poly(A) tail-encoding
vector

(Co)-transfection experiments of [IVT-mRNA

(Co)-transfection experiments of pDNA

Qualitative measurement of cells by microscopic evaluation of transfected cells
Quantitative measurement of gene (co)-expression by flow cytometry

Immunocytochemistry for detection of non-fluorescent proteins

Analysis and interpretation of the data

Evaluation and comparison of fluorescent protein expression from microscopic images
Analysis and interpretation of flow cytometry data, and summarizing data in different
forms of graphs

Calculation of precise molecular weight of each NA type, including IVT-mRNA, pDNA,

both for bicistronic and monocistronic vector designs

Manuscript preparation

Preparation of the manuscript outline, refined by discussion with the co-authors
Writing the first draft of the manuscript; manuscript revision and finalization according

to comments from the co-authors

! Study design was performed in discussion with co-authors.
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Publication — Appendix IIT

H. Moradian, M. Gossen and A. Lendlein: Co-delivery of genes can be confounded by
bicistronic vector design. MRS Communications 18:1-9 (2022), doi: 10.1557/s43579-021-
00128-7.
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Chapter 7: Strategies for simultaneous and successive
delivery of RNA

Summary

In this publication, we evaluated different methods for concurrent or successive delivery of two
nucleic acid (NA) entities, with the main focus on IVT-mRNA. Two strategies for simultaneous
delivery were conceptualized and experimentally investigated, including “integrated co-
transfection” and “parallel co-transfection”. The former refers to the condition where different
NA payloads were mixed prior to complexation with the carrier, whereas the NA complexes
were prepared separately in the latter method. The mRNA dose, carrier type as well as cell type
were three process parameters systematically examined in side-by-side experiments for the two
approaches. The co-expression rate of the two marker genes was quantified on a single cell
level, as the key readout. The outcomes suggested a distinct pattern of co-expression
corresponding to each method. While the integrated co-transfection resulted in uniform, largely
dose-independent distribution of co-transfected cells, the parallel co-transfection method lead
to heterogeneous, dose-dependent co-expression of the two marker genes. Similar patterns were
consistently observed for polymeric and lipid carrier types and different cell types. By
successive transfection of mRNA, we found out that cells are less prone to uptake the
mRNA/carrier complexes in the second round of transfection. However, time-delayed multi-
step transfections would be instrumental for NA entities with kinetically distinct peaks, e.g.
IVT-mRNA and siRNA, aimed to be delivered to the same cell. The discrete patterns of co-
delivery, revealed by single cell quantification, emphasizes the importance of process
parameters to be precisely selected according to the particular experimental requirements. The
quantification scheme provided by the experimental framework defined by us in this study
addressed the technological aspects of co-delivery, in line with the strategies envisaged in the

thesis.
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Figure 7.1. Schematic overview of various methods for co-/successive delivery of IVT-mRNA

Graphic was btained from the publication '

Contribution to the publication

Literature review

- Demands for establishment of co-delivery methods
- Co-delivery of multiple NA entities, as well as different types of NAs
- Successive delivery of genes, including benefits and necessity of such strategies

- Importance of quantification of genes co-expression at single cell level
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Study design'

Definition of two co-transfection methods: integrated versus parallel co-transfection
Successive transection of [IVT-mRNA using two fluorescent marker genes

Simultaneous versus successive transfection of mRNA and siRNA as two distinct entities
with different action mechanisms and peak performance time points

Covering both polymeric and lipid-based carriers as transfection reagents

Dose-dependence of co-expression both for IVT-mRNA and pDNA co-delivery methods

Experimental procedure

IVT-mRNA synthesis coding for two different fluorescent proteins

Co-transfection of cells with different methods using different types of carriers

Isolation of monocytes from buffy coat and differentiation to human macrophages and
co-transfection according to established condition

Microscopic evaluation of transfected cells

Quantitative measurement of genes co-expression/ expression and knock-down on single
cell level using flow cytometry

Quantitative measurement of encapsulation efficiency using RiboGreen assay

Analysis and interpretation of the data

Analysis of microscopic images for comparison of genes co-expression patterns
Analysis of flow cytometry data and creating different types of graphs to represent and
compare data sets

Statistical evaluation and comparison between different groups

Quantification of encapsulation efficiency

Manuscript preparation

Preparation of the manuscript outline, refined by discussion with the co-authors
Writing the first draft of the manuscript; manuscript revision and finalization for first
submission according to comments from the co-authors

Revision of the manuscript based on additional data, incorporated to address reviewers

comments and finalizing the revised manuscript together with the co-authors

! Study design was performed in discussion with co-authors.
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Publication — Appendix IV

H. Moradian, A. Lendlein and M. Gossen: Strategies for simultaneous and successive delivery

of RNA. Journal of Molecular Medicine 98, 1767 (2020). doi: 10.1007/s00109-020-01956-1.
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Chapter 8: Discussion

In this chapter, the collective findings presented in chapters 4-7 are discussed in context of the
recent state of the art. With the IVT-mRNA technology as the central focus of the studies, two
subtopics are addressed: (i) IVT-mRNA as a tool for genetic engineering of macrophages, and
(i1) strategies for IVT-mRNA co-delivery. The findings discussed in the first subtopic are
presented in chapters 4 and 5. The second part, is dedicated to the methodological aspect relates

to the data, which are presented in chapters 6 and 7.

8.1 IVT-mRNA as a tool for genetic engineering of macrophages

8.1.1 Challenges of macrophage immunomodulation via genetic engineering

As part of the innate immunsystem, macrophages play a pivotal role as stimulator of (adaptive)
immune response by antigen presentation or cytokine secretion, and as the effector cell type,

by phagocytosis of pathogens and damaged cells * '® 27 128 Macrophages are able to

differentiate to versatile phenotypes to accommodate these wide ranges of functions !> 16:22 12,

130 Given that macrophages are not terminally differentiated, they can respond to

microenvironmental cues '4 17> 18, 131,132

, as elaborated in details in previous chapters (see
Chapter I Introduction: 1.1Immunomodulation by macrophages). This plasticity in the form of
dynamic phenotypical changes and diversification in function, makes macrophages a unique

and appealing candidate for immune modulation studies ! %3

. Noteworthy, shifting
macrophages activity to either end of pro-/anti-inflammatory spectrum could be of utmost
interest, from basic studies to clinical applications ** 135, One prominent example is the
activation of macrophages toward pro-inflammatory phenotype in immunosuppressive tumor
microenvironment, also known as CAR-macrophage, as an immunotherapeutic strategy for
cancer treatment > 13137 _On the contrary, numerous studies investigated the differentiation of
macrophages to anti-inflammatory phenotype, which is of relevance in treatment of
autoimmune diseases %%, as well as avoiding rejection of biomaterial implants **'*! or organ
transplants %, due to local overstimulation of immune response. In both scenarios, finding
approaches to change macrophages activity is the key to exploit them to orchestrate the immune
response toward the desired direction .

Among the different approaches to polarize macrophages to the desired activity status 4% 142-143,
genetic engineering methods are of particular interest '*-14¥. Cues to modulate macrophages are

9

often applied exogenously ¥, and thereby might be subjected to uncontrollable changes
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potentially influencing the response of macrophages. By contrast, genetic engineering provides
cells with the instruction to produce their own modulatory factors °*1°3, However, successful
gene transfer to macrophages has its own drawbacks, which might require extensive process
adjustments for individual experiments. Limited cell proliferation impairs the successful use of
pDNA as a nucleic acid entity for gene delivery to primary human macrophages, due to
difficulties in overcoming the barrier of nucleus membrane and reaching the nucleus space, the
target destination of pDNA, without transient nuclear envelop breakdown during mitosis .
Besides, viral gene delivery methods are facing the issue of safety and genotoxicity, a particular
concern in therapeutic application and translational research 2. Thus, IVT-mRNA was
suggested as an alternative to the former methods for gene delivery, facing a less complex path
for delivery, as mRNA is immediately translated to protein upon cytoplasmic delivery .
However, recognition of IVT-mRNA via numerous endosomal and cytosolic receptors and
subsequent activation of immune response is the major restriction in mRNA-mediate genetic
engineering of macrophages. Our initial attempt to transfect macrophages with IVT-mRNA

also proved this notion '?°

. While our original motivation was to reduce innate immune response
in macrophages to support host-implant integration, the primary experimental evidences
revealed macrophages polarizing to the opposite direction. Thus, the aim was redefined by

raising the following scientific questions:

1. Why are macrophages activated upon mRNA delivery? Is the induced immune response
mainly triggered by carrier formula or the payload (mRNA) chemistry — or by both in
combination?

2. What are the meaningful readouts to measure the immune activation of macrophages
upon transfection?

3. How to address the issue of unintended immune activation?

The systematic and explorative studies were designed to answer the above questions, which led
us to establishment of both IVT-mRNA technology and efficient gene transfer to macrophages
with minimal to negligible side effects, e.g. reduced viability and/or immune activation. The
use of primary human monocytes and monocyte-derived macrophages was a centerpiece of this
study. While numerous studies about monocytes and macrophages were performed in vivo
using mouse models, the findings are of limited relevance for potential therapeutic applications,
due to the substantial differences between immune system of mouse versus human >,

Macrophage cell lines such as murine RAW 264.7 3% and human THP-1 *$were also commonly

employed in gene delivery studies. Considering cell proliferation as a determining factor in
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gene transfection, studying these immortalized cells with infinite proliferation capability is
restricted in fully predicting the behavior of non-dividing primary cells. Thus, having more
relevance for therapeutic applications, the primary human macrophages were implemented as
an in vitro model throughout all our studies, the results of which are discussed in detail in the

next sections.

8.1.2 The role of carrier formula and payload chemistry in transfection-
induced immune response in macrophages

As the first line of response against invading pathogens as well as malfunctioning host cells,
macrophages are equipped with numerous surface, endoplasmic and cytosolic receptors. While
essential for keeping the homeostasis, the intricate network of pattern recognition receptors
(PRRs) and subsequent signaling pathways in macrophages might restrict interventions based
on gene delivery approaches, due to potential recognition of NAs as foreign intrusion 7.
Despite being a highly similar biomolecule to natural mRNA, IVT-mRNA can be recognized
by the PRRs and thereby initiate the immune response ''® !'°. This can be attributed to the
advanced defense mechanisms developed by cells in discriminating self- mRNAs from non-
self viral RNAs "7, First, the intracellular transport pathways and localization of these mRNAs
are different. While endogenous mRNA is transcribed in the nucleus and transported to the
cytoplasm to be harnessed as a blueprint for protein production, the IVT-mRNA is transported
from the extracellular space primarily to the endosome and, upon endosomal escape, to the
cytosol. Endosomal localization of mRNA is highly uncommon for cells, and can be recognized
as a viral attack, sensed by numerous PRRs located in the endosomal membrane''S.

Macrophages can also recognize the free 5’phosphate-end and long double stranded structure

in mRNA molecules as non-self viral RNA, involving a set of cytosolic receptors %,

Transporting IVT-mRNA as a large polyanionic biomolecule through the hydrophobic
membrane lining around any living cell requires a carrier system. Protection from extracellular
nucleases, facilitating the intracellular transport, endosomal escape, and payload unpacking and
release in the cytosol are some of the essential requirements for a carrier system > !13 15,
Besides accommodating these functions in a most efficient manner, an ideal carrier system
should minimize potential side effects, such as cytotoxicity or immunogenicity, caused by the
carrier substance itself. The physicochemical properties of the carrier/payload complexes, such
as size, shape, surface charge and colloidal stability determine the interaction of cells with
carrier systems and the subsequent cell response '°°. The carrier can also interact with the

microenvironmental cues both extra- and intracellularly such as pH, and redox condition '®'.
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This mutual interplay can be exploited to facilitate the stimuli-responsive delivery, or otherwise,
when not envisaged thoroughly, result in degradation or destabilization of the carrier, and
subsequent release of degradation products. The latter can cause cell stress, immune activation,

and ultimately cytotoxic effects.

Two lipid-based and one polymeric-based carrier were investigated to evaluate the potential
influence of carrier formula on immune response of transfected monocytes and macrophages.
Our findings suggested LipoMM to outperform the polymeric ViroR in terms of viability,
transfection efficiency and immunogenicity. These differences could be attributed to the
intrinsic different nature of these lipoplexes and polyplexes, as they differ in physicochemical
characteristics and thus their interaction with nucleic acids. Lipid-based carriers are composed
of a hydrophilic cationic head group and a hydrophobic tail. The former accommodates the
particles with capacity to complex the negatively charged nucleic acid molecules via
electrostatic interaction, often in micellar, vesicle-like bilayer or multilamellar shape '¢%.
However, polyplexes might form complexes with branched spherical shape, or tubular
structure. The molecular weight, geometry of the cationic polymer, and number of primary
amines available at polymer surface are determining factors '%. Surface charge, is another

164

aspect, which might vary depending on carrier type '°*. While lipoplexes are known to have

165 polyplexes such as ViroR/NA

overall positive charge, also upon NA complexation
complexes, were reported to have neutral surface charge due to the special chemical structure
of the polymeric carrier (information provided by supplier). Eventually, the endosomal release
mechanism as a crucial step for a successful gene transfection varies in the two types of carriers.
Lipoplexes might escape endosome and release their cargo into the cytosolic space by fusion to
the endosomal membrane via their hydrophobic tail ®*. Polyplexes, on the other hand, have

complete different mechanism known as proton sponge effect, which can be influenced by

polymers physicochemical properties, such as surface charge and degree of ionization ',

Despite the overall differences observed between the three carrier formulas were modest,
chemical modification of mRNA found to have a pronounced effect, particularly on immune
activation of transfected macrophages. In this regard, , the IFN-f3 secretion was reduced by up
to two-orders of magnitude in macrophages transfected with ¥/5SmeC modified compared to
non-modified IVT-mRNA. These modifications were initially introduced by Kariko et al., who
found reduced immune activation when transfected in primary human dendritic cells in vitro
123 "and later when administrated in vivo '** 1% The level of modified IVT-mRNA expression
was notably lower than for non-modified mRNA, consistently for all doses tested. These
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findings emphasized the demand for seeking other nucleotide modifications with more optimal
translation concomitant with less stimulation of immune response. Of note, the effect of IVT-
mRNA transfection on cell viability, transfection efficiency, and immune activation proved to
be dose-dependent, with more pronounced effects in monocytes compared to macrophages.
Overall, these results indicated that it is well possible to strike a balance between maximizing
gene transfer efficiency and minimizing pleiotropic effects triggered by the experimental

manipulation of cells.

8.1.3 Parameters defining the IVT-mRNA performance in macrophages

Viability and transfection efficiency are commonly measured as key readouts in gene delivery
studies. However, when transfecting immune cells, particularly cells of innate immunity, these
two parameters are not sufficient to describe the cells response and effectiveness of the gene
transfer. Multiple readouts were set to describe different aspects of cell response to explore a
reliable and robust method for genetic engineering of macrophages with minimal side effects,

elaborated as follows.

i) Translatability

The transgene expression was defined by percent of transfected cells as well as the intensity of
protein production within each cell. Our data showed that these two parameters do not always
change in the same direction, i.e., a higher level of expression was not always correlated to a
higher transfection efficiency (Appendix I, Figure 3). Thus, it is crucial to identify the
correlation between the process parameters and both transfection efficiency and level of

transgene expression.

ii) Immunogenicity

Immune activation must be taken into account as the utmost important parameter, when
studying gene transfer to macrophages. The immune response was evaluated by quantification
of co-stimulatory surface molecule expression, i.e. CD80, as well as TNF-a and IL-6
proinflammatory cytokines, as well as IFN- antiviral cytokine secretion. Measurements of
surface molecules by flow cytometry provide information at single cell level, which can be
correlated to the transgene expression for individual cells, whereas secretion of cytokines is
measured for a pool of cells within each condition. The systematic side-by-side experiments
revealed that the difference in cytokine secretion between macrophages transfected with various
mRNA chemistries, was more pronounced than the CD80 expression (Appendix 5, Figure 5-
7). This was in line with previous studies, in which quantification of type I interferons were

39



used as the key readout for measurement of antiviral immune response to mRNA transfection,
also correlated to dsRNA content of samples in that case ¥’. The higher resolution of differences
in patterns of immune response makes cytokine secretion both a sensitive and conclusive
readout, which is favorable for comparison of conditions with rather no recognizable difference

in surface molecule expression 7.

iii) Viability

Viability was also measured as a critical output, which was often inversely correlated with
immune activation of cells. In other words, conditions resulting in high levels of immune
responses were found to have poor viability. Viability of transfected monocytes and
macrophages varied in a dose-dependent way, where higher doses of mRNA resulted in the
lower cell survival, particularly noticeable for monocytes with a more negative slope of viability

curve (Appendix I, Figure 2).

8.1.4 Strategies to reduce undesired immune responses to IVT-mRNA
transfection

Immune cells can recognize [IVT-mRNA and thereby trigger immune responses mainly by three
types of receptors; 1) receptors recognizing ssRNA such as endosomal TLR-7/8 123, ii) dsSRNA
sensors such as endosomal TLR-3 %% and cytosolic RIG-I, MDA-5, PKR, AOS ''°, and iii)
receptors binding to uncapped 5’triphosphate (ds)ymRNA, such as cytosolic RIG-I '*°. While
having different downstream molecular mechanisms in activation of immune response, they
ultimately result in the nuclear translocation of transcription factors such as NF-kB, IRF-3/7,
and subsequent upregulation of proinflammatory cytokines such as IL1p, IL-6, TNF-a, and
antiviral cytokines such as type I interferons, IFN-o and IFN-pB !!6 167 The latter binds to the
interferon receptors on cells surfaces, triggering a secondary signaling pathway known as
JAK/STAT cascade, which further upregulates expression of proinflammatory genes ''®. Once
secreted to the extracellular milieu, interferons stimulate both autocrine and paracrine signaling

pathways, which can result in propagation of immune activation to adjacent untransfected cells.

By understanding the three above-mentioned mechanisms, various strategies can be
implemented to prevent immune activation caused by IVT-mRNA transfection, an issue
recognized shortly after the first administration of IVT-mRNA in the early 2000s '7°. Of note,
given the interconnected network of immune signaling pathways, modifications to inhibit one
cascade might also be beneficial for blocking others. In the following, the approaches
implemented in different studies to address the immunogenicity of IVT-mRNA are discussed,

particularly in context of what was examined in this thesis and found to be effective in our
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defined experimental set-up. These strategies are classified in three categories, corresponding

to the above-mentioned mechanisms of immune response.

i) Strategies to reduce the activation by ssRNA

Initial efforts to address immunogenicity of IVT-mRNA mainly focused on altering mRNA
chemistry by incorporation of modified nucleotides. In a systematic investigation, the immune
response of dendritic cells (DC) transfected with naturally occurring RNA samples, derived
from E.coli as well as total and fractionated mammalian RNAs, including nuclear, cytoplasmic,
mitochondrial RNA, polyA-containing mRNA, and tRNA, were measured side-by-side '%°.
Spurred by the pronounced abrogation of TNF-a secretion in DC transfected with tRNA
samples containing nucleosides with versatile chemistry, Kariko et al. suggested that
incorporation of similar modified nucleosides might reduce immune activation of IVT-mRNA.
This notion was supported by experimental evidence, where they reported less immunogenicity
for IVT-mRNAs transfected in human DCs. By exploiting TLR overexpressing cell lines, the
effect of nucleoside modification was subsequently attributed to the TLR7/8 mediated immune
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response '2*, and later to reduced PKR activation '?°

, and increased resistance to RNase L
cleavage '”!. Another study examined various modified IVT-mRNA in an in vivo mouse model
and found the combination of 2-thiouridine and 5-methylcytidine modifications to be beneficial
in circumventing immune response '. In a more recent study by Vaidyanathan et al. a series
of nucleoside and 5’Cap modifications were investigated. The performance of various modified
IVT-mRNAs were measured both in vitro by transfection of THP-1 cells and in vivo by Cas9-
mediated insertion or deletion (indel) in the genome in a mouse model 2. Noteworthy, the
bottleneck for practical implementation of many chemically modified nucleosides is the
inability of T7 RNA polymerase (T7RNAP) to accept these nucleosides as substrate for mRNA
synthesis®’. Moreover, synthetic non-natural nucleosides, such as fluorine-based modifications
were also investigated both in vitro and in vivo. Despite successfully passing the preclinical
studies in rodents, “Fialuridine” proved fatal in the first clinical trial due to hepatic and
pancreatic toxicity 2. This discrepancy of preclinical and clinical trial outcomes was later
attributed to expression of a functional protein in mitochondrial membrane of human, called
human equilibrative nucleo-side transporter 1 (hENT1), which does not exist in rodents '73. In
consequence the use of these and similar nucleotides was not further pursued for clinical

applications.

In line with previous reports, our initial data revealed significant reduction in immune response

of monocytes and macrophages transfected with SmeC/¥ modified IVT-mRNA compared to
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non-modified mRNA. However, two problems persisted. First, the immune response was not
entirely abrogated, particularly for higher doses of IVT-mRNA. Second, the expression levels
following modified IVT-mRNA transfection were remarkably lower than for non-modified
IVT-mRNA. Thus, the aim was to address both issues, by performing an explorative study,
where the [IVT-mRNAs with various 5’Cap and nucleoside modifications were examined. Our
findings revealed that uridine modifications play the crucial role in immunostimulatory
potential of IVT-mRNA, especially compared with Cap modifications with no obvious
influence on immune response. The importance of uridine modification can be attributed to
interaction of modified RNA with TLR7/8 receptors. By elucidating the crystal structures of
human TLR7/8, it was revealed that uridine has a binding site at dimerization interface, which
was revealed to be essential for activation of these receptors and stimulation of the downstream
signaling pathway 7% 17> This observation inspired another strategies to circumvent immune
activation, based on sequence optimization to decrease uridine content, and thereby TLR
activation. Upon empirical evaluation, “uridine depletion” proved to be effective in the ablation
of immune responses, especially when combined with the modification of IVT-mRNA with

5moU *2.

Altering the cellular uptake and intracellular trafficking pathways to avoid endosomal
localization of IVT-mRNA is another strategy to escape mRNA recognition by TLR7/8
receptors and thus circumvent the immune stimulation caused by ssRNA. Most of the currently
used lipid- and polymeric based carrier systems are taken up by cells via endocytosis, and thus
end up in endosomes upon entering cells !"*Manzanares, 2020 #290}. Demands for carrier
systems which could support active transport through cellular membrane independent of
endocytosis is therefore of utmost interest. One example is the recently developed lipid formula,
which was claimed to fuse to the cell membrane and release its content directly to the cytosolic
space !"7. Harnessing physical methods for gene transfer such as electroporation is another
method to directly reach the cytoplasm, through temporary pores within the cell membrane

created by cells exposure to electrical field !7%,

ii) Strategies to inhibit immune activation by dsRNA

There are multiple distinct sources of dSRNA with the potential to trigger immune activation.
First, long dsRNA molecules, also referred to as “dsRNA contamination”, formed by
interaction of two reverse complement strands of ssSRNA, one of which is unintended byproduct
of mRNA synthesis by T7TRNAP. Discussion of the underlying mechanisms of the unexpected
activities of TTRNAP is beyond the scope of this study, but explicitly explained elsewhere '7*-
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181 Second, partial RNA duplexes, which are formed due to the interaction of intramolecular
complementary sequences, also known as “secondary structure” of mRNA molecules 32, Next,
various strategies, envisaged and examined by previous studies to either prevent formation of
RNA duplex or remove the dsRNA contamination, as the main source of IVT-mRNA
immunogenicity are discussed. Of note, since the methods commonly used for recognition of
dsRNA, such as immunoblotting, are incapable of distinction between the two types of dSRNA,
here both are addressed as “dsRNA content” throughout the text.

Sequence optimization is an approach to tailor the stability, translatability, specificity of
expression, as well as immunostimulatory effect of IVT-mRNA, depending on the segment to
which changes are incorporated. Given that most often the specificity and stability of mRNA is
modulated by 5’UTR and 3’UTR sequences, respectively, the corresponding highly stable
secondary structures in these untranslated regions should be avoided, due to the potential
influence on immunogenicity of mRNA. Likewise, the coding region sequence can be
optimized to prevent formation of stable stem-loop secondary structures '**. Besides, the
sequence at 3’end region should be designed to prevent the spurious activity of T7RNAP, which
can result in formation of long RNA molecules by extension of transcripts 3’end *!. In such
cases, the complementary sequences of the run-off products folds back and form a RNA
molecule encompassing a long duplex structure ¥!. Addition of polyA to the DNA template is
one of the approaches, inhibiting the 3’end extension by T7TRNAP 8!, which was also taken up
in this study.

Process parameters can determine the quality of the T7RNAP transcripts, and thereby the
formation of dsSRNA byproducts. Parameters such as magnesium concentration, as a co-factor
for T7 enzyme 34, the molar ratio of NTPs ®, as well as the temperature of the reaction '*° were
previously investigated. The latter refers to the high-temperature in vitro transcription using a
thermostable T7RNAP, which was reported to be beneficial for reducing immunogenicity by
preventing antisense RNA synthesis, and formation of the consequent long dsRNA ¥, The
potential allosteric effect of UTP on T7RNAP can increase the affinity of TTRNAP to use the

newly synthesized RNA molecules as template for transcription '8

, and thus synthesis of
antisense RNA as an unintended byproduct. The concentration of magnesium can have a crucial
impact on proper activity of TTRNAP, resulting in reduced immunostimulatory properties as

measured via MDAS activation by the dSRNA 84,

Our findings revealed that the chemical modification of nucleosides can have a direct impact

on the dsRNA content of the run-off transcripts (Appendix II, figure 3), which can be explained
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from two different perspectives. First, some nucleoside modifications might render RNA
duplexes less stable and thereby prevent formation of dsRNA of different sorts (i.e. internal
secondary structure and long dsRNA). This notion was experimentally proved in a previous
study, where the thermodynamic stability of RNA duplexes and hairpins were diminished, due
to incorporation of modified adenosines, e.g. N°-alkyladenosines, to RNA molecules '*2.
Second, chemically modified nucleotides might interact differently with T7RNAP, which might
influence its (unwanted) activities and the consequent quality of run-off transcripts. In this

sense, further scrutiny is required to attribute the differences in dsSRNA content of different

mRNA chemistries, in particular uridine, to its above-mentioned allosteric effects on T7TRNAP.

The majority of the above-mentioned approaches are useful strategies to prospectively avoid
formation of dsRNA. However, purification of the transcripts facilitates removal of dsSRNA
byproducts as a post-transcriptional strategy. As elaborated previously, there are multiple
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purification methods used in different studies such as HPLC purification
purification *!, as well as using oligo(dT) columns %¥. The HPLC purification of mRNA was
first suggested by Kariko et al., who reported a successful reduction in dsSRNA content. By
transfection of primary dendritic cells, they found significant less IFN-a production for HPLC-

purified mRNA samples compared to non-purified, measured as prove of concept *’.

iii) Strategies to circumvent the activation by S’triphosphate uncapped mRNAs
Recognition of the free 5’end containing a triphosphate group of long RNA molecules is one
of the strategies, by which cells distinguish self- from non-self mMRNA molecules. The 5’end of
T7 transcripts are modified with a cap structure to resemble the endogenous mRNA and avoid
recognition by receptors such as RIG-1'¥7. In our study, two types of caps known as Cap 0 and
Cap 1 structures, namely ARCA and CleanCap AG were investigated. Another Capl formula
was also synthesized and investigated side-by-side, by post-transcriptional treatment of ARCA-
capped IVT-mRNA with a methyl transferase enzyme. The differences between
immunogenicity of the Cap 0 and the two Cap 1-modified IVT-mRNAs were modest and in
some cases confounded. This was in line with a previous study by Vaidyanathan et al, where
they found no significant difference between Cap 0 and Cap 1 modified mRNA investigated in
vitro. While they reported Cap 1 to be less immunogenic than Cap 0, these differences were not
statistically significant %2. Of note, the effectiveness of Capl modified-RNA in reduction of
RIG-I activation compared to Cap 0 was primarily reported for dsSRNA structures, but not
ssRNA 187,

As previously mentioned, the co-transcriptional capping is not 100% efficient, and part of

transcripts carry a triphosphate group on their 5’end. Thus, dephosphorylation of mRNA was
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suggested in some protocols to reduce the resulting immune activation. Our experimental
results back that notion, in particular for high doses of mRNA, consistently for all three above-
mentioned examined caps. However, the extent to which the immune response was reduced,
was consistently higher for CleanCap. Since most of studies used CleanCap modification in
combination with phosphatase treatment, there is no clear reference point to compare our
findings against the literature. Nevertheless, the overall patterns of differences support the

concept of implementing IVT-mRNA dephosphorelation for reduction of immune response.

8.1.5 Modulation of IVT-mRNA expression

Production of the encoded protein of interest is the ultimate aim of mRNA transfections, and is
quantified and assessed by different methods as a key readout. In the course of the pilot study
of IVT-mRNA, a substantial reduction in immunogenicity of ¥/5meC modified IVT-mRNA
was identified. However, the intensity of protein production was lower compared to non-
modified IVT-mRNA (Appendix I, Fig. 3). Therefore, concomitant reduction or even
abrogation of immune responses, with increasing the level of mRNA expression by modifying
chemistry of IVT-mRNA was investigated.

By exploring different nucleoside modifications, SmoU modified IVT-mRNA was found to
outperform other samples both in terms of a higher level of protein production and ablated
immune response, when administrated in low those (Appendix II, Fig 4, and 7). This could be
attributed to translation capacity of mRNAs with different chemistries. This notion is in line
with a previous study by Svitkin et al. They found that me!¥ modified mRNA has higher
translatability compared to non-modified mRNA. This was then attributed toto the higher rates
of ribosome recruitment and recycling in modified mRNA, measured by exploiting a cell-free

system '88,

8.2 Strategies for IVT-mRNA co-delivery

Delivery of multiple NA entities to the same cell is essential for many advanced biological and
also biotechnological studies. Examples are identification of non-florescent target protein
production coupled with a reporter protein useful for live cell imaging ', production of large

multisubunit proteins '*°, e.g. antibodies, and expression of enzyme complexes '°!

. Moreover,
expression of multiple genes coding for transcription factors 2, which can reprogram cell fate,
such as dedifferentiation of somatic cells into iPSCs '°*, are other prominent examples. To
address the corresponding methodological demands, series of studies were performed aiming
to find a reliable and robust co-delivery approach. First, to induce simultaneous overexpression
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of two genes, a bicistronic approach to encode both genes separated co-translationally by a 2A
peptide sequence was examined in comparison with a co-delivery of two monocistronic genes.
Despite the equimolar nature of the bicistronic genes, between constructs with different genes
positioned 5’ to the 2A sequence, the expression level of the (common) 3’ gene varied
remarkably. Previous studies also suggested similar confounded pattern of co-expression, also
when using different types of 2A peptides '+ 1%,

Process parameters playing a major role in the outcomes of co-delivery studies could be
identified. By quantifying the co-expression distinct patterns was identified for cells transfected
with particles containing premixed (i.e., “integrated”) nucleic acids, compared to cells
transfected with mixtures of two types of particles, each complexed with either of the two
marker genes (i. e., “parallel”) (Figure 7.1). These conditions were examined both using IVT-
mRNA as well as pDNA. While integrated co-transfection resulted in homogeneous co-
expression of genes within each cell, the parallel co-transfection rendered cells expressing
genes with heterogeneous patterns. Identifying such distinct co-expression schemes,
independent of cell type, carrier type, and even NA type is beneficial in selecting a suitable
method according to the experimental demands. For instance, it is critically important to have
a reliable co-transfection method, which enables isolation of cells producing a non-fluorescent

target protein coupled with fluorescent reporter protein by cell sorting methods'®®.
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Chapter 9: Summary and Outlook

Growing demands for advanced cell-based therapies draw more attention to reliable approaches
to modulate cells response. Among those genetic engineering based methods are of ultimate
importance. In this dissertation, an IVT-mRNA-based genetic engineering approach was
established for primary human macrophages. Our findings suggested that mRNA chemistry
affected transfection efficiency and more remarkably immune activation of macrophages.
However, the differences among the three types of carriers examined in our defined
experimental framework was moderate. The explorative study of IVT-mRNA chemistry
revealed that nucleotide modifications play a pivotal role in translatability and
immunostimulatory properties of transcripts, whereas the impact of the 5’end modifications
was modest. Uridine modifications, in particular, lead to spectral differences in IVT-mRNA
features and performance, as evidenced for pseudouridine versus 5-methoxyuridine modified
IVT-mRNAs. Findings of this work is anticipated to provide direct guidance for advancing
strategies to produce IVT-mRNA with minimal immunogenicity by the right choice of
nucleotide chemistry, eliminating the need for subsequent purification steps. Despite the fact
that purification can alleviate immune responses to transfected transcripts, addition of an extra
step, such as chromatographic purification, e.g. HPLC, in the IVT-mRNA production pipeline
can be a source of potential variations in the final mRNA products. This is of relevance for
therapeutic applications of [VT-mRNA, when batch-to-batch differences of the products due to
extra processing, e.g. mRNA integrity after recovery and potential residue of purification

solvents must be prevented.

The versatility of IVT-mRNA applications and the corresponding required features underscores
the demand for developing technologies to synthesis of mRNA with tailorable features. For
instance, while lack of immune stimulation is quintessential for the majority of therapeutic
applications such as protein replacement therapies, it might be beneficial for other applications,
such as the adjuvant effect demanded for RNA vaccines. In this regard, our findings could serve
future research by providing a scheme, where immunogenicity as well as transgene expression
corresponding to the given modifications can be investigated in an in vitro experimental setup

using primary human macrophages.

Predictive modeling of the gene transfer process to immune cells requires more than evaluation
of the transfection efficiency, as the observed cell stress and immune stimulation were in part

substantial, potentially interfering with the intended application. As it was evidenced in this
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study, the unintended immune response to mRNA transfection hindered our primary attempt to
polarize macrophages to anti-inflammatory cells, and moved our focus to establish the IVT
technology to minimize these side effects. In this sense, two distinct perspectives can be defined
in gene delivery to macrophages. First, to employ mRNA as a tool to modulate phenotype and
function of macrophages as target cells, i.e. the primary motivation of this study. Second, to
implement macrophages, the key cell type in innate immune response, as a tool to measure the
immunogenicity of differently modified IVT-mRNAs. Thus, the scope of this part of the study
extends well beyond macrophages with relevance to a much broader range of human cells, e.g.
mesenchymal stem cells and endothelial cells. Noteworthy, the choice of primary human
monocyte-derived macrophages was one of the defining unique features of this study, because
it is more relevant for therapeutic applications compared to in vivo mouse models with different
immune system. Further scrutiny might be carried out using macrophage models derived from

induced pluripotent stem (iPS) cells '’

, as an alternative to study and predict immune response.
This might not only open, for example, new avenues of modulation of foreign body response
to biomaterials, but also provide the starting point for implementing stratified or even

personalized approaches to innate immune reactions in mRNA-based therapies.

In addressing methodological aspects for the combined expression of multiple genes, series of
studies were performed based on different payload designs, and variations of process
parameters. The quantitative scheme of co-expression at single cell level identified for each
method provides a guideline for future studies to select the experimental setup consolidating
their intended requirements, by eliminating the risk of random methodological choices. For
instance, the homogeneous expression is essential for detection of a target gene expression via
co-expression with a marker gene. In contrast, in some biotechnological studies, e.g. genetic
circuits, heterogeneous pattern of co-expression is of interest '°5, Of note, these data also
emphasize the necessity of empirical evaluation of envisaged strategies, because the results are
not always in line with theoretical assumptions. For example, despite the intrinsic equimolar
composition of two genes in bicistronic NA constructs, it was found that the co-expression

patterns were often confounded, which might depend on the sequence of the first gene.

The future perspectives for this research technology-oriented studies, which could further
advance the synthetic mRNA-mediated genetic engineering, and in application-oriented
studies, which can turn the current findings into practical applications, by employing the IVT-

mRNA as a tool to substantiate their intended function.
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Technology-oriented studies might continue to further improve in vitro transcription process,
IVT-mRNA features, and delivery systems to consolidate [IVT-mRNA genetic engineering and
breach the existing barriers. Modifying the mRNA synthesis pipeline by rational selection of
template, precursors, i.e. nucleosides, reaction conditions, and enzymes could improve the
quality of transcripts to prevent production of unintended byproducts, and thus eliminate the
need for extra purification steps, as described previously. Specificity and stability of transcripts
can be customized, by implementing mRNA structural features such as 5’ and 3’UTRs. In this
regards, the high-throughput screening of UTR libraries for different cell types would be
beneficial °. Despite the transient nature of mRNA expression, this period can be prolonged
using self-replicating mRNAs, which trigger cell activation patterns identical to those described
here in the early phase upon delivery. Self-amplifying RNAs originated from alphaviruses can
be replicated within cytoplasm upon delivery and increase the lifespan of RNA to more than a
month. In case the sustained production of protein in low dose is sufficient to fulfill the defined
function, self-amplifying RNA could be delivered without the need for a carrier system. For
instance, a type of self-amplifying RNA encoding influenza hemagglutinin antigen was
evaluated in vivo. The findings suggested that due to the self-amplification of RNA in
cytoplasm, the initial low amounts of this RNA was adequate to elicit neutralizing antibody
production and activate the protective immune response '*. Alternatively, the transgene
expression can be extended by repeated transfections of mRNA in given intervals. However,
this method is not preferred due to transfection-induced cell stress, which is a bottleneck for
sensitive primary cells. In this case controlled delivery systems could provide a solution by
extending the release patterns of NAs. Further strategies remain to be tested to further develop
and address potential safety issues of self-amplifying RNAs, which would be beneficial to
expand the range of mRNA applications.

Design of delivery systems to protect mRNAs from degradation and support their sustained
release is helpful in paving the way for therapeutic application of mRNA. In this sense,
chemical and physical selection criteria might be considered for “on-demand” as well as
“targeted” mRNA delivery using “multifunctional” carrier systems. The former is beneficial
when timely delayed delivery of mRNA is intended, whereas the latter would facilitate delivery
of mRNA to a specific cell type, where it is aimed to perform its function. Moreover, by
enabling the active transmembrane transport and thus prohibiting mRNA to encounter
endosomal receptors, future delivery systems might help to reduce the potential immune

stimulation of cells.
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Application-oriented studies might also benefit from the mRNA-based genetic engineering
approach established in this study. These findings can pave the way for transfection of other
sensitive primary human cells such as endothelial cells and mesenchymal stem cells, both
relevant for therapeutic applications. Moreover, the current experimental framework in
macrophages can be followed by studies to modulate macrophages immune response. This is
of utmost interest for controlling the foreign body response to implants. Further, the
incorporation of mRNA/carrier complex to porous scaffolds, also known as transcript activated
matrixes (TAMs) 2% could lead to formation of the next generation of highly specific

immunomodulatory biomaterials.
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mRNA Transfection-Induced
Activation of Primary Human
Monocytes and Macrophages:
Dependence on Carrier System and
Nucleotide Modification

Hanieh Moradian®23, Toralf Roch'*>, Andreas Lendlein'*3 & Manfred Gossen2*

Monocytes and macrophages are key players in maintaining immune homeostasis. Identifying
strategies to manipulate their functions via gene delivery is thus of great interest forimmunological
research and biomedical applications. We set out to establish conditions for mMRNA transfection in
hard-to-transfect primary human monocytes and monocyte-derived macrophages due to the great
potential of gene expression from in vitro transcribed mRNA for modulating cell phenotypes. mRNA
doses, nucleotide modifications, and different carriers were systematically explored in order to
optimize high mRNA transfer rates while minimizing cell stress and immune activation. We selected
three commercially available mRNA transfection reagents including liposome and polymer-based
formulations, covering different application spectra. Our results demonstrate that liposomal reagents
can particularly combine high gene transfer rates with only moderate immune cell activation. For

the latter, use of specific nucleotide modifications proved essential. In addition to improving efficacy
of gene transfer, our findings address discrete aspects of innate immune activation using cytokine

and surface marker expression, as well as cell viability as key readouts to judge overall transfection
efficiency. The impact of this study goes beyond optimizing transfection conditions forimmune cells, by
providing a framework for assessing new gene carrier systems for monocyte and macrophage, tailored
to specific applications.

Innate immune cells play an important role in response to pathological conditions and maintaining immune
homeostasis'. Among them, monocytes and monocyte-derived macrophages have remarkable properties, includ-
ing their immunomodulatory capacities. Monocytes with various distinct phenotypes are key players of early
inflammation. During inflammation, monocytes can dynamically repolarize to different phenotypes in response
to local signals, which is thought to be more efficient at resolving tissue homeostasis than the recruitment of other
anti-inflammatory and pro-regenerative subsets of monocytes or macrophages*™.

Macrophages themselves have special functions such as phagocytosis of invading pathogens or apoptotic
cells, antigen presentation to T cells, elimination of pathogens via releasing reactive oxygen species or proteo-
lytic enzymes, and secretion of pro- or anti-inflammatory signaling molecules to recruit various types of other
immune cells”. Elucidation and manipulation of monocyte and macrophage phenotypes is therefore essential
to fully explore their role in immunoregulation. This will benefit not only basic immunological research but also
clinical and translational studies>'*'!.

For innate immune cell manipulation, transfections have been commonly used to introduce nucleic acids,
such as plasmid DNA (pDNA) or small interfering RNA, to induce or inhibit the expression of a target protein,
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Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute of Health, Berlin-Brandenburg Center for Regenerative
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Figure 1. (a) Different paths to protein expression upon cells transfection with mRNA or pDNA (b)
Experimental work flow to isolate and generate primary human monocytes and macrophages and to compare
the transfection efficiency of mRNA transfection reagents. LipoMM: Lipofectamine MessengerMax, ScrF:
ScreenFect, ViroR: Viromer RED, IVT-mRNA: in vitro transcribed mRNA, ARCA: anti-reverse cap analog,
EGFP: enhanced green fluorescent protein.

respectively'>"'“. However, initial studies revealed that, particularly for macrophages, transfection is more chal-
lenging in comparison to most other primary mammalian cells'®. The low transfection efficiency in monocytes/
macrophages can be attributed to the following reasons. Firstly, there is a very limited chance for pDNA to freely
reach the nucleus due to nuclear envelope breakdown during mitosis, since macrophages do not, or hardly, prolif-
erate'®'. Secondly, these immune cells are equipped with pattern recognition receptors, which can detect nucleic
acids as potential foreign and dangerous viral invaders, and initiate the inflammatory signaling cascade leading to
pDNA degeneration or macrophage apoptosis'®. Hence, finding a robust transfection approach to address these
issues is highly demanded.

Transfection of messenger RNA (mRNA) is a promising alternative to pDNA or viral vector to achieve target
protein expression, particularly in non-proliferative cells such as primary human cells'**. One advantage of
mRNA transfection is that there is neither the need for mRNA to enter the cell nucleus, nor the possibility to
integrate into the host genomic DNA (Fig. 1a)*'. Thus, this method can be a proper alternative for transfection of
non-proliferative cells?, including primary human macrophages and monocytes. Moreover, it will avoid genotox-
icity issues associated with chromosomal insertion of DNA vectors in clinical gene transfer applications. In con-
trast to most pDNA transfections and viral transduction protocols, mRNA transfection will result in a transient,
non-stable gene expression. However, transient expression is beneficial for several “hit-and-run” applications,
including current differentiation protocols®**.

The mRNA gene delivery technology made significant progress after overcoming commonly known issues
related to mRNA, such as susceptibility to degradation by RNases in surrounding media before reaching the
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Features provided by
the manufacturer LipoMM ViroR ScrF

Polymeric carrier, based on
polycationic PEI core, highly Cationic thioether lipids, containing
substituted with hydrophobic and hydrophobic alkyl groups

anionic side chains

Material’s chemistry | Lipid-based nanoparticle

Specific structural Cationic lipids optimized for Polymers mimicking viral (influenza | Biomimetic lipid-like molecules made by
features mRNA delivery application; hemagglutinin) biophysics thiol-yne click chemistry

Primary cell types such as

neurons. fibroblast. hepatocytes | LTmary adherent and suspension Many different human and mouse cell lines
Tested cell types and Ker;tinocytes ’9pelziﬁcaﬂy cells including monocytes and such as HEK293, NIH3T3, RAW 264.7 and
tested for mRNA CRISPRs macrophages and stem cells mouse embryonic stem cells (mESC)

Table 1. Characteristics of the three commercially available mRNA transfection reagents provided by the
manufacturer. LipoMM: Lipofectamine MessengerMax, ScrF: ScreenFect, ViroR: Viromer RED.

target cell”>. Many parameters of in vitro transcription technology have been evaluated and optimized to prevent
mRNA degradation, improve translation efficiency, and reduce unspecific immunogenicity upon transfection'”.

Despite 5" and 3’-end modifications mimicking natural mRNAs, in vitro transcribed mRNA (IVT-mRNA)
can activate immune responses in transfected cells. This effect is often more dramatic for macrophages, which are
highly specialized cells for defense against RNA-based viruses and are equipped with numerous receptors includ-
ing pattern recognition receptors. Toll-like receptors (TLR), particularly endosomal TLR3, 7, and 8, can recog-
nize single- and double-stranded nucleic acids?'. Therefore, when passing through the endosome, transfected
IVT-mRNA could be recognized by immune cells as foreign. However, the immune response can be significantly
diminished by utilizing modified nucleotides, as was initially reported by Kariko et al. for pseudouridine (V) and
5’-methyl cytidine®.

The aim of this study was to set up a robust method for IVT-mRNA transfection in primary human mono-
cytes and monocyte-derived macrophages, while minimizing pleiotropic effects, in particular immune cell activa-
tion. We tested three commercially available transfection reagents for mRNA delivery. These included liposomal
and polymer-based formulations, as cationic lipid based carriers have different physicochemical properties such
as size, shape, and chemical structure compared with polyplexes. These key features not only affect and determine
the way they condense and transport their cargo, but also uptake mechanism and subsequent endosomal release,
and eventually transfection efficiency. The effects of mRNA modification as well as mRNA concentrations were
systematically investigated, using cell viability, transfection efficiency, and the monocyte and macrophage acti-
vation as critical readouts. The results of this study provide guidelines for choosing proper mRNA transfection
carriers for monocytes and macrophages and highlights the need for not only focusing on gene transfer rates, but
also for analyzing cell stress and activation in parallel.

Results

Experimental setup. In order to evaluate the effect of different mRNA transfection protocols on mono-
cytes and macrophages, experiments were designed as follows. mRNAs were synthesized using the in vitro tran-
scription method, with non-modified or modified nucleotides. Either of three commercially available mRNA
transfection reagents, namely the liposomal reagents Lipofectamine MessengerMax (LipoMM) and ScreenFect
mRNA (ScrF) as well as the polymeric reagent Viromer RED (ViroR) were compared for transfection efficiency;
see also Table 1 provided in Methods. CD14 positive monocytes purified from peripheral blood mononuclear cells
(PBMCs) using magnetic cell sorting, were immediately transfected. A fraction of the CD14 positive monocytes
were differentiated into macrophages by cultivation for seven days in the presence of macrophage colony-stim-
ulating factor (M-CSF) and transfected at day 7. Supernatants from monocyte and macrophage cultures were
harvested 6 h post transfection and analyzed for the expression of tumor necrosis factor alpha (TNF-c) and inter-
feron beta (IFN-(3). One day after transfection, the reporter gene and the CD80 expression was analyzed by flow
cytometry. The schematic overview of the experimental workflow is depicted in Fig. 1b.

Viability of monocytes and macrophages upon mRNA transfection. The forced introduction of
nucleic acids in cells often causes substantial stress that might ultimately effect viability. Crucial parameters are
type and purity of nucleic acid, the transfection protocol followed and the type of transfection reagent used?’.
The meaningful cell type-dependent optimization of transfection protocols requires that post-transfection phe-
notypes that are caused by the genetic payload-dependent alteration in the target cells’ transcriptome can be
distinguished from side effects of the chosen transfection method or the potential innate immune response of
cells upon uptake of exogenous nucleic acids. To this end, we comparatively analysed primary human mono-
cytes and macrophages, treated with different transfection reagents for the introduction of IVT-mRNA encoding
enhanced green fluorescent protein (EGFP) to allow for single cell analysis of transfected and non-transfected
cells. To address post transfection viability, cells were treated with 4’,6-Diamidino-2-Phenylindole, dihydrochlo-
ride (DAPI) immediately prior to the flow cytometric analysis to discriminate live from dead cells. To identify
live single cells, a gating strategy as illustrated in Fig. S1 was applied. Cells were first discriminated from debris
using forward versus side scatter (FSC vs. SSC) parameters (Fig. S1a). Then, aggregated cells were excluded using
FSC-area (FSC-A) against FSC-height (FSC-H) (Fig. S1b) followed by identification of DAPI positive cells, which
are considered as dead or apoptotic (Fig. S1c). Among live cells, the amount of EGFP positive cell populations was
determined by using untransfected cells as gating control (Fig. S1d).
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Figure 2. Viability of monocytes and macrophages after mRNA transfection with different mRNA transfection
reagents; (a) Viability of monocytes transfected with non-modified mRNA using LipoMM (blue), ViroR

(red), and ScrF (green); (b) monocytes viability after transfection with modified or non-modified mRNA

using LipoMM, ViroR, and ScrE (c) Evaluation of macrophages viability after transfection with non-modified
mRNA comparing LipoMM, ViroR, and ScrF; viability of macrophages transfected with modified or non-
modified mRNA by LipoMM, ViroR, and ScrF. (d) Values for no mRNA (0 ng/well) refer to untransfected cells
throughout. Values are presented as mean =+ standard deviation (SD), n = 3. Error bars indicate SD. Statistical
differences in viability is depicted with * for LipoMM vs. ViroR, # for LipoMM vs. ScrF and + for ViroR vs.
ScrE #, *p < 0.05, *##p < 0.01.

Monocyte viability was measured after transfection of the three chosen reagents complexed with either modi-
fied or non-modified IVT-mRNA. For all transfection reagents, viability decreased with increasing mRNA doses
used. LipoMM resulted in significantly higher monocyte viability for most mRNA concentrations, as indicated
(Fig. 2a). However, there was no difference between viability of monocytes transfected with ScrF and ViroR
(Fig. 2a).

For the macrophage viability, no statistically significant difference between the different transfection reagents
was observed when comparing within each dose or average of all doses (Fig. 2c).

The viability of monocytes and macrophages after transfection with mRNA specifically modified with pseu-
douridine and 5-methyl-cytidine was compared to their viability after transfection with non-modified mRNA
for each transfection reagent. In most conditions modified mRNA fails to demonstrate a convincing decrease in
cell death when compared to non-modified mRNA for both monocytes and macrophages (Fig. 2b,d), resulting
in a lack of statistical significant difference. Surprisingly, monocytes seemed to be more vulnerable to increasing
mRNA doses than macrophages, when comparing the overall decrease of viability between monocytes and mac-
rophages (shown in Fig. 2a,c, respectively). For instance, the significant viability decrease was observed in mono-
cytes at 250 ng/well for LipoMM, 62.5 ng/well for ViroR and 125 ng/well for ScrF; whereas, a significant drop in
viability of macrophages was only seen above 500 ng/well for all transfection reagents.

Transfection efficiency in primary human monocytes and macrophages. EGFP was used as a
reporter protein to monitor mRNAs transfection efficiency in monocytes and macrophages, which was initially
visualized by fluorescent microscopy (Fig. 3a) and subsequently quantified by flow cytometry (Fig. 3b-f). A sub-
stantial number of EGFP expressing macrophages could be microscopically observed already for 125 ng mRNA
per well, especially when the transfection was performed with LipoMM (Fig. 3a). The numbers of EGFP express-
ing macrophages after transfection with ViroR and ScrF were clearly lower in comparison to LipoMM. The use
of modified mRNA seems to decrease the number of EGFP expressing macrophages, at least for ViroR and ScrF
(Fig. 3a). Besides, morphology of transfected macrophages was evaluated using phase contrast microscopy, which
indicated morphologically heterogeneous population of cells within various groups compared to untransfected
and activated cells (Fig. S2). Moreover, non-modified mRNA resulted in higher EGFP intensity, when compared
to modified mRNA for all three transfection reagents (Fig. 3b).

Quantification by flow cytometry over all mRNA doses confirmed a higher frequency of EGFP positive cells
among macrophages transfected with mRNA complex with LipoMM comparing to ViroR and ScrF (Fig. 3b,e).
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Figure 3. Transfection efficiency for monocytes and macrophages comparing LipoMM, ViroR, and ScrF; (a)
Representative fluorescent microscopy images (bar =100 um) and (b) contour plots indicating EGFP expression
of macrophages transfected with 125 ng/well of modified and non-modified mRNA via LipoMM, ViroR, and
ScrE. (c) Quantification of EGFP positive cells as indicator of transfection efficiency for non-modified mRNA
transfected monocytes and comparison of monocytes transfected with modified or non-modified mRNA using
LipoMM, ViroR, and ScrF (d). The same comparison was performed for macrophages transfected with non-
modified mRNA (e) and for macrophages transfected with modified or non-modified mRNA using LipoMM,
ViroR, and ScrF (f). Values for no mRNA (0 ng/well) refer to untransfected cells throughout. “Activated” refers
to cells treated with lipopolysaccharide (LPS) (2 ug-mL~!) and interferon gamma (IFN-~) (10 ng-mL~") for 24 h.
Statistical differences in transfection efficiency is depicted with * for LipoMM vs. ViroR, # for LipoMM vs. ScrF
and + for ViroR vs. ScrE Tp < 0.05, ##p < 0.01, ***p < 0.001; Values are presented as mean =+ SD, n=3. Error
bars indicate SD.
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No statistical differences were observed when the transfection efficiency was compared for modified and
non-modified mRNA (Fig. 3f).

To investigate the dose-dependence of the transfection efficiency for monocytes, the frequency of EGFP pos-
itive cells was determined after transfection with increasing amounts of mRNA. The flow cytometry quantifica-
tion of EGFP expressing monocytes and macrophages revealed increasing transfection efficiency as measured by
percentage of EGFP positive cells when increasing amounts of mRNA were applied to the cells. Non-modified
mRNA transfection via LipoMM resulted in consistently highest efficiency for both types of immune cells, even
more than 80% for macrophages, followed by ScrF and ViroR (Fig. 3c,e). As for the microscopic analysis, only
minor differences between the use of modified versus non-modified mRNA was obvious for both monocytes
and macrophages (Fig. 3d,f, respectively), at least when quantifying the percentage of EGFP positive cells (see
above). Noteworthy, the mRNA dose/response mostly points at saturation effects, i.e. expression plateaued out
at high mRNA doses. Overall, it is apparent that macrophages are more efficiently to transfect with mRNA when
compared to monocytes.

Monocytes and macrophages activation. Activation of immune cells such as monocyte or macrophages
is a natural process, in which cells acquire pro-inflammatory functions associated with the expression of charac-
teristic cell surface molecules such as CD80 and releasing inflammatory mediators such as TNF-a. Monocytes
and macrophages can be activated by lipopolysaccharides (LPS, also known as endotoxin), which can be further
potentiated by interferon gamma (IFN~)?. Cell stimulation also occurs in artificial in vitro culture settings, such
as introduction of external synthetic nucleic acids. Here we investigated whether mRNA transfection can trigger
monocyte and macrophage activation. Part of the cell activation by exogenous nucleic acids is based on antiviral
response mechanisms of innate immune cells, resulting in the expression of antiviral response molecules, such as
cytokine IFN-B3. Accordingly, LPS 4 INF-+-triggered activation was selected as positive control due to its capacity
to induce CD80 and TNF- expression. Cells treated with the three different transfection reagents were analysed
for CD80 expression by flow cytometry. The level of CD80 expression of cells transfected with increasing amounts
of modified and non-modified mRNA doses using the three different transfection reagents, LipoMM, ViroR,
and ScrF, is illustrated as histograms for monocytes and macrophages (Fig. 4a,b). In general, higher amounts of
mRNA resulted in increasing activation levels for all three transfection reagents. However, modified mRNAs trig-
gered less CD80 expression in monocytes and macrophages compared to non-modified mRNA in all conditions
(Fig. 4a,b).

Monocytes transfected with LipoMM induced the lowest activation compared to ViroR and ScrF (Fig. 4c).
Whereas, the minimum CD80 expression was observed in macrophages transfected with ScrF (Fig. 4e). The
polyplex transfection reagent, ViroR, turned out to elicit the highest monocyte and macrophage activation for
all mRNA doses (Fig. 4c,e). For monocytes and macrophages, the results also indicated that mRNA modifica-
tion resulted in substantially less cell CD80 expression when compared to non-modified mRNA (Fig. 4d,f). One
exception was the low-level activation of macrophages transfected with ScrF (see above), which was similar for
modified and non-modified mRNA (Fig. 4f). Comparing the slope of the CD80 dose/response in monocyte
versus macrophages revealed that monocytes activation was more responsive to increasing mRNA doses than in
macrophages (Fig. 4c,e).

When analyzed under the same transfection conditions for the secretion of TNF-aand IFN-3, both cell types
overall responded to increasing concentrations of lipo-/polyplex in a dose-dependent manner (Fig. 5). However,
while this activation was very modest for modified IVT-mRNA, the use of non-modified IVT-mRNA led to a
dramatic increase in cytokine levels, up to two orders of magnitude.

Lastly, we addressed the question if the contact with, or uptake of carriers alone (i.e., without being com-
plexed with mRNA) by cells might contribute to their activation. For most of the conditions analyzed, neither
monocytes nor macrophages were activated by “transfection reagent-only”, as assessed by CD80 expression and
TNF-a secretion, and no effect on viability could be detected. Only for ScrF reagent added to monocytes, CD80
and TNF-o were slightly increased (Fig. 6). We noted a substantial, but transient acidification of the medium after
addition of this transfection reagent, and monocytes might be particular sensitive to these conditions. Overall,
increasing mRNA doses always increased cell activation both for monocytes and macrophages, particularly for
non-modified mRNA.

Activation of macrophages transfected with mRNA coding mCherry vs. EGFP.  Certain levels
of cell stimulation persisted, despite reduced cell activation for modified mRNA, even for cells transfected with
the lowest amount of mRNA for all three transfection reagents. Some studies attribute immune stimulation to
the expression of EGFP protein®*~*. To elucidate if EGFP protein contributes to cell activation, another fluo-
rescent protein with substantially different amino acid sequence was selected. The homology value calculated
is only 28.8%. To this end, macrophages were transfected with modified and non-modified mRNA coding for
either EGFP or mCherry and the expression of CD80 and TNF-a were evaluated as the marker of cell activation.
mCherry expression was validated using fluorescent microscopy (Fig. 7a) and flow cytometry analysis (Fig. 7b,c),
which indicated higher mCherry intensity for non-modified mRNA compared with modified mRNA similar to
what was observed for EGFP. However, there was no significant decrease in cell viability within different groups
(Fig. 7d). The CD80 expression analyzed via flow cytometry illustrated no significant difference in activation of
macrophages transfected with mRNA coding EGFP and mCherry within both lower and higher concentrations
(Fig. 7e). Consistently, there was no significant difference in TNF-a expression of cells transfected with either of
the two evaluated fluorescent proteins (Fig. 7f). Remarkably, the minimum level of CD80 expression and TNF-«
secretion was observed for macrophages transfected with lower dose (62.5ng) of modified mRNA coding EGFP
(Fig. 7e,f).
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Figure 4. Activation of monocytes and macrophages assessed via CD80 expression; Histograms of CD80
expression in (a) monocytes and (b) macrophages transfected with modified (dashed lines) and non-modified
mRNA (solid line) using LipoMM, ViroR, and ScrF. (c) Mean fluorescent intensity (MFI) of CD80 normalized
to untransfected cells in monocytes transfected with non-modified mRNA using three transfection reagents.
CD80 expression in monocytes transfected with either modified or non-modified mRNA using LipoMM,
ViroR, and ScrF (d). The same assessment performed for macrophages to compare activation caused by three
transfection methods (e), or modified versus non-modified mRNA transfected by LipoMM, ViroR and ScrF (f).
Values for no mRNA (0 ng/well) refer to untransfected cells throughout. “Activated” refers to cells treated with
LPS (2ug-mL™") and IFN-~ (10 ng-mL™") for 24 h. Statistical differences in activation levels are depicted with

+ for ViroR vs. ScrE. tp < 0.05, *#p < 0.01, ***p < 0.001; Values are presented as mean + SD, n=3. Error bars

indicate SD.
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Figure 5. Evaluation of cytokine secretion in transfected monocytes and macrophages; Quantification of IFN-3
secreted by monocytes transfected with non-modified mRNA using the three different transfection reagents (a) and
comparison of IFN-{3 secretion in monocytes between modified (dashed lines) and non-modified mRNA (solid line)
transfected by LipoMM, ViroR, and ScrF (b). Quantification of TNF-« secreted by monocytes transfected with non-
modified mRNA using three transfection reagents (c) and comparison of TNF-a secretion in monocytes between
modified (dashed lines) and non-modified mRNA (solid line) (d). The analogous assessment as shown in (a,b) for
monocytes performed for macrophage IFN-{3 secretion secreted in response to the three transfection methods (e,f).
The analogous assessment as shown in (c,d) for monocytes performed for macrophage TNF-a secretion induced via
three transfection reagents (g,h). All cytokines were measured 6h after transfection; Values for no mRNA (0 ng/well)
refer to untransfected cells throughout. Values are presented as mean & SD, n=3. Error bars indicate SD.

Discussion
Developing transfection methods for manipulation of macrophage functions would be of utmost interest for

basic as well as applied translational researches. In this regard, many studies have investigated different nucleic
acid transfection strategies for macrophages, such as gene gun’’, nucleofection'**, magnetofection®, and
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Figure 6. The effect of mRNA and carrier reagent only on viability (a), CD80 expression (b), and TNF-a
secretion (c) in monocytes transfected with low dose equivalent to 62.5 ng/well and high dose equivalent to
250 ng/well mRNA condition. In the same way, viability (d), CD80 expression (e), and TNF-« secretion (f)
measured in macrophages. Cells were evaluated 24 h after transfection. Values are presented as mean + SD,
n=3. Error bars indicate SD.

lipofection®®’

fection efficiency, low cell survival, and high rates of immune stimulation of transfected cells

Most of the existing knowledge about monocytes and macrophages comes from either mouse models or cell
lines such as murine RAW 264.7 and human THP-13¢. Neither of these cells represents human monocytes and
macrophages properly. However, isolation and culture of primary human monocytes from blood and subsequent
in vitro differentiation to macrophages is a valuable tool, providing a more precise model for studies focused on
macrophages'®. Thus, to develop a transfection method for primary human cells, which are more relevant for
clinical applications, we investigated monocytes isolated from PBMCs and monocyte-derived macrophages.

In vitro transcribed mRNA was selected as cargo for this gene transfer study, as it promotes a high level but
transient expression of transgenes and lacks genotoxicity. Despite the very high transfection efficiency for higher
mRNA doses, up to 90% for macrophages transfected with LipoMM, cell viability under these conditions was
low. However, we could achieve over 70% EGFP positive macrophages with no significant impact on their via-
bility. In contrast to pDNA, this high transfection efficiency for the non-proliferative macrophages can at least
be partially attributed to the fact that reaching to the cytoplasm is sufficient for mRNA to be expressed. pPDNA
has to either actively pass the nuclear envelope, or wait for its breakdown during mitosis, a process restricted to
proliferating cells. This explanation is consistent with a former study, in which mRNA transfection resulted in
over 45% of EGFP expressing cells using two different cell lines with chemically inhibited-proliferation and in
non-dividing primary human neurons®. In a comparative study, Van De Parre ef al. also reported a significant
difference between mRNA and pDNA transfection efficiency for a murine macrophage cell line*. In another
study, EGFP coding mRNA nanoparticles, made of Stemfect mRNA transfection reagent, were used for transfec-
tion of the JAWSII cell line, primary human and mouse dendritic cells (DCs). This resulted in over 97% transfec-
tion efficiency for the cell line, but only around 50% and 60% in human and mouse primary cells*. This great gap
between the established cell line and the primary cells highlights the importance of using a model, which is more
relevant for therapeutic and clinical applications.

Another advantage of using IVT-mRNA is that its in vitro production provides the opportunity to incorpo-
rate various nucleoside modifications to the transcribed mRNA, and to investigate the impact of these modi-
fications along with non-modified mRNA. Among different modifications, we have chosen the substitution of
cytidine and uridine with 5-methyl-cytidine and pseudouridine. Our results showed that the nucleotide modifi-
cation initiated in general lower activation of monocytes and macrophages upon mRNA transfection in almost

. However, all of these transfection methods have their limitations due to the resulting poor trans-
16,17
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Figure 7. Macrophages transfected with modified or non-modified mRNA encoding for either EGFP or
mCherry. mCherry expression was evaluated via fluorescent microscopy (a), and flow cytometry (b) which was
measured in parallel with similar doses (62.5 and 250 ng/well) for EGFP (c). Viability of transfected cells was
measured side by side (d), which shows no significant reduction compared with untransfected cells. Inmune
activation was assessed via CD80 expression normalized to untransfected cells (e) and TNF-« secretion also
normalized to untransfected cells (f). No difference in CD80 expression was observed between EGFP and
mCherry neither for modified nor for non-modified mRNA at lower dose (62.5 ng/well). All parameters have
been measured 24 h after transfection. Values are presented as mean + SD, n=3. Error bars indicate SD.

all different conditions when compared to non-modified mRNA. The extent of differential immune activation,
non-modified vs. modified IVT-mRNA, depended on the chosen readout. Among activation markers, upregula-
tion of CD80 was much less pronounced than that of TNF-a secretion. IFN-{ secretion, as an antiviral response
marker, was increased by up to two orders of magnitude when using non-modified IVT-mRNA compared to
the modified RNA. While cell type and carrier system-dependent differences emerged, they did not consolidate
to a clear picture pointing at either lipoplexes or polyplexes as preferred carriers for minimizing immune cell
activation. A study by Kariko et al., upon evaluation of various modifications, concluded that complete substi-
tution of non-modified nucleosides with 5-methyl-cytidine and pseudouridine, could remarkably reduce DCs
cell activation®®. These DCs were differentiated from primary-human monocytes, the same progenitor cells as
for macrophages used in this study. Given the importance of using modified IVT-mRNA to dampen immune
cell activation, it is not surprising that efforts continue to find better modifications as well as other approaches to
improve the quality of IVT-mRNA*'. For instance, in a more recent study, Vaidyanathan ef al. screened various
chemical modifications of 5'-CAP and nucleotides as well as transcript sequence optimization for expression of
Cas9 protein, as a gene editing tool in CRISPR/Cas9 technology*.

At least for the carrier systems and cell types analyzed here, cell activation triggered by intrinsic properties of
transfection reagents alone seems to be minor. With one notable exception (ScrF for monocytes), the reagents in
absence of mRNA neither decreased viability nor did they upregulate CD80 or TNF-« expression. However, it is
noteworthy to point out the limitations of such controls, as “transfection reagent-only” differs in size, and other
physical properties such as net charge of the particles, when compared to mRNA-containing lipo- or polyplexes.

The other important factor determining an efficient gene transfection is the type of carrier. Various non-viral
gene delivery vehicles made of cationic polymers or lipids with different modifications have been developed®”*.
However, beyond the transfection of established cell lines, only few of them achieved robust gene delivery in
primary cells?***. The number of successful gene transfer systems is even more limited, when delivery of specific
cargo such as mRNA is demanded™.
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Optimized transfection protocols are often a compromise between different requirements, which do not nec-
essarily correlate with each other, including transfection efficiency, viability, and absence of pleiotropic effects®.
In that sense, LipoMM was distinguished for mRNA transfection of macrophages, in terms of higher transfection
efficiency in most transfection conditions in comparison with the two others. This major difference in transfec-
tion efficiency could be due to the intrinsic different nature of these particles. Lipoplexes and polyplexes differ
in physicochemical characteristics and therefore their function as nucleic acid carrier. Liposomal-based carriers
consist of a hydrophilic cationic head group and a hydrophobic tail. The size ratio of these two groups determines
the final structure of lipoplex particles upon electrostatic interaction with negatively charged nucleic acid mol-
ecules, which can be micellar, vesicle-like bilayer or multilamellar’’. However, polyplexes can form branched
spherical shape, or tubular structure depending of molecular weight, geometry of the cationic polymer, and num-
ber of primary amines available at polymer surface”*.

Another important carrier property, which can affect cellular uptake is the surface charge®. Lipoplexes are
known to have overall positive charge even after complexation with nucleic acids®’, whereas the polyplex used in
this study, ViroR, was reported to have overall neutral charge on the surface upon nucleic acid complexation due
to its special chemical structure (information provided by supplier). Complexes with overall positive charge were
reported to result in higher transfection efficiency, due to increase in cellular uptake mediated and augmented
by initial electrostatic interaction with negatively charged cell membrane proteoglycans**>. However, the dis-
advantage of having positive surface charge could be the potential aggregate formation in presence of negatively
charged serum proteins. Endosomal release is the next important step, which is very crucial for a successful
gene transfection. Lipoplexes can escape from endosome by fusion to endosomal membrane and subsequently
release their cargo to cytoplasm, due to the presence of hydrophobic tail'”*8. However, polyplexes cannot harness
this mechanism, due to the lack of hydrophobic tail. Instead, the “proton sponge” effect is suggested and widely
accepted mechanism to explain their endosomal escape®®. Another critical step for polyplexes is the release of
cargo from the carrier upon successful release to cytosolic space, which can be the limiting factor and hinder
successful transfection in case of high molecular weight polycations with high charge density™.

Fluorescent proteins have been widely used in gene transfection studies due to their convenient traceability
with single cell resolution. Therefore, to ensure that the measured cell activation is primarily attributed to the
mRNA-carrier complex and not specific to (over)expression of the chosen reporter protein, another fluorescent
marker with different amino acid sequence, namely mCherry, was compared to EGFP. There was no consistent
pattern of reporter-specific CD80 or TNF-a stimulation and, most importantly, no differences in viability when
comparing EGFP with mCherry. In other words, our results suggest that the observed macrophage activation was
not influenced by the type of reporter protein as has been speculated for EGFP, causing cell stimulation by itself
in certain experimental settings’'.

In summary, we systematically investigated responses of primary human monocytes and monocyte-derived
macrophages to three widely available mRNA transfection reagents as well as the necessity of mRNA modifica-
tion. A crucial parameter in our study was the immune activation of cells, which was evaluated and considered
as a key factor aside from cells viability and transfection efficiency. Overall, LipoMM turned out to be superior
to ViroR and ScrF in terms of higher transfection efficiency and in most cases resulted in higher viability. With
regard to immune cell activation we conclude that the use of non-modified IVT-mRNA is the only consistent
parameter resulting in low-level activation. By contrast, no clear picture emerged in this study whether the use of
lipoplexes or polyplexes would be of principle advantage. Preferences would have to be established depending on
the specific cell type and actual reagent considered. Despite the success of lipoplex-based transfection reagents,
the future perspective on exploiting mRNA technology in the biomedical and translational researches, like the
emergence of transcript-activated matrixes (TAMs)*?, highlights the need for further development of IVT-mRNA
polyplex nanoparticles. For instance, ViroR as a commercial polyplex was outperformed here with regard to cell
viability and transfection efficiency by the widely used LipoMM, leaving room for further improvement of poly-
plex carriers, especially given their potential for in vivo delivery. Thus, the results presented in this study might
serve as a blueprint for the evaluation of any new mRNA carrier system, in particular highlighting the need for a
comprehensive evaluation of cellular immune response mechanism.

Methods

mRNA synthesis by in vitro transcription (IVT). A plasmid vector, pPRNA2-(A);,5™*, was used as a tem-
plate for in vitro transcription of mRNA coding EGFP. This plasmid contains a T7 promoter, 5'UTR, coding
region for EGFP, tandem of human (3-globin 3’-UTRs, and a 128-base polyadenine [poly(A)] sequence facilitating
the generation of mRNA encoded with poly(A) tail without a post-transcriptional in vitro tailing reaction. The
plasmids were first digested downstream of the poly(A) site using BspMI enzyme (New England Biolabs, Ipswich,
MA). The digested plasmids were analysed and simultaneously purified by agarose gel electrophoreses and iso-
lation of the IVT template band using a gel extraction kit (MN, Germany). The concentration of the purified
fragment was measured using UV/Vis-spectroscopy (NanoDrop 1000 Spectrophotometer; PEQLAB). mRNAs
were synthesized using a TranscriptAid T7 High Yield Transcription Kit (K0441, Thermo Scientific) following the
manufacturer’s instruction. The 5’ end of mRNA was modified co-transcriptionally with anti-reverse cap analog
(ARCA) (Jena Bioscience, Germany)*>. Chemically modified mRNAs were also generated by complete substi-
tution of uridine and cytidine with 100 mM pseudouridine (Jena Bioscience, Germany) and 5-methyl-cytidine
(Jena Bioscience, Germany), respectively. DEPC treated RNase free water and lithium chloride were added to the
mRNA products to the final concentration of 2.5M and the reaction was incubated at —20 °C overnight followed
by centrifugation at 13000 g at 4 °C for 30 minutes. Further washing was done using 70 vol% cold ethanol, and
final mRNA products were resuspended in UltraPure™ nuclease-free sterile water (Merck Millipore, Germany).
ANl TVT-mRNAs were analysed by denaturing agarose gel electrophoresis for integrity (Fig. $3) and homogeneity
and the concentration was determined photospectroscopically.
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Preparation of primary human monocyte and monocyte-derived macrophages. PBMC were
isolated from bufty coats (Deutsche Rote Kreuz, Berlin; ethics vote EA2/018/16; Charité University Medicine
Berlin) using Ficoll (L6115, Biochrom, Germany) density gradient centrifugation. Monocytes were purified from
PBMC:s by negative selection using Monocyte Isolation Kit IT (Miltenyi Biotec, Germany) according to the man-
ufacturer’s instruction. Monocytes express high levels of CD14°°. Therefore, the purity of isolated monocytes was
evaluated through CD14 expression, measured by flow cytometry (MACSQuant VYB, Miltenyi Biotec) using
previously published protocol®”*%, which in most cases was at least 80%. Upon purification, cells were suspended
in pre-warmed very low endotoxin (VLE) RPMI 1640 (FG 1415, Biochrom) supplemented with 10vol% FBS
(Biochrom) and were seeded in 24 well plates (TPP Techno Plastic Product AG, Switzerland) at a density of
5 x 10° cells per well. To avoid unspecific endotoxin mediated cell activation, all solutions used in the monocyte
and macrophage assays were evaluated for endotoxin levels using EndoLISA® test (Hyglos, Germany) and only
used when the amount of detected endotoxins was below 0.5 EU/mL. Monocytes were either used directly for
transfection or further cultivated at 37 °C and 5vol% CO, for 6-7 days in medium supplemented with 50 ng-mL~!
human M-CSF (Miltenyi Biotec) to generate monocyte-derived macrophages. The medium was changed every
third day, upon washing vigorously with pre-warmed complete medium to remove non-adherent cells. Cells were
cultured in antibiotic-free medium.

mRNA transfection using three different transfection reagents. The transfection of mRNA was
performed using three commercially available transfection reagents including Lipofectamine MessengerMAX
(Thermo scientific), Viromer RED (Lipocalyx, Germany), and ScreenFect mRNA (InCella, Germany), all of
which are, according to the manufacturers, specifically formulated for mRNA transfection. To the extent avail-
able through the suppliers, physical and chemical characteristics as well as validated target cells are provided in
Table 1.

A premixed concentrated solution containing carrier-mRNA complexes was prepared for each transfec-
tion reagent according to the detailed protocol describes as follows. MessengerMAX reagent was diluted in
Opti-MEM medium (Gibco® by life technologies™, Germany) at 1:50 volume ratio, and incubated for 10 min-
utes at room temperature. The equal volume of diluted modified or non-modified IVT-mRNAs in Opti-MEM
medium (4 ng-uL™") were subsequently added to MessengerMAX solution. LipoMM-mRNA complex mixtures
were incubated for 5 minutes at room temperature and the corresponding volumes to deliver various mRNA
doses (62.5, 125, 250, 500, 1000 ng per well) were added to each 24-well.

To prepare ViroR-mRNA polyplexes, mRNA was diluted in 225 pL of provided Viromer RED buffer at
11ng-uL". In another tube, a 0.75 pL droplet of Viromer® was placed on the tubes’ wall and immediately mixed
with 18 ul of buffer and vortexed for 5 seconds. The mRNA solution was then added to the diluted Viromer RED®,
mixed swiftly, and incubated for 15 min at room temperature.

The ScrF-mRNA master solution was prepared as follows. The concentrated ScreenFect® mRNA was mixed
with the provided dilution buffer (1:20 volume ratio) then combined immediately with the equal volume of
mRNA diluted in the same buffer (8 ng-uL™"). The resulting solution was mixed by pipetting thoroughly, and
incubated for 20 min at room temperature to allow complex formation.

To transfect monocytes immediately after cell purification, upon formation of an mRNA-transfection reagent
master mixes, the corresponding amount of mRNA complexes were added to the respective empty well (24-well
plate) followed by adding 500 ul of cell suspension. Accordingly, at the end of the differentiation period at day 7,
the medium was replaced with warm VLE RPMI supplemented with 10vol% FBS. After 4h, the proper amounts
of transfection reagent-mRNA complexes were added dropwise to each well of monocyte-derived macrophages.
As positive control for immune stimulation, LPS (2 ug-mL~") (Enzo life science, USA) and IFN-~ (10 ng-mL™")
(Miltenyi Biotec) were added to the medium of untransfected cells.

Evaluation of transfection efficiency by fluorescent microscopy. To evaluate the EGFP expression
of adherent human macrophages, cells were imaged 24 h after transfection, using a Nikon inverted microscope
ELIPSE Ti-U equipped with long-life mercury light source, Intensilight C-HGFI. The NIS-Elements imaging
software package (version 4.51) was used to analyze microscopic images.

Measurement of cell viability, transfection efficiency, and activation of monocytes and
macrophages by flow cytometry. Cells were harvested 24 h after transfection for further staining and
analyzed by flow cytometry. Whereas monocytes, could be harvest by pipetting, macrophages had to be dissoci-
ated using TrypLE Select (Gibco® by life technologies™, Germany) according to manufacturer’s instruction. To
avoid unspecific antibody binding, cells were blocked by incubation with FcR Blocking Reagent (Miltenyi Biotec)
for 10 min at 4 °C after washing with flow cytometry washing solution (PBS pH 7.2, BSA, EDTA). Subsequently,
cells were stained with antibodies including anti-human CD14-PE-Vio770 (clone TUK4) (Miltenyi Biotec), and
CD80-PE (clone L307.4) (BD Pharmingen™, San Jose, USA) for 10 min at 4 °C using the recommended dilution
factor 1:100 (5 ug-mL~! final concentration). After a final washing step with cold flow cytometry washing solu-
tion, cells were acquired with MACSQuant VYB® (Miltenyi Biotec). DAPI at a final concentration of 1 pg-mL",
was added to each sample immediately prior to flow cytometric analysis, to discriminate DAPI-negative live cells
from DAPI-positive dead cells. All flow cytometric data were analysed using Flow]Jo software V10.

Cytokine detection in monocyte and macrophage cell culture supernatants. Monocyte and
macrophage culture supernatants were harvested and stored at —20 °C until further usage. The secretion of
IFN-3 and TNF-a was quantified in thawed supernatants using Bio-Plex® Multiplex Inmunoassay System
(BioRad, Geramny) according to the manufacturer’s instructions. Briefly, to prepare the standard curves, 50 uL
of the reconstituted cytokine standards were added to 150 pL culture medium (the same batch as samples were
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collected) and eight 4-fold serial dilutions were made. Anti-cytokine coupled beads were diluted in assay buffer
and 50 pL were added into each well of the plate. Plates were washed twice, before 50 uL of standard solution or
sample supernatants were added. After incubation at 900 rpm for 30 min at room temperature, plates were washed
three times with 1x washing buffer. The detection antibodies (20 x stock) were diluted in detection antibody dil-
uent HB, and 25 L were added into each well followed by an incubation at 900 rpm for 30 min at room tempera-
ture. After plates had been washed three times, 50 uL of PE conjugated streptavidin diluted 1:200 were added into
each well and incubated at 900 rpm for 10 min at room temperature. After three final washing steps, beads were
resuspended in 125 pL assay buffer, shaken at 900 rpm for 30's and the plates were analyzed using the Bio-Plex®
200 system (BioRad, Germany).

Comparison of EGFP and mCherry in terms of macrophages activation. The PCR-amplified
DNA fragment encoding mCherry was cloned into pRNA2-(A),,s. Briefly, EGFP coding sequence was replaced
with mCherry by digestion of plasmid with HindIII and NotI restriction enzymes (New England Biolabs), and
insertion of mCherry fragment in the vector. nRNA synthesis was performed using the new plasmid, pRNA2-
(A)5-mCherry, exactly as described for pRNA2-(A)128; see Methods section “mRNA synthesis by in vitro
transcription”. Macrophages were transfected with 62.5ng and 250 ng mRNA coding EGFP or mCherry by
Lipofectamine MessengerMAX (Thermo scientific). Moreover, the homology value of the two proteins amino
acid sequence was calculated by NCBI online blast tool.

Statistics. Data are presented as means+ standard deviation (SD) of at least three independent experiments.
Normally distributed data of multiple groups were statistically analysed by Two-Way ANOVA, Tukey’s multiple
comparison test using GraphPad Prism 7.00 (La Jolla, CA 92037, USA). Statistical significance is considered as
p <0.05.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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Supplementary Figure 1. Gating strategy for flow cytometry data analysis; cells were discriminated from debris
(a), followed by exclusion of aggregated cells (b). Discrimination of live and dead cells using DAPI as indicator
for cell death (c), Identification of GFP expressing CD14 positive monocytes and macrophages (d)
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Supplementary Figure 2. Morphological analysis of Macrophages transfected with either modified or non-
modified mRNA using three carrier reagents (125 ng/well). Phase contrast merged with EGFP fluorescent

images show typical macrophage morphology for transfected as well as untransfected and activated (LPS+IFN-
y) cells (Scale bar=50 um).
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Supplementary Figure 3. Evaluation of IVT-mRNA integrity; mRNA product before (lane 1) and after
(lane 2) treatment with DNase, as well as after purification using LiCl (lane 3) shows no residual
plasmid template DNA or obvious degradation products. RiboRuler (RR; Thermo Scientific™) was
used as size standard. The full-size gel (uncropped) is presented in Supplementary Figure 4.
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Supplementary figure 4. Area inside the dashed rectangle corresponds to cropped gel picture
presented as Supplementary Figure 3. All other lanes are unrelated to this study.
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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 5'-end
and internal IVT-mRNA modifications. 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, 5'-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.'”
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

™
854 Molecular Therapy: Nucleic Acids Vol. 27 March 2022 © 2022 Helmholtz-Zentrum Hereon.

Advanced Therapy Medicinal Products such as recombinant viruses
of DNA or recombinant protein-based medicines.”” Clinical appli-
cations of mRNA include both, protein replacement therapies® and
mRNA vaccines,”® deployed not only for treatment of inherited and
non-infectious acquired diseases such as cancer,” but also viral dis-
eases, such as recently the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2)."!'! 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."?

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.™'” The exogenous
in vitro transcribed mRNAs (IVT-mRNA) can be recognized by
various endosomal and cytosolic pattern recognition receptors
(PRRs).® Examples are Toll-like receptor-7, and -8 (TLR-7, -8) and
TLR-3,'* sensing single- and double-stranded RNA (ssRNA and
dsRNA), respectively. The latter can also be recognized by melanoma
differentiation-associated protein 5 (MDAS5)"'® 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-o
(TNE-a), interleukin (IL)-1pB, and IL-6," as well as upregulation of
co-stimulatory molecules such as CD80, CD86, and CD40.'® RIG-I
also recognizes the 5'-triphosphate end of IVT-RNA, particularly
those of dsRNA termini."” In addition, cell-autonomous mechanisms
mediated by 2'-5' oligoadenylate synthases (OAS), RNase L, or the
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IFN-induced, RNA-activated protein kinase R (PKR) can directly lead
to RNA instability and inhibition of RNA expression.”’ >

Previous studies suggested several approaches to abrogate or modu-
late unintended immune activation, such as chemical modification
of either cap structures™>* or nucleotides,” >’ optimization of
pDNA template sequence,””* and modification of IVT reaction con-
ditions,**° as well as extra purification steps to remove impurities,
e.g, dsRNA by-products.’’*> 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.”> 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,” but also because of its considerable immune-modulatory ca-
pacity,”’° as well as its ability to initiate and modulate antiviral or
anti-tumor T cell responses’”® as antigen-presenting cells,”” and as
a potential direct target in addressing macrophage-related diseases.*’

We postulated that systematic analysis of different 5'-end and internal
nucleotide modifications of IVT-mRNA transfected in human mac-
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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.

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 (M®s) 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 M®s 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-f.
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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 mMRNAs 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; ¥, pseudouridine; me'®, N'-Methylpseudouridine; 5moU, 5-methoxy-uridine; 5meC,

5-methyl-cytidine.

Chemical modification of IVT-mRNA

Three variations of cap structure, including anti-reverse cap analogs
(ARCA) as an example of Cap 0 structure, 2’-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 5'-triphosphate end
groups. Thus, to investigate the effect/necessity of 5'-triphosphate
removal on overall biological performance of IVT-mRNA products,

856 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
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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-mRNA was compared with uridine modifications,
namely pseudouridine (¥), NI1-methyl-pseudouridine (me'Ww),
and 5-methoxyuridine (5moU), a cytidine modification 5-methylcy-
tidine (5meC), as well as a combination of ¥ and 5meC (¥/5meC)
(Table S1).

Of note, IVT-mRNA synthesized with the various cap structures for
comparative analysis of the effect of 5'-end modifications were uni-
formly substituted with ¥ and 5meC. This combination of nucleotide
modifications, which has been extensively analyzed in the past, is
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(A) Poly(A) as ssRNA-negative control, and dsRNA positive
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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.
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known to reduce the immune response without its complete elimina-
tion,*" 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 5 ARCA
as a standard cap structure in the synthesis of IVT-mRNAs.

Chemical modification of nucleotides, but not cap structure,
affects dsRNA content of IV'T-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 ssSRNA 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 5'-end dephosphorylation (Figure 3B). This finding

Nucleotide modification

&
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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; W, pseudouridine; me'®, N'-Methylpseudouridine;
5moU, 5-methoxy-uridine; 5meC, 5-methylcytidine.

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 W-modified IVT-mRNA. However,
the dsRNA signal was reduced by 5meC, and ¥/5meC modifications
of IVT-mRNAs. Interestingly, IVT-mRNA with other uridine modi-
fications, i.e., me'W 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™') and high dose
(500 ng-mL™"). 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.’ IVT-mRNA
expression was initially assessed qualitatively by fluorescent micro-
scopy (Figures 4A and 4E), and quantified at single cell resolution by
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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-
mMRNA made of either Cap O (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(l:C) was also
transfected in low dose (125 ng-mL~"). For each condi-
tion 125 ng-mL~" and 500 ng-mL~" 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 pm. Statistical dif-
ferences are depicted with **p < 0.005, ***p < 0.001.
ARCA, anti-reverse cap analog; MT, methyl-transferase;
AnP, Antarctic phosphatase; W, pseudouridine; me'W,
N'-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 transfected with either Cap 0 (ARCA) or Cap 1 (ARCA + MT or
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 M® 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 W, me'W, 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 W resulted in the
lowest EGFP synthesis in transfected M®s, measured 24 h post transfec-
tion (Figure 4E). Different EGFP levels were consistently detected in
M®s transfected with various nucleotide modifications both at low
dose and, more prominently, at high dose of IVT-mRNA (Figure 4F).
Especially 5moU outperformed the other chemical modifications under
the aspect of maximizing protein 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 me'W IVT-
mRNA, especially at high dose of mRNA (Figure 4H). The lowest levels
of EGFP mRNA expression were consistently observed for ¥/5meC
modified IVT-mRNA (Figures 4E, 4F, and 4H). The results were consis-
tent for different mRNA syntheses, 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 chemical modifications of IVT-mRNA modulate CD80
in transfected M®s already at low doses

Unintended cellular stress, and immune responses elicited by IVT-
mRNA upon transfection are critical issues, which could lead to com-
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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 M®s.*! Thus, CD80 production was
measured by flow cytometry and compared within different IVT-
mRNA modifications (Figure 5). Macrophage treatment with IFNy/
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 M®s, 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 W modification resulted in high CD80
production levels, combined ¥ and 5meC modifications resulted in
substantial reduction of IVT-mRNA induced CD80 production levels
(Figure 5D). Other uridine modifications including me' W or 5moU
led to no changes in CD80 production in relation to untransfected
M®s 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, M®s that were producing a higher
level of CD80, such as high dose of ARCA + MT in cap modified IVT-
mRNA and non-modified, W, 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 M®s

To evaluate the immune activation of M®s, secretion of TNF-a,
IL-6, and IFN- 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 M®s 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-o and IL-6 compared with Cap 0 at high dose
of mRNA (Figures 6B and 6D). Noteworthy, phosphatase-treated
IVT-mRNAs elicited less TNF-oo 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
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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(l:C), the dsRNA positive control transfected in low dose, and activated macrophages. Activated cells were treated with LPS/
IFN-v. MFI of CD80 normalized to untransfected cells is indicated for macrophages transfected with low doses and high doses of mMRNA 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~" and 500 ng-mL~" of IVT-mRNA were
used for transfection, referred here as low dose and high dose, respectively. Expression was measured 24 h after transfection. Values are presented as mean + 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;
W, pseudouridine; me' W, N'-Methylpseudouridine; 5moU, 5-methoxy-uridine; 5meC, 5-methyl-cytidine.

(Figures 6A-6D). Similar patterns were observed for IFN-B, as
enhanced IFN- 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-f secretion, particularly
noticeable for CleanCap by secretion of IFN-f almost identical to
untransfected M®s (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-f, similar to corresponding
positive controls, both at low and high doses of IVT-mRNA (Fig-
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ure 7). IVT-mRNA modified only with ¥ 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 M®s (Figures 7A-7D). However,
transfection-induced cytokine secretion was significantly reduced,
but not abolished, when the combination of the two modifications,
i.e., W/5meC, was applied together (Figures 7A-7D). Uridine substi-
tution with me' W led to a significant reduction of TNF-o, (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-o 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 mMRNA. Poly(l:C) was also
transfected in low dose as positive control. For each condition, 125 ng-mL~" and 500 ng-mL~" 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.

non-modified, ¥-, 5meC-modified IVT-mRNA resulted in the high-
est level of antiviral response. While W/5meC and me'¥ modifica-
tions were beneficial in reduction of IFN-f secretion both at low
and high doses of IVT-mRNA at 6 h (Figure 7E), they failed to
completely overcome the IFN-f 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 M®s (Figure 7).

To ensure that the observed effects were not specific to the
sequence of EGFP, an IVT-mRNA coding for another protein,
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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-f 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 IV'T-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~" and 500 ng-mL~" 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).
W, pseudouridine; me'®, N'-Methylpseudouridine; 5moU, 5-methoxy-uridine; 5meC, 5-methyl-cytidine.

Effect of HPLC purification on M® 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.’' 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
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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 W-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
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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 dsSRNA
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, Kariké et al. reported a direct correlation between dsRNA
content of non-modified and ¥-modified and ¥/5meC-modified
mRNA and type I IFN response of transfected dendritic cells.”’ 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.”’ 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 mMRNA chemistry, such as the cap structure. Consid-
ering the fact that Cap 1 structure is more prevalent in higher eukary-
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otes than Cap 0,">*’ 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.” 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,” where no differences in RIG-I-
mediated immune activation was reported between ssSRNA samples
with Cap 0 versus a 2'-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."’ 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 W led to high level of protein pro-
duction, but concurrently induced high levels of IFN-f, TNF-a, and
IL-6 secretion. In line with these results, a previous study suggested an
enhanced immunogenicity for ¥-modified mRNA, which was corre-
lated to dsSRNA mediated-MDAS5 stimulation.'® The combination of
W and 5meC modifications, however, was effective in the reduction of
IVT-mRNA immunogenicity. This finding is in agreement with pre-
vious reports by others®' and us,"' where we observed similar pattern
throughout different doses, also when examined with different types
of carriers such as polyplexes.*'

Reduced protein expression observed for ¥/5meC and 5meC-modi-
fied mRNA might 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.* Dimerized PKR can

Figure 8. HPLC purification increases protein expression and ameliorates immune activation of macrophages

(A) Representative fluorescent images transfected with low dose of non-purified and HPLC-purified IVT-mRNAs comparing non-modified mRNA with ¥-, ¥/5meC-, and
5moU-modified mMRNA. (B) Flow cytometric density plots indicating EGFP expression in macrophages transfected with low dose (top) and high dose (bottom) of IVT-mRNA
comparing non-modified mMRNA with ¥-, W/5meC-, and 5moU-modified and non-purified (gray color) versus HPLC-purified (blue color) conditions. (C) Transfection effi-
ciency and (D) EGFP mRNA expression level quantified by flow cytometry and plotted as percentage and MFI of EGFP-positive cells, respectively. (E) Staggered histogram of
CD80 levels in macrophages transfected with low doses (left) and high doses (right) of IVT-mRNA comparing non-modified mRNA with W-, ¥/5meC-, and 5moU-modified
and non-purified with HPLC-purified samples. Untransfected, poly(l:C)-treated, and LPS/IFN-y-activated macrophages served as negative, positive, and high control,
respectively. (F) MFI of CD80 normalized to untransfected cells for macrophages transfected with low doses and high doses of non-purified versus HPLC-purified IVT-mRNAs
comparing non-modified mMRNA with ®-, ®/5meC-, and 5moU-modified IVT-mRNAs. Mock transfection refers to carrier (i.e., LipoMM) without mRNA. (G, H) IFN- secretion
after (G) 6 h and (H) 24 h upon transfection with low doses and high doses of non-purified versus HPLC-purified IVT-mRNAs comparing non-modified mRNA with W-,
W/5meC-, and 5moU-modified IVT-mRNAs. Mock transfection refers to carrier (i.e., LipoMM) without mRNA. Untransfected, poly(l:C)-treated, and LPS/IFN-y-activated
macrophages served as negative, positive, and high control, respectively. For each condition, 125 ng-mL~" and 500 ng-mL~" 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 pm.
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phosphorylate elF2a, leading to translation inhibition. Consistently,
Anderson et al. reported enhanced activation of PKR in a cell-free
in vitro system for W-modified IVT-mRNA compared with non-
modified transcripts.”> 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-f production elevated
by non-modified, W-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.”’

Chemical modifications of uridine, including me' ¥, 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.”” Another study by Nelson and colleagues also sug-
gested that me'W 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.”” Both of the recently developed mRNA-based SARS-
CoV-2 vaccines that are on the market as of the beginning of 2021
rely on me'W-modified IVT-mRNA formulated in lipid-based nano-
particles,'**® 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
me'W and 5moU increased yield of protein production. This was
in line with a previous report that attributed the enhanced expression
level of me'W-modified IVT-mRNA to increased ribosome loading
density and higher ribosomal recycling rate compared with mRNA
containing canonical uridine in cell-free translation systems.*” 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.'® Noteworthy, we found that the pattern in immune activation
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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 ssSRNA sensors
TLR7/8°>%7*% (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,"> MDAS5,'® and TLR-3 '®*’, with
subsequent reduction of type I IFN and proinflammatory cytokines
secretion, as well as reduction of PKR activity resulting in increased
translation’*; (3) nucleotide modifications can reduce unspecific pro-
moter-independent activities of T7 RNA polymerase during the IVT
process, like synthesis of long dsRNA by—products“’; and last, (4)
reduction of dsRNA potency in receptor stimulation.*’

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’
5’-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, pRNAZ—(A)IZSSO was utilized as
template for synthesis of mRNAs with ARCA as cap structure. It con-
sists of a standard T7 promoter, a short 5'-UTR containing a Kozak
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sequence, an EGFP coding region, and a head-to-tail duplicated hu-
man B-globin 3’-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 5'-TAATACGACTCACTATAGG-3' is changed
to 5-TAATACGACTCACTATAAG-3', 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 x 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 (W) (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 W, N1-methyl-pseudouridine (me'W) (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 ¥ 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 5'-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 2'-O-methyl-transferase
(5 U/pug) (M0366S) (New England Biolabs) in 1x capping buffer and

866 Molecular Therapy: Nucleic Acids Vol. 27 March 2022

96

Molecular Therapy: Nucleic Acids

0.2 mM S-adenosylmethionine (SAM) for 1 h at 37°C, and then re-
purified by using a RNeasy kit.

4) 5'-end dephosphorylation

Dephosphorylation of the 5'-end of potentially uncapped IVT-
mRNAs was performed by treatment with 1 U/pg 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 x 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 x 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.”” 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-
dorfer et al.’® 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, Szirdk, 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 dsSRNA/total mRNA
% (wiw).

In vitro culture of primary human macrophages

Primary human macrophages were differentiated from monocytes,
according to the protocol reported previously."' 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 IT (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
% CO, for 7 days, with medium 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/uL 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 pg/mL LPS (Enzo Life
Sciences) and 10 ng/mL IFN-y (Miltenyi Biotec) served as positive
control for innate immune response. Macrophages were imaged
with inverted microscope ELIPSE Ti-U equipped pE-300lite LED
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light source (Nikon, Diisseldorf, 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 ng/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 pg/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."’ 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 x gat 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-o. and IL-6, and Pro Human Inflam-
mation Panel 1 (171DL0001) (Bio-Rad) for IFN-B, according to cor-
responding manufacturers protocol. Briefly, 50 pL 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 pL 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 pL 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, W: pseudouridine, me'W: N-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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untransfected positive control IFNy/LPS poly(l:C)

Figure S3. Fluorescent images of control samples, including untransfected, EGFP transfected positive control,
mock transfected (LipoMM only), IFNy/LPS treated as proinflammatory immune response positive control and
poly(l:C) transfected macrophages as dsRNA-induced antiviral response positive control. Scale bar= 50 um.
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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, W: pseudouridine, me*W: N*-Methylpseudouridine, 5moU: 5-methoxy-uridine, 5meC: 5-methyl-
cytidine)
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AnP: Antarctic phosphatase, W: pseudouridine, meW: N:-Methylpseudouridine, 5moU: 5-methoxy-uridine,
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Figure S6. Viability of macrophages transfected with low dose and high dose of IVT-mRNA with chemical
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Figure S7. Macrophage response to transfection of mRNA coding for mCherry and EGFP with different
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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-
B 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. Untransfected, poly(l:C)-treated, and LPS/IFN-y-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.
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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. (W: pseudouridine, 5moU: 5-methoxy-uridine, 5meC: 5-methyl-

cytidine)
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Table S1. Chemical modifications and process of preparation of IVT-mRNAs synthesized

Chemical composition Post-transcriptional modifications
Sample ID 2’-0- Ph
. osphatase
Cap structure (type) Nucleotides Methyltransferase P
treatment
treatment

ARCA/- ARCA (Cap 0) W/5meC/A/G - -
<
Z  ARCA/+ ARCA (Cap 0) W/5meC/A/G - +
€
5 ARCA+MT/- ARCA (Cap 1) W/5meC/A/G + -
T
(]

% ARCA+MT/+ ARCA (Cap 1) W/5meC/A/G + +
[<]
€
o CleanCap/- CleanCap AG (Cap 1) W/5meC/A/G - -
(&)

CleanCap/+ CleanCap AG (Cap 1) W/5meC/A/G - +
<Zt non-mod ARCA (Cap 0) U/C/A/G - -
o
E U] ARCA (Cap 0) W/C/A/G - -
>
E melw ARCA (Cap 0) melW/C/A/G . .
;g
€ SmeC ARCA (Cap 0) U/5meC/A/G - -
3
§ 5moU ARCA (Cap 0) 5moU/C/A/G - -
]

EJ W/5meC
2 _ B
(2nt. mod.) ARCA (Cap 0) W/5meC/A/G

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

Maximizing the efficiency of nanocarrier-mediated co-delivery of genes for co-expression in the same cell is critical for many applications. Strategies
to maximize co-delivery of nucleic acids (NA) focused largely on carrier systems, with little attention towards payload composition itself. Here, we
investigated the effects of different payload designs: co-delivery of two individual “monocistronic” NAs versus a single bicistronic NA comprising two
genes separated by a 2A self-cleavage site. Unexpectedly, co-delivery via the monocistronic design resulted in a higher percentage of co-expressing
cells, while predictive co-expression via the bicistronic design remained elusive. Our results will aid the application-dependent selection of the optimal
methodology for co-delivery of genes.

Introduction inserting enzyme-dependent cleavage sites in polyproteins,*']
Delivery of recombinant nucleic acids (NA) into cells is an and (v) enzyme-independent (apparent) self-cleavage sites
essential process in gene therapy!'! as well as genetic engi- between genes.?>?*] The first method is only applicable for
neering for basic research.[’l Robust delivery systems typically gene delivery via plasmid DNA (pDNA), but not messenger
consist of polymeric or liposomal nanocarriers with physically RNA (mRNA). Moreover, the introduction of post-transla-
bound RNA or DNA, including therapeutic NAs,** but also tional enzymatic cleavage sites is restricted to co-localization
vaccines,P] as highlighted by the response to the recent SARS- of enzyme and protein. Therefore, cap-independent internal
CoV-2 global outbreak.l) The NA payload depends on the initiation sites, e.g. IRES, and enzyme-independent (apparent)
requirements of the application, which in many cases demand self-cleavage peptides such as 2A peptides gained consider-
expression of multiple transgenes. To rapidly identify expres- able popularity, both result in multi-gene expression within
sion via live cell imaging, target transgene can be coupled with a single cassette, also referred to as “multicistronic” genes.

a fluorescence reporter gene, also facilitating subsequent cell When encountering 2A sequences, ribosomes skip the forma-
sorting.[*1 When production of large multisubunit proteins tion of the peptide bond between glycine and proline amino
like antibodies is aimed, multiple genes coding for different acids of the 2A peptide, only to continue with translation of the

subunits must be simultaneously delivered to the same cell.”” second gene. Thus, in theory, this vector design should inher-
The same applies for the expression of enzyme complexes.!!” ently result in a 1:1 molar stoichiometry of the two nascent
Also (re)programming cells fate requires combinatorial expres- polypeptide chains, while the equilibrium of the proteins in
sion of transcription factors.!''~'3] This includes the dediffer- question might diverge. In any case, connecting genes on the

entiation of somatic cells into induced pluripotent stem cells NA level by 2A peptides encoding sequences should guarantee
(iPSCs),[' or the transdifferentiation to another somatic cell the co-synthesis of either of the proteins in a transfected cell,
lineage.!">1 Genome editing by CRISPR/Cas9 technology even and was reported to result in reliable co-expression when evalu-
requires delivery of three NA types including a guide RNA ated empirically.”* Of note, while the multicistronic approach
(gRNA), a gene (MRNA/pDNA) coding Cas9 protein, and ensures equimolar representation of the genes in question, the

optionally the DNA donor for targeting are crucial to success- effective intracellular concentration of the encoded proteins
fully perform.[”>'%] may differ substantially, especially due to differences in protein
There are various strategies to achieve simultaneous deliv- stability. Alternatively, two distinct monocistronic genes could
ery of multiple NAs, and thus co-synthesis of multiple pro- be packaged within the same carrier, and being taken up and
teins in the same cell, including (i) incorporation of multiple co-expressed by the same cell.l>>2¢)
transcription units within the same vector,l'”>'¥] (ii) fusion of The aim of this study was to find the most reliable and
genes,!'”) (iii) introduction of internal translation initiation robust gene co-delivery approach for simultaneous production
sites such as internal ribosome entry sites (IRES),?” (iv) of two proteins in the same cell, by comparing two commonly
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used strategies including delivery of a “bicistronic” gene ver-
sus co-delivery of two distinct “monocistronic” genes. We
hypothesized that co-expression of two transgenes directly
coupled by 2A-design should be most efficient to ensure pre-
dictable synthesis of both the corresponding proteins in a cell,
due to the inherently equivalent molar ratio of the two genes
encoded in the same open reading frame, as one transcription
unit with continuous ribosomal protein synthesis. This notion
was empirically investigated by systematic side-by-side com-
parison of cells either transfected with nucleic acid compris-
ing of two genes separated by a 2A peptide, or co-transfected
with two separate nucleic acids as a control (Fig. 1). These
experiments were initially performed by direct comparison
of equimass versus equimolar ratio of the two genes, as only
possible and reasonable for the monocistronic approach and
evaluated by transfection of in vitro transcribed mRNA (IVT-
mRNA) as payload, followed up by equimass ratio analysis
only. The latter was also investigated by implementing pDNA
as genetic payload for a selected set of experiments. Given
that the initial quantitative co-expression via the 2A approach
was confounded, we further evaluated the effect of the size
of the first gene on co-expression rates and the potential cell-
type specificity of this effect. Establishing effective methods
for co-expression of multiple transgenes could be beneficial in
addressing complex gene delivery studies.

Materials and methods

Design of pDNA vectors

pRNA2-(A)128 plasmid DNA vector comprising a CMV
promoter, a T7 promoter, a short intron-less 5’-untranslated
region (UTR) with Kozak sequence, enhanced green fluo-
rescent protein (EGFP) coding region (or other open read-
ing frames in case of pRNA2-derivatives used in this study),
a head-to-tail duplicated human B-globin 3'-UTR providing
increased transcript stability, followed by a homopolymeric
128-base polyadenine stretch (for use as a template in the IVT
reaction and a poly(A) signal (for direct use of the plasmid
in DNA transfections); all as described previously®” (Figure
S1). Thus, identical pPRNA2 constructs and their derivatives
are dual-use for IVT-mRNA and pDNA applications. In order
to induce simultaneous expression of two genes upon cellular
(co-)delivery, DNA templates were designed according to two
different approaches described as follows:

(i) Monocistronic genes comprised of only one gene
in a single cassette (Figure S1 left panel). Enhanced
green fluorescent protein (EGFP) coding region in
pRNA2-(A),,5 vector mentioned above was replaced
with one of the following genes: red fluorescent pro-
tein (mCherry), interleukin 13 (IL13), or Krueppel-like
factor 4 (KLF4), to generate pRNA2-(A),s-mCherry,
pRNA2-(A),,5-IL13, or pPRNA2-(A);,5-KLF4, respec-
tively.
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(i) Bicistronic genes consist of two genes in the same cas-
sette separated by a 2A peptide sequence (Fig. 1, upper
panel, Fig. S1, right panel). Among different existing
2A peptide sequences, the P2A peptide was selected
in this study, due to superior performance as reported
previously.”®] Consequently, the three above-mentioned
genes, i.e. mCherry, IL13 and KLF4 coding genes, were
coupled with EGFP expressing sequence in a single vec-
tor, separated by a P2A peptide containing amino acid
sequence of GSGATNFSLLKQAGDVEENPGPKL.
The resulting vectors were referred to as pPRNA2-(A); -
mCherry-2A-EGFP, pRNA2-(A),5-IL13-2A-EGFP, and
PRNA2-(A),,3-KLF4-2A-EGFP, respectively.

mRNA synthesis by in vitro transcription
Monocistronic and bicistronic mnRNAs were individually syn-
thesized by in vitro transcription using the above-mentioned
pDNAs. mRNAs were synthesized according to our previously
published protocol.*?! Briefly, plasmid vectors were linearized
with BspMI restriction enzyme (New England Biolabs, Ger-
many), and precipitated using a salt mixture including 0.05
Vol 3 M sodium acetate (Thermo Fisher Scientific, Germany),
in presence of 0.1 Vol 0.5 M ethylenediaminetetraacetic acid
(EDTA) (Thermo Fisher Scientific), and 2 Vol 100% EtOH
(Carl Roth, Karlsruhe, Germany). Subsequently, mRNAs were
synthesized using TranscriptAid T7 High Yield Transcription
Kit (Thermo Fisher Scientific) according to the manufacturer’s
instruction. Of note, the 5’ end of IVT-mRNA was co-tran-
scriptionally modified with anti—reverse cap analog (ARCA)
(Jena Bioscience, Germany). For transfection of macrophages,
chemically modified IVT-mRNAs coding for mCherry, EGFP
and mCherry-2A-EGFP were prepared by complete substitution
of uridine and cytidine with pseudouridine (Jena Bioscience)
and 5-methylcytidine (Jena Bioscience), respectively. IVT-
mRNAs were purified using lithium chloride precipitation and
resuspended in UltraPure™ nuclease-free sterile water (Merck
Millipore, Germany) supplemented with 0.1 mM EDTA. The
concentration of IVT-mRNA products was determined by UV/
Vis-spectroscopy (NanoDrop 1000 Spectrophotometer; Peqlab,
Germany). Moreover, the quality/integrity of transcripts were
assessed by denaturing agarose gel electrophoresis.

Transfection of IV'T-mRNA

Lipofectamine MessengerMAX (LipoMM; Thermo Fisher
Scientific), a commercially available, lipoplex-forming rea-
gent optimized for RNA transfections, was selected as a rea-
gent for delivery of IVT-mRNAs. The IVT-mRNA/LipoMM
complexes, required for co-delivery/co-transfection of mono-
cistronic genes (MonoCis (CoTF)) or delivery of a bicistronic
2A peptide-comprising gene (BiCis (2A-P)), were prepared
as follows; MessengerMAX reagent was diluted 1:50 (vol) in
125 puL Opti-MEM reduced serum medium (Thermo Fisher
Scientific), and incubated for 10 min at RT. The resulting solu-
tion was added to the equal volume of Opti-mem containing
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Figure 1. Schematic representation of the study design to achieve nucleic acid-directed co- production of target proteins in individual
cells. Plasmid DNA was directly (co-)delivered to cells using an established carrier system (i.e. PEI) (upper panel) or used as a template

to IVT-mRNA, followed by (co-)delivery of IVT-mRNA by LipoMM to cells (lower panel). The former requires nucleus entry and transcrip-
tion to MRNA, whereas in the latter case IVT-mRNA is, upon cellular uptake and endosomal escape, instantly translated to protein in the
cytoplasm (not illustrated here). In both cases, however, mRNA is the ultimate entity, which is processed by ribosomes as a blueprint

for protein synthesis. The two distinct payload designs, namely monocistronic and bicistronic nucleic acid refer to two genes integrated
within one continuous open reading frame, and different IVT-mRNAs co-formulated together in a single carrier type (e.g., lipoplex or poly-
plex) in a statistical fashion, respectively. Three different genes with distinct sizes were assessed as the first gene, while keeping EGFP as
a fluorescent marker constantly as the second gene. The order of representation does not reflect the experimental sequence. (lllustration
created by BioRender.com).
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defined amount of IVT-mRNA, individually or in mixture in
case of co-transfection; see Table S1 for the precise amounts
of IVT-mRNA used for equimass versus equimolar experi-
ment when following the monocistronic approach. Briefly,
for equal mass transfections either 500 ng of the respective
BiCis IVT-mRNA or 250 ng of each of the 2 MonoCis IVT-
mRNAs, as indicated, were used. For equal mole transfec-
tions the number of molecules for each of the MonoCis IVT-
mRNA was equivalent to the molar amounts of 500 ng of the
respective BiCis mRNA (Table S1). The monocistronic EGFP
encoding IVT-mRNA (length: 1253 nts; i.e. 500 ng/well
equals 1.24 pmol/well of 12-well plate) was used as a refer-
ence point throughout. For the transfection of cells in 6-well
plates in case of equimass experiments, 1 pg IVT-mRNA, i. e.
1 pg bicistronic IVT-mRNA, or 500 ng from each of the two
different IVT-mRNAs (MonoCis) premixed together (equal
mass approach), or 1 pg combined total of the KLF4 and
EGFP IVT-mRNA in the indicated ratios for the equal mole
approach was used to prepare BiCis (2A-P), and MonoCis
(CoTF) complexes, respectively. The mixture was briefly vor-
texed and incubated for 5 min at RT. Subsequently, the trans-
fection complexes containing 1 pg IVT-mRNA in overall 250
pL Optimem were added to each well of HeLa (ATCC; CCl-2)
cells in a 6-well plate format. HeLa cells were pre-seeded at
a density of 3.00E + 05 cells per well of 6-well plates, in high
glucose DMEM, supplemented with GlutaMAX™, pyruvate
(Gibco, Germany), 10 vol% FBS (Biochrom, Germany) and
1 U-mL™! Penicillin—Streptomycin (Gibco, Germany), 24 h
before transfection with IVT-mRNA.

Quantitative analysis of cells with flow
cytometry

Cells were harvested at above specified time points with Try-
pLE Select (Thermo Fisher Scientific). Upon washing with cold
flow cytometry washing solution (Miltenyi Biotec, Germany),
cells were analyzed with a MACSQuant VYB® flow cytometer
(Miltenyi Biotec, Germany).

Production of non-fluorescent protein, e.g. KLF4, was
detected by immunocytochemistry, using eBioscience ™ Foxp3
/transcription factor staining buffer set (Thermo Fisher Scien-
tific), according to manufacturer’s instruction. The KLF4 pro-
tein was subsequently stained with recombinant Alexa Fluor®
647 anti-KLF4 antibody (Abcam, Germany). Cells were meas-
ured by MACSQuant VYB® flow cytometer. All flow cytomet-
ric data were analyzed with FlowJo software V10.

Statistics

Data are presented as means + standard deviation (SD) of
at least three independent experiments. In case of primary
human macrophages, three independent experiments were
performed using cells derived from three different donors.
Data were statistically analyzed via Prism 7.00 software
(GraphPad, USA).
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Results and discussion

Study design

The reliability of two methods differing in payload design
was investigated in a series of side-by-side experiments. Two
separate monocistronic genes were co-transfected in the first
approach, whereas a single bicistronic gene coding both pro-
teins in a single cassette, separated by a 2A peptide was deliv-
ered in the second approach. Herein, the former is referred to
as “MonoCis (CoTF)”, while the latter is named “BiCis (2A-
P)” throughout all experiments. As we previously validated the
reliability of MonoCis (CoTF) approach,”?®! this condition was
mainly included as reference and control to determine the per-
formance of BiCis (2A-P) method. Throughout this study a flu-
orescent marker protein, i.e. enhanced green fluorescent protein
(EGFP) was selected as the second protein, in order to enable
facile and prompt monitoring of gene expression, investigated
by fluorescent microscopy and quantified via flow cytometry.
Experiments were designed to evaluate the effect of several
parameters including cell type, NA identity (RNA vs. DNA)
and size of the first gene on co-expression rate. The molecular
weights of nucleic acids and also the respective genes imple-
mented in this study are summarized in Table I. Addressing the
latter parameter was spurred by our initial, unexpected observa-
tion, where inconsistent patterns of co-expression were moni-
tored at single cell resolution for the BiCis (2A-P) approach.

Size of first gene does not correlate
with co-expression rate
As one possible explanation we investigated the effect of
first gene’s size on co-expression rate of two genes, as well
as expression level of the second gene. Three different IVT-
mRNAs coding for IL13, mCherry (mCh), and KLF4 were
selected, exemplifying the small (1/2 X), medium (1 X), and
large (2 X) sizes, respectively, when compared to the size of
the second gene, i.e. EGFP (G) (Table I, Fig. 2(a)). Note that
for IL13 and KLF4 the choice of these genes was solely based
on their size, not a potential biological function. These genes
were either placed in position 1 upstream of EGFP in a single
cassette, represented as BiCis (2A-P) (Fig. 2(a), left panel), or
co-packaged as separate units each with EGFP within the same
complex, named MonoCis (CoTF) (Fig. 2(a), right panel).
Given an identical mass of different IVT-mRNAs, those
with smaller size correspond to larger numbers of molecules
compared to that of larger size. Thus, a series of preliminary
experiments with equal mass as well as equal moles were per-
formed, to identify the reliable experimental set-up, and to
avoid any potential misinterpretation of EGFP expression. The
percent of EGFP positive cells and intensity of EGFP signal
were measured by flow cytometry in side-by-side experiments,
and presented for each condition (Fig. 2(b), (c)). The results
demonstrated that the observed reduction of co-expression rate
for a large gene in position 1 is not caused by its underrepre-
sentation in terms of molar concentration when following an
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Table I. Characteristics of the genes investigated in this study.

Gene Name Description/function Molecular Weight of Molecular Molecular weight ~ Molecular weight of
pDNA vector (kDa) Weight of IVT-  of ORF? pDNA ORF?* mRNA (kDa)
mRNA (kDa) (kDa)
EGFP MonoCis/fluorescent marker 3201 401 444 231
IL13 MonoCis/control for small size gene 2979 286 271 141
mCherry MonoCis/fluorescent marker/control 3165 382 439 228
for medium size gene
KLF4 MonoCis/control for large size gene 3590 603 873 453
IL13-2A-EGFP BiCis/co-expression of a gene with 3467 539 760 394
marker
mCherry-2A-EGFP  BiCis/co-expression of a gene with 3634 625 927 481
marker
KLF4-2A-EGFP BiCis/co-expression of a gene with 4077 855 1370 711
marker
2ORF open reading frame.

equal mass co-transfection protocol (Fig. 2b). Thus, for the
subsequent experiments, the equal mass method was imple-
mented throughout. The corresponding molar amounts for each
condition is presented in Table S2.

The expression level of EGFP in HeLa cells transfected
with either of these approaches was evaluated by fluorescent
microscopy (Fig. 2(d)). No consistent pattern of variation in
EGFP intensity was observed with respect to the size of the
first gene, in cells transfected with BiCis (2A-P) IVT-mRNAs.
While mCh/G resulted in higher EGFP expression than IL13/G,
extremely only a strongly diminished signal was detected for
KLF4/G (Fig. 2d, upper panel). However, MonoCis (CoTF)
consistently led to a higher EGFP expression when compared
to the BiCis (2A-P) approach (Fig. 2d, lower panel).

The co-expression rate as well as expression of the first
protein were evaluated by flow cytometry (Fig. 2e-h). Data
suggested no differences in percent of double positive cell
population between cells transfected with mCh/G via two dis-
tinct methods. Unexpectedly, however, MonoCis (CoTF) was
superior to BiCis (2A-P) in cells transfected with KLF4/G in
terms of co-expression rate (Fig. 2g). When analyzed individu-
ally, there were no differences in production level of the first
protein, namely mCh and KLF4 in mCh/G and KLF4/G trans-
fected cells, respectively, between BiCis (2A-P) and Mono-
Cis (CoTF) methods (Fig. 2f & h, left panel). However, as
mentioned above, level of second protein production in the
BiCis (2A-P) approach was remarkably lower compared to the
MonoCis (CoTF) for KLF4/G (Fig. 2h, right panel).

The EGFP expression quantified with flow cytometry
(Fig. 3a), both in terms of percent of EGFP positive cells
(Fig. 3a, middle panel), and intensity of EGFP signal repre-
senting level of expression within population of EGFP posi-
tive cells (Fig. 3a, right panel) was remarkably lower in BiCis
(2A-P) compared to MonoCis (CoTF) for all three sizes. In
particular, the minimum level of expression corresponded to
KLF4/G both for MonoCis (CoTF), and more dramatically for
BiCis (2A-P) methods (Fig. 3a, left panel).
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Since the IVT-mRNA coding for KLF4 is almost twice as
large as EGFP coding IVT-mRNA, the co-transfection with the
MonoCis approach was also evaluated with ratios other than
1:1 (1:1.5), specifically 9:1 (6:1) and 1:9 (1:13.6), referring
to KLF4: EGFP IVT-mRNA mass ratio (values in parenthesis
referring to the molar ratio). Expression of both proteins were
subsequently measured and plotted for each condition (Figure
S3). Transfection of cells with MonoCis (CoTF) approach con-
sistently led to higher percent of double positive cells, particu-
larly remarkable also when the lowest ratio (i.e. 9:1) of EGFP
was delivered (Figure S3).

These findings are consistent with previous report by Liu
et al.l'?l where they also found puzzling patterns of second
protein production, examined for different types of 2A peptides
in multicistronic genes. While originally analyzing the efficacy
of different 2A sequences, they also observed striking differ-
ences of EGFP expression in multicistronic reprogramming
vectors, when placed in different positions relative to the other
genes.!'”] The lower expression of second gene could poten-
tially be attributed to detachment of ribosomes from messenger
RNA, upon translation of first protein, as suggested by Shaima-
rdanova et al.®"). This was consistent with our observations,
where no changes were detected in production of first protein,
along with diminished production of second protein, particu-
larly noticeable in KLF4/G transfected cells.

To investigate whether the differences observed between the
two methods depend on the target cell-type, primary human
monocyte-derived macrophages were transfected with mCh/G
via both BiCis (2A-P) and MonoCis (CoTF) methods. Trans-
fected macrophages were analyzed 24 h post-transfection
for expression of the fluorescence marker proteins via fluo-
rescent microscopy (Figure S4a), as well as flow cytometry
(Figure S4b-f). There was no obvious difference between mac-
rophages transfected with either method in terms of expres-
sion of mCherry and EGFP, as shown in individual channels
(Figure S4a, left and middle panel), and merged fluorescent
images (Figure S4a, right panel). However, when quantified
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Figure 2. Impact of size ratio
of the first gene to the second

EGFP as the small, mCherry
with similar size to EGFP

Bicistronic IVT-mRNAs

Monocistronic IVT-mRNAs

gene on the co-expression 1%t Gene (Various Sizes) 2A-P 2" Gene (EGFP) E Cotransfection (CoTF)
of two genes. (a) schematic |

) . UNSNSNSNSNSNIN |
overview of constructs, which oy Al i A
were used and compared in mch | U
parallel, IL13 with half size of NIV INININS NSNS

as medium, and KLF4 with
almost double size of EGFP
as large constructs were deliv-
ered together with EGFP either
in one cassette with 2A-P as
self-cleavage site, or co-deliv-
ered. For the monocistronic
approach the percentage of
EGFP positive population (b)
and intensity of EGFP signal
(mean fluorescent intensity) (c)
reflecting the EGFP expres-
sion were quantified using
flow cytometric evaluation

of cells. Corresponding data
for the bicistronic approach
are provided in Figure S2. (d)
Fluorescent images of HelLa
cells transfected with any of
the three genes with differ-
ent sizes with two different
approaches. Percent of double
positive cells shown in form

of dot plots (e), as well as
expression level of the first
protein (mCherry) and second
protein (EGFP) compared
between the two methods (f).
Similarly, percent of double
positive cells (g) and evalua-
tion of protein production for
KLF4 as first protein and EGFP
as second protein and (h),
both measured via immuno-
cytochemistry (ICC) and flow
cytometry. Numbers indicated
within dot plots represent %
of cells inside the correspond-
ing gate. Error bars indicate
SD for three independently
performed experiments. Scale
bar=50 ym. See Table S1 for
precise numbers describing
equimass versus equimolar
transfection, corresponding to
each method.
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Figure 3. Quantification of transgene expression in BiCis versus MonoCis configuration. (a) Flow cytometric analysis of HelLa cells trans-
fected with IVT-mRNA via the two methods; Left panel: Merged dot plot of cells expressing EGFP evaluated by flow cytometry. Middle
panel: The percentage of EGFP positive cells. Right panel: The level of EGFP expression quantified from flow cytometry data. (b) Side-
by-side comparison of EGFP expression in HelLa cells transfected by transgene-encoding plasmid DNA; Left panel: Merged dot plot of
different genes expressed in Hela cells measured by flow cytometry. Middle panel: Transfection efficiency indicated as percent of EGFP
positive cells. Right panel: The level of transgene expression quantified by mean fluorescent intensity of EGFP signal. Cells were analyzed
24 h after IVT-mRNA transfection, and 48 h after pDNA transfection. Values are presented as mean +SD, n=3. Error bars indicate SD.

with flow cytometry, the production level of both proteins was
slightly lower in macrophages transfected with BiCis (2A-P)
compared to MonoCis (CoTF) approach (Figure S4c, e, f). The
co-expression rate, i.e. percent of double positive cells, were
consistently lower for BiCis (2A-P) compared to MonoCis
(CoTF) approach (Figure S4b, d). These findings argue against
a cell-type dependence of co-expression patterns according
to the approach chosen. However, the consistent differences
between the two methods were interestingly more pronounced
in primary cells than in established cell line, e.g. HeLa cells,
which emphasized the importance of selection of proper pay-
load design to achieve a reliable co-expression.

115

Plasmid DNA transfection results

in 2nd gene expression pattern similar

to mRNA transfections

Next, we asked whether the differences observed between
cells transfected with the two methods based on various
payload design were exclusive to IVT-mRNA or could it be
generalized to other nucleic acid entities, in particular plas-
mid DNA (pDNA) used in this study. Similar to IVT-mRNA,
bicistronic pDNA was comprised of both genes at the same
plasmid separated by 2A peptide, whereas monocistronic
pDNA coding for each gene had to be co-delivered. The
experiments were performed by using equimass transfection
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of pDNA (Table S2). The level of second protein produc-
tion in HeLa cells was measured using flow cytometry as
the key readout (Fig. 3b). Interestingly, no correlation was
identified between size of first gene and the expression of
the second gene coding EGFP, as indicated by side-by-side
comparison of pDNA samples with increasing size of the first
gene, i.e. IL3/G, mCh/G, and KLF4/G, respectively (Fig. 3b,
left panel). Transfection efficiency determined as percent of
EGFP positive cells (Fig. 3b, middle panel), and level of
protein production quantified and defined as mean fluorescent
intensity (MFI) of EGFP signal (Fig. 3b, right panel) were
compared in cells transfected with pDNA. Data suggested
that BiCis (2A-P) consistently resulted in lower transfection
efficiency and protein production level of the second pro-
tein, when compared to MonoCis (CoTF) approach (Fig. 3b).
Overall, comparison of data between pDNA transfection
(Fig. 3b) with IVT-mRNA transfection (Fig. 3a) revealed
that the differences observed between two methods is not
dependent on the chemical identity of the chosen NA nor
its biophysical properties, i.e. linear with relaxed topology
for IVT-mRNA as compared to circular, supercoiled pDNA.
However, the extent to which the expression differs is more
pronounced for IVT-mRNA transfection; See left panels in
Fig. 3a& b.

Conclusions

We implemented two methods for simultaneous delivery of
two distinct genes based on different payload compositions.
A systematic comparison of a bicistronic gene coding for two
proteins separated by a 2A peptide sequence side-by-side with
the co-delivery of two separate genes revealed that the latter is
the more reliable approach. While a bicistronic design will lead
to a one-to-one stoichiometry of templates for protein synthe-
sis independent of formulation and uptake route, experimental
evidence on the level of proteins actually synthesized argued
against this notion. Moreover, none of the envisaged and exam-
ined parameters including the first protein’s size, cell-type, or
nucleic acid identity (IVT-mRNA vs. pDNA) had a determin-
ing role on co-expression rates. In contrast, co-delivery of two
monocistronic genes consistently resulted in robust expression
of the second protein, proved to be true throughout all tested
conditions with different gene sizes, for both IVT-mRNA and
pDNA, among different cell-types. As the underlying mecha-
nisms contributing to the observed erratic performance of the
2A peptide remain to be solved, we can only speculate about
potential effects of nucleic acid sequence and the correspond-
ing secondary structure of mRNA around the 2A peptide, or the
conformation of first nascent protein on tendency of ribosomes
whether to continue translation of the second protein or to dis-
engage from the mRNA and thus stop translation. In any case, it
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is obvious that the 2A sequence can affect protein-synthesizing
ribosomes in a way that it impedes on their scheduled transla-
tion path.
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A) Supplementary Materials and Methods

Transfection of macrophages with IVT-mRNA

mCherry, EGFP and mCherry-2A-EGFP coding mRNAs were also examined in primary human
macrophages. Macrophages were differentiated in vitro from monocytes purified from buffy coat-
derived peripheral blood mononuclear cells (PBMCs) (Deutsche Rote Kreuz, Berlin; ethics vote
EA2/018/16; Charité University Medicine Berlin) as previously described 1. Macrophages were
transfected with complexes containing chemically modified IVT-mRNAs. Respective volumes of the
above prepared complexes were transferred to each well to deliver 125 ng/mL mRNA in cell culture
medium. Macrophages were transfected at a density of 2.00E+06 cells per well of 6 well plates in 2

mL very low endotoxin (VLE) RPMI medium (Biochrom) supplemented with 10 vol% FBS.

Transfection of plasmid DNA (pDNA)

Being equipped with a CMV promoter, the pDNA templates were also directly transfected into Hela
cells. Plasmids were complexed and delivered via transfection-grade 25 kDa linear polyethylenimine
(PEI) (Polyscience, Germany), a commercially available, polyplex-forming transfection reagent
routinely used for delivery of plasmid DNAs, according to a previously published protocol 2. Briefly, 2
ug pDNA diluted in 50 pL of 150 mM NaCl was combined with 7.5 mM PEIl at nitrogen/phosphate
(N/P) molar ratio of 20. pDNA solution was prepared either with 2 pg of single bicistronic pDNA or by
pre-mixing 1 pug from each of two monocistronic pDNAs, referred to as BiCis (2A-P) and MonoCis
(CoTF) transfection, respectively. The resulting mixture containing 2 ug pDNA was vortexed for 30
sec, and incubated for 10 min at RT for complex formation and then added dropwise to each well.
Hela cells were pre-seeded at a density of 2.50E+05 cells per well of 6-well plates 24 h before

transfection.

Evaluation of cells with fluorescent microscopy

To evaluate fluorescent proteins production, cells were imaged with an inverted microscope ELIPSE
Ti-U (Nikon) equipped with a mercury light source, Intensilight C-HGFI, and single-band filter sets;
EGFP-BP filter (466/40, 525/50 nm), or TRITC filter (562/40, 641/75 nm) (Semrock, Germany). Images
were acquired 24 and 48 h after cells transfection with IVT-mRNA or pDNA, respectively. All images

were analyzed with NIS-Elements imaging software, version 4.51 (Nikon).
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B) Supplementary Data
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Figure S1. Maps of plasmids used either as template for in vitro transcription of mRNA or directly

transfected into cells. Both have common features such as a CMV promoter, a T7 promoter, multiple
cloning sites (MCS) in the 5’UTR, a head-to-tail duplicated human B-globin 3'-UTR, and a stretch of
128 Adenines, named poly(A)128, to ensure the co-transcriptional addition of a poly(A) tail.
Kanamycin resistance was also a common feature in both plasmids used for clonal selection.

Monocistronic pDNA vectors encompass one position for the gene of interest, e.g. EGFP, mCherry,

KLF4, and IL-13 (left panel), whereas bicistronic pPDNA templates consist of two genes in a single open

reading frame separated by a 2A peptide sequence (2A-P) 3.
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Figures S2. The percentage of EGFP positive population (a) and intensity of EGFP signal (mean
fluorescent intensity) (b) reflecting the EGFP expression were quantified using flow cytometric
evaluation of cells for transfection of bicistronic 2A constructs, provided in comparison to the results
from monocistronic co-transfection according to the figure 2b, and c, respectively.
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Figure S3. Distribution of transgene expression patterns plotted upon individual transfections, 2A-P,
and CoTF of Hela cells with KLF4 and EGFP encoding IVT mRNA by flow cytometric evaluation. Error
bars indicate SD for three independently performed experiments.
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Figure S4. Macrophages transfected with mCherry-2A-EGFP or co-transfected with separate
mCherry and EGFP coding IVT-mRNA. (a) Fluorescent images presented in EGFP channel (left panel),
mCherry channel (middle panel) as well as merged with phase contrast (right panel). (b) Density plots
of mCherry-2A-EGFP (upper graph) and mCherry co-transfected with EGFP (lower graph). (c) Overlaid
histograms of EGFP and mCherry to compare the fluorescence intensity of the transfected cells, solid
lines represent the BiCis and dashed lines correlate to MonoCis transfection. (d) Percent of double
positive cells, (e) mean fluorescent intensity (MFI) of EGFP signal and (f) mCherry signal are plotted
and compared within the two groups; Values are presented as mean * SD, n>3, from independent

donors each. Numbers indicated within dot plots represent % of cells inside the corresponding gate.
Scale bar = 50 pm.
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Table S1. The equimass versus equimolar experiment with IVT-mRNA

Payload Experiment Genes Total mass Amont of 1% Amont of 2"
design (ng) gene gene (EGFP)
mass (mole) mass (mole)
MonoCis Equal mass IL13+EGFP 500 250 ng 250 ng (0.612
(co- (0.873 pmol) pmol)
transfection) mCherry + EGFP 500 250 ng (0.6525 | 250 ng (0.612
pmol) pmol)
KLF4 + EGFP 500 250 ng (0.4135 | 250 ng (0.612
pmol) pmol)
Equal mole IL13+EGFP 636.7 265 ng 371.7 ng (0.925
(0.925 pmol) pmol)
mCherry + EGFP 625.7 305.4 ng 320.3 ng (0.797
(0.797 pmol) pmol)
KLF4 + EGFP 586.8 352.5ng 234.3 ng (0.583
(0.583 pmol) pmol)
BiCis IL13-2A-EGFP 670.6 1.241 pmol
(transfection) 'de:"‘ica' mCherry-2AEGFP | 778.4 1.241 pmol
::;’n‘;gt&) KLFA-2A-EGFP 1064.0 1.241 pmol
IL13-2A-EGFP 500 0.925 pmol
Identical mCherry-2A-EGFP | 500 0.797 pmol
mass (to KLF4-2A-EGFP 500 0.583 pmol
standard)

*The standard transfection condition (reference point): 500ng = 1.241pmol mRNA per well of 12-well plate.
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Table S2. The molar amounts of genes, which were used in equimass experiments.

Gene

Mass amount

Molecular size

Molar amount

(ng) (nts/bps) (pmol)

» | IL13 (1% gene) 500 891 1.746

% mCherry (1% gene) 500 1192 1.305

< S KLF4 (1% gene) 500 1881 0.827
= EGFP (2" gene) 500 1250 1.224
E . | IL13-2A-EGFP 1000 1681 1.850
g) mCherry-2A-EGFP 1000 1951 1.594
KLF4-2A-EGFP 1000 2668 1.166

» | IL13 (1% gene) 1000 4821 0.336

S | mCherry (1% gene) 1000 5122 0.316

< g KLF4 (1% gene) 1000 5811 0.278
Z EGFP (2" gene) 1000 5180 0.312
e . | IL13-2A-EGFP 2000 5611 0.577
% mCherry-2A-EGFP 2000 5881 0.550
KLF4-2A-EGFP 2000 6598 0.491

125




Moradian et al. Co-delivery of genes can be confounded by bicistronic vector design

Reference

1.

H. Moradian, T. Roch, A. Lendlein and M. Gossen: mRNA Transfection-Induced Activation of
Primary Human Monocytes and Macrophages: Dependence on Carrier System and
Nucleotide Modification. Sci Rep 10, 4181 (2020).

H. Moradian, A. Lendlein and M. Gossen: Strategies for simultaneous and successive delivery
of RNA. J Mol Med (Berl) 98, 1767 (2020).

D.J. Williams, H.L. Puhl and S.R. Ikeda: A Simple, Highly Efficient Method for Heterologous
Expression in Mammalian Primary Neurons Using Cationic Lipid-mediated mRNA
Transfection. Front Neurosci 4, 181 (2010).

126



Reprinted by permission from Springer Nature. Journal of Molecular Medicine (2020), 98: 1767-1779. Copyright © 2020, The Author(s)

Appendix IV

Journal of Molecular Medicine
https://doi.org/10.1007/500109-020-01956-1

~ JMolMed

®

ORIGINAL ARTICLE

Check for
updates

Strategies for simultaneous and successive delivery of RNA

12,3 12,3

Hanieh Moradian - Andreas Lendlein - Manfred Gossen 2

Received: 30 April 2020 /Revised: 16 July 2020 /Accepted: 21 July 2020
© The Author(s) 2020

Abstract

Advanced non-viral gene delivery experiments often require co-delivery of multiple nucleic acids. Therefore, the availability of
reliable and robust co-transfection methods and defined selection criteria for their use in, e.g., expression of multimeric proteins
or mixed RNA/DNA delivery is of utmost importance. Here, we investigated different co- and successive transfection ap-
proaches, with particular focus on in vitro transcribed messenger RNA (IVT-mRNA). Expression levels and patterns of two
fluorescent protein reporters were determined, using different [IVT-mRNA doses, carriers, and cell types. Quantitative parameters
determining the efficiency of co-delivery were analyzed for IVT-mRNAs premixed before nanocarrier formation (integrated co-
transfection) and when simultaneously transfecting cells with separately formed nanocarriers (parallel co-transfection), which
resulted in a much higher level of expression heterogeneity for the two reporters. Successive delivery of mRNA revealed a lower
transfection efficiency in the second transfection round. All these differences proved to be more pronounced for low mRNA
doses. Concurrent delivery of siRNA with mRNA also indicated the highest co-transfection efficiency for integrated method.
However, the maximum efficacy was shown for successive delivery, due to the kinetically different peak output for the two
discretely operating entities. Our findings provide guidance for selection of the co-delivery method best suited to accommodate
experimental requirements, highlighting in particular the nucleic acid dose-response dependence on co-delivery on the single-cell
level.

Keywords Integrated co-transfection - Parallel co-transfection - Successive transfection - Co-expression - In vitro synthesized
mRNA - Transfection methods

Introduction

Key messages *Quantitative analysis of methods for co-delivery of dis-
tinct nucleic acids.

*Dose dependence of co-delivery efficacy.

Successive delivery of mRNA revealed a lower efficiency in the second
transfection.

*Simultaneous compared with successive transfection of cells with
siRNA and IVT-mRNA.

+Selection criteria for co-delivery method defined.
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Delivery of genes and other functional nucleic acids as a powerful
tool for basic research [ 1-3], in biomedical/therapeutic applications
and biotechnology [4—7], has been practiced intensely for decades.
Corresponding methods have been constantly advanced [8-11],
facilitating efficient cellular delivery of different types of nucleic
acids such as plasmid DNA (pDNA), small interfering RNA
(siRNA), small hairpin RNA (shRNA), and, more recently,
single-guide RNA (sgRNA) as well as in vitro transcribed mes-
senger RNA (IVT-mRNA) [9, 12—-15]. For numerous applica-
tions, the simultaneous delivery of more than a single nucleic acid
is advantageous or even mandatory. This includes co-delivery of
multiple nucleic acids of the same type [16], multiple types of
nucleic acids [14, 17], and a nucleic acid coordinated with another
entity such as drug [18, 19] or protein [20]. Robust reliable co-
delivery methods are, therefore, of critical importance in many
gene transfer studies. Only few of these studies, however, focused
on the applied co-delivery strategies and analyzed their impact on
study’s outcomes, particularly for IVT-mRNA. Exemplary appli-
cations are the parallel transient overexpression of genes when
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required to analyze a given biological problem or even to realize
the functional expression of the desired protein in the first place,
e.g., as in the case of antibodies [21]. The coordinated knock-down
(e.g., via siRNAs) and overexpression of related proteins are other
instances [17, 22]. The co-transfection of traceable markers, mostly
genes encoding fluorescent proteins, has been widely used to track,
in particular on the single-cell level, the delivery of the gene of
interest in a given study, as well as direct monitoring of gene
transfer via in vivo imaging set up [23]. Placing two distinct func-
tional entities described in these scenarios on separate vectors pro-
vides a level of experimental flexibility, which is difficult to
achieve when combining them in a single vector. In some cases,
however, the latter would not be possible, as delivery has to be
performed at different time points, in order to coordinate peak
expression of all transfected entities, which can kinetically vary
from one nucleic acid type to the other [14].

Given this necessity for nucleic acid co-delivery in wide range
of studies, and to fill this gap of crucial information, in this study,
we investigated various strategies for co-delivery of nucleic acids,
withaparticular focus on [IVT-mRNA. The aim of this study was to
provide quantitative data to support proper choice of co-
transfection methods and of experimental conditions within those
methods. In this regard, we have investigated various co-delivery
methods for simultaneous transfection, including “integrated co-
transfection” (iCoTF) (Fig. 1a), “parallel co-transfection”
(pCoTF) (Fig. 1b), as well as “successive transfection” (sTF)
(Fig. 1c). The key readout was to determine heterogeneity and
distribution of cells co-expressing both marker genes when using
these methods in a dose-response manner (Fig. 1d). These studies
were initiated in macrophages, which are a prime subject of our
current research [24] and subsequently pursued in a cell line that is
more readily available for routine transfection when compared
with cells that had to be isolated and differentiated from primary
human blood cells, at the cost of considerable time, effort, and
resources. Co-transfection rates of [VT-mRNA in these cells were
systematically investigated for different IVT-mRNA concentra-
tions. In addition, various types of carriers, i.e., lipid- and
polymeric-based carrier, were included to compare the different
transfection methods. To further evaluate our concept, co-delivery
and successive delivery of IVT-mRNA with another entity, i.c.,
siRNA with completely different properties and action mecha-
nisms, was investigated. The findings of this study provide guid-
ance to select the most effective method, depending on the specific
experimental demands by identifying several critical criteria, of
both, qualitative and quantitative nature.

Materials and methods
In vitro transcription of mRNA

Synthesis of mRNA coding enhanced green fluorescent pro-
tein (EGFP) and mCherry was performed via in vitro
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transcription, according to a previously published protocol
[24]. Briefly, plasmid vectors, pPRNA2-(A);»5 [25], encoding
EGFP, and pRNA2-(A);,5-mCherry [24], both comprising a
T7 promoter, 5'-UTR, the coding region for the respective
fluorescent protein, head-to-tail duplicated human 3-globin
3'-UTR, and followed by a 128-base polyadenine [poly(A)]
sequence were linearized and purified by agarose gel electro-
phoreses using a gel extraction kit (Macherey-Nagel (MN),
Germany). mRNAs were subsequently synthesized using a
TranscriptAid T7 High Yield Transcription Kit (Thermo
Fisher Scientific, Germany) following the manufacturer’s in-
struction. The 5° end of IVT-mRNA was modified co-
transcriptionally with anti-reverse cap analog (ARCA) (Jena
Bioscience, Germany) [26]. Chemically modified IVT-
mRNAs were generated by complete substitution of uridine
and cytidine with 100 mM pseudouridine (Jena Bioscience,
Germany) and 5-methylcytidine (m5C) (Jena Bioscience,
Germany), respectively. IVT-mRNA was purified using lith-
ium chloride precipitation and resuspended in UltraPure™
nuclease-free sterile water (Merck Millipore, Germany) con-
taining 0.1 mM EDTA. The concentration of IVT-synthesized
mRNAs was determined using a UV/Vis-spectrometer
(NanoDrop 1000 Spectrophotometer; Peqlab, Germany) and
further analyzed by denaturing agarose gel electrophoresis for
integrity.

Preparation of primary human monocyte-derived
macrophages

Macrophages were derived from primary human monocytes
as previously described [24]. Briefly, monocytes were puri-
fied from peripheral blood mononuclear cells (PBMC) isolat-
ed from buffy coats (Deutsche Rote Kreuz, Berlin; ethics vote
EA2/018/16; Charité University Medicine Berlin) by negative
selection using the Monocyte Isolation Kit IT (Miltenyi Biotec,
Germany) according to the manufacturer’s instruction.
Purified cells were cultured in very low endotoxin (VLE)
RPMI 1640 (Biochrom, Germany), supplemented with
10 vol% FBS (Sigma, Germany) and 50 ng mL ™' human
macrophage colony stimulating factor (M-CSF) (Miltenyi
Biotec, Germany) at 37 °C and 5 vol% CO, for 6-7 days,
with medium changes every third day. At the end of the dif-
ferentiation period at day 7, the medium was replaced with
warm VLE RPMI supplemented only with 10 vol% FBS.

Co-delivery of mRNA to primary human macrophages
Macrophages were transfected using chemically modified
IVT-mRNAs in combination with Lipofectamine
MessengerMAX (LipoMM; Thermo Fisher Scientific,

Germany). Co-delivery was performed as follows:

(a) Integrated co-transfection
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Fig. 1 Schematic overview of
different transfection methods:
integrated co-transfection a refers
to mixing different IVT-mRNAs
prior to complexation with
carrier, whereas in parallel co-
transfections b, IVT-mRNAs are
complexed in particles and added
to cells separately, and in
successive transfections ¢, cells
are transfected with two types of
IVT-mRNA with a 24-h interval.
d Cellular uptake of different ra-
tios of the two types of mRNA
(vertical axis) and of different
doses of both IVT-mRNAs
(horizontal axis) results in
different color distribution and
intensity and can be used as a key
readout for this study
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1 Transfection

MessengerMAX reagent was diluted in Opti-MEM medi-
um (Gibco, Germany) at 1:50 volume ratio and incubated for
10 min at RT. The resulting solution was added to the equal
volume of premixed EGFP and mCherry mRNAs diluted in
Opti-MEM medium to a final mRNA concentration of 4 ng
uL ™" (Fig. la).

b Parallel co-transfection

The diluted MessengerMAX reagent was divided in two
equal parts, each was separately added to the equal volume of
either EGFP or mCherry mRNA solutions (Fig. 1b). The
LipoMM-mRNA mixtures were briefly vortexed and incubated
for 5 min at RT for complex formation. Respective volumes of
the co-transfection mixtures were transferred to each well to de-
liver the final mMRNA concentrations equal to 12.5, 40, 125, and
250 ng mL™" in cell culture medium. Cells were analyzed for
fluorescent protein expression 24 h after transfection. Viability of
cells was evaluated via 4’,6-diamidine-2'-phenylindole
dihydrochloride (DAPI) staining, and quantified via flow cytom-
etry, considering DAPI-negative cells as live cells. For the trans-
fection conditions, chosen viability was above 95% throughout.

2 Transfection
(e.g. mCherry IVT-mRNA) (e.g. EGPF IVT-mRNA)

* L gl
Analysis of Protein %

Expression
——
Total mMRNAs uptake

Macrophages transfected with mRNA only or carrier only did
not show any discerible fluorescent signal nor a reduction in
viability, as previously shown by us [24].

In both conditions, cells were transfected in 6-well plate
format, with a density of 2.00E + 06 cells per well in 2 mL
complete RPMI medium.

Co-delivery of mRNA to Hela cells via a lipid- or a
polymeric-based carrier

HeLa (ATCC; CCI-2) cells were seeded at a density of 3.00E
+ 05 cells per well in 6-well plates, in high glucose DMEM,
supplemented with GlutaMAX™, pyruvate (Gibco,
Germany), 10 vol% FBS (Biochrom, Germany), and 1 U
mL ™" penicillin-streptomycin (Gibco, Germany), 24 h before
transfection. LipoMM-mRNA co-transfection mixtures (both
for iCoTF and pCoTF) were prepared exactly as described in
the previous section; see “Co-delivery of mRNA to primary
human macrophages” aside from using non-modified
mRNAs.

A polymeric-based transfection reagent was also investi-
gated by using Viromer RED (ViroR; Lipocalyx, Germany).
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To prepare ViroR-mRNA complexes for iCoTF, equal
amounts of EGFP and mCherry non-modified mRNAs were
diluted in 318 pL of the provided ViroR buffer at final con-
centration of 11 ng uL~". In another tube, 1.25 pL of
Viromer® reagent was placed on the tubes’ wall and imme-
diately mixed with 30 uL of the dilution buffer and vortexed
for 5 s. The buffer containing premixed IVT-mRNAs was then
added to the diluted Viromer® solution, mixed swiftly, and
incubated for 15 min at RT. In parallel, two individually pre-
pared mRNA solutions of EGFP or mCherry in 160 pL dilu-
tion buffer were separately mixed with 15 uL of diluted ViroR
for pCoTF.

Corresponding volumes of the co-transfection mixture
were transferred to each well of 24-well plate to deliver final
IVT-mRNA concentration of 660, 330, 110, and 33 ng mL™!
in 500 puL culture medium, for both lipid-based and
polymeric-based transfection reagents. Cells were further
evaluated by fluorescent microscopy and flow cytometry
24 h after transfection.

To evaluate HeLa cell viability, cells were seeded in 96-
well plate at a density of 1.40E + 04 cells per well, 24 h prior
to transfection. Subsequently, transfection was performed
with either the highest, i.e., 660 ng mL~! or the lowest, i.e.,
33 ngmL™', concentrations of mMRNA in 100 uL medium per
well. Mock transfection was done by addition of carrier only
to the corresponding wells. The viability assay was performed
24 h upon cell transfection using Cell Titer® 96 AQ,cous Non-
Radioactive MTS Assay (Promega, Germany), according to
manufacturer’s instruction. Briefly, 20 uL. of MTS mixture
(MTS solution mixed with PMS solution at ratio of 20:1)
was added to each well and incubated for 3 h at 37 °C. Cells
were treated with 100 puL of 1 mM CuCl, as positive control,
i.e., maximum cell death. The plates were protected from light
at all steps. Absorbance was measured at wavelength of
490 nm using a SpectraMax M35 microplate reader
(Molecular Devices, San Jose, CA).

Co-delivery of plasmid DNA (pDNA) in Hela cells

Plasmids were transfected using a transfection grade 25 kDa
linear polyethylenimine (PEI) (Polyscience, Warrington, PA).
To prepare the co-transfection mixture, PEI was dissolved in
150 mM NaCl solution to a final concentration of 2.4 mM.
The diluted PEI solution was either added entirely to the equal
volume of premixed pDNA solution in 150 mM NaCl (40 ng
uL ") for iCoTF or splitted and mixed separately with each of
the two pDNAs, for pCoTF. The resulting mixture was
vortexed for 30 s and incubated for 10 min at RT for complex
formation. HeLa cells, pre-seeded 24 h before transfection at a
density of 2.50E + 05 cells per well of 6-well plates in 2 mL
culture medium, were transfected with 1320, 660, 220, and
66 ng uL ' of pDNAs and analyzed for gene expression 48 h
after transfection.
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Successive delivery of IVT-mRNA

HeLa cells were seeded at a density of 8.00E + 04 cells per well
of 12-well plates in 1 mL culture medium, 24 h before first
transfection. Non-modified IVT-mRNA coding mCherry was
initially transfected via LipoMM in various doses (660, 330,
110, 33 ng uL™"), according to previously described protocol at
day 0; see “Co-delivery of mRNA to primary human macro-
phages” section. Cells were transfected for the second time with
identical doses of mRNA coding EGFP at day 1. Cells were
evaluated for fluorescent protein expression at day 2.

Co-delivery versus successive delivery of siRNA and
IVT-mRNA

HelLa cells stably expressing a destabilized EGFP in a homoge-
nous fashion [27] were seeded at a density of 3.00E + 04 cells per
well of 24-well plates, in 500 pL complete DMEM medium
(10 vol% FBS, no antibiotics), 24 h before transfection. Co-
transfection conditions for simultaneous or successive delivery
of siRNA and non-modified IVT-mRNA are outlined in Fig.
2.The preparation procedure is described as follows. To prepare
iCoTF mixture, LipoMM reagent was diluted in Opti-MEM me-
dium at 1:50 volume ratio and incubated for 10 min at RT. A
premixed solution of IVT-mRNA coding mCherry (200 ng) and
20 pmol Stealth™ RNAi EGFP reporter control (Invitrogen,
Germany) in Opti-MEM medium was added to the diluted
LipoMM solution at 1:1 volume ratio, mixed well, and incubated
for 5 min at RT for complex formation. Similarly prepared
LipoMM solution was added separately to each of IVT-mRNA
or Stealth™ RNAI solutions for pCoTF. Lipofectamine 2000
(Lipo2000; Thermo Fisher Scientific, Germany) was exclusively
used for Stealth™ RNAI delivery in pCoTF-SR as well as all
successive transfections, according to manufacturer’s protocol;
see Fig. 2. Briefly, Lipo2000 was diluted at 1:50 volume ratio
in Opti-MEM medium and incubated for 5 min at RT. Twenty
picomole of Stealth™ RNAi EGFP reporter control or the neg-
ative control was diluted in equal volume of Opti-MEM medium,
mixed with Lipo2000 solution, and incubated for 20 min at RT
for complex formation. A single transfection mixture of
LipoMM-IVT-mRNA coding mCherry was prepared as outlined
above and added either simultaneous with Lipo2000-siRNA
mixture at day 0 or upon siRNA transfection at days 1 and 2
for pCoTF-SR, sTF-d1, and sTF-d2, respectively. Medium was
changed 4 h after transfection for all conditions.

Evaluation of transfection efficiency by fluorescent
microscopy

To evaluate the fluorescent proteins (EGFP and mCherry)
expression, cells were imaged via a Nikon inverted micro-
scope ELIPSE Ti-U equipped with long-life mercury light
source, Intensilight C-HGFI, with single-band filter sets,
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Conditions selected for transfection

Transfection

Experiments performed for each condition

Day 0 Day 1 Day 2 Day 3
Annotation Reagent | 1 | |
MRNA  SIRNA v ¥ ¥ v
; : Transfection with
Negative Control Lipo2000 Neg. control SIRNA® FCA FCA FCA
Transfection with a
Integrated Co-transfection (iCoTF) LipoMM  LipoMM pre-mixture of FCA FCA FCA
mRNA and siRNA*
Transfection with
Parallel Co-transfection (pCoTF) LipoMM  LipoMM mMRNA and siRNA FCA FCA FCA
separately*
7 Transfection with
Parallel Co-transfection- Separate
t COTF-SR P LipoMM  Lipo2000 mRNA and siRNA FCA FCA FCA
reagents (pCoTF-SR) separately*
2 : - : Transfection with Transfection
- MM L 0 FCA FCA
Successive Transfection Day 1 (sTF-d1) Lipo ipo2000 SIRNA only* with mRNA® C C
: : A ; Transfection with Transfection
Successive Transfection Day 2 (sTF-d2)  LipoMM  Lipo2000 SiRNA only* with mRNA® FCA

* Medium was changed 4 hours after transfection.

Fig. 2 Design of experiments and description of transfection conditions for co-delivery of IVT-mRNA and siRNA; (FCA, flow cytometry analysis;

LipoMM, Lipofectamine MessengerMax; Lipo2000, Lipofectamine 2000)

Semrock filter GFP-BP (466/40, 525/50 nm) for green fluo-
rescence, or Semrock filter TRITC (562/40, 641/75 nm) for
red fluorescence (mCherry) observations. The NIS-Elements
imaging software package (version 4.51) and Image J soft-
ware were utilized to analyze microscopic images.

Quantitative analysis of transfection efficiency by
flow cytometry

Cells were harvested at previously specified time points by
TrypLE Select (Gibco, Germany) according to manufacturer’s
instruction. Upon washing with cold flow cytometry washing
solution (PBS pH 7.2, BSA, EDTA), cells were analyzed with
a MACSQuant VYB® flow cytometer (Miltenyi Biotec,
Germany). All flow cytometric data were analyzed with
FlowJo software V10.

Statistics

Data are presented as means + standard deviation (SD) of at least
three independent experiments. Multiple comparison # test was
performed via a GraphPad Prism 7.00 (La Jolla, CA 92037,
USA). Statistical significance (alpha) was defined as 0.05.

Results

Co-delivery of IVT-mRNA in primary human
monocyte-derived macrophages

Two different methods were investigated for [VT-mRNA de-
livery in monocyte-derived primary human macrophages. For
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iCoTF, lipoplexes were prepared by premixing of EGFP and
mCherry IVT-mRNAs before adding to the transfection re-
agent, whereas for pCoTF, the independently formed com-
plexes were added to the same well (Fig. 1a, b). To evaluate
the co-transfection efficiency for each method in dependence
of the delivered mRNA doses, percentage of double-positive
cells and intensity of reporter genes expression were recorded
via fluorescent microscopy and quantified via flow cytometry.

There was an obvious difference in transfection patterns in
macrophages transfected with two co-delivery methods even
for high mRNA dose (125 ng mL ") as shown in Fig. 3a. The
difference was also remarkable on single-cell level, presented
as density plots in Fig. 3b, with iCoTF resulting in almost all
of the transfected cells equally expressing both marker genes
at the same level. In contrast, pCoTF results in heterogeneous
population of cells expressing different levels of each reporter
gene, observed as different color spectrum in merged fluores-
cent image (Fig. 3a) and the wide distribution of cells within
double-positive gate (Fig. 3b). pCoTF also resulted in slightly
higher level of fluorescent protein expression compared with
iCoTF, measured via mean fluorescent intensity (MFI) of the
peak on the adjacent histograms. Decreasing mRNA doses,
however, drastically reduced the rates of the double-positive
cells transfected with pCoTF method (ca. 50-fold) and com-
pared with a moderate decrease (ca. 7-fold) with iCoTF (Fig.
3c).

IVT-mRNA Co-delivery methods: cell type and carrier
dependence

The results obtained for macrophages in the course of ongoing
studies [24] were repeated in HeLa cells to analyze whether or
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Fig. 3 Simultaneous transfection a
of macrophages with EGFP and
mCherry coding IVT-mRNA
with two different strategies.
Fluorescent microscopy images
(bar = 50 um) a and flow
cytometric density plots b
depicting the fraction of double-
positive cells in integrated

versus parallel co-transfected
macrophages for an mRNA dose
of 125 ng mL™". Analogous
measurements were performed
for cells transfected with various
mRNA doses ¢. All experiments
were performed using a liposomal
carrier (LipoMM); multiple
comparison ¢ test revealed
significant difference between

iCoTF

pCoTF

iCoTF and pCoTF for all

evaluated mRNA doses (p <

0.05). No fluorescent signal-/ b

double-positive event was iCoTF
observed for untransfected MFI=30.1
macrophages. Values are e

presented as mean + SD, n > 3.
Error bars indicate SD. (iCoTF,
integrated co-transfection;

pCoTF, parallel co-transfection)

69.5%

not the initial observations for the co-transfection experiments
were limited to a specific cell type and also were extended by
testing different carrier types. To this end, different doses of
IVT-mRNAs coding mCherry and EGFP were co-transfected
in HeLa cells using an example of a liposomal (LipoMM) and
a polymeric (ViroR) gene carrier in side-by-side experiments.
The encapsulation efficiency of each carrier system was eval-
uated for different carrier to mRNA ratios, as explained in
“Supplementary Methods.” The ratios carrier/mRNA used
throughout the experiments shown revealed more than 95%
encapsulation efficiency for LipoMM and more than 87% for
ViroR, both of which confirms the successful entrapment of
mRNA within carrier (Supplementary Fig. 1). Moreover, the
physicochemical properties, i.e., size and zeta potential mea-
surement of particles prepared with different types of mRNA
(EGFP and mCherry), were measured (Supplementary
Table 1). Comparison of different particles revealed no signif-
icant differences between carrier complexes prepared with
different types of mRNA both for LipoMM and ViroR.

The fluorescent images showed that regardless of the type
of carrier, iCoTF always resulted in higher percentage of cells
expressing both EGFP and mCherry. Noteworthy, the overall
expression levels were higher in LipoMM than for ViroR for
both fluorescent proteins, as depicted in Fig. 4a, b.
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Evaluation of the co-delivery rates at single-cell level by flow
cytometry indicated the similar diagonal pattern for iCoTF and a
rather wide distribution within double-positive cells for pCoTF
mediated by both LipoMM and ViroR. The direct comparison of
these two strategies revealed that the rates of double-positive cells
are higher for integrated than for parallel co-transfection (Fig.
4c, d), particularly notable when lower doses of mRNA were
transfected (Fig. 4e, f). There are no indications that these effects
are either cell type or carrier dependent.

Cell viability measurement was performed using MTS as-
say. There was no significant difference between viability of
cells transfected with iCoTF and pCoTF methods at the lowest
and highest concentration of mRNA. Besides, mock transfec-
tion, i.e., cells transfected with transfection reagents only, and
mRNA only had no significant impact on cell viability
(Supplementary Fig. 2).

For comparison, HeLa cells were also transfected with the
template plasmids used in IVT. This is possible as both fluo-
rescent protein encoding plasmids contain a strong CMV pro-
moter, allowing DNA-directed transgene expression. Linear
PEI was chosen as a well-established carrier for pPDNA trans-
fection. As shown in Fig. 5, comparative analysis of the two
co-delivery strategies for pDNA resulted in transfection pat-
terns similar to those observed for IVT-mRNA.
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Fig. 4 Comparison of IVT-
mRNA co-delivery using liposo-
mal and polymeric carriers in
HelLa cells. Fluorescent micros-
copy images of HeLa cells co-
transfected with non-modified
IVT-mRNA coding mCherry and
EGFP (330 ng mL™") with
LipoMM a and ViroR b (bar =
100 pum). Density plots of inte-
grated versus parallel co-
transfection for high mRNA
doses (330 ng mL™"; upper
panels) and low mRNA doses
(33 ng mL™"; lower panels) for
HeLa cells transfected with
LipoMM ¢ and ViroR d. Percent
of double-positive cells plotted
against descending mRNA con-

Liposomal Carrier
(LipoMM

)

Polymeric Carrier
(ViroR)

94.0%

High mRNA Dose

centrations compared within two
various co-transfection ap-

proaches both for LipoMM e and
ViroR f. Multiple comparison ¢
test revealed significant differ-
ence between iCoTF and pCoTF
for all evaluated mRNA doses for

"

s

both LipoMM and ViroR (p <

Low mRNA Dose

—» mCherry

0.05). No fluorescent signal-/
double-positive event was ob-
served for untransfected and
mock-transfected HeLa cells, i.e.,
cells treated with carrier only, as
well as mRNA only. Values are
presented as mean + SD, n > 3.
Error bars indicate SD. (iCoTF,
integrated co-transfection;
pCoTF, parallel co-transfection)
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Successive delivery of I'T-mRNA

In order to create and investigate a model for successive trans-
fection of IVT-mRNA, HeLa cells were transfected in sepa-
rate steps as depicted in Fig. 1c. There was a clear difference in
both transfection efficiency and fluorescent protein intensity
between the first and the second transfection, which resulted
in a remarkable heterogeneity in expression patterns of the
two transgenes, particularly noticeable in merged fluorescent
image (Fig. 6a). Interestingly, the overall ratio of double-
positive to single-positive cells was very similar to what was
observed earlier for parallel co-transfection; however, the ratio
of the two single-positive cell populations was substantially
different, when analyzed via flow cytometric density plots
(compare Figs. 4c to 6b).

Despite the high transfection rates for mCherry (95 +
1.2%), the first fluorescent protein, only 81.4 £ 4.1% of cells

200
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600 400 200 0
mRNA concentration (ng-mL™")

0

were positive for the EGFP reporter transfected second (Fig.
6b, c). Interestingly, those cells not transfected in the 1% round
appeared to be more resistant to the 2™ round of transfection
when compared with those already successfully transfected.
Both effects in combination resulted in the example given in
Fig. 6b in about 6-fold more mCherry+/EGFP- cells when
compared with cells only positive for EGFP; for overall quan-
tification, see also Fig. 6d. At decreasing doses of IVT-
mRNA, this effect was even more pronounced due to the
increased percentage of 1% round-negative cells. A quantita-
tive evaluation is also provided in Table 1. The same IVT-
mRNAs (identical batches) were also transfected in control
experiments in a reverse order, i.e., EGFP first and subse-
quently mCherry. This allowed us to rule out that the observed
bias resulted from quality differences in the IVT-mRNA prep-
arations. Results are shown in Supplementary Fig. 3, under-
pinning that the order of transfection is decisive.
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Fig. 5 Comparison of integrated and parallel co-transfection approaches
for pDNA delivery in HeLa cells using PEI; fluorescence microscopy
images illustrating EGFP and mCherry channel merged with phase con-
trast (bar =50 um) a, flow cytometric density plots b, and percent of
double-positive cells plotted against descending pDNA concentrations

Co-delivery versus successive delivery of siRNA and
IVT-mRNA

The co-delivery of distinct types of nucleic acids, here siRNA
and mRNA, was exemplary evaluated for the different trans-
fection strategies described here, using fluorescent proteins as
proxy readouts. A cell line stable expressing EGFP with near-
ly 100% expression penetrance [27] was transfected simulta-
neously with a siRNA knocking down the endogenous fluo-
rescent EGFP and introducing a mCherry IVT-mRNA as a
transfection marker.

Various strategies for simultaneous or successive delivery
of siRNA and IVT-mRNA were studied and compared in
side-by-side experiments. The goal was not only to achieve
the highest percent of cells transfected with both siRNA and
mRNA but also to achieve respective maximum efficiencies.
This is of particular importance due to the kinetically different
highest effectiveness of these two distinct entities, i.e., about
24 h for mRNA expression versus 60—72 h for siRNA knock-
down. Therefore, three strategies, namely, “integrated co-
transfection,” “parallel co-transfection,” and “parallel co-
transfection-SR” were selected for simultaneous delivery.
Both RNAs were transfected with LipoMM in the first two
methods, whereas in the third approach, mRNA was
transfected with LipoMM and siRNA with Lip0o2000. In par-
allel, “successive transfection-d1”and “successive transfec-
tion-d2” were done, in which mRNA was transfected 1 day
or 2 days after siRNA transfection, respectively (Fig. 2).

A substantial difference was observed in mCherry expres-
sion level at day 3, when different co-delivery methods were
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¢; multiple comparison ¢ test revealed significant difference between
iCoTF and pCoTF for all evaluated pDNA doses (p < 0.05). No fluores-
cent signal-/double-positive event was observed for untransfected HeLa
cells. Values are presented as mean + SD, n > 3. Error bars indicate SD.
(iCoTF, integrated co-transfection, pCoTF, parallel co-transfection)

compared. Precisely, the maximum level of mCherry expres-
sion in transfected cells when analyzed microscopically was
correlated to sTF-d1 and sTF-d2. There were few EGFP+ cells
in parallel and successive transfected cells (Supplementary
Fig. 4). iCoTF and sTF-dl resulted in the highest percent of
EGFP mCherry” cells’ population (Fig. 7a, ¢). When investi-
gated over the course of 3 days, the same pattern was observed
consistently for different groups compared in terms of
mCherry” versus EGFP* within each day (Fig. 7b).
However, the highest EGFP knock-down was detected for
sTF-d1 and iCoTF with the smallest EGFP-positive popula-
tion (Fig. 7¢) as well as the lowest EGFP intensity (Fig. 7d).

The kinetics of EGFP knock-down was tracked over 3 days
indicating a minimal EGFP intensity over days 2 and 3 (Fig.
7d). Nevertheless, a slight increase was noticeable at day 3,
when compared with histograms of the same samples at day 2
(Fig. 7d, left panel). Within each day, the lowest EGFP ex-
pression was correlated to the iCoTF and the sTF-d1 among
all samples (Fig. 7d).

The kinetic study of mCherry over 3 days was depicted
either as mean fluorescent intensity (MFI) of mCherry plots
or as histograms (Fig. 7d, right panel). At day 1, the maximum
mCherry intensity was observed for pCoTF and pCoTF-SR
but not iCoTF. The same pattern of the highest mCherry in-
tensity for pCoTF was also observed at day 2 and interestingly
for sTF-d1 and sTF-d2 at day 3 (Fig. 7d, middle panel). As
expected, the correlation between two transgenes at single-cell
level decreased drastically for sTF-d2 (Fig. 7). Overall, the
results of this experiment for co-delivery of two distinct enti-
ties such as siRNA and IVT-mRNA demonstrate that there is
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Fig. 6 Successive transfection of IVT-mRNA in HeLa cells with
LipoMM; fluorescent images depicted as single fluorescence channels
(left, middle), as well as merged with phase contrast in the right panel
(bar =50 pm) a, flow cytometric analysis of cells via density plots b, and
histograms of mCherry and EGFP ¢; summary of different populations’

no superior approach per se, but decisions on the transfection
strategy have to be made according to the specific experimen-
tal demands. For instance, if co-transfection efficiency for
both entities is the main interest, iCoTF is recommended. In
contrast, when the reasonable rates of knock-down concurrent
with the highest overexpression level (intensity) are primarily
desired, here, sTF-d2 is the method of choice.

Discussion

Comparison of integrated versus parallel co-transfection
methods for simultaneous co-delivery of [IVT-mRNA coding
for spectrally distinct fluorescent proteins was investigated.
Our findings show remarkable differences in rates of co-

frequencies plotted for cells which were sequentially transfected with
various mRNA doses d; no fluorescent signal was observed for
untransfected and mock-transfected (carrier only) HeLa cells. Values
are presented as mean, 7 >3

transfected cells and the level of reporter gene expression be-
tween the two methods. Specifically, integrated co-
transfection of mRNA resulted in almost identical expres-
sion levels of the two proteins in a given transfected cell,
whereas parallel co-transfection led to heterogeneous pop-
ulation of cells in terms of transgene expression even
within double-positive cells population. This effect was
strongly dose dependent; in other words, the differences
between these approaches were more pronounced for low
mRNA doses. Thus, integrated co-transfection could be
the method of choice, especially when low amounts of
nucleic acid are required, or as suggested by Xie et al.,
in case of restricted transfection efficiency [28]. Besides,
they reported that only the integrated and parallel co-
transfection methods significantly affected the results,

Table 1 Quantitative evaluation

of IVT-mRNA transfection mRNA concentration

1st transfection

2nd transfection

(ngmL ™)

% mCherry+ % EGFP+ % EGFP+ % EGFP+

(of total cells) (of total cells) within mCherrry+ within mCherry-
660 99.8 +0.1 93.6+23 93.8+22 Not reported
330 95.7+12 81.4+4.1 82.3+39 61.0£2.5
110 69.7+0.5 39.9+6.1 41.8+62 354+6.2
33 284 +1.1 13.4+£0.5 15.4+£0.7 125+0.8
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Fig.7 Co-delivery versus successive delivery of siRNA and IVT-mRNA
in d2EGFP HeLa cells transfected with different conditions (see Fig. 2 for
more detailed information) evaluated by flow cytometry; a percent of
EGFP mCherry” cells plotted for comparison within different groups, b
kinetic of mCherry expression (percent of mCherry™ cells) as well as
EGFP knock-down (reduction in percent of EGFP+ cells) for different
conditions over 3 days, ¢ density plots along with adjacent histograms of

@ Springer

cells at day 3, d kinetic of EGFP knock-down level depicted as EGFP
mean fluorescent intensity (MFI) in parallel with mCherry expression
level (MFI calculated for mCherry™ cells) indicated for different methods
over 3 days (middle panel) shown side by side with EGFP (left panel) and
mCherry (right panel) histograms; values are presented as mean + SD, n >
3. Error bars indicate SD
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but not the other process parameters such as cell density
and ratio between two transgenes [28].

Explanations for the striking differences between iCoTF and
pCoTF in their ability to mediate a high proportion of cells si-
multaneously taking up two (or more) distinct nucleic acids as
observed by us and others [2, 28-30] can be readily explained by
considering either the number of cargo-loaded nanoparticles tak-
en up by a given cell or the number of nucleic acid molecules per
carrier unit. For the latter, high numbers of nucleic acid mole-
cules per nanoparticle are expected to attenuate the expression
heterogeneity when simultaneously delivering, e.g., two distinct
nucleic acids. Provided that these are loaded on the carrier in the
same efficiency, a high number of nucleic acids delivered per
particle virtually ensure that even with a low number of particles
taken up by the cell, both nucleic acid species would be present.
It should be noted here that the decisive numbers in quantifying
any such effect are not the numbers of nucleic acids per particle
as measured directly in analytical settings but rather the number
of those nucleic acids functionally delivered in the cell. In this
respect, mRNAs should be a preferred model of research, as
compared with pDNA as they do not have to overcome the
barrier of the nuclear membrane and would be functionally avail-
able directly in the cytoplasm, minimizing the number of un-
knowns in such calculations. A similar consideration applies
for the number of carriers taken up per cell; high numbers are
expected to attenuate heterogeneity, also in the case of pCoTF. In
order to provide an exemplary idea about the absolute numbers
involved, one can reasonably estimate the number of mRNA
molecules per cell based on the average number of 350 IVT-
mRNA molecules per lipoplex particle, given by Leonhardt
and colleagues, and considering the number of particles which
is taken up by each cell. Using advanced microscopic methods, a
maximum of 15 lipoplex particles were observed in each
transfected cell for a relatively high dose of mRNA (1 pg
mL 1) [31]. These numbers have successfully been used to mod-
el especially kinetic aspects of mRNA delivery, from carrier
uptake to protein expression [31-34].

The observed difference in expression heterogeneity be-
tween the iCoTF and pCoTF strategy was independent of
the carrier system used, i.g. lipoplex or polyplex. However,
given their diverging—and still controversial—intracellular
trafficking routes and cargo release mechanisms [29, 35,
36], there might be ways to tailor carriers to accommodate
task for co-delivery in a more directional manner, e.g., for
polymeric carriers by controlling their size and cargo density
[35-37].

The notable heterogeneity of co-transfected cells limits the
utility of parallel co-transfection method in addressing scien-
tific or technological questions, where the co-expression of
two proteins (or regulatory RNA) in the same cell is manda-
tory. For other applications, though, such a heterogeneity is
instrumental and can be exploited accordingly. One elegant
example is the recent application of the simultaneous
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transfection of multiple plasmids, analogous to our parallel
co-transfection, referred to as “poly-transfection method” by
Gam and colleagues [30]. In their study, the resulting hetero-
geneity in the expression of transfected genes was analyzed on
the single-cell level for the fast and efficient characterization
and optimization of synthetic genetic systems and circuits
[38—40]. Functional relevance of the integrated co-
transfection method has been addressed in a study by
Mendia et al., suggesting the highest cartilage matrix deposi-
tion secreted by integrated co-transfected human
chondrocytes expressing both IGF-I and SOX9 [41].

For several applications, delivery of two nucleic acids to the
same cells has to be successive over time. Examples are exper-
imental settings, where expression of the first nucleic acid is
prerequisite for the proper and/or effective function of the second
nucleic acid. To mimic such a scenario, the successive delivery
of mRNA coding mCherry followed by mRNA coding EGFP
was evaluated. Results indicated that overall transfection efficien-
cy was lower for the second than for the first transfection. A
closer analysis of the fluorescent patterns revealed that the initial-
ly transfected cells had a higher probability for re-transfection
when compared with those cells that were not transfected in the
first round. One can speculate that this is the result of a functional
heterogeneity in the cell population, rendering a subtraction of
cells more resistant to nucleic acid uptake. This finding is of
particular interest for studies where frequent transfection of cells
is required or cannot be avoided. One example would be the
repeated transfection of mRNAs coding transcription factors
used for reprogramming of human fibroblasts and other differ-
entiated cells to pluripotent stem cells [42, 43]. In another study,
Michel et al. have investigated repeated co-transfection of EGFP
and B18R mRNA in fibroblasts. They found that the presence of
BI18R significantly increased protein expression and in contrast
reduced interferon expression over repeated transfection of cells
[44]. Differential expression kinetics mediated by successive
transfection could also be used to gain mechanistic biological
insights. In this respect, Fan et al. elucidated the pharmacology
of receptors and suggested that the interaction between the two
parts of a receptor occurred constitutively if co-transfected, but
not when expression was temporally separated, so they conclud-
ed that the mechanism of hetero-oligomers formation was likely
co-translational [45].

Aside from some limitations, parallel co-delivery and succes-
sive delivery provide most flexibility for delivery of two nucleic
acid entities with distinct properties. For instance, when dealing
with complex gene networks, overexpression of one or even
several genes needs to be concurrent with knock-down of other
genes. Mimicking such conditions, by comparison of different
co-transfection methods for co-delivery of siRNA along with
IVT-mRNA, suggested that integrated co-transfection resulted
in the highest rates of mCherry overexpression and EGFP
knock-down, despite the low mCherry intensity at day 3. In
parallel co-transfection, however, the knock-down efficiency
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was rather low, which proved that there is not necessarily a
formulation for a carrier which is optimal for different types of
cargos. In this particular case, when transfected with Lipo2000,
siRNA was more efficiently delivered for EGFP knock-down.
This finding is consistent with a study by Miller et al., in which
they reported that co-delivery of single-guide RNA (sgRNA)
with 100 nucleotides and Cas9 mRNA with 4500 nucleotides
was most effective both for in vitro and in vivo CRISPR/Cas
gene editing, when separate zwitterionic amino lipids with dis-
tinct features were administrated. Moreover, by evaluation of
successive delivery of sgRNA and siRNA, they have suggested
kinetically different maximum effect for two entities due to their
various functional mechanisms, supporting the need for sequen-
tial delivery [14]. In another recent study, reprogramming of
primary human fibroblasts to iPSCs was efficiently performed
by successive transfection of miRNA and mRNA [17].

In summary, the quantitative measurements of the co-
transfection rates on the single-cell level in our study revealed
the extent to which outcomes depend on the delivery scheme and
strategy followed. The results emphasize the notion that efficient
co-delivery protocols have to be designed on a one-by-one case.
Our findings can serve as a guideline for future researches for
selecting the appropriate co-delivery method matched to key
experimental requirements according to the specific biological
questions to be addressed. Moreover, the quantitative evaluation
of complex patterns of cell transfection resulting from the differ-
ent approaches can support studies directed towards predictive
modeling of the transfection process, including the identification
of chemical and physical carrier criteria to be implemented for
the most efficient cargo loading to ensure co-delivery of nucleic
acids.
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A) Supplementary Materials and Methods

Evaluation of Encapsulation Efficiency

mRNA/carrier complexes were prepared as described in “Materials and Methods; Co-delivery of
MRNA to Hela cells via a lipid- or a polymeric-based carrier”, using EGFP mRNA. The protocol for
guantification of encapsulation efficiency is adapted from [1]. Different ratios of transfection
reagent/mRNA (v/w) were tested, keeping mRNA concentration constant. Upon formation of
complexes, samples were diluted in 1x TE assay buffer (10 mM Tris-HCI, 1 mM EDTA, pH 7.5) to reach
an equal amount of mRNA for all samples in 100 uL of buffer. Subsequently, 100 uL of 200-fold
diluted Quant-iT RiboGreen RNA reagent (ThermoFisher Scientific, Germany) was added to all
samples. In parallel, equal volume of the same samples were dissociated by incubation with 5 uL of
either 10% Triton X-100 for LipoMM complexes, or heparin solution (5mg-mL* in TE buffer) for ViroR
complexes. Samples were incubated for 20 min at 37 °C in the dark. TE buffer only was used as blank.
Fluorescence was measured using a Tecan Infinite 200 PRO plate reader with an excitation
wavelength of 485 nm and emission wavelength of 535 nm. The percent of encapsulation efficiency

was determined using the following formula:
{ ([E(Diss.S) — E(B)] - [E(S) — E(B)]) / [E(Diss.S) — E(B)] } x 100

E(Diss.S) refers to emission of dissociated samples, i.e. total mMRNA, E(S) describes emission of main
samples, i.e. free mRNA in solution, and E(B) represents emission of blank at 535 nm. All samples

were prepared as individually prepared triplicates.

Measurement of Physicochemical Properties of mRNA/carrier Complexes

The mRNA/carrier complexes, i.e. lipoplexes for LipoMM as well as polyplexes for ViroR, were
evaluated in terms of size and zeta potential as two key physicochemical features. In order to
elucidate the impact of mRNA type on final particles features, complexes were prepared with distinct
types of mRNA, i.e. mRNA coding EGFP as well as mRNA coding mCherry. The size, polydispersity
index (PDI) and zeta potential of complexes was determined by dynamic light scattering (DLS) via a
ZetasizerNano from SZ instruments (Malvern Instruments, Herrenberg, Germany). Samples were
diluted in 10 mM HEPES buffer with 1:4 and 1:10 dilution factor for LipoMM, and ViroR, respectively.

The measurements were performed at 25 °C in disposable cuvettes.
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B) Supplementary Data
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Supplementary Fig. 1 Encapsulation efficiency for carrier systems used for mRNA delivery a Lipofectamine
messenger max (LipoMM) and b Viromer Red (ViroR). Three carrier/mRNA ratios were tested for both LipoMM
and ViroR (ul-ug?). The middle ratio transfection reagent/mRNA is that used throughout the transfection
experiments. Values are presented as mean + SD, n=3. Error bars indicate SD.
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MTS Viability Assay
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Supplementary Fig. 2 Viability assay measured with MTS assay, no significant differences were observed
between the two co-delivery methods, i.e. iCOoTF and pCoTF, neither for low nor for high mRNA doses (p>0.05).
Values are presented as mean + SD, n>3. Error bars indicate SD. (iCoTF: integrated co-transfection, pCoTF:
parallel co-transfection)
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Supplementary Fig. 3 Successive transfection of IVT-mRNAs; cells were transfected with EGFP at first
step and with mCherry mRNA at day 1 and were analyzed at day 2 a-c. Fluorescent images depicted
as single channels and merged with phase contrast (bar =50 um) a, flow cytometric analysis of cells;

histograms of EGFP and mCherry b and density plot c.
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Supplementary Fig. 4 Co-delivery versus successive of siRNA and IVT-mRNA in d2EGFP Hela cells;
various methods evaluated by fluorescent microscopy imaging (bar =50 um).
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Supplementary Table 1. Particle size and zeta potential of the two carrier systems complexed with either EGFP
or mCherry mRNA. Multiple comparison tests have shown no significant statistical difference between size and
zeta values for complexes prepared with different mRNA types for each carrier type, i.e. p-values were greater

than 0.05 for all cases.

Particle size Zeta potential
Sample Name

d (nm)  SD PDI + SD (mV) + SD

LipoMM/ EGFP 515,90 + 64,06 0,70+ 0,14 -0,24 £ 0,27
LipoMM/ mCherry 497,94 + 28,41 0,53+0,10 -0,02 £ 0,09
ViroR/ EGFP 517,79 + 40,97 0,11 + 0,07 -0,09 + 0,16
ViroR/ mCherry 511,93 +58,75 0,16 + 0,07 -0,08 + 0,51
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