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Abstract

English Version

Continued growth in the biotechnology industry is pushing the vaccine and therapeutic
manufacturing landscape towards alleviating the burden of long and complex process steps, while
reducing costs of goods and ensuring quicker responses to disease outbreaks. Recently, the SARS-
CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2) pandemic has highlighted messenger
RNA (mRNA) technology’s promise due to its relatively fast process development, its scalability,
flexibility, and safety profile. Facing increasing popularity and demand, current research focuses
on improving the unit steps of mRNA manufacturing for maximal product yield and quality.
However, the rapid development of this technology remains limited by its upstream process. The
primary manufacturing step involves the production of the DNA template for subsequent
transcription. The template yield, quality, and purity are critical as they have been shown to impact
the attributes of the mRNA produced. DNA template generation currently remains the most time-
consuming and costly step in the mRNA manufacturing chain as bacterial fermentation, which can
take several days to weeks, is currently the industry standard method. To reduce the burden of
DNA template preparation times, synthetic production strategies should be explored, while

maintaining final mRNA product yields, quality, and purity.

This study aims to develop, optimize, and compare DNA template production and purification
methods for use in /n Vitro Transcription (IVT) to maximize mRNA yield. We first establish a
bacterial fermentation method for DNA template preparation as a baseline production method. We
then explore the use of Polymerase Chain Reaction (PCR) as an alternative synthetic approach to
the conventional Escherichia coli (E. coli) fermentation-based DNA template production
technique. This is first done with reporter construct DNA sequences, and then validated using
longer DNA sequences. Here, we demonstrate the promising potential of PCR for DNA template
generation for use in the mRNA technology to render the overall manufacturing time shorter. We
systemically compare these two methods based on manufacturing time, associated resources/costs,
yield, and quality of the end-product. For both DNA template production methods, we also explore
and compare different lab-scale purification strategies while implementing a Tangential Flow
Filtration (TFF) scale-down technique with the use of Amicon columns. In summary, this work
contributes to the optimization of production and purification methods for DNA templates suited

for mRNA production with the overall goal of improving the mRNA technology platform.



Version Francaise

La croissance continue de l'industrie biotechnologique pousse le secteur de la production de
vaccins et de produits thérapeutiques a alléger le fardeau des étapes de processus longues et
complexes, tout en réduisant les cotlits des marchandises et en garantissant des réponses plus
rapides aux épidémies. Récemment, la pandémie de SARS-CoV-2 a mis en évidence les promesses
de la technologie de 'ARN messager (ARNm) en raison de son processus de développement
relativement rapide, de son évolutivité, de sa flexibilité et de son profil de sécurité. Face a la
popularité et a la demande croissante, la recherche actuelle se focalise sur I'amélioration des étapes
individuelles de la fabrication de I'ARNm afin d'obtenir un rendement et une qualit¢ maximaux du
produit. Cependant, le développement rapide de cette technologie reste limité par son processus
en amont. La premicre étape de la fabrication implique la production de la matrice d'ADN pour la
transcription ultérieure. Le rendement, la qualité et la pureté de la matrice sont essentiels, car des
¢tudes ont démontré leur impact sur les attributs de 'ARNm obtenu. La production de matrices
d'ADN demeure actuellement 1'étape la plus longue et la plus coliteuse de la chaine de production
de 'ARNm. En effet, la méthode standard utilisée en industrie repose sur la fermentation
bactérienne, un processus pouvant s'étendre sur plusieurs jours, voire plusieurs semaines. Pour
réduire le temps de génération de matrices d'ADN, des stratégies de production synthétique
devraient étre explorées, tout en maintenant les rendements, la qualité et la pureté du produit

ARNmMm final.

Cette étude vise a développer, optimiser et comparer des méthodes de production et de purification
de matrices d'ADN pour la transcription in vitro (IVT) afin de maximiser le rendement en ARNm.
Nous commengons par €tablir la fermentation bactérienne pour la préparation de matrice d'ADN
comme méthode de production de base. Nous explorons ensuite 1'utilisation de I’amplification en
chaine par polymérase (PCR) comme approche synthétique alternative a la technique
conventionnelle de production de matrices d'ADN basée sur la fermentation d'E. coli. Cette
méthode est d'abord appliquée a des séquences d'ADN rapporteurs, puis validée a l'aide de
séquences d'ADN plus longues. Nous démontrons ici le potentiel prometteur de la PCR pour la
génération de matrices d'ADN a utiliser dans la technologie de I' ARNm afin de réduire le temps
de production. Nous comparons systématiquement ces deux méthodes sur la base du temps de
fabrication, des ressources/colits associ¢s, du rendement et de la qualité du produit final. Pour les

deux méthodes de production de matrice d'ADN, nous explorons et comparons également



différentes stratégies de purification a I'échelle du laboratoire tout en mettant en ceuvre une
technique a échelle réduite de filtration a flux tangentiel (TFF) avec l'utilisation de colonnes
Amicon. En résumé, ce travail contribue a l'optimisation des méthodes de production et de
purification des matrices d'ADN adaptées a la production d'ARNm dans le but général d'améliorer

la plateforme technologique de I'ARNm.
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1. Introduction

1.1. Emergence of the mRNA Technology for Vaccine and Therapeutics Manufacturing

Messenger RNA (mRNA) technologies have the potential to revolutionize areas of medicine, such
as the prophylaxis of infectious diseases, and gene and cell therapy applications [1]. Particularly,
in vitro transcribed mRNA has come into focus over the last few years as a new drug class to
deliver genetic information [2]. The clinical efficacy of mRNA vaccines was successfully
demonstrated during the COVID-19 pandemic when two mRNA-based vaccines were made in
record time, the Pfizer-BioNTech (BNT162b2) and the Moderna (mRNA-1273) COVID-19
vaccines [3-5]. They have both risen to be lead candidates as they could be developed at high speed
compared to traditional vaccine platforms, providing quick responses to disease outbreaks while
proving a high degree of efficacy and safety [6]. Since then, various mRNA vaccines and
therapeutics candidates have entered the clinical stage of development. For example, currently
undergoing Phase 3 clinical trial (NCT05330975) is mRNA-1345, a vaccine candidate targeting
respiratory syncytial virus [7]. Additionally, mRNA treatments for rare monogenic disorders [8]
and personalized cancer vaccines are currently being explored [9,10]. Compared to DNA based-
vaccines and therapies, mRNA technology is considered more effective and safer since the mRNA,
encoding an antigen or a therapeutic protein of interest, does not need to enter the nucleus to be
functional. It is translated instantly once in the cytoplasm, either stimulating an immune response
or supplying a mutated or underexpressed protein [2]. Unlike DNA therapeutics, random genome
integration is impossible, eliminating risks of insertional mutagenesis typically associated with
viral vector and plasmid DNA (pDNA) methods [11]. Given its fast, scalable, cell-free
manufacturing process, and its global success endorsed by its role in the COVID-19 pandemic, the

mRNA technology holds immense potential to revolutionize the field.

As the interest in mRNA technology is rising, it is becoming critical to address manufacturing
challenges for the establishment of a well-defined and cost-effective process. This is imperative
for future global commercialization purposes of this new drug class. The mRNA production
platform typically includes the following steps: (1) DNA template production and purification, (2)
in vitro transcription (IVT), (3) mRNA purification, and (4) lipid nanoparticle (LNP)
encapsulation, formulation, and storage. mRNA stability is one of the main issues faced by this

technology, as it is susceptible to degradation by nuclease enzymes, which imposes ultracold
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storage requirements that under-resourced countries cannot meet, limiting global expansion of the
mRNA platform [12-14]. Moreover, process optimization to increase mRNA yield is important to
counter the high production costs and scarcity associated with good manufacturing practice (GMP)
grade enzymes [15]. Further progress in synthetic approaches for the production of the DNA
template or even long mRNA molecules could also alleviate the currently required downstream
purification process. Moreover, the rapid rise of mRNA therapeutics has resulted in the creation
of a gap in the regulatory framework, such that the current guidelines either do not apply, lack
globally accepted definitions, or simply omit RNA therapeutics [16]. In fact, the approval of mMRNA
based COVID-vaccines in the emergency context of the pandemic was incredibly fast, leading to
uncertainty in the regulatory guidelines and classification of RNA-based therapies, hindering
commercialization. However, this rapid approval process highlighted a clear contrast with the
typical mean duration for the development and approval of a novel therapeutic, which is
approximately 10-15 years [17]. Overall, standardization of mRNA manufacturing could facilitate
regulatory approval, enabling consistent product yield and quality. To this end, determining and
optimizing strategies to increase both the DNA template yield and purity as well as the mRNA

yield and purity is crucial for allowing increased access to this technology.

1.2. Research Impact, Motivation & Aims

Following the rise and the growing success of the mRNA technology platform during the
pandemic, McGill University has been awarded the largest research grant in its history, Canada
First Research Excellence Fund (CFREF) in the value of $165 million, to launch the DNA to RNA
(D2R) initiative. This research initiative aims to restore biopharmaceutical production capacity in
Canada, while ensuring equitable treatment accessibility. The research described in this thesis is
based in this D2R initiative, and particularly, situates itself within the Biomanufacturing stream

with the goal of establishing RNA manufacturing capacity within McGill.

This research project focuses on the upstream manufacturing, predominantly on the establishment,
development, and optimization of the DNA template production and purification aspects to
increase production yields and maximize mRNA yield and quality through IVT, while considering
the possible reduction of the cost- and time-effectiveness of the overall process. As such, we set

out to compare two methods for the production of template DNA: (1) bacterial amplification and
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(2) enzymatic production of the DNA. We also evaluate the possible purification methods for each

of these production techniques, and their impact on the subsequently produced mRNA.

Our motivation comes from the fact that innovations in mRNA-based vaccines and therapeutics’
development hold the promise to address current manufacturing challenges and to offer a more
cost and time effective production method. Figure I, showing the overall mRNA manufacturing
steps and associated process timelines, depicts that the DNA template generation is the most time-
consuming step. In fact, bacterial fermentation, considered the gold standard in both lab and
industry scales for the production of plasmid DNA template (PDT), can take several days to weeks
by itself, compared to the IVT reaction which may only take a few hours. As such, Polymerase
Chain Reaction (PCR) is explored in this study as an alternative synthetic approach for DNA

template production to mitigate the burden of this pPDNA generation time.

E. coli Bacterial . pDNA Purification DNA Template mRNA Production Encapsulation &
Fermentation Preparation & Purification Formulation
Inoculum preparation Lab scale: Mini/Midi Prep Kit pDNA Linearization = In Vitro Transcription (IVT) * LNP encapsulation
Fermentation process Industry Scale: Further purification for * DNAse treatment using microfluidics
+ Lab scale: shake flasks * Cell harvesting via removal of restriction * Capture & Polishing + Further purification
100 mL expansion centrifugation enzyme Chromatography * Formulation & sterile
* Industry scale: shake + Cell Lysis + TFF filtration
flasks, (Batch/ Fed- + Clarification & Tangential = Final storage
batch) Bioreactor Flow Filtration (TFF)
production * Chromatography steps
L J L J \ J
Several days - weeks Several hours - 2 days Several hours - <1 week

Figure 1: mRNA technology platform manufacturing process timeline [18-20].

These research goals are reinforced by our production process comparison of PCR and E. coli, as
demonstrated in Appendix A Table A, which shows that, for example, PCR generated templates do
not require linearization and the associated purification steps. This type of advantage of PCR
generated templates would contribute to reducing the manufacturing process time. Appendix A
Table B compares the fixed and variable costs associated with the E. coli-based and PCR generated
DNA templates. The final evaluation of materials demonstrates that the price of 1 purified, and
linearized microgram (ng) of DNA template amplified by PCR or E. coli fermentation is within 1-
2 § in each case. For both methodologies, the enzymes used contribute significantly to the overall
cost of production (polymerase for PCR, restriction enzyme pDNA linearization for E. coli), as
also shown in Appendix A Figure A. Therefore, this work has the potential to build upon the current
state of the art and decrease overall production time and associated costs by optimizing both the

production and purification processes of the template DNA for IVT.
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2. Literature Review

2.1. mRNA Structure

To construct mRNA vaccines or therapeutics, the insertion of the encoded antigen or protein of
interest in a DNA template that would later be used for mRNA transcription in vitro is required
[15]. Upon delivery to the cytoplasm, the mRNA is recognized by cytosolic or endosomal receptors,
leading to the activation of type I interferon (IFN-I) pathway and the production of pro-
inflammatory cytokines and chemokines [15]. These lead to the activation of antigen-presenting

cell (APC), stimulating a strong adaptative response [21].

mRNA is a single-stranded negatively charged molecule that can have a significantly large size
(300-5,000 kDa, ~1-15 kilobases (kb)) and is used as a template during translation [22-24]. It
includes the following elements, 5’ Cap, 3’ polyadenylation (poly(A)) tail, and an open reading
frame (ORF) flanked by untranslated regions (UTRs) both at the 5° and 3” ends [25], as shown in
Figure 2. Descriptions of each element are provided below. Each of these elements play a critical
role in the function and stability of the mRNA such that modifications to them can not only
improve the mRNA’s translational efficiency and intracellular stability, but also improve its

therapeutic functionality while reducing its immunogenicity [26].

Capping efficiency, Cap Increased protein expression, sequence Impacts translation
structure contributes to mRNA modifications, codon optimization efficiency and stability
stability, protein synthesis
— 5’-UTR — Open Reading Frame (ORF) = 3-UTR — Poly(A) tail

//
\ Regulates the translation process and efficiency //

5’-UTR influences translation initiation
3’-UTR influences mRNA stability

Figure 2: mRNA structural elements and their respective roles in the function and stability of the
mRNA, including the 5’ Cap, the 3’ poly(A) tail, and the open reading frame (ORF) flanked by
untranslated regions (UTRs) both at the 5’ and 3’ ends, adapted from [26].

First, the 5° Cap structure protects the mRNA from exonuclease degradation, avoids the innate
immune response, and plays a key role in translation initiation by binding to a eukaryotic
translation initiation factor (elF4E) [27]. Different 5° Cap structures exist, mainly Cap 0
(m’GpppNp) and Cap 1 (m’GpppNimp). Cap 0, considered the simplest structure that effectively
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allows gene expression and prevents mRNA degradation, features a methyl-7 guanine (m7G)
nucleotide linked to the 5" position of the RNA through a 5’ triphosphate bridge [27]. On the other
hand, Cap 1 is generated when the first base of the mRNA is methylated at the 2’ position and is
considered the most optimal structure for mRNA stability and expression, and it is recognized as
self by the immune system, unlike Cap 0 which can activate an innate immune response [27]. Even
though alternatives for translation machinery recruitment exists to the 5’ cap, such as cap-
independent viral sequences and internal ribosomal entry site (IRES) sequences, high protein
levels post-mRNA transfection are only achieved if 5° capping of the mRNA is performed [28,29].
There exists two methods for capping: (1) post-translational capping using enzymes, such as the
vaccinia virus capping enzyme, and (2) co-translational capping. Co-translational capping involves
the incorporation of a Cap analog into the IVT reaction, such as the Cap dinucleotide ‘CleanCap®’

(from Trilink), thus achieving mRNA synthesis and capping in a single step [2].

The poly(A) tail regulates the stability and translational efficiency of the mRNA molecule,
therefore functioning as a master regulator of gene expression in the cytoplasm [30,31]. It protects
the mRNA from nuclease degradation by binding to the poly(A)-binding protein (PABP) [32], and
PABPs interactions are affected by the length of the poly(A) tail, which is critical to maintain
mRNA stability. Various studies have been conducted to establish the optimal poly(A) tail length,
and have determined that 120 nt is considered optimal for mRNA vaccines, since no increase in
expression can be observed beyond that length [33]. The poly(A) tail can be added post-
transcriptionally by a polyadenylation step; however, standard practice in the biomanufacturing
industry is to add the poly(A) tail sequence directly into the DNA template construct to reduce
production steps [26]. Further poly(A) tail length optimizations can be performed using PCR-based
methods, RNase (Ribonuclease) H/Oligo(dT) northern blot analysis, oligo(dT) selection, and even

next-generation sequencing (NGS) protocols [34].

The 5°- and 3’-UTRs further contribute to the regulation of post-transcriptional gene expression.
They can contain specific sequences that can bind to regulatory proteins, triggering the inhibition
or initiation of translation. Moreover, translation efficiency is affected by the length and secondary
structures of UTRs such that the migration of the 40S ribosomal unit can be inhibited by the

presence of secondary structures with high structural stability, resulting in low translation

17



efficiency [32]. Particularly, both 5°- and 3°-UTRs regulate the translation process: the 5’-UTR

influences translation initiation, while the 3’-UTR plays a significant role in mRNA stability [35].

Finally, the ORF provides the genetic information necessary to express the target protein or antigen
of interest. As applied in this research, mRNAs encoding reporter proteins, such as fluorescence
proteins or luciferase, are commonly used for effective demonstration of translation efficiency of
the synthesized mRNAs. Even though the ORF is not one of the major elements affecting mRNA
expression and stability, using modified nucleotide triphosphates (NTPs) such as NI-
methylpseudouridine (m1ly), has been found to reduce the immunogenicity of synthetic mRNA
and to drive high levels of protein production, which is in part attributed to its ability to blunt TLR3
activation [36]. Other modified nucleotides include pseudouridine (), 5S-methylcytidine (m5C), 5-
methyl uridine (m5U), or 2-thiouridine (s2U), and N6-methyladenosine (m6A), and also lead to
the inactivation of toll-like receptors (TLRs) to inhibit the immunostimulatory effect of RNA and
enhance translation [37-39]. For example, the Moderna COVID-19 spike-encoding mRNA vaccine

(spikevax®, or mRNA-1273) completely replaces uridine with m1y during IVT [40].

2.2. Overall mRNA Technology Platform Manufacturing Process

The overall manufacturing process used in mRNA technology is depicted in Figure 3. This process
can be easily translated for various applications, such as mRNA vaccines outside or inside the
scope of infectious disease outbreaks and pandemic preparedness, and mRNA therapeutics and
personalized medicine applications. In fact, the manufacturing process is sequence-independent,
such that it is only primarily dictated by the nucleotides used, the length of the RNA, the capping
chemistry, as well as the purification of the end-product, and its encapsulation/formulation.
Flexibility of the mRNA technology platform is necessary to achieve various product scales
depending on the end-application. As such, manufacturing process standardization is key for the
flexibility of this platform, making it suitable for its various applications. For the purpose of this
thesis, only the upstream manufacturing process, including the DNA production and purification

as well as the IVT mRNA synthesis, will be discussed.
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Figure 3: Manufacturing process for mRNA vaccines and therapeutics, from [41]:

(1) DNA template sequence design and optimization, (2) DNA template production and purification using
either bacterial fermentation or synthetic approaches, (3) mRNA synthesis via IVT, (4) mRNA purification,
and (5) Encapsulation for delivery, formulation, and storage.

2.2.1. Upstream Process: DNA Template Sequence Design & Optimization

The sequence design of the DNA template constitutes the first step in mRNA synthesis chain. The
format of the DNA template depends on the DNA production method chosen, which will be
thoroughly discussed in the section below, such that transcription templates later used in IVT can
be pDNA, PCR product or synthetic double-stranded oligonucleotides [42,43]. The DNA template
typically includes the following elements, which can be selected or modified accordingly to
improve the translation and stability of the mRNA [44]: (1) Coding sequence (CDS), (2) 5’-UTR
and 3’-UTR, (3) poly(A) tail, (4) RNA polymerase (RNAP) promoter sequence. Most of these
elements have been discussed in Section 7.1 as they constitute the main structural elements

required in the transcribed mRNA. Additionally, an antibiotic resistance marker sequence for
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bacterial selection and restriction sites for DNA template linearization are required in the case

where bacterial fermentation is chosen as the method of production for the template DNA.

The gene of interest (GOI) encoding for the therapeutic protein or antigen of interest is required
for mRNA therapeutic production, as mentioned above. To reduce protein immunogenicity and
increase protein expression, sequence optimization such as nucleotide and codon optimization can
be done [45]. For example, prioritizing high guanine and cytosine (G and C) content compared to
adenosine and thymine (A and T) increases ribosome association, mRNA stability, and therefore
translation efficiency [46-48]. Optimization of the GC content in the GOI also alters RN A secondary
structures which can interfere with gene expression, as demonstrated by Mauger et al. from
Moderna, Inc. [23]. Moreover, codon degeneracy is used for sequence optimization as there exist
multiple different choices in designing the coding sequence to produce the same desired protein
[49]. There exists a positive correlation between the frequency of codons in a DNA sequence and
the corresponding transfer ribonucleic acid (tRNA) in a species, and the concentration of tRNA
determines the number of amino acids available for protein synthesis, affecting therefore the
translation efficiency [50]. Thus, replacement of rare codons with more abundant and frequently
used alternatives based on tRNA preferences has been shown to lead to a more controllable
translation of the sequence to the desired protein [45,46,49]. On the other hand, non-optimal/rare
codons can decrease mRNA half-life while increasing ribosomal pausing, which can trigger the
ribosome-mediated quality control pathway (RQC) that mediates nascent polypeptide degradation,
ribosome rescue, and mRNA decay [23,51,52]. Finally, all these optimizations can be assisted via
bioinformatic tools. For example, key features such as the GC-content, optimal codon usage, codon
adaptation index (CAI), and RNA structure prediction can be evaluated for mRNA engineering
[46,53]. Deep learning techniques are also being explored for codon optimization to enhance protein

expression, as demonstrated by Fu et al. [50].

Additionally, the DNA template for IVT should include the 5’-UTR and 3’-UTR sequences that
will be later found in the corresponding mRNA sequence. As mentioned in Section 7.1, these
elements do not directly encode proteins but play crucial roles in translation initiation and protein
expression levels and affects the stability and half-life of the mRNA respectively [35,54]. In both
research contexts and clinical trials, the most widely used UTRs are the B-globin UTRs [55]. The

canonical cap-dependent scanning pathway of the eukaryotic mRNA translation starts with the
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assembly of the 43S preinitiation complex (PIC) onto the mRNAs, where scanning is followed by
the migration of the PIC along the 5’-UTR [56]. In order to minimize this scanning process, a
shorter 5’-UTR with at least 20 nucleotides is recommended to maximize protein expression [46].
Moreover, studies have shown that secondary structure in the 5’-UTR tends to reduce translation
efficiency and thus the protein output [57,58]. Thus, avoiding highly stable secondary structures
near the 5’-end is important as they can disrupt ribosome loading and scanning. Additionally, to
promote main CDS translation, potential upstream start codons such as AUG should be avoided to
eliminate the presence of upstream open reading frame (uUORF) that can trigger mRNA decay.
Avoiding leaky scanning can be achieved by selecting a strong start codon with consensus
sequence. For example, a study by Trepotec et al. showed that using a minimalistic 5’-UTR
consisting of 14 nt combining the T7 promoter and the Kozak element consensus sequence
(GCCACC) upstream of the start codon increased protein expression [59]. Finally, additional
sequence elements can be introduced to the 5’-UTR depending on the therapeutic purpose to allow
for selective translation. For example, in the context of cancer therapy, special 5’-UTR elements
capable of translation under nutrient restriction may be needed for intratumor mRNAs injection
[46]. On the other hand, 3’-UTRs are commonly derived from -globin mRNAs and numerous 3’-
UTRs, such as the hepatitis B virus (HBVpA) and the bovine growth hormone (BGHpA), have
been studied for therapeutic mRNA applications [60]. 3’-UTRs contain many cis-regulatory
elements that modulate mRNA localization and translation, the adenylate uridylate (AU-rich)
element (ARE) being the most common one [46]. It has been shown by Holtkamp et al., that higher
protein levels and prolonged persistence of the protein can be achieved by the introduction of two
sequential B-globin 3’UTRs cloned head to tail between the CDS and the poly(A) tail [61]. Finally,
3’-UTR sequence optimization high throughput techniques have been discussed in literature such
as a novel cell-based library screening process to identify 3’-UTRs that would lead to high protein
expressions by Orlandini von Niessen et al. [62], and a massive parallel functional annotation assay

for sequence optimization by Zhao et al. [63].

Other key elements for the DNA template include the poly(A) tail and the RNA pol promoter
sequence. The poly(A) tail, as discussed in Section 7.1, regulates the stability and translation
efficiency of the mRNA molecule, and can be added directly into the DNA template sequence to
remove the post-transcriptional polyadenylation step. On the other hand, the RNA pol promoter

sequence is key for transcription initiation during IVT as transcription begins when the RNA
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polymerase binds to the promoter sequence, forming the initiation complex [64]. There exist
various RNA polymerases from bacteriophages, such as T7, T3, or SP6 RNA polymerases, with
T7 RNA polymerase (T7 RNAP) being considered the standard in both academic research and
industry [15,65,66]. As such, the following T7 promoter sequence (5'-TAATACGACTCACTATA-
3’) is the most commonly used one in the DNA template for future recognition of the T7 RNAP
during IVT [59]. Moreover, there has been a lot of effort in engineering and optimizing T7 promoter
sequences to increase mRNA abundance and further protein yield [67,68]. One example of an
improved T7 promoter variant would be the “T7Max” (5’-AATTCTAATACGACTCACTATA
GGGA-3’), demonstrated by Deich et al. [68]. Rapid amplification of cDNA 5’ ends coupled with
deep sequencing (5" RACE-Seq) was used by Conrad et al. for T7 promoter optimization and
demonstrated that sequence motifs between the +4 and +8 nucleotide have a strong impact on
transcriptional output [67]. Additionally, the high popularity of T7 RNAP in industry comes from
its robustness and high fidelity at producing full-length RNA transcripts; however, it can also
produce immunostimulatory byproducts such as smaller or loopback double-stranded RNA
(dsRNA), which in turn affects protein expression [66,69]. In fact, dSRNA molecules are innate
immune response activators capable of triggering Toll-like receptor 3 in the endosome and retinoic
acid gene-I-like receptors such as MDAS and RIG-I in the cytoplasm [69-71]. As these byproducts
render the downstream purification process more complex, research has been conducted for the
development of mutant T7 RNAP that would produce substantially less dsSRNA during IVT
compared with wild-type T7 RNAP, while maintaining RNA yield and purity. One such example
includes the double-mutant T7 RNAP (G47A + 884G) identified by Dousis et al. [66].

Finally, if the DNA template is in the form of pDNA, the plasmid sequence should include an
antibiotic resistance marker for bacterial selection, and a restriction site for DNA linearization, as
mentioned above. The two most commonly used bacterial selection agents are ampicillin and
kanamycin, allowing for the selection of the plasmids bearing their corresponding resistance genes,
beta-lactamase and neomycin phosphotransferase II, respectively [72,73]. Despite the most
available markers in the market, research in the field reported a novel selection marker
mfabl (mutant fabl) for plasmid propagation in E. coli which further facilitates molecular
manipulation of unstable sequences [74]. Moreover, to produce the desired mRNA transcripts of

the correct length, pPDNA should be linearized downstream of the insert by restriction digestion.
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2.2.2. Upstream Process: DNA Template Production

After designing the DNA template encoding the antigen or protein of interest, the template needs
to be generated, linearized if necessary, and purified to be used in the IVT. Currently, the
biomanufacturing field is dominated by bacterial fermentation for the production of pDNA. Large
scale production of pDNA, considered the base of various therapeutic applications, is one of the
main challenges faced by the biopharmaceutical industry [75]. Since the advent of recombinant
DNA technology in the mid 1970s, many genes have been successfully placed in vectors and
expressed in foreign host cells [76]. Hundreds of biopharmaceutical companies are now using DNA
in clinical development with various products licensed for commercial distribution [18]. Moreover,
the rapid growth of the cell and gene therapy industry, particularly that of mRNA technology, has
recently increased the demand for DNA in terms of both quality and scale [18]. As such, alternative
methods to bacterial fermentation have also currently been proposed for DNA template
manufacturing, such as synthetic and enzymatic approaches, which would alleviate these

challenges during the upstream manufacturing process.

2.2.2.1. Industry Standard: Bacterial Fermentation Process

In both academia and in the biotechnology industry, plasmid generation is usually conducted via
bacterial fermentation in the Gram-negative bacterium E. coli [75]. The bacterial fermentation
process starts with the E. coli cell bank, from which the host competent cells are transformed with
the previously designed pDNA to be amplified. For direct clinical applications in industry, GMP-
grade plasmid DNA is mandatory and should be produced starting from a fully characterized
GMP-produced Master Cell Bank (MCB) [77]. Following bacterial transformation and plating on
LB (Lysogeny Broth) agar plates containing the corresponding antibiotic marker (such as
ampicillin or kanamycin), single unique antibiotic resistant colonies are selected. Bacterial culture
expansion typically follows the four main steps: creation of a master cell bank from well-
characterized colony, inoculation, shake flasks expansion, and large-scale fermentation that can
go up to 300-L scale in industry. Multiple strategies have been implemented to satisfy the
increasing demand for high pDNA production yield and quality, such as the selection of high-
producing strains and medium composition optimization in combination with different culture

strategies, such as batch or fed-batch modes [78].
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The choice of host strain has been shown to affect the quality of the purified pDNA [79]. Various
E. coli strains have been routinely used for pDNA production at lab scale, such as DHS5 [80], DH5a
[81], DH10B [82], DH1 [83], SCS1-L [84], and JM108 [75]. At the industrial scale, the main E. coli
strains used all belong to the E. coli K-12 class (DHS5, DHS5a, DHI, and JM108), and are
characterized by mutations, AendA and ArecA, leading to efficient pDNA production with higher
yield and quality [75]. These mutations, although strain and/or plasmid dependent, are known to
minimize recombination, eliminate non-specific degradation by endonucleases, and improve
plasmid stability [75]. On the other hand, the E. coli B strain BL21, has been suggested as a good
alternative to K strains for plasmid production, due to better growth and metabolic characteristics
[85]. However, the AendA and ArecA mutations need to be engineered to adapt BL21 for stable
pDNA production, and proper growth using glucose as a carbon source and production strategy
were developed. This was demonstrated by Phue et al. who achieved a 90% increase in volumetric
yield compared to DHS5a [85]. Moreover, the engineered strain VH33 A (recA deoR nupG) by Borja
et al., with an elevated glucose concentrations cultivation, has shown higher yields compared to
commonly used DH5a host; however, it produced lower percentage of supercoiled plasmid [86].
Gongalves et al. demonstrated that E. coli GALG20, a pgi-gene knock-out, produced higher pPDNA
yields in bench-scale bioreactors when compared to DH5a [87]. Finally, Gram-negative bacterium
Vibrio Natriegens has the potential to emerge as a novel and alternative host platform to E. coli
for protein production in high yields [88,89]. With a doubling time of less than 10 min, this fastest
growing free-living bacterium holds therefore great promise to also revolutionize plasmid DNA

production, following further research [88,89].

Strain and vector engineering have been shown to improve plasmid stability, increase yield,
enhance product safety, and even facilitate downstream processing [90]. For example, a high-copy
number origin of replication is preferred as they can achieve higher pDNA yields, such as pUC-
based plasmids, derived from ColEl, lacking the RNA one modulator (Rom) protein, and
containing a point mutation in the RNA II sequence [91,92]. Moreover, Bower et al. reported that
runaway R1-based plasmids have demonstrated higher copy numbers at higher temperatures [92].
On the other hand, various studies have been conducted regarding the effect of the bacterial
fermentation cultivation strategy, as well as the growth medium used, on plasmid production. For
example, Lopes et al. showed the advantage of using fed-batch culture mode rather than batch

mode to achieve higher plasmid yields [78]. In their study, analyses were conducted via a novel
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real-time monitoring system for pPDNA production process using NIR spectroscopy combined with
Partial Least Squares regression (PLS) modeling [78]. Moreover, coupling parameter control in
fed-batch mode with high-copy pUC-based plasmids lead to an increase in plasmid yield with
respect to cell mass — up to 1500 mg/L were achieved compared to 100-250 mg of pDNA/L for
typical fermentation process [93]. Last year, Gotsmy et al. successfully designed and validated a
novel three stage, growth-decoupled fed-batch process at the L-scale, using minimal medium
based on genome-scale metabolic modelling [94]. In terms of bacterial growth medium, the most
commonly used on is LB medium, with yeast extract as nitrogen source. According to Xu et al.,
glucose is considered the preferred carbon source for plasmid production [95]. They do however
note that glycerol could also be used as a complementary carbon source to increase pDNA yields,
due to its high specific pDNA productivity [95]. Finally, culture temperatures for E. coli are
typically between 37 and 40°C [96].

2.2.2.2.  Alternative Synthetic DNA Approaches

As mentioned, the demand for DNA production has surged in recent years due to advancements
in cell and gene therapies, but also in the context of the COVID-19 pandemic. However, bacterial
fermentation for DNA template generation, although being the most commonly used method in
academic research and industry, has proven to be challenging as it is both costly and time-
consuming [18]. The fermentation process involves cloning and bacterial culture preparation steps,
uses expensive reagents such as bacteria and antibiotics, and can take between several days to up
to several weeks, without the guarantee that the correct bacterial clone will be obtained and isolated
[42]. Additionally, this process is associated with concerns in terms of the GMP regulations for
mRNA-based vaccines and therapeutics, due to the use of genetically modified antibiotic-resistant
bacteria strains and the possibility of product biocontamination [97]. Therefore, alternative
synthetic DNA approaches are currently being explored for DNA template generation to reduce
the upstream process time and facilitate downstream purification [2]. Investments in research which
develops synthetic approaches for manufacturing long DNA strands will support these efforts to
reduce the time limitations imposed by bacterial fermentation approaches. Moreover, another
benefit of the use of synthetic DNA template over pPDNA for mRNA production is that the template
does not need to be enzymatically linearized before IVT, thus removing this costly and time-

consuming step in the overall upstream process.
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PCR is an in vitro enzymatic synthesis method of specific DNA sequences which involves the use
of primers to flank and select the region of interest to be amplified through multiple amplification
cycles [98]. Several studies have successfully transcribed mRNA from a synthetic DNA template.
In 2022, Mey et al. reported the use of a cost- and time-efficient synthetic DNA template (SDT)
assembly process for use in IVT, demonstrating that the resulting SDT-mRNA is of quality
comparable with that of the PDT-mRNA, in terms of yield, purity, and integrity [42]. In their study,
they perform assembly PCR (aPCR) using synthetic pre-designed oligonucleotides as starting
material, and then further amplified by PCR, effectively obtaining up to several micrograms of
template DNA [42]. Another study, by Hu et al. in 2019, demonstrated the use of overlap extension
PCR for synthetic DNA assembly, later transcribed into sgRNA in vitro, as a highly applicable
and less time-consuming process [99]. Finally, in 2023, Wei et al. developed a universal integrated
platform with control systems for on-demand mRNA preparation, which successfully integrates

the use of a PCR module for DNA template amplification [100].

In the context of pandemic preparedness, rapid nucleic acid scale-up manufacture proposals and
research are becoming more and more prevalent in both industry and academia. For example,
Touchlight Ltd., a UK biotechnology company, has developed a novel, proprietary synthetic DNA
vector, called “doggybone” or dbDNA™, and dual enzymatic manufacturing process for rapid
DNA generation [18]. This technology allows for multi-gram DNA production in weeks, uniquely
positioning itself for rapid and large-scale DNA production [18]. Another UK synthetic biology
company, Evonetix Ltd., developed a DNA synthesis process in a benchtop device, called the
Binary Assembly® process [101]. It uses a novel silicon chip to control the synthesis of double-
stranded gene-length DNA and error-containing sequences removed, at many thousands of

independent thermally controlled reaction sites [101].

2.2.3. Upstream Process: DNA Template Purification

The produced DNA template needs to be purified and linearized accordingly before it can be used
in the IVT reaction, ensuring proper quality of the produced mRNA. The purification process
varies depending on the method of DNA production employed due to the different process related
impurities which will be generated depending on the manufacturing technique employed.
Following bacterial fermentation, complex purification steps are required to obtain a high-purity

plasmid free of host DNA, RNA, proteins, and endotoxins.
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After cell harvesting by centrifugation, pDNA purification from bacterial cells generally starts
with a lysis step. Cell harvesting can also be done via filtration; for example, tangential flow
filtration (micro-filtration/diafiltration) is typically used to separate bacterial cells from the
supernatant [102]. The methods used for cell disruption can typically be classified into two main
categories: chemical (detergents, enzymes, etc.) and physio mechanical (shear, heat, freeze-
thawing, etc.) [103]. The most commonly used lysis method is alkaline lysis, first reported by
Birnboim and Doly in 1979 [104], which uses sodium hydroxide (NaOH at pH~12) accompanied
by a detergent solution such as sodium dodecyl sulfate (SDS) and Triton® X-100 to disrupt the
bacterial cell membrane [43,102,104]. This step releases intracellular components such as the
plasmid DNA, RNA, and chromosomal DNA and proteins from bacteria cells resulting in a highly
viscous solution [105]. During lysis, the alkaline environment denatures genomic DNA, such that
some of the supercoiled DNA is converted to alternative forms including denatured supercoiled,
multimeric, open circle, and linear [43]. Optimization of the lysis incubation time is necessary in
order not to create irremovable genomic DNA fragments or damage the plasmid, while keeping a
pH controlled in the 12-12.5 window to ensure plasmid quality [102,106]. Separation of cellular
components from the highly viscous precipitate usually requires pre-filtration or centrifugation
followed by clearing filtration, which can be costly and time-consuming [107]. Additionally, it is
important to gently mix the cell lysate and neutralizing agent in low shear forces to avoid bacterial
chromosomal DNA contamination, as DNA 1is sensitive to shearing forces [107,108]. To achieve
complete and gentle mixing of large lysis volumes, batch mixing in a mechanically agitated vessel
and/or in-line static mixers have been used [109,110]. Other cell lysis methods for pDNA
purification have also been employed such as boiling cell lysis, first introduced by Holmes et al.
which utilizes a lysozyme digestion to break down the cell wall followed by a heating step [111],
and mechanical lysis, which is more common for protein purification due to the fact that high shear
degrades nucleic acids [112]. The initial step in eliminating host cell contaminants during pDNA
manufacturing involves precipitation/flocculation. The obtained lysate is then neutralized with a
neutralization buffer before clarification, such as sodium or acidic potassium acetate with or
without surfactant, RNAse, or CaClz [105,108]. RN Ase enzymes used to degrade the RNA prior to
pDNA isolation can be added to the neutralization buffer; however, RNAse-free purification
methods should be prioritized, as the ultimate process goal is to produce mRNA. Neutralization

prompts the precipitation of detergent-solubilized proteins including high molecular weight
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genomic DNA [102]. Isopropanol, polyethylene glycol (PEG), polyethylenimine (PEI), compaction
agents and chaotropic salts have been used in DNA precipitation [105,113,114]. Post-clarification
using depth filtration to remove precipitates, tangential flow filtration (TFF) can be done for
concentration and for the removal of contaminating proteins and RNA [115]. Performing a
concentration prior to chromatography steps allows for reduction in column loading time, while
removing impurities such as small proteins, small-sized genomic DNA, and RNA [115].
Chromatography methods are based on different principles for obtaining high-purity plasmid: size-
exclusion chromatography (SEC), ion-exchange chromatography (IEC), hydrophobic interaction
chromatography (HIC), affinity chromatography, and reversed-phase high-performance liquid
chromatography (RP-HPLC) [116-119]. As no single type of chromatography can effectively
remove all residual contaminants, an optimal multi-step process is needed. For example, Guerrero-
German et al. conducted pDNA purification using hollow-fiber tangential filtration, frontal IEC
and HIC [120]. Another example would be a two-step chromatography purification: anion exchange
(AEX) to concentrate pPDNA and remove impurities such as host cell proteins (HCP) and genomic
DNA, followed by HIC chromatography to capture the supercoiled pDNA, the most stable
isoform, which was presented by Sartorius [121]. Moreover, multimodal chromatography has
successfully been used for supercoiled pDNA purification with a two-ligand process (Capto™
adhere and PPA HyperCell™), leading to higher purity compared to traditional chromatography
methods [122]. Finally, the obtained pDNA can be concentrated by ultra-centrifugation (UC) and
sterile filtered through a 0.22-um filter membrane [105].

Before the DNA template can be used in the IVT reaction, the purified plasmid needs to be
linearized and further purified for the removal of the restriction enzymes. pDNA linearization
should preferably be done with a restriction enzyme that leaves blunt or 5’overhangs at the 3’end
of the DNA template rather than 3’overhangs, as they are favorable for proper run-off transcription
by T7 or SP6 RNA polymerase and for reduction of unwanted products [123]. Examples of such
restriction enzymes include Spel, HindIIl, Notl, Sapl, and EcoRI [124]. The gold standard
technique for removal of restriction enzymes from the final DNA template is phenol chloroform
extraction, which is no longer preferred for large-scale clinical operations [125]. As such, other
purification methods have been used such as chromatography and/or UF/DF (ultrafiltration/

diafiltration) [126]. For example, the use of sepharose-based strong AEX chromatography for the
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preparation of linear DNA template for IVT has been proven successful, giving comparable results

with phenol chloroform extraction [125].

Finally, for synthetically produced DNA templates, purification should only be carried out once
as they are already in linear form, which reduces the DNA downstream processing time. DNA
templates produced using PCR should be purified from short primers, dNTPs, enzymes, short-
failed PCR products, and salts, typically using clean-up columns [127].

2.2.4. Process Analytics: Plasmid DNA Industry Quality Attributes

The identity, integrity, and purity of the pDNA, which later serves as the template in the IVT
reaction, are crucial for ensuring the quality of the resulting mRNA product. Table 1 shows the
pDNA quality attributes in the context of template DNA production for use in IVT, as well as the
associated analytical tools and acceptability criteria. This reveals the importance of analytical tools

for quality control purposes.

Attribute Details Analytical Tools Acceptability Criteria
Yield/Concentration UV spectrophotometry, Picogreen™ assay
Content . :
Size Gel electrophoresis
Purity UV spectrophotometry Azeo280 (Nanodrop) Ratio 1.8 — 2.0
Appearance Visual inspection, USP <1> Colorless, clear, no particle
Purity Capillary electrophoresis (CE) or High-
Plasmid conformation/form Performance Liquid Chromatography > 90% supercoiled
(HPLC)
Homogeneity AEX-HPLC
Sequence DNA sequencing Sanger/Next-generation Conforms to ref, sequence
Identity sequencing (NGS), PCR
Poly(A) tail length and integrit DNA sequencing, Fragment analysis, Correct sequence, single
Y & &MY analytical LC-MS, RP-HPLC, UP-HPLC peak
Residual host cell genomic DNA  Quantitative PCR (qPCR) <50 pg/mL
. . Enzyme-linked immunosorbent assay
Residual host cell protein (HCP) (ELISA) <10 pg/mL
Process Residual protein SDS-PAGE or Bicinchoninic acid assay
Residuals P (BCA)
: ™
Residual host RNA HPLC, Rlbog}reen assay, or agarose gel <29
electrophoresis
Antibiotic residual (if applicable)  ELISA
Endotoxins %J}é(;)pgggz:d Amebocyte Lysate (LAL) test, < 10 EU/mg pDNA
Safety Bioburden Membrane filtration, USP <61> <1 CFU/mg, sterile
Sterility USP <71>

Table 1: Analytical methods and process specifications for main pPDNA product attributes and
process parameters, adapted from: [128-132]
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2.2.5. In Vitro Transcription: mRNA Synthesis

The purified linear DNA template encoding the antigen or therapeutic protein of interest obtained
is then used to synthesize mRNA through IVT. This relatively straightforward and fast enzymatic
reaction involves these key components: the linear DNA template, RNA Polymerase, NTPs,
Magnesium (MgCl2), and a reaction buffer [15]. Even though T7 RNAP is the most widely used
RNAP in both academia and industry, one major downside of using it for mRNA synthesis is the
resulting nonspecific synthesis of dsSRNA byproducts through erroneous 3’extension, and research
has been conducted to reduce such artifacts, as discussed in Section 7.2.1 [133]. Other elements can
be added to the IVT reaction mix such as urea and spermidine. The addition of chaotropic agents,
such as urea at a concentration of 1 M, can be used to decrease dsSRNA formation, while the
addition of spermidine at a concentration of 1 to 3 mM has been carefully chosen as to improve
the overall efficiency of the RNA polymerase, prevent RNA synthesis inhibition, while not
reaching its inhibitory effect at high concentrations [134-136]. Additionally, other modifications can
be introduced in the IVT, such as: the use of modified NTPs to increase levels of protein production
and reduce immunogenicity of synthetic mRNA, and the addition of CleanCap® reagent to allow
for the 5 capping to be done co-transcriptionally instead of post-transcriptionally, both discussed
in Section 7.1 [36-38,137]. Finally, Mg?" is required as a cofactor for T7 RNAP, such that the ideal

range of between 50 and 60 mM of free Mg?" has been shown to be optimal [138,139].

The IVT reaction at large-scale is typically done in batch or fed-batch modes with fed-batch IVT
having been shown to achieve higher mRNA yields [140]. Typical mRNA yields follow a baseline
of 5 g/L, while higher yields of 12 g/L. have been reached with Bayesian optimization [134,141].
Following IVT, the reaction mixture should be purified in order to obtain the desired mRNA
product free of process related impurities, rendering the mRNA suitable for later patient
administration post-formulation and encapsulation. Such impurities include the residual DNA
templates, enzymes, NTPs, as well as immunogenic dsRNA and aborted mRNA products [142].
Conventional methods for purifying mRNA in a laboratory setting include lithium chloride (LiCl)
precipitation and phenol-chloroform extraction and ethanol precipitation [25,32,143]. At larger
scale, various downstream processing steps exist for the purification of clinical-grade mRNA,

including multiple chromatography methods such as oligo(dT) affinity chromatography, ion-
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exchange chromatography (IEX), ion-pair reverse-phase chromatography, as well as the use of

TFF before finishing with sterile filtration [144-146].

2.2.6. Process Analytics: mRNA Product Main Quality Attributes

The identity, content, purity, and safety of the mRNA obtained through the IVT reaction are

important measures of the mRNA quality and are affected by the quality of the template DNA

used. Table 2 shows the mRNA product attributes and their associated analytical tools.

Attributes/Process Parameters

Analytical Tool

Acceptability Criteria

Sequence confirmation

High throughput sequencing (HTS), Sanger
Sequencing, Reverse transcription polymerase

Conforms to reference

Identity chain reaction (RT-PCR) sequence
Integrity, Length RNA electrophoresis, Bioanalyzer g:;{(ea length, single
. ™ -
Content mRNA concentration Ribogreen'™ Assay, Digital PCR (dPCR), UV 1.5 /L, 95-70%

spectrophotometry, gPCR
Ion pair reversed-phase (IP-RP-) HPLC, Liquid

5’ capping efficiency chromatography- mass spectrometry (LC/MS), >50-85%
ribozyme assay with CE

s . RNA electrophoresis, analytical LC-MS, LC-

3’ poly(A) tail length UV/MS, IP-RP-HPLC 100-120 bp
RNA electrophoresis, analytical RP-HPLC, RP-

RNA purity, shorter RNA UPLC, IEX-HPLC, western blot oligonucleotide >50%

Purity mapping

Product related impurities - dSRNA  Immunoblot, dot blot, ELISA, analytical LC <1 ng/ug RNA

Process related impurities - residual

DNA template qPCR, fluorescence-based assays <330 ng/mg

Process related impurities - residual NanoOrange, ELISA <300-500 ng/mg RNA

enzymes, HCP

Product related impurities - SEC-HPLC

aggregate quantitation

Safety Epdotoxin USP <85>
Bioburden USP <61>, <62>,<1115>

Table 2: Analytical methods and process specifications for main mRNA-based product attributes
and process parameters, adapted from: [129,147]
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3. Methodology
3.1. Plasmid DNA Constructs

pGEM4Z-EGFP (peGFP) was purchased on Addgene (Plasmid #183475) (USA) and pcDNA-
LUC-CBR20opt-T7AG-C1 (pnLuc), 230907-BA45-Genscript (pBA45), and 230907-Reference-
Genscript (pRefspike) were generously provided by the National Research Council of Canada
(NRC, Canada). These plasmids encode for enhanced green fluorescent protein (eGFP),
nanoLuciferase (nLuc), and nucleic acid components of Pfizer’s bivalent vaccine (BA4/5 SARS-
CoV-2 Spike and Alpha reference sequences), respectively. The plasmid sequences are shown in
Figure 4. peGFP is 3493 bp long with the AmpR sequence encoding for B-lactamase conferring
resistance to ampicillin, carbenicillin, and related antibiotics. Other elements of peGFP include a
720 bp eGFP coding sequence, a 173 nt poly(A) tail, the T7 promoter (TAATACGACTCAC
TATAGG), and an Spel restriction site. pnLuc is 6770 bp long with the same AmpR sequence as
peGFP, conferring similar resistance to ampicillin. It also contains a 1632 bp sequence encoding
for nLuc and more specifically CBR2opt (click beetle red codon optimized mutant luciferase), a
68 nt segmented poly(A) tail, the CleanCap® AG compatible T7 promoter (TAATACGACTCAC
TATAAG), and a HindIII unique restriction site. pBA45 and pRefspike are 6913 bp and 6928 bp
respectively, and both contain the AmpR sequence. Their respective SARS-CoV-2 spike protein
coding sequences lengths are 3807 bp and 3822 bp, each with a 110 nt poly(A) tail.

poly(A) Tail Spel —
o IVT R _—cR2opt — .
A ey B . T\, mRNR1-AES-3'UTR

) - - L AN
/ 4 O Poly A tail
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(M13 rev] -

pcDNA-CBR2opt-T7AG-C1-Final
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230907 - Reference - Genscript
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Figure 4: Plasmid maps showing the relative positions of the major elements of the plasmid
sequences, such as the origin of replication, the antibiotic resistance gene, the coding sequence,
etc., in addition to the plasmid name and length, pictures taken from SnapGene software:

(A) pGEM4Z-EGFP (peGFP) was purchased on Addgene (Plasmid #183475), (B) pcDNA-LUC-CBR2opt-
T7AG-C1 (pnLuc) provided by the National Research Council of Canada (NRC), (C) 230907-BA45-
Genscript (pBA45) provided by the NRC, and (D) 230907-Reference-Genscript (pRefspike) provided by
the NRC.

eGFP and nLuc coding sequences have been chosen for this study as they can later serve as rapid
reporters of gene expression. As such, eGFP and nLuc plasmids were used throughout the entirety
of the project, while the two SARS-CoV-2 Spike protein encoding plasmids were only used for

validation purposes of the PCR production process for longer transcripts.

3.2. Template DNA Production
3.2.1. Method 1: Plasmid DNA Production using Bacterial Fermentation

3.2.1.1. Bacterial Fermentation

pDNA was generated using bacterial fermentation in E. coli. First, three different bacterial strains
were compared in their ability to produce pDNA at small-scale: (1) MAX Efficiency®
DH10Bac™ Competent Cells (Life Technologies), (2) NEB® Stable Competent E. coli, and (3)
Vibrio Natriegens (ATCC14048), a gram-negative marine bacterium. To perform such
transformations, LB agar plates were prepared with ampicillin (100 pg/mL) for appropriate
selection of the plasmids for both E. coli strains. For the Vibrio Natriegens strain, LBv2 medium

was used instead of LB for plate preparation and bacteria inoculation, with the following v2 salt
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composition: 204 mM NaCl, 4.2 mM KCl, 23.14 mM MgCla. Transformations were performed
following the protocol provided by the manufacturer, with the heat-shock step done for: (1) 45
seconds at 42°C for DH10Ba competent cells, (2) 30 seconds at 42°C for NEB® Stable Competent,
and (3) 45 seconds at 42°C for Vibrio Natriegens. Following bacterial transformation and plating
on prepared LB or LBv2 agar plates containing the antibiotic marker respectively, E. coli strains
were incubated overnight at 37°C and Vibrio Natriegens at 30°C. This was then followed by colony
selection from agar plates using a sterile inoculation loop, with at least five different colonies
picked for each plate. Inoculation was done in 5 mL LB medium containing 5 pL ampicillin
(1000x). The bacterial cultures were then incubated for approximately 8 to 10 hours in a shaking
incubator (225 rpm) at 37°C. Visual observation was carried out to ensure that bacterial growth
occurred. Growth was verified by the clarity of the media, with turbid media representing potential
bacterial growth. ODeoo (optical density at 600 nm) measurements were taken off-line for culture
growth monitoring. Bacterial growth rate was computed from the ODeoo readings using the
following formula:

U=
t, —t

Where: p = bacterial growth rate (per hour); OD: = ODeoo reading at time t; t2 — ti is the time

interval between readings. The doubling time was then computed using the following formula:

_In(2)
o

ta

Larger-scale pDNA production was then done using the selected E. coli strain, DHI10Bac. ODsoo
measurements were taken to adequately expand the cultures from the 5 mL inoculums. After
approximately 5 hours in the shaking incubator, each 5 mL inoculum was expanded into a 100 mL
flask, which were left to grow in the shaking incubator at 37°C and 225 rpm for approximately 20

hours.

3.2.1.2. Plasmid DNA Isolation and Purification

pDNA was isolated and purified from bacterial cells using the QIAprep® Spin Miniprep kit for
culture volumes of 5 mL and NucleoBond Xtra Midi EF (Midi prep kit for endotoxin-free plasmid
DNA) for culture volumes of 100 mL. Purification of pDNA started with a lysis step after cell
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harvesting by centrifugation at 4,500-6,000 x g for > 10 min at 4°C and resuspension in buffer
RES-EF and RNase A. The bacterial cells were lysed though the common alkaline lysis method
by a sodium hydroxide/sodium dodecyl sulfate (NaOH/SDS) treatment, such that the release of
pDNA, RNA, and chromosomal DNA and proteins from bacteria cells results in a highly viscous
solution. After lysis, the samples were cleared from cell debris and precipitated to ensure high
plasmid purity, which, in the case of large culture volumes, was achieved using the NucleoBond®
Xtra Column Filter and Column system. Before clarification and loading onto the equilibrated
column, the lysate was neutralized by a neutralization buffer containing potassium acetate causing
SDS to precipitate as potassium dodecyl sulfate (KDS), pulling down chromosomal DNA,
proteins, and other cell debris. The lysate was then loaded onto the column and two washing steps
were performed for endotoxins removal before pDNA is eluted in endotoxin-free buffer (H2O-EF).
Quantification of the pDNA was performed via UV absorption measurements at 260 nm as
described below in Section 8.5. Plasmid length and quality were checked using agarose gel

electrophoresis.

3.2.2. Method 2: DNA template production using Polymerase Chain Reaction
3.2.2.1.  Oligonucleotide Primer Pairs Design

Specific oligonucleotide primer pairs to each PCR templates were generated using Primer-BLAST,

a National Center for Biotechnology Information (NCBI) online primer design platform.

_ Template Self- Self 3’
PCR Template Primer Sequences teand Length Tm GC% Comple- Comple-
mentarity mentarity
eGFP plasmid DNA F Primer: 5" TTGTGTGGAATTGTGAGCGG 3’ Plus 20 59.05 50.00 4.00 1.00
(PGEM4Z-EGFP) R Primer: 5 GTCGGGGCTGGCTTAACTAT 3 Minus 20 59.53 55.00 4.00 2.00
nLuc plasmid DNA F Primer: 5’ TGTACGGGCCAGATATACGC 3’ Plus 20 59.40 55.00 4.00 2.00
(PcDNA-LUC-CBR20pt-T7AG-C1) R Primer: 5° GCAACTAGAAGGCACAGTCG 3 Minus 20 58.93 55.00 4.00 2.00
BA4/5 SARS-CoV-2 Spike protein plasmid DNA F Primer: 5" ACGTTGTAAAACGACGGCCA 3’ Plus 20 60.81 50.00 8.00 2.00
(230907-BA45-Genscript ) R Primer: 5° CCGATGAGCTCTAGCATTTAGG 3’ Minus 22 58.42 50.00 6.00 2.00
Reference SARS-CoV-2 Spike protein plasmid  F Primer: 5" ACGTTGTAAAACGACGGCCA 3’ Plus 20 60.81 50.00 8.00 2.00
DNA (230907-Reference-Genscript) R Primer: 5 CCGATGAGCTCTAGCATTTAGG 3’ Minus 22 58.42 50.00 6.00 2.00

Figure 5: Characteristics of the designed oligonucleotide primer pairs for each PCR template,
generated using Primer-BLAST.

Figure 5 shows the specific primer pairs designed for each PCR DNA template and their
characteristics. The obtained PCR amplicons should contain the following elements to be used as

a template for mRNA production: the 5’-UTR and 3’-UTR flanking the coding sequence, the
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poly(A) tail sequence, and the T7 promoter sequence. As such, the forward primer (F primer) was
designed to be a few bp before the 5’-UTR and the reverse primer (R primer) a few bp after the
poly(A) tail sequence, such that all required elements will be present within the amplicon after

PCR amplification.

3.2.2.2. PCR Reaction Conditions

Each PCR amplification reaction was set up according to the manufacturer’s suggested protocols.
Four different DNA Polymerases (DNA Pols) were used for comparison purposes: Q5 Hot Start
High-Fidelity (HF) DNA Pol (#M0494) acquired from New England Biolabs (NEB), Phusion HF
DNA Pol (#F553) acquired from Thermo Scientific, Platinum™ Taq DNA Pol HF (#11304011)
acquired from Invitrogen, and recombinant Tag DNA Pol (#10342053) also purchased from

Invitrogen.

Reaction and cycling conditions are shown in Figure 6 for all four DNA Pols mentioned above.
Reaction conditions ranged from: 1X reaction buffer (either separate in the PCR kit or provided
with the enzyme mix), 200 uM each dNTPs, 0.2-0.5 uM forward and reverse primers, 1-2 ng (0.04
ng/uL) plasmid template and polymerase. Master mix formulations were prepared each time for
ease of pipetting and accurate mixing of reagents. Cycling conditions varied with the DNA Pol
used according to manufacturer’s recommendation, and all reactions were cycled for 35 cycles.
Amplification product yield was determined by measuring the concentration of unpurified PCR
products using Quant-iT™ PicoGreen™ dsDNA Assay (Life Technologies, UK). PCR products
were initially diluted in 1X TE Buffer (typically following a 20x dilution) and then serial diluted
in a 96-well plate. Analysis was conducted based on the standard curve generated. Quality of the
PCR amplicons was checked using DNA agarose gel electrophoresis.

Thermocycling Conditions Q5 HF DNA Polymerase:

A
Step Temp Time (manufacturer) Time (selected)
Q5® Hot Start High-Fidelity 2X Master Mix = x
Initial Denaturation 98°C 30 seconds 30 seconds
Component 25 yL Reaction 50 plL Reaction  Final Concentration
Q5 High-Fidelity 2X M i |z.5uL _— " Denaturation 98 °C 5-10 seconds 10 seconds
igh-Fidelity aster Mix .2 M M PCR Cycles
8 Y Annealing *50-72°C 10-30 seconds 30 seconds
10 uM Forward Primer 1.25pL 2.5 ulL 0.5 pM (35 Cycles) £
Extension 727°C 20-30 seconds/kb 1 minute
10 pM Reverse Primer 1.25uL 25uL 0.5 uMm
Final extension 72°C 2 minutes 2 minutes
Template DNA Selected 1 ng Selected 2 ng <1,000 ng
Hold 4-10°C 4 *Cinfinite hold
Nuclease-Free Water to 25 uL to 50 pL

* Annealing temperature range was provided by manufacturer. Annealing temperature (T,} screening
was performed to determine ideal T, for each plasmid DNA: nLuc and eGFP
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Phusion High-Fidelity DNA Polymerase PCR Kit

Thermocycling Conditions Phusion HF DNA Polymerase:

Step Temp Time (manufacturer) Time (selected)
Component 25 pL Reaction 50 L Reaction Final Concentration X
a H " Initial Denaturation 98°C 30 seconds 30 seconds
H20 to 25 uL to 50 pL
" W Denaturation 98 °C 5-10 seconds 10 seconds
SX Phusion HF Buffer SuL 10 puL 1X PCR Cycles
A Annealing *X°C 10-30 seconds 30 seconds
10 mM dNTPs 05 puL 1L 200 pM each (35 Cycles)
Extension 72°C 15-30seconds/kb 1 minute
10 uM Forward Primer 1.25 uL 2.5puL 0.5um
Final extension 72°C 5-10 minutes 7 minutes
10 UM Reverse Primer 1.25uL 251l 0.5uM inal extenst i - mind
Template DNA Selected 1 ng Selected 2 ng Hold 4C infinite hold
X * Annealing temperature (T,) screening was performed to determine ideal T, for each plasmid DNA:
Phusion DNA Polymerase to25ul to 50 puL 0.02 U/pL nlLuc and eGFP

Platinum Taq High-Fidelity DNA Polymerase PCR Kit
Component 25 plL Reaction 50 pL Reaction  Final Concentration Thermocycling Conditions Platinum Tag HF DNA Polymerase:
Hz0 to 25 uL to 50 pL Step Temp Time (manufacturer) Time (selected)
10X HF PCR Buffer 25 SuL x Initial Denaturation 94°C 30seconds-2minutes 1 minute
4
50 mM Mgs0 lu Zu 20 mM Denaturation 94 °C 15 seconds 15 seconds
10 mM dNTPs 0.5 pL luL 0.2 mM each PCR Cycles . P
| Annealing ~55°C 30 seconds 30 seconds
10 uM Forward Primer 0.5 uL 1l 0.2 uM (35 Cycles) . . .
10 UM R Pri 05 L i D Extension 68°C 1 minute/kb 2 minutes
everse Primer I L .

e : E E £ Hold 4 infinite hold
Template DNA Selected 1 ng Selected 2 ng <500 ng * Depending on melting temperature of primers (T, ). Annealing temperature (T,) screening was
Platinum Tag DNA Pol (5 U/uL) 0.1 L 0.2 uL 1 U/rxn performed to determine ideal T, for each plasmid DNA: nLuc and eGFP
D

Tag DNA Polymerase PCR Kit Thermocycling Conditions Tag DNA Polymerase:
Component 25 L Reaction 50 L Reaction  Final Concentration Step Temp Time (manufacturer) Time (selected)
Autoclaved, distilled water 10 25 pL to 50 uL Initial Denaturation 94°C 3 minutes 3 minutes
10X PCR Buffer, -Mg 2.5uL Sl X Denaturation 94 °C 45 seconds 45 seconds

PCR Cycles

50 mM MgCl2 075 pL 15uL 15mM (35 Cy‘iles) Annealing  *~55°C 30 seconds 30 seconds
10 mM dNTPs Mix 05uL 1t 0.2 mM each Extension 72°C 90 seconds/kb 3 minutes
10 uM Forward Primer 125 uL 25 i 0.5 M Final extension 72°C 10 minutes 10 minutes
10 uM Reverse Primer 1.25puL 2.5uL 0.5um Hold 4°C infinite hold
Template DNA Selected 1 ng Selected 2 ng 1-500 ng * Depending on melting temperature of primers (T). Annealing temperature (T,) screening was
Taq DNA Polymerase (5 U/pL) 01pL 0.2 uL 1.0-2.5 U/uL performed to determine ideal T, for each plasmid DNA: nLuc and eGFP

Figure 6: PCR Components and Thermocycling conditions for: (A) Q5 Hot Start HF 2X Master
Mix DNA Pol, (B) Phusion HF DNA Pol, (C) Platinum Taq HF DNA Pol, and (D) Taq DNA Pol.

3.3. Template DNA Purification
3.3.1. Plasmid DNA Linearization

Before it can be used in the IVT, the DNA plasmids, generated using E. coli and purified using
either the QIAprep® Spin Miniprep kit or the NucleoBond Xtra Midi EF kit, should be linearized
and further purified for the removal of the restriction enzymes. peGFP was linearized using Spel-
HF® (purchased from NEB) and pnLuc was linearized using HindIII-HF® (NEB), as both
restriction sites, shown in the corresponding sequence maps in Figure 7, are positioned right after
the poly(A) tail. Moreover, for the use of T7 RNA polymerase during IVT, a 5’overhang is
preferable to ensure polymerase stability and reduce artifacts, which is achieved after linearization

using endonucleases such as Spel and HindlIII [123,124]. Spel-HF® and HindIII-HF® were chosen
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as HF as they have the same specificity as their native forms with significantly reduced star
activity, and function in rCutSmart™ Buffer. Linearization was done overnight in the incubator at

37°C, followed by heat inactivation at 80°C for 20 minutes.
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Figure 7: peGFP and pnLuc restriction sites, showing the 5’overhang preferred for IVT, sequence
maps taken from SnapGene.

3.3.2. Template DNA Purification prior to IVT

Removal of the enzyme is then required to isolate the final IVT DNA template. On the other hand,
for DNA templates generated using PCR, no further linearization step is required, rendering the
overall manufacturing of IVT templates shorter. Post-PCR purification is needed for the removal

of the unused nucleotides, primers, enzyme, and buffer components.

Three different purification methods were successfully compared, using both DNA constructs
(eGFP and nLuc) to demonstrate their ability to be used for several sequence lengths. The first two
purification methods are lab-scale and rely on the use of a commercially available kits
(NucleoSpin® Gel and PCR Clean-up Mini kit purchased from Macherey-Nagel). These first two
methods are (1) DNA extraction from agarose gel and (2) PCR Clean-up purification methods.
DNA gel extraction allows for the isolation and purification of linear DNA fragments based on
size. Following agarose gel electrophoresis, the DNA band of interest was cut from the gel under
UV light and purified following the NucleoSpin® manufacturer’s protocol. The second lab-scale
method, PCR-clean-up, is not only suitable for PCR clean-up but also suitable for DNA

38



concentration and removal of salts, enzymes, etc. from enzymatic reactions. As such, it was
completed using a modified version of the NucleoSpin® manufacturer’s protocol which enhances
DNA recovery by performing three elution steps and heating the elution buffer (5 mM Tris/HCI,
pH 8.5) and column to 70°C.

Finally, the third purification method we examined is a scalable in-house optimized TFF scale
down technique that uses MilliporeSigma™ Amicon™ ultra-0.5 centrifugal filter units with high-
recovery Ultracel™-PL regenerated cellulose membranes with a molecular weight cut-
off (MWCO) of at least 30 kDa. A MWCO of 100 kDa was chosen for the removal of restriction
enzyme from the E. coli produced DNA, allowing for the buffer (10 mM Tris-HCIL, pH 8.0) and
restriction enzymes to flow through while retaining and concentrating the template DNA. For PCR

products, a MWCO of 30 kDa was chosen, as recommended by the manufacturer.
3.4. In Vitro Transcription (IVT) & mRNA Purification

mRNA was produced from the previously purified linear DNA templates using the MEGAscript™
T7 Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA), with IVT experiments
conducted without co-transcriptional 5’capping. The obtained mRNA was purified using a
standard phenol-chloroform purification protocol. Quantification of purified mRNA was done
using Quant-it Ribogreen RNA Assay Kit (from Invitrogen). mRNA sequence length, purity, and
quality were evaluated by formaldehyde gel electrophoresis and subject to analysis using the

Agilent 2100 Bioanalyzer.
3.5. Analytics

e NanoDrop: pDNA and linear purified DNA were quantified by UV absorption at 260 nm using
NanoDrop® UV spectrophotometer (Thermo Scientific). DNA purity was also verified using
UV spectroscopy. An A260/280 ratio between 1.80-1.90 and a ratio Azeo/a230 between 2.0-2.2 was
used as an indication of pure pDNA. If the ratio of absorbance at 260 nm and 280 nm was
lower than these expected, this was used as an indication of the presence of protein, phenol or
other contaminants that absorb strongly at or near 280 nm. If the 260/230 ratio is lower than
expected, this was used as an indication of the presence of contaminants which absorb at 230

nm such as EDTA, phenol, carbohydrate, guanidine HCL, etc.
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DNA Agarose Gel Electrophoresis: DNA length and quality were verified using 1% agarose
(UltraPure™ Agarose, Invitrogen) gel electrophoresis and QuickLoad Purple 1kb Plus DNA
ladder (ThermoFisher). The gels were run at 90 V for 50 minutes. Invitrogen SYBR® Safe
DNA gel stain was used for visualizing DNA on the agarose gel. Gel imaging was conducted

using the ChemiDoc MP imaging system and associated Image Lab software.

Picogreen Assay: dsSDNA concentration was determined using the Quant-iT™ PicoGreen™
Kit (Invitrogen). Samples were serially diluted in a 1:2 ratio in a 96-well microplate and
fluorescence intensity measurements were taken with the Agilent BioTek Synergy HTX
MultiMode Microplate Reader using fluorescent excitation and emission wavelengths
(480/520 nm) set on the associated Gen 5 software. Plate readings were done following a 15-
minute incubation at room temperature, protected from light. A dsDNA standard curve was
generated using the provided Lambda DNA standard in the Quant-iT™ PicoGreen™ Kit,
ranging from 500 ng/mL to 40 ng/mL. Initial sample dilution is done in 1X TE Buffer, and
Quant-iT™ PicoGreen™ dsDNA Reagent is used as the dsDNA dye, following a 200-fold

dilution.

Ribogreen Assay: mRNA concentration was determined using the Quant-iT™ RiboGreen™
Kit (Invitrogen). Samples were serially diluted in a 1:6 ratio in a 96-well microplate and
fluorescence intensity measurements were taken with the Agilent BioTek Synergy HTX
MultiMode Microplate Reader using standard fluorescein wavelengths (excitation ~480 nm,
emission ~520 nm) set on the associated Gen 5 software. Plate readings were done following
a 2-5 minutes incubation at room temperature, protected from light. An RNA standard curve
was generated using the provided Ribosomal RNA standard in the Quant-iT™ RiboGreen™
Kit, ranging from 1000 ng/mL to 20 ng/mL. Initial sample dilution is done in 1X TE Buffer,
and Quant-iT™ RiboGreen™ RNA Reagent is used as the RNA dye, following a 200-fold

dilution.

RNA Formaldehyde Gel Electrophoresis: mRNA length and quality were verified using
formaldehyde gel electrophoresis and RiboRuler High Range RNA Ladder (ThermoFisher).
The gel setup was washed with RNAse zap and MilliQ water prior to use. Gels were run in 1X
3-(N-morpholino)propanesulfonic acid (MOPS) buffer at 110 V for 50-60 minutes. After
adding loading buffer (0.6 g agarose in 50 mL MilliQ water, 4 mL formaldehyde and 6 mL

40



MOPS 10X buffer), the mRNA samples were heated at 65-70 °C for 5 min then chilled on ice
to denature the secondary structure. Gel imaging was conducted using the ChemiDoc MP

imaging system.

e Bioanalyzer Analysis: mRNA characterization and quality were assessed using the Agilent

2100 Bioanalyzer, at the Department of Pharmacology and Therapeutics, McGill University.
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4. Results

4.1. Template DNA Production
4.1.1. Baseline Template DNA Production Method: E. coli Bacterial Fermentation

As E. coli fermentation is considered the gold-standard method for DNA template production, the
first step was to establish this process in the Kamen Lab for later comparison purposes. Standard
growth conditions in LB medium for MAX Efficiency® DH10Bac™ Competent Cells for 100 mL
culture expansion volumes were used. First, to establish a reference analytical method, as well as
to compare the results of known analytical assays, Nanodrop and Picogreen analytical tools were
compared in their ability to measure pDNA content. Figure § illustrates these results, where peGFP
was used as the benchmark between both assays. It was shown that relative to the Picogreen
measurements, the Nanodrop pDNA concentration measurements are consistently higher, by
around a factor of 1.6 on average. For future analytical considerations, Nanodrop measurements
were used for pPDNA content.

peGFP DNA Quantification: Picogreen VS Nanodrop Analysis

500
=3 Picogreen Analysis

Nanodrop Analysis

= N w B
= o = (=]
=} o =} o
1 1 1 1

pDNA Concentration (ng/pL)

0

Figure 8: Comparison of analytical methods for pPDNA content quantification, for peGFP bacterial
fermentation productions. These results were measured post-extraction and Midi Prep purification.

Different bacterial strains were first compared in their ability to produce pDNA at small-scale to
then select our benchmark strain for production scale-up. Figure 9(A) shows the transformation
plates of the three bacterial strains which were assessed, (a) DH10Bac E. coli, (b) NEB Stable
competent E. coli, (¢) Vibrio Natriegens ATCC14048. pnLuc transformation was hypothesized
successful for all three strains, as bacterial colonies grew in each culture plate. However, it was
observed that the E. coli NEB Stable competent colonies were smaller and less distinctive than the
E. coli DH10Bac ones, with some satellite colonies appearing on the corner of the plate. On the
other hand, the Vibrio Natriegens colonies appeared overall larger than both E. coli strains. Figure

9(B) illustrates the DH10Bac and NEB stable E. coli strains ODsoo growth curves. However, this
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figure also demonstrates that no growth was observed for the Vibrio Natriegens strain as the
corresponding inoculation step consistently failed despite colony growth on plates. We thus
hypothesize that its transformation was not as efficient as previously observed. It was shown that
the DH10Bac strain reached an OD of 1 more rapidly than the NEB Stable strain. Moreover, it can
be observed that the DH10Bac strain reached a doubling time of around 2 hours from time t = 6h
to time t = 8h. Similar growth trends are observed for the NEB strain with a time delay of 2 hours.
For example, this strain only reached a doubling time of 2 hours during the interval between time
t = 8h to time t = 9h45min (Fig. 9(C)).

(A) Bacterial Transformation

Transformation plate 1: E.coli DH10Bac Transformation plate 2: E.coli NEB Stable Transformation plate 3: Vibrio Natriegens
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Figure 9: Comparison of Different Bacterial Strains for pPDNA Production

(A) nLuc bacterial culture plates with ampicillin showing transformed colonies for three different bacterial
strains: (a) E. coli DH10Bac competent cells, (b) E. coli NEB Stable competent cells, and (c) Vibrio
Natriegens ATCC 14048. (B) ODeoo growth curve with off-line measurements taken at different time points
for 6 mL inoculation cultures at 37°C (E. coli cultures in LB and Vibrio Natriegens cultures in LBv2
medium). (C) E. coli growth rates and doubling times. (D) nLuc pDNA yield measured using Nanodrop
with a Mini prep purification elution volume of 50 uL, for two different E. coli competent cells: DH10Bac
and NEB Stable competent cells.
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Finally, the nLuc plasmid titers (estimated via alkaline lysis/Mini prep followed by UV absorption
at 260 nm using NanoDrop® UV spectrophotometer) were determined and shown in Figure 9(D).
No significant differences were observed between strains in terms of yield. Mini Prep plasmid
extraction and purification were conducted starting with cultures of an OD of 0.8, for ease of

comparison between the two E. coli strains.

The DH10Bac strain was then selected for scale-up production due to its ease of transformation,
rapid growth, and sufficient plasmid yield. For our two reporter plasmids, i.e., peGFP and pnLuc,
the biomass (estimated by the ODsoo measurement) and the plasmid titers (estimated via alkaline
lysis/Midi prep followed by UV absorption at 260 nm) were determined. These results are
summarised in Figure 10(4) and (B), respectively. Plasmid extraction and purification were
conducted once the cultures were close to an ODeoo of 1, as shown in Figure 10(A). Starting with
approximately 30 ng of pDNA, using this bacterial fermentation approach, around 95 pg of peGFP
and around 185 pg of pnLuc were produced, serving as benchmark values for later comparison
purposes. For quality control, the plasmid purity and integrity were evaluated using Nanodrop
absorbance ratios and agarose gel electrophoresis. The A260/280 and A260/230 ratios obtained were
1.90 and 2.25 respectively for peGFP, and 1.96 and 2.31 respectively for pnLuc, confirming purity
of pDNA post bacterial extraction and purification. Moreover, Figure 10(C) demonstrates the
integrity of both reporter plasmids: as expected, different DNA conformations are shown on the

agarose gel, with the desired supercoiled confirmation shown as the thickest band obtained for

lines 2 to 5.
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Figure 10: DH10Bac Bacterial Fermentation for pPDNA Production

(A) ODgoo values and biomass conversions taken at two different times of cultivation for E. coli cultures in
LB medium, for 2 selected colonies per pDNA transformation plates i.e., (1) 6h 5 mL inoculation culture
at 37°C, and (2) 18h 100 mL expansion culture at 37°C. (B) pDNA content measured using Nanodrop (UV
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absorption at 260 nm) for both reporter plasmids, i.e., peGFP and pnLuc, with a Midi prep purification
elution volume of 200 pL. (C) Agarose gel electrophoresis of pnLuc and peGFP produced in MAX
Efficiency® DH10Bac™ Competent Cells and purified using the Midi Prep kit described in the
methodology section 8.2.1.2.

4.1.2. Establishment of PCR as an Alternative Approach for DNA Production

In this section, we establish PCR as a potential alternative approach for the generation of DNA
templates for IVT. Four different DNA Pol were compared in their ability to produce the desired
sequence in terms of yield and sequence identity, as mentioned in the methodology section: Q5
Hot Start HF DNA Pol, Phusion HF DNA Pol, Platinum Taq HF DNA Pol, and recombinant Taq
DNA Pol. PCR reactions were conducted using the designed primers listed in Figure 5 Section
8.2.2.1. and the conditions recorded in Figure 6 Section 8.2.2.2. Following the results displayed
in Figure 11, 1 ng of starting DNA material was selected to be used for each 25 pL. PCR reaction,
for both reporter constructs, as no significant difference in the yield was observed when higher

amounts of starting template were used.

(A)  nLucPCR Yield at T, = 68.5°C for 25 uL Reaction (B) eGFP PCR Yield at T, = 61°C for 25 uL Reaction
versus DNA Template Amount versus DNA Template Amount
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Figure 11: PCR DNA content yield versus starting DNA template amount, for nLuc and eGFP
templates, measured using Picogreen.

After setting up the PCR conditions, an annealing temperature (Ta) screening was first conducted
using both reporter sequences, i.e. nLuc and eGFP, for each of the four DNA Pol, to establish the

best Ta for each polymerase. This step was critical in order to establish the optimal PCR conditions

for each DNA Pol, prior to comparing relative polymerase performance.

The ideal Ta was determined by selecting the temperature condition satisfying both a high DNA
yield and the correct sequence identity via agarose gel electrophoresis. The Ta screening was first
completed for the synthesis of nLuc and eGFP amplicons using Q5 Hot Start HF DNA Pol, as
shown in Figure 12. Figure 12(1a), (1b) and (1c) demonstrate that both reporter sequences, nLuc
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and eGFP, were produced at the correct length. In the case of nLuc, the thickest band observed on
the agarose gels is between the 2 kb and 3 kb ladder markers, confirming that the correct length
(2172 bp) was obtained. We hypothesize that the other faint bands observed correspond to the
initial circular pDNA supplied to the PCR reaction as it takes on different conformations migrating
differently on the gel. Moreover, a non-specific PCR band was observed for nLuc amplicon
production at around 300 bp for Ta values lower than 68°C. As a result, the Ta screening for the
nLuc template was consistently performed at higher Tavalues than those used for the eGFP DNA
template to reduce non-specific bands generated. In the case of the eGFP amplicon, no non-specific
PCR bands were observed, and the desired PCR product (1193 bp) is between the 1 kb and 1.2 kb
ladder markers, as expected. Figure 12(2a) and (2b) show that starting with 1 ng of pDNA for a
25 uL PCR reaction, we are able to produce around 3.3 pg of the nLuc DNA template and around
3.12 pg of the eGFP template using Q5 Hot Start HF DNA Pol. Following these results, the ideal
Ta selected were 68.5°C and 61°C for PCR production of nLuc and eGFP sequences, respectively.

(1) Agarose Gel Electrophoresis
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Figure 12: Annealing Temperature Screening for Q5 Hot Start HF DNA Pol.
(1a) Agarose gel of nLuc PCR amplicon for three different T.: 55°C; 58.2°C; 60°C. (1b) Agarose gel of
nLuc amplicon for three different T,: 64.6°C; 67.5°C; 70.5°C, and eGFP amplicon for five different T,:
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55°C; 56.1°C; 58.1°C; 61.1°C; 64.6°C. (1c) Agarose gel of nLuc amplicon for four different Ta: 67.8°C;
68.1°C; 68.5°C; 68.7°C, and eGFP amplicon for four different Ta: 59.8°C; 61.1°C; 62.5°C; 63.7°C. (2a) nLuc
PCR production using Q5 Hot Start HF DNA pol, DNA content measured using Picogreen for T, ranging
from 64.6°C to 70.5°C. (2b) eGFP PCR production using Q5 Hot Start HF DNA pol, DNA content measured
using Picogreen for T, ranging from 55°C to 64.6 °C.

Similarly, a Tascreening was conducted for the three other DNA Pol mentioned above. As shown
in Figure 13(4), (C) and (E), nLuc DNA template was successfully produced at an average of 2.28
pug, 3.63 ug, and 3.47 ug, using Phusion HF DNA Pol, Platinum Tag HF DNA Pol, and
recombinant Taq DNA Pol, respectively. Regarding the eGFP DNA template, as shown in Figure
13(B), (D) and (F), average productions of 3.22 pg, 1.91 ng, and 1.43 pg were obtained using
Phusion HF DNA Pol, Platinum Taqg HF DNA Pol, and recombinant Taqg DNA Pol, respectively.
These measurements were taken using Picogreen dsDNA analysis for 25 pL PCR reactions starting
with 1 ng of pDNA template encoding the sequence of interest, as nanodrop (UV absorbance) is

not reliable for the quantification of unpurified PCR products.
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Figure 13: DNA content measured using Picogreen for a range of annealing temperatures for both
reporter sequences, i.e. nLuc and eGFP, produced using 25 pL. PCR reactions starting with 1 ng
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of pDNA template, with three different DNA Pol: Phusion HF DNA Pol, Platinum Taq HF DNA Pol,
and recombinant Taq DNA Pol respectively

Moreover, Figure 14 illustrates that both reporter sequences were produced at the correct length.
Non-specific undesired bands were observed on the agarose gels for nLuc PCR products of
Phusion HF DNA Pol and recombinant Taq DNA Pol at around 200-300 bp for Ta values of 65.5°C
and lower, and around 200-300 bp and 500-600 bp for Ta values of 68.6°C and lower, respectively.
In the case of the eGFP amplicon, no non-specific PCR bands were observed, as shown in Figure
14 (d), (e) and (f), for the three different DNA Pol used. Following these results, the ideal Ta
selected for nLuc and eGFP template PCR productions under the pre-defined conditions were: for
(1) Phusion HF DNA Pol: 67°C and 61°C respectively, (2) Platinum Taq HF DNA Pol: 65°C and
60°C respectively, and (3) Taqg DNA Pol: 70°C and 63°C respectively.

Agarose Gel Electrophoresis
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Figure 14: Agarose Gel Electrophoresis of PCR products for both reporter sequences, i.e. nLuc
and eGFP, produced using PCR with three different DNA Pol: (a, d) Phusion HF DNA Pol, (b, ¢)
Platinum Taq HF DNA Pol, and (¢, f) recombinant Taqg DNA Pol, respectively.
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Following the selection of the ideal Ta for each polymerase, CDS and primer pair combination, we
aimed to scale up the DNA production in order to produce sufficient material for subsequent
mRNA transcription. To this end, for each polymerase and DNA sequence, the PCR yield was
evaluated in both the 25 pL and 50 pL reaction scale. Overall DNA yields were compared between
polymerases, as well as between reaction scales. Figure 15 illustrates that as the reaction volume
was doubled, the DNA yield increased for every polymerase and template evaluated. Specifically,
for Q5 HF and Phusion HF polymerases, nearly twice the yield was observed for both the nLuc
and eGFP amplicons, as expected theoretically. In the cases of Platinum Taq HF and Taq DNA
Pol, performance of the polymerase was sequence dependent. Furthermore, despite the sequence
length disparity, both nLuc and eGFP template yields were similar when produced in 50 puL
reactions using Q5 HF and Phusion HF polymerases, with average production yields of 5.47 pg
and 6.28 ng for nLuc respectively, and 5.28 pg and 6.70 pg for eGFP respectively (Fig.15).

DNA Template PCR Production Yields By DNA Polymerase
for Ideal Anneling Temperature for 25 pyL and 50 pL Reactions

3 nLuc (50 uL reaction; 2ng DNA template) Bl eGFP (50 uL reaction; 2ng DNA template)
3 nLuc (25 uL reaction; 1ng DNA template) 3 eGFP (25 uL reaction; 1ng DNA template)
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Figure 15: DNA Template PCR production yields by DNA Pol for ideal Ta previously determined,
for 25 puL and 50 pL PCR reactions. Data measured using Picogreen analysis.
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Q5 Hot Start HF DNA Pol was then selected for proof of concept of PCR production for longer
DNA sequences: BA45 and Refspike with an amplicon size of respectively 4416 bp and 4431 bp,
compared to the 2172 bp nLuc and 1193 bp eGFP amplicons, considering the chosen primers.
Figure 16(A) demonstrates that under the same PCR conditions, the yield was slightly lower for
longer DNA sequences. Specifically, under the highest production Ta (64°C), 2.63 ng and 2.34 pg
were produced on average for BA45 and Refspike amplicons, compared to 3.09 ug and 3.23 pg
for nLuc and eGFP, respectively. Moreover, correct sequence length was again verified using

agarose gel electrophoresis, as shown in Figure 16(B).
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Figure 16: PCR Production for longer DNA templates encoding SARS-CoV-2 Spike protein.

(A) DNA template PCR production yields for 25 pL reactions using Q5 Hot Start HF DNA Pol, measured
using Picogreen, for different annealing temperatures. Three different T, were used for the production of
the SARS-CoV-2 protein GOI sequences: 68°C, 64°C, and 61.8°C. (B) Agarose Gel Electrophoresis of PCR
products encoding SARS-CoV-2 Spike protein at the three different Th.

4.2. Template DNA Purification
4.2.1. Template DNA Preparation: pDNA origin
4.2.1.1. pDNA Linearization

After the GOI encoding pDNA has been generated using E. coli fermentation, and extracted and
purified from bacterial cells, the DNA templates produced were linearized to fulfill the ultimate
goal of mRNA transcription. As mentioned in Section 8.3.1, HindIII and Spel restriction enzymes
were used to linearize both reporter constructs, pnLuc and peGFP respectively. Figure 17 shows

that the linearization of both plasmid DNA constructs was successful.
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Figure 17: Agarose Gel Electrophoresis of both reporter constructs, (A) nLuc and (B) eGFP, in
their plasmid and linearized forms.
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The unique band on the DNA agarose gel for the linearized nLuc in Figure 17(4) appears to be
between the 6 kb and 8 kb ladder markers, confirming that the correct length of the linear plasmid
was obtained: 6.77 kb. Similarly, for eGFP in Figure 17(B), the unique band for the linearized
plasmid conformation is close to the 3 kb ladder marker, confirming identity with correct sequence

length of 3.493 kb.

4.2.1.2. Further DNA Template Purification

Removal of the restriction enzymes is then required to isolate the final DNA template and proceed
with IVT. Three different purification methods for the DNA template with pDNA origin were
successfully compared: (1) DNA extraction from agarose gel, referred to in this section as gel
extraction, (2) PCR clean-up, and (3) in-house TFF scale down method using Amicon Columns.

Additional details regarding these methods are mentioned in Section 8.3.2.

(A) Amicon Column Purifcation Protocol (B) Amicon Column Purification Protocol Design
Design & Optimization (Effect of Column Buffer Pre-washing)
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Figure 18: Amicon column-based purification protocol establishment and optimization.

(A) Amicon column purification protocol design and optimization, showing DNA concentration obtained
via nanodrop measurements (in ng/uL) for nLuc and eGFP templates for various conditions: centrifugation
speed and time. Values are compared to the minimum concentration required for using the obtained DNA
template in IVT protocol in the lab. (B) Effect of column buffer pre-washing and sample collection number
on total nLuc DNA recovered (in pg) using Amicon column purification at 4,000 x g for 30 min collection
steps.

Establishment and optimization of an Amicon column-based purification protocol was done by
evaluating different conditions such as centrifugation speed, time, and sample collection number.
nLuc was selected for the optimization of the purification protocol, which was then validated using

the eGFP sequence. First, it was clearly demonstrated that increasing the collection number to

three increases DNA recovery (Figure 18(B)). We also demonstrate that pre-washing the column
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with the Tris-HCI buffer contributed to an increased DNA recovery, as shown in Figure 18(B).
We began using a centrifugation speed of 2,000 x g for 12 min which, as shown in Figure 18(A4),
did not result in a DNA template that was concentrated enough for the IVT protocol that we have
established in the lab. Thus, in these cases, it would need to be followed by ethanol precipitation
for DNA concentration to be used in IVT, which renders the purification process longer and
decreases the post-purification recovery yield. Therefore, by increasing the centrifugation speed
and time to 4,000 x g for 30 min for each sample collection step, we not only observed higher
DNA recoveries of around 80 % as demonstrated below in Figure 19, but with concentrations high

enough for IVT.

DNA Recovery for Various DNA
Purification Methods
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Gel Extraction PCR Clean-up Amicon
Columns

After establishing the Amicon column-based purification protocol, we systematically compared
the three purification methods mentioned above for both DNA constructs, i.e. nLuc and eGFP, to
demonstrate its ability to be used for several gene sequence lengths. Figure 19 shows the DNA
template recovery percentages comparison for the three purification methods for nLuc and eGFP,
based on yield recoveries between post and pre-purification of linearized plasmids. Recovery
percentages are similar across both linearized pDNA constructs, demonstrating no effect on
sequence length for the three purification methods. Moreover, the average recovery percentages
obtained for the DNA template encoding eGFP are 41.1%, 74.64%, and 81.3% using gel
extraction, PCR clean-up and Amicon column purification methods, respectively. Similarly, for
the nLuc template, the average recovery percentages obtained are 40.85%, 77.55%, and 82.2%.

Overall, gel extraction purification demonstrated lower DNA recovery compared to the two other
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methods, while the Amicon column-based purification showed similar or higher recoveries

compared to PCR clean-up purification.

Purity was also evaluated using Nanodrop absorbance ratios for quality control purposes. For the
eGFP template the A260/280 and A260/230 average ratios obtained across various experiments were
around 1.88 and 1.23 for gel extraction, 1.88 and 1.97 for PCR clean-up, and 1.85 and 1.93 for
Amicon column-based purification. Similarly, for nLuc template the following A260/280 and A260/230
ratios were obtained on average: 1.87 and 1.69, 1.90 and 2.06, and 1.93 and 2.14, for the three
purification methods respectively. As such, PCR clean-up and Amicon column-based purifications
performed better overall compared to gel extraction. This validates the use of Amicon column
ultra-0.5 centrifugal filter units with high-recovery regenerated cellulose for DNA template
purification before IVT, such that the MWCO chosen depends on the restriction enzyme used.
Here, 100 kDa was chosen as Spel-HF has a MW of 21.7 kDa and HindIII-HF a MW of 34.9 kDa.

4.2.2. Template DNA Purification: PCR generated DNA Template

To establish the reference analytical method for PCR generated DNA template, Nanodrop and
Picogreen analytical assay results were compared in their ability to measure purified DNA content
originally produced using PCR. It is critical to note that quantification of unpurified PCR products

was not done using Nanodrop as primers and unused nucleotides can interfere with the absorbance

reading.
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Figure 20: Comparison of analytical methods for PCR generated DNA content quantification.
These results were measured post purification of the PCR products via PCR Clean-up. eGFP is used as the
benchmark sequence for this analysis and has been produced via PCR using four different DNA Pol: Q5
HF, Phusion HF, Platinum Taq HF, and recombinant Taq.
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Moreover, Figure 20 illustrates the comparative results of using Picogreen or Nanodrop for the
quantification of purified PCR products produced using four different DNA polymerases, using
eGFP amplicons as the benchmark between both assays. It was shown that relative to the Picogreen
concentration measurements, the Nanodrop readings are consistently lower, by around a factor of
0.76 on average. For future analytical considerations, Picogreen analysis was used for PCR

generated DNA template, as unpurified PCR amplicons cannot be measured using Nanodrop.

For PCR generated DNA templates, only PCR clean-up and Amicon column-based purification
methods were compared, as they outperformed gel extraction method for purification of linearized
pDNA. First, PCR clean-up was used to purify nLuc and eGFP amplicons that were generated via
PCR respectively, using four different DNA Pol, i.e., Q5 HF, Phusion HF, Platinum Taq HF, and
recombinant Taq. Figure 21 illustrates the PCR DNA template yields pre- and post- PCR clean-
up purification, as well as the computed average recovery percentage for each DNA Pol for both
sequences. Specifically, for amplicons produced using Q5 HF DNA Pol, PCR clean-up recoveries
were overall higher than for other DNA Pol used, for both nLuc and eGFP.

DNA Template PCR Production & PCR Clean-up Purification Yields
By DNA Polymerase for Ideal Annealing Temperature

O nLuc (50 uL reaction; 2ng DNA template) B eGFP (50 uL reaction; 2ng DNA template)
10=- nLuc (50 uL original reaction; PCR Clean-up) O eGFP (50 uL original reaction; PCR Clean-up)
65.40% 64.10%
8- 47.72%
=) -—|; 42.74% - : 78 41% 53.04%
=
< 6+
Z L
.E 62.11%
3 4+ 63 66%
£
<
2=
0 T T
Q5 HF Phusion Platinum QS HF Phu5|on Platlnum
HF Taq HF Taq HF

Figure 21: DNA Template PCR production and PCR clean-up purification yields by DNA Pol for
ideal Ta previously determined, for 50 uLL PCR reactions and for both reporter constructs. Average

computed purification recovery percentages for each DNA Pol are shown in the plot.
Data measured using Picogreen analysis.
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The highest purification recovery percentage, 78.41 %, was obtained for the eGFP sequence
produced with Q5 HF, such that Q5 PCR DNA purification recovery was sequence dependent. In
the cases of Phusion HF and Platinum Taq HF, performance of PCR clean-up purification was not
sequence dependent, with averages of 42.74 % and 64.10 % respectively for nLuc and 47.72 %
and 63.66 % respectively for eGFP amplicons. Additionally, Nanodrop data analysis was
conducted post- PCR clean-up purification for DNA sequence purity, determined by the A260/280
ratio. On average, the following A260/280 ratios were obtained: 1.83, 1.82, 1.76, and 1.84 for nLuc
produced using Q5 HF, Phusion HF, Platinum Taq HF, and recombinant Taq, respectively.
Similarly, for eGFP DNA templates, the average ratios obtained were 1.84, 1.88, 1.84, and 1.87,

respectively. The ratios were all within the desired range of 1.8 - 2.0, confirming purity.

Q5 DNA Pol PCR Produced DNA Template  Figure 22: Histogram of the purification recovery
Recovery by Purification Method percentages for both reporter DNA template
100 : produced using Q5 HF DNA Pol through PCR, for
two different purification methods: PCR clean-up

':LL and Amicon column purification.
: Amicon columns old protocol: buffer pre-washing
followed by 3 concentrations, 4,000 x g for 30 min each,
100 kDa. Amicon columns new protocol: buffer pre-
washing followed by 2 concentrations, 14,000 x g for 20
min each, 30 kDa. These results are based on Picogreen

Recovery %

s & s & g & measurements of the post-purification yield versus the
o 0] 0] . . . . .
A T I pre-purification yield to obtain the respective recovery
PCR Clean-up , Old protocol New protocol | 9%.

Amicon Columns

Amicon column-based purification was then conducted for both reporter sequences produced using
Q5 HF DNA Pol. Figure 22 shows the PCR produced nLuc and eGFP templates recovery
percentages comparison for the two purification methods, based on yield recoveries between post
and pre-purification, measured using Picogreen dsDNA analysis. Following the Amicon-based
purification protocol designed for linearized pDNA template previously, the average recovery
percentages obtained were 52.4 % and 63.7 %, for nLuc and eGFP templates respectively. Thus,
optimization of the Amicon-based purification protocol of PCR products was conducted to
increase these recoveries. By increasing the centrifugation speed from 4,000 x g for 30 min to
14,000 x g for 20 min for each concentration steps, we were able to increase the average recovery

percentages to 79.1 % and 90.3 % for nLuc and eGFP respectively. Amicon column-based
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purification performed overall similarly or better than the PCR clean-up purification of PCR DNA
products based on yields. Additionally, it can be observed that for both purification methods, the
purification recoveries were observed to be higher for the eGFP template than the nLuc template,

a sequence dependency that was not observed with the purification of linearized pDNA template
(Fig. 19).

4.2.3. Comparison of Purification Methods for Different Origin DNA templates

Overall, different purification methods were compared based on purification recovery and sample
purity for two reporter constructs, nLuc and eGFP, produced using either E. coli fermentation or
PCR. In summary, it was shown that the PCR clean-up and Amicon column-based purification
protocols performed well for both types of DNA templates, with high recovery percentages — for
both linearized pDNA template and PCR amplicons (Fig. 23). As such, the Amicon column-based
purification was proven to be suitable for the preparation of DNA templates for use in mRNA

transcription.

( A) Comparison of Purification (B) Comparison of Amicon Column Purification Method Recoveries for
Method Recoveries for DNA Template Produced DNA Template Produced using Bacterial Fermentation and PCR
using Bacterial Fermentation and PCR ns

| ns

100
100

80—

ES

> =S

g 2 60—
2 S

g § 40
= o

20+

1
nLuc eGFP nLuc eGFP

| 1 | | 0 nLuc eGFP | nLuc eGFP |1 nLuc eGFP |

DNA Template DNA Template DNA Template DNA Template DNA Template
Produced Produced Produced Produced Produced

in E. coli using PCR in E. coli using Q5 DNA using Phusion

Pol PCR DNA Pol PCR

Figure 23: Summary of the purification recovery percentages by purification method for nLuc and
eGFP DNA template sequences: (A) Comparison of PCR clean-up purification recovery percentages for
DNA template produced using bacterial fermentation and PCR, (B) Comparison of Amicon based-column
purification recovery percentages for DNA template produced using bacterial fermentation and PCR.
Significance analysis performed using ordinary one-way ANOVA on GraphPad Prism software.
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4.3. mRNA Transcription using Prepared DNA Template: IVT Reaction

Finally, after the DNA has successfully been generated and purified, it can be used as a template
for mRNA synthesis. Herein, we assess the effect of the chosen DNA template purification method
on the overall mRNA vyield and purity.

First, DNA templates originating from E. coli fermentation and purified using one of the three
different methods discussed above were used as starting material for IVT reactions. Results
depicted in Figure 24 have been obtained following mRNA synthesis, phenol chloroform
purification, and Picogreen quantification. Starting all IVT reactions with 1 pg of DNA template,
it was shown that the total mRNA yield varied based on the purification method used to prepare
the DNA template. Figure 24(A) demonstrates that higher IVT yields were obtained when using a
DNA template that has been purified using PCR-clean up or Amicon columns as opposed to that
obtained from gel extraction. Moreover, mRNA productions also gave higher yields for the eGFP
template compared to the nLuc template, which is hypothesized to be due to the sequence size
difference. Specifically, it was shown that similar (i.e. nLuc) or higher (i.e. eGFP) mRNA
productions were obtained for the IVT reactions where the DNA template was purified using

Amicon columns compared to PCR clean-up.

(A) Effect of E. Coli-based DNA Template Purification (B) Etfect of PCR eGFP DNA Template Purification Method on IVT Yield
Method on IVT Yield (PCR Clean-up versus Amicon Columns)
ns
skokk
ns
200
ns
150 :
=3 Q5 DNA Pol for template production
; 150 + PCR Clean-up purification
s i 2 EEm Q5 DNA Pol for template production
g 100 - : ; + Amicon Column purification
: -l_ ] EEE Phusion DNA Pol for template production
= T : 100 + Amicon Column purification
z — —
E S
g 801 ) 50
] |‘|
0
° S & g o g & L ] L |
Z o 2 § 2 5] DNA template DNA template
L 1 I L ° purified using purified using
DNA template DNA template DNA template é‘m'c"“
. N ; N ; . olumns
purified using purified using purified using
Amicon
Columns

Figure 24: IVT yields depending on DNA template origin and purification method used.
(A) mRNA yields of IVT experiments using E.coli-based DNA template purified using Gel extraction, PCR
Clean-up or Amicon columns, (B) mRNA yields of IVT experiments using PCR based DNA template
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purified using PCR Clean-up or Amicon columns. IVT reactions were conducted starting with 1pg of DNA
template. Data obtained using Picogreen and following phenol chloroform purification of the obtained mRNA.
Significance analysis performed using ordinary one-way ANOVA on GraphPad Prism software.

For proof of concept, a similar comparison study was conducted for IVT reactions that used PCR
generated and purified DNA templates instead of E. coli-based templates, specifically for the eGFP
sequence. Figure 24(B) illustrates these results where no significant differences in yield were
observed between IVT reactions that used PCR generated DNA template purified through PCR
clean-up or Amicon columns. Overall, we can observe that the eGFP mRNA yield for PCR Clean-
up DNA template was almost twice as high for PCR originating template rather than the E. coli-
based one. Total mRNA yields obtained were on average 153.0 ug and 80.9 ug, respectively. On
the other hand, Amicon column-based purification of the DNA template landed similar mRNA
yields for both PCR and E. coli-based DNA templates, which further validates the use of Amicon
columns for DNA purification. The total mRNA yields obtained were on average 117.7 pg for E.
coli Amicon purified template, and 117.9 pg and 120.8 pg for Q5 and Phusion PCR Amicon

prepared templates, respectively.

mRNA characterization was then conducted using formaldehyde gel electrophoresis, as shown in
Figure 25. Purity and identity of the mRNA obtained through IVT reactions that used E. coli-based
DNA templates were confirmed in Figure 25(4) and (B), for both the eGFP and nLuc sequences
respectively. Correct sequence lengths were obtained with the main band right below the 1 kb
marker for eGFP mRNA and around 2 kb for the nLuc mRNA, as expected. More specifically, it
can be seen that the mRNA produced with E. coli-based DNA template purified with gel extraction
showed increased degradation (Fig. 25(A4) lines 2-4 & 25(B) lines 2-4) compared to when purified
with PCR clean-up (Fig. 25(4) lines 5-7 & 25(B) lines 5-7). Moreover, comparing the mRNA
purity between PCR clean-up and Amicon purification DNA template, showed similar quality
between the two experiments. Purity was evaluated using the Bioanalyzer profile, showing a clear
and defined band and peak close to 2 kb marker, as anticipated (Figure 25(C) and (D)). Similarly,
identity of the mRNA obtained through IVT reactions that used PCR-based DNA templates were
confirmed in Figure 25(E) and (F), with correct band lengths obtained in all cases.
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6 & 7- eGFP mRNA (w/Amicon PCR Q5 produced template)

8.& 9- eGFP mRNA (w/Amicon PCR Phusion produced template)

Figure 25: Characterization of nLuc and eGFP mRNA identity.

(A) mRNA formaldehyde gel electrophoresis of eGFP mRNA produced through IVT using E. coli
generated DNA template purified using gel extraction or PCR Clean-up, (B) Same as (A) but for nLuc
mRNA, (C) Bioanalyzer gel results of nLuc mRNA produced through IVT using E. coli generated DNA
template purified using PCR Clean-up or Amicon columns, (D) Corresponding Bioanalyzer
electropherograms, (E) Formaldehyde gel electrophoresis of nLuc and eGFP mRNA produced through IVT
using Q5 PCR generated DNA template purified using PCR Clean-up, (F) mRNA gel electrophoresis of
nLuc and eGFP mRNA produced through IVT using Q5 or Phusion PCR generated DNA template purified
using Amicon columns.
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5. Discussion and Conclusion

Owing to its cell-free production and fast reaction time, mRNA manufacturing is considered highly
advantageous as compared to other more complex vaccine and therapeutic manufacturing
processes [15]. However, plasmid production still represents the most time-consuming step of this
process, where E. coli fermentation can take up to several days/weeks in comparison to the mRNA
synthesis and its associated purification steps, which are generally completed within several hours
to two days. More particularly, DNA linearization, which is needed when using pDNA sources as
IVT DNA templates, constitutes one of the main cost contributors amongst the major operations
for mRNA therapeutics and vaccines (Appendix A Table B and Figure A). Despite these hurdles,
bacterial fermentation is still used as the gold standard technique for pPDNA generation in both
academic labs and industrial settings. As such, E. coli fermentation was first used in this study as
our reference DNA template production method. DH10Bac was selected as our working E. coli
strain due to its ease of transformation, fast growing, and good associated pDNA yields, as
demonstrated. In fact, DH10Bac corresponds to a modified version of the DH10B strain, and both
the DHS5a and DHI10B E. coli strains have similar phenotypes — endA and recA negative —
preventing plasmid degradation, making them typical hosts used for pDNA production [148].
Furthermore, we demonstrated similar pDNA yields for the E. coli NEB Stable competent strain,
which is suitable for high efficiency transformation, recommended to us by a representative of
BIOVECTRA in the context of mRNA manufacturing [132]. Future studies in bacterial
fermentation for plasmid production could examine alternative methods for transformation and
bacterial growth of Vibrio Natriegens strains to alleviate bacterial culture time and take advantage

of its fast-doubling time.

Despite the existing foundation of knowledge and regulatory approvals surrounding E. coli-based
plasmid production, the ongoing surge of interest and research in cell-free, enzymatic or synthetic
production of pDNA represents a promising avenue for future manufacturing of these molecules.
This would have a strong impact, not only in the context of the mRNA manufacturing platform,
but also in the context of DNA-based vaccines, as well as gene and cell therapy processes [149]. In
this thesis, PCR was shown to be an attractive potential alternative method for DNA template
generation for use in mRNA transcription. To our knowledge, no direct and systematic comparison

of the DNA template origins for IVT was previously recorded. Therefore, we developed a straight-
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forward and time-reductive workflow for the production of DNA template for IVT using PCR. A

comparative table of our results is show in Table 3, which illustrates the advantages of using PCR

over E. coli-based DNA templates from a manufacturing perspective.

Production Time

PCR Generated DNA Template

E. coli Generated DNA Template

1-2 hours

3-7 days

Linearization Step

X

V

Production Yields

(nLuc example)

Q5 DNA Pol: ~5-6 pg per 50 pL reaction
Phusion DNA Pol: ~6 pg per 50 pl reaction
= Easily scaled out (parallelized)

Mini Prep High Copy Plasmid:
DH10Bac: ~20 pg per 50 pL collection
NEB Stable Competent: ~20 pg per 50 uL
collection

PCR Clean-up: 65.3 % (nLuc); 79.0 % (eGFP)

Gel extraction: 40.8 % (nLuc);

:urlflcat_lon Amicon columns: 79.1 % (nLuc); 90.3 % PCR Clean-up: 77.55 % (nLuc); 74.6 % (eGFP)
ecoveries (eGFP) Amicon columns: 82.2 % (nLuc); 81.3 % (eGFP)

Comparable Cost

(per ug of purified $1.04 CAD $1.752 CAD

(Linearization enzymes: most expensive)

DNA):

Table 3: Overall Comparative Table between PCR and E. coli generated DNA template.

Average comparable costs obtained from Appendix A Table B Analysis.

We demonstrated that the choice of DNA Pol has an impact on the sequence synthesis yield. Each
DNA Pol is characterized by a set of properties, such as its fidelity, 3’ 5’ exonuclease, 5’ 3’
exonuclease, etc. that also depend on the reaction conditions for various applications, such that Q5
DNA Pol can be used for long range PCR for example. We also demonstrate that careful
considerations should be taken when establishing PCR reaction parameters, as they are dependent
on various factors including but not limited to the DNA Pol used, the designed primers, and the
sequence to be amplified (i.e., length, nucleotide composition, etc.). The use of defined enzymes
could help in the standardization of the upstream process, from the PCR reaction to the purification
step. As PCR generates amplicons containing all the sequence elements discussed in the literature
review section of this thesis, no linearization step is required, making thus purification a unique
step. We also compared different purification methods — two lab-scale and one TFF scale-down
technique using Amicon columns — for different DNA template origins and demonstrated similar
or higher purification recoveries for the established Amicon columns-based purification method
when compared to PCR clean-up, while highlighting good yields on both ends. Additionally,
sequence dependency was shown for purification of PCR products illustrated by higher recoveries

for shorter sequences, a trend that was not observed in the purification of linear DNA template
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originating from pDNA. Despite this result, sequence length does not constitute a fundamental
limitation to the use of PCR for DNA template generation but should rather be taken into
consideration when setting the production and purification workflow to maximize end-yields. In
fact, as shown in Appendix A Table A, long range PCR can generate sequences of up to 20 kb,
covering the typical length of therapeutic mRNAs. The Amicon column-based purification method
was proven advantageous at lab-scale and could be implemented at large-scale using TFF. On the
other hand, low recoveries were obtained when purification was carried using gel extraction, which
can be due to multiple factors such as: long exposure to UV light, uncomplete melting of agarose
plug, introduction of more salts and other components to the purification when the agarose plug
was not small enough, etc. Moreover, PCR production yields can be scaled out by running multiple
50 pL reactions in parallel — with the only limitations being the number of PCR tubes a machine
can hold, the number of PCR machines available, as well as the overall costs of enzymes. As shown
in Appendix A Table A, DNA Yyields are highly dependent on the scale of operation. Around 5
pg/mL of culture for lab-scale production of high copy pDNA to around 2.1 g/L for a 300 L
production, and around 50-200 ng/pL for PCR reactions which can be parallelized for higher
yields. Finally, the resulting SDT-mRNA was of a comparable quality with that of the PDT-
mRNA, as shown through the quality control conducted via formaldehyde gel electrophoresis. We
also showed that the DNA template origin did not impact the mRNA synthesis yield, using the
eGFP construct as our benchmark sequence for comparison purposes. In a therapeutic context, in
vitro then in vivo studies should be conducted to evaluate respective protein expression and
function. For example, de Mey et al. demonstrated that their produced SDT-mRNA was
comparable to their produced PDT-mRNA, showing their strong potential for use for vaccine

development and immunogenicity screening [42].

Having established a foundational protocol for both bacterial amplification of DNA templates as
well as their synthetic production and purification, future work can focus on the establishment of
additional analytical techniques to ensure the quality of these templates. Specifically, monitoring
of the poly(A) tail remains a challenge within the field. Recombination of homopolymeric poly(A)
stretches in plasmid vectors still constitutes a major issue in poly(A) tail conservation, such that it
has been shown by Trepotec et al. that using a segmented poly(A), such as the one in our nLuc
reporter sequence, helps reduce such recombinations [150]. Throughout the progression of our

study, we examined several methodologies to assess the length of the poly(A) tail, as shown in
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Appendix B. Overall sequence conservation, except for the poly(A) region, was observed for both
nLuc and eGFP DNA templates produced via E. coli or PCR. Sequencing analysis was conducted
using various methods such as Sanger, Nanopore and PacBio sequencing (Appendix 1B). However,
we were met with conflicting results regarding poly(A) tail length (Appendix 2B), which would
require additional optimization for future progress. Alternative methodologies can include
synthetic approaches for the production of poly(A) tails, followed by their ligation to the DNA
template, as described by Graham et al. from Elegen (DNA synthesis company based in California,
U.S.) [151]. Moreover, other methods have been proposed such as the one described by Arbuthnot
et al., where they developed a method that uses type IIS restriction enzymes to build a poly(A)
tract via repeated restriction digestion followed by their ligation to lengthen the poly(A) tail and
circular plasmid propagation [152]. Additionally, for platform technologies, the inclusion of unique
restriction sites on either side of the poly(A) tail would facilitate the analysis of this DNA segment.
The excised poly(A) tail would then be easily analyzed through the fragment analyzer, gel

electrophoresis or other analytical technologies.

In our study, we used reporter constructs which were provided to us and unmodified by us to
establish the project. The results obtained for those sequences could be generalized for different
mRNA templates of similar length; efficiency of the established process should be validated for
longer sequences. However, for the implementation of a singular flexible plasmid design, which
can be applied to produce several mRNAs for various applications, the template can be designed
to account for these necessary analytical assays. In this study, pDNA was used as the origin
sequence for later PCR amplification. Though this represents a step to reduce current
manufacturing times, the next step would be to implement the use of a fully synthetic DNA
template. As such, DNA synthesizers could be used to generate pre-designed template fragments
sequences to be assembled and later amplified via PCR following the developed workflow.
Typically, DNA synthesizers can produce DNA sequences of around 100 bp [153]. For example,
de Mey et al. successfully used a synthetic DNA template for IVT, such that the SDT was
generated using three synthetic oligonucleotides designed to hybridize together during assembly

PCR, to then be amplified by PCR before purification [42].

To conclude, the aims of this research project to establish and optimize the DNA template

production and purification steps for use in IVT have been fulfilled. The major potential of PCR
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as the method of choice for DNA synthesis was successfully demonstrated. As such, the use of
enzymatically-produced synthetic DNA templates has the potential to overcome mRNA
manufacturing concerns. In fact, pPDNA production involving bacterial fermentation is not only
subject to large-scale bioreactors batch failures but is also associated with a large footprint and
large associated upstream costs and time. The purification process that follows is similarly slower
and more expensive as it is done pre- and post-linearization of the sequence of interest. Thus,
synthetic DNA approaches are highly strategic from a manufacturing standpoint due to their ease

of generation, fast production, and scalability, all of which are favorable for rapid tech transfer.

64



6. Appendix

APPENDIX A: Evaluating DNA Template Generation Techniques: PCR versus Bacterial
Fermentation, in terms of production process and associated costs.

APPENDIX A Table A: Production Process Comparison of PCR generated DNA template and
E. coli generated DNA template (PDT).

PCR Generated Template E. coli Generated Template

e 10-100 pL (fast and homogeneous

> 1000 L (bioreactor production) [1]

Reaction cooling/heating is hard to achieve for
volume/ )
Throughput g Vo i) .
e 96 reactions can run in parallel
Starting DNA | 1 pg - 100 ng (depending on PCR reaction 10 pg - 100 ng (depending on the amount of
content volume) bacterial cells for transformation)
Several pg (around 50-200 ng/puL) Lab Scale (Mini Prep):
e High Copy Plasmid: ~5 pg/mL of culture
Difficult to predict: depends on the size of the e Low Copy Plasmid: ~2 pg/mL of culture
. amplicon, design of the primers, startin: ) i o
DNA yield amgunt of tem;%late and I[))rimers, amplifg;cation High Yield Optimized Industry Scale:
efficiency, reaction volume, numbers of PCR ¢ 2.1 g/Lfora300 L production [2]
cycles, etc. e 1.58-2.96 g/L in 6 L production [3]
e 1-1.5 g/L for processes ~1000 L [4]
e Standard PCR (less than 5 kb) [5] Plasmid size can be 10s of kilobases long
e Longrange PCR: Sequences between 5 ..
Maxi kb - 20 kb [5, 6] Examples in hteratu.re: . '
aximum e 16.8 kb plasmid successfully amplified in
sequence E coli
length e 21.4 kb plasmid in E. coli
e 205 kb plasmid transformed into E. coli
and isolated [7]
Error rate depends on PCR conditions such as 1x10” errors per base pair errors per
DNA polymerase, amplicon size, number of replication [10]
PCR cycles, etc.
Examples in literatures: [8]
e Tag DNA polymerase I: 1 x 10to 2 x
Expected 10 errors/base/doubling

error rates

e Q5 substitution error rate: 5.3 x 1077
(0.9 x 107)

e Phusion substitution error rate: 3.9 x 10
(0.7 x 10)

e Long range error rate (error per base
pair): Tag blend: 8-14x10¢ and Pfu
fusion: 1.3x10° [9]

Amplification
time required

e For standard PCR: 1-2 h
e Forlong range PCR: ~6 h

e Several days-weeks

e Required for removal of primers and

e Required for extraction from cells

Downstream . . . . .
rocessin loose nucleotides (reaction mixture e Required to remove cell debris, host cell
P g components) proteins, etc.
Linearization | Not Required Required
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Appendix A Table B: Cost Analysis Comparison of PCR versus E. coli fermentation for
DNA template generation

This cost analysis does not include the cost of consumables, which may impact the result of the

analysis. This estimate was completed using available listed prices of raw materials on common

supplier websites. Prices for large scale and bulk orders may vary with these suppliers.

PCR Generated Template E. coli Generated Template

Item/Reagent

Anticipated Cost
Fixed Costs (FC)

Item/Reagent

Anticipated Cost
Fixed Costs (FC)

Example: Example:
PCR e C1000 Touch™ Thermal Cycler Shaker e Thomas Scientific: MaxQ Stackable
Thermocycler with 96-Deep Well Reaction: List Incubator Incubated Shaker: List Price ~$24,000
price $12,930 CAD CAD
Approximately $ 1,500 CAD
Dry Example:
‘ Incubator ® Thermo Scientific Heratherm IMC18
Approximately $4,000 CAD Incubator: $1,524 CAD
Micro- Example: Approximately $50,000 CAD
centrifuge :
lcrocentrituge: >, Centrifuge e Beckman Coulter Avanti J-E Centrifuge:
(Purification) $41,332 CAD [7]

® Thermo Scientific™ Sorvall BIOS A

Centrifuge: $61,700 CAD [8]
Variable Costs (VC) Variable Costs (VC)

e (Q5® Hot Start High-Fidelity DNA
Polymerase 500 units (2 U/uL):
$708.30 [1]

o $0.7/50 uL reaction
e  Phusion™ High-Fidelity DNA

e 20-50 uL of competent cells for bacterial
transformation
Examples:

e NEB® Stable Competent E. coli (20 x
0.05 ml): $510.00 CAD [9]

DNA ellrrrerse 500 mriE (2 W) Bacterial o Assut.mng 30uL of cell§ used per
Polymerase Cells prep: ~$15.30 CAD/Giga prep
$692.00 [2] .
: e  One Shot™ TOP10 Chemically
o $0.69/50 uL reaction X
. Competent E. coli (21 x 50 uL/tube):
e Taq DNA Pol recombinant 500
. ) $680.00 CAD [10]
units (5 U/uL): $210 [3] A . £ eell d
o $0.525/50 uL reaction ® sesuming UL G 3 used per
: prep: ~$19.43 CAD/Giga prep
For Plates:
e  Luria Broth Base (Miller's LB Broth),
powder 2.5 kg: 522.00 CAD [11]
o Price per plate: ~ $0.261 CAD
e  Agar powder 2.5 kg: 838.00 CAD [12]
Nucleotides L] 10mM: 1mL StOCk, 842.00CAD [4] Medium o Price per plate: ~ $0201 CAD
(dNTPs) o $0.842 CAD /50uL reaction

For Bacterial culture:

e  Medium estimated cost: $0.2-0.35 CAD/L
[13]

e  Assuming 250 mL culture for a Giga
Prep: ~$0.05-0.09 CAD/Giga Prep
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For Plates:

e  Ampicillin powder(5g): $119.69CAD [14]
o  Working concentration: 100pug/mL
o Price per plate: ~ $0.0239 CAD

Primers e  25nmol: 3.60 CAD ' e Kanamycin powder(5g):$116.68CAD [15]
(Forward o Cost per 50uL PCR reaction: Antibiotic o Wprking concentration: 50pg/mL

and ~$0.004 CAD/ 50uL o Price per plate: ~$0.0116 CAD
Reverse) reaction

For bacterial culture:
e Ampicillin: Assuming 250 mL/Giga
Prep, 25 pg required: $0.598 CAD
e Kanamycin: $0.2917 CAD/Giga Prep

Examples: Example:
e Taq DNA Polymerase PCR Buffer e  Spel-HF: 2500 units, 440 CAD [16]
Reaction (10X) 2mL: $99.25 CAD [5] Linearization o 10 units of enzyme/ pg of DNA:
Buffer o ~$0.25/50uL reaction Enzyme ~$1.75CAD/ ug DNA
e Phusion HF Buffer Pack 6mL: o Assuming 10 mg of DNA per Giga
46.62 CAD [6] prep:[17] ~$17,500CAD/10mg
o ~$0.077/ 50uL reaction DNA

Lab Scale:
e  QIAquick PCR Purification Kit
(250 preps): 640 CAD
o $2.56 CAD/ prep
Purification ©® NucleoSpin® Gel and PCR Clean- | pyrification
Up (250 preps): 607.27 CAD Large Scale (Industrial scale) purification was
o $2.43 CAD/ prep not explored for this analysis.

Lab Scale:
o 164%/ sample for each Giga Prep [18]

Industrial scale purification was not
explored for this analysis.

Comparable cost (per pg of purified

DNA): $1.04 CAD Comparable cost (per pg of purified DNA):
. $1.752 CAD
Assumptions:
e All costs calculated per one 50puL Assumptions:
TOTAL VC reaction (unpurified): $4.15 CAD TOTAL VC *® Allcosts were calculated for bacterial
e Each 50puL reaction produces Sug culture for 1 Giga Prep
(C=100 ng/pl) e Assumed 1 Giga Prep will produce
e  Purification recovery %: typically, approximately 10 mg of DNA (as
75-95 % (* written on the estimated by the manufacturer)

kit, optimistic): consider: 80%

APPENDIX A Figure A: Taken from SigmaAldrich — Cost distribution among major unit
operations for mRNA vaccines [1]

mRNA vaccines - Cost (USD) per batch

3% 7%
--------
ooooooo
F 4§ o
& (@;pf ﬁ‘}j\\?“fp Gy&dd“.-‘
&
5 £
81% & o- o
-
W Capital Charge M Materials Consumables M Labor Others

67



APPENDIX B: Evaluating Sequencing Methods for DNA Template Quality Control

APPENDIX 1B: Assessment of the DNA sequenced reads except for the poly(A) sequence.

(1) Plasmid DNA sequences produced using E. coli Fermentation:

Evaluation of plasmid sequence conservation through E. coli fermentation was done by Professor
Ioannis Ragoussis’ Lab using de-novo assembly of the sequenced reads into groups of similar
molecules, using two different sequencing platforms: Nanopore and PacBio sequencing platform.
The following results were obtained:

e Nanopore reads (most abundant assembled sequence), for peGFP and pnLuc:
o Agreement with reference sequence, except the poly(A) region and nanopore adaptor
overhang of reference.

*It would be recommended to cut the plasmid with a restriction site that is not right after the pol(A) tail, as is the case
of Spel and HindlIII (for eGFP and nLuc respectively), for sequencing purposes: as the nanopore adaptor sequence
was usually trimmed away and therefore, there is not an overhang of a constant sequence to define the boundaries.

e PacBio reads (most abundant assembled sequence), for peGFP and pnLuc:
o Agreement with reference sequence, except the poly(A) region.

(i1)_ Amplicon DNA sequences produced using PCR:
Note: PCR initial DNA input was the pDNA sequence produced using E. coli fermentation

PCR error rates, based on the number of mismatches and gap/insertion errors, were determined by
Sanger sequencing for both nLuc and eGFP amplicons produced using Q5 Hot Start HF. The
average values for 3 different amplicons are reported in the table below. Similarly, the PCR error
rates for both reporter sequences for a range of DNA Pol were also determined by Nanopore

sequencing, such that the results are also reported in the table below.

Amplicon DNA polymerase Total # bp # mismatches # gap/insertion Error Rate
nLuc Q5 High-Fidelity 21712 1(x1) 1.3334 (+ 0.5774) 11667 x 10° (£5.7735x 10°™)
nLuc Q5 High-Fidelity 2172 0(=0) 0(£0) 0(=0)
eGFP Q5 High-Fidelity 1193 0(x0) 1.6667 (£ 0.5774) 11667 x 10° (£5.7735x 107)
eGFP Q5 High-Fidelity 1193 0(=0) 0(x0) 0(0)
nLuc Phusion HF 2172 0(£0) 0(+0) 0(x0)
eGFP Phusion HF 1193 0(x£0) 0(£0) 0(x0)
nLuc Platinum HF 2172 0(=0) 0(x0) 0(x0)
e¢GFP Platinum HF 1193 0(x0) 0(£0) 0(=0)
nLuc Tagq Pol 2172 0(x0) 0(x0) 0(x0)
eGFP Tagq Pol 1193 0(x0) 0(x£0) 0(x0)

*Sanger Sequencing was done with triplicates (in Blue)

*Nanopore Sequencing was done with triplicates (in White)
* Nanopore sequencing is known to have higher sensitivity compared to Sanger sequencing
* Nanopore sequencing outperforms Sanger sequencing in terms of length
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Sanger sequencing of PCR amplicons was done at Genome Quebec to verify PCR accuracy. To
sequence nLuc amplicon, the following primers were used: at the extremities of the amplicon,
forward (5> TGTACGGGCCAGATATACGC 3’) and reverse (5° GCAACTAGAAGGCACAGT
CG 3’), and in the middle of the amplicon, forward (5 AAAGAAGTCGCGGAAGTGGC 3’) and
reverse (5 GGCCGAAGCCACAGGAGATA 3°). Similarly, for eGFP amplicon, the following
primers were used: at the extremities of the amplicon, forward (5> TTGTGTGGAATTGTGAGC
GG 3’) and reverse (5° GTCGGGGCTG GCTTAACTAT 3’), and in the middle of the amplicon,
forward (5 GGCACAAGCTGGAGTACAAC 3’) and reverse (5° TTCTGCTTGTCGGCCATG
AT 3°). To distinguish between Sanger sequencing errors and DNA Pol errors, 4 different primers
were used, not only to ensure that the entirety of the amplicon was read, but to also ensure that
both strands were sequenced. Error rate analysis includes bases confirmed on both strands.
Nanopore sequencing was also conducted on PCR amplicons to confirm sequence accuracy, using

Plasmidsaurus’ services.

APPENDIX 2B: Assessment of the Poly(A) tail sequence.

(1) Poly(A) tail sequences of plasmid DNA produced using E. coli Fermentation:

Poly(A) Tail Expected From Basecal].ed From Basecalled From raw data of From raw d?ta of

length of: Length data of PacBio |data of Nanopore nanopore with Dorado v7 | nanopore with in house
(median) (median) estimation (median) estimation (median)

eGFP plasmid 173 bp ~ 61 bp - 61 bp 57.09 bp

nLuc plasmid:

first segment of | 24 bp ~32bp ~28bp failed 32.36bp

poly(A)

nLuc plasmid:

second segment 34 bp ~71 bp - 70 bp 69.3 bp

of poly(A)

nLuc plasmid:

full segmented | 68 bp** - - 119 bp -

poly(A)

** nLuc segmented poly(A) sequence: AAAAAAAAAAAAAAAAAAAAAAAAGCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

As the assembled plasmid sequences matched the expected one for both nLuc and eGFP plasmids,
except for the poly(A) region, the poly(A) tail was treated separately as the assembly collapsed
multiple reads into one representation that might or might not represent the true length. Data
analysis and poly(A) distributions were conducted by Professor loannis Ragoussis’ Lab (McGill
Genome Center). Different sequencing methods were compared in their ability to sequence the

poly(A) tail: (a) PacBio, (b) Nanopore, (¢) Dorado v7.0.0 (new poly(A) tail estimation tool in the
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nanopore basecaller that allows for the poly(A) tail length estimation from plasmids, given that we
input the sequence before and after the region where we except the poly(A) to be), and (d) in-house

estimation from nanopore date developed by Professor Ioannis Ragoussis’ Lab.

(i1) Poly(A) tail sequences of amplicon DNA produced using PCR:
Note: PCR initial DNA input was the pDNA sequence produced using E. coli fermentation

e Nanopore Sequencing results (Plasmidsaurus data, analyzed using SnapGene):
o nLuc amplicon, produced using PCR with four different DNA Pol:

= Reference sequence: Poly(A) tail: 68 bp, segmented
= Nanopore results show insertions throughout the poly(A) tail — right after the
first and second segmented regions.

Hitti_x8z_7_nLuc_Phusio.
Hitti_x8z_8_nlLuc_Phusio.
Hitti_x8z_9_nlLuc_Phusio...

Hitti_x8z_13_nluc_Platin.., t@gagctagcaaaaaaaaaaaaaaaaaaaaaaaa gcatatgactaanaaaaaaaaaaaaananaaaaanaaaaaaaaaaa ge
! N ‘ " " ! N + | ; ! ! i
Hittl_x8z_15_nLuc_Taq_1 T T f t t t t t
Hittl_x8z_16_nLuc_Tag_2 acctcgatcgtttttttttttettttttteetet cgtatactgatttttttttttttttttteteetteteetetttet cg
Hitti_xBz_17_nLuc_Taq_3 [ Poly(A) Tail
Move:
Aligned Sequences ﬂ
Original Sequence  (<|[ ][> tggagctagcaaaaaaaaaaaaaaaaaaaaaaaa gcatatgactaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa gc
P Hitti_x8z_1_nluc_Q5_S1 == :CIGGAGCTAKSCAAAAAAAAAAAAAAAAA&AAAAA GCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAARNAAAAAAAAAAA GC

P Hitti_x82z_2 nluc_Q5_52 = CTGGAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAARAl GCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAAA] GC
P Hitt_x8z_3 nluc Q5_S3 <= (CTGGAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAAAAAAGCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAARAAAAAAAA] GC
B Hitti_x8z_7_nlLuc_Phusi... 4= (CTGGAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAARAAl GCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAARARAAAAAl GC
P Hitti_x8z_8_nluc_Phusi... =+ CTGGAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAARA] GCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANRARRARARAAARAAAGC
P Hitti_x8z 9 nluc Phusi.. <= (CTGGAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAAAAAAGCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAAAl GC
P Hitti_x8z 15 nluc Taq 1 == CTGGAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAARA] GCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAARAARAAAAAAA] GC
P Hittl_x8z_16_nluc Taq 2 = :CTGGAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAARA] GCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA GC
P Hitti_x8z_17_nluc Taq 3 == CTGGAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAAAAl GCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAA| GC
P Hitti x8z 13 nluc Plati... 4= :CTGGAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAARA] GCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANRARAARAAA Ge
—
| Map Enzymes Features Primers History Description Panel

o eGFP amplicon, produced using PCR with four different DNA Pol:

= Reference sequence: Poly(A) tail: 173 bp
= Nanopore results show that poly(A) tail is shorter than expected, around 40
base pairs rather than 173 bp

4 HIth_x8z_1Z2_eGFP_FPnusl...
Hitti_x8z_14_eGFP_Platin... ittcttaattaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
Hittl_xBz_18_eGFP_Tag_1 t t + + t + t t + + t + t + + + } + t
Hitti x8z 19 eGFP Taq 2 || (83083 tLaatt Lttt ttEttttt CEtttttttttttttttt bttt ettt ettt tttttttettettttttettettteeteeet
Hitti_x8z_20_eGFP_Tag 3§ [! Lt N @
Move:
[ Poly(A) tail

Aligned Sequences [~]

orlgln.lsgquq"“ Lg‘DB‘ ittcttaattaaaaaaaaaaaaaaaaaaaanaanaaaanaanaanaaanaaanaaaaaasannaaaaaanaanaaaaaaaannaaaamaaamaaaaaaamaaaaaaaaa

P Hitti_xBz_4_eGFP_Q5_S1 \TTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANSSSSoooooooo oo oo e e e

P Hitti_xBz_6_eGFP_Q5_S3 \TTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA DS o s e

-
-

P Hittl_xBz_10_eGFP_Phu... =# \TTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAMAAANS———————————— -
-

P Hitti_x82_11_eGFP_Phus.. TTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAARAAAAAARA S - === oo oo oo o=

P Hitti_xBz_12_eGFP_Phu... == \TTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANS = o oo mcm—m——-----—---——---------c-------o--- o=

P Hitti_xBz_14_eGFP_Plati... = \TTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA S oo oo oo oo oo c oo m oo oo c o oo mm o e e m e e

P Hitti_xBz_18_eGFP_Tag_1 <= \TTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANSSS========cooo-ooo—oooooo oo oo oo e oo

P Hitti_xBz_19_eGFP_Taq 2 4= TTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAA S === == oo oo oo oo —ooo—ooo--oo-—o-——oo-—oo

» Hitt_xBz_20_eGFP_Taq 3 wes \TTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAS S — == oo oo oo oo oo oo oo - oo ——————————o-=ee==
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e Sanger Sequencing results (Genome Quebec data, analyzed using SnapGene):

o nLuc amplicon, produced using PCR with Q5 HF DNA Pol:

= Reference sequence: Poly(A) tail: 68 bp, segmented
= lines 1-3: nanopore sequencing; lines 4-6: sanger sequencing
= Sanger sequencing results show that the poly(A) tail was not fully sequenced

Hitti_x8z_1_nLuc_Q5_S1 gagctagcaaaaaaaaaaaaaaaaaaaaaaaa gcatatgactaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa gecttte
nLuc amplicon 2_P2 + + t + t + t + } + + + 1 + 'y o
nLuc amplicon 3_P2 ctcgatcgttttttttttrtttttttettett cgtatactgatttttttttttttettettttttttttttttett cgaaag
nLuc amplicon 1_P2 [ Poly(A) Tail
Move: *

Aligned Sequences [~ ]

Original Sequence j?,j; gagctagcaaaaaaaaaaaaaaaaaaaaaaaa gcatatgactaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa gcttte

P Hitti x8z 1 nluc Q5 S1 web GAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAARA] GCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANRAAARAAAAAAA] GCTTTC
P Hitt_x8z_2 nluc_Q5_S2 =+ GAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAARA] GCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARRAAAAARARAAAGCTTTC

P Hitti_x8z_3_nLuc_Q5_S3

» nLuc amplicon 3_P2

GAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAAAAAAGCATATGACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGCTTTC

GAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAA

—

» nLuc amplicon 2_P2 = GAGCTAGCAAAAAAAAAAAAAAAAAAAAAMAAA
—
—

¥ nLuc amplicon 1_P2

GAGCTAGCAAAAAAAAAAAAAAAAAAAAAAAA

o eGFP amplicon, produced using PCR with Q5 HF DNA Pol:

= Reference sequence: Poly(A) tail: 173 bp

= lines 1-3: sanger sequencing; lines 4-5: Nanopore sequencing

= Nanopore Sequencing stopped for poly(A) tail after 37 bp on average
= Sanger Sequencing stopped for poly(A) tail after 62 bp on average

eGFP amplicon 2_P5
eGFP amplicon 1_P5
Hitti_x8z_4_eGFP_Q5_S1
Hitti_x8z_6_eGFP_Q5_S3

ove: @

(<A<

£

Aligned Sequences

Original Sequence <Ok
» eGFP amplicon 3_P5
» eGFP amplicon 2_PS

-
—
» eGFP amplicon 1_P5 —
P Hitti_x8z_4_eGFP_Q5_S1 =t

==

P Hitti_x8z_6_eGFP_Q5_S3

attcttaattaaaaaanaaaaaaanaaanaananaanaaanaaanaaaaaananaaanananaannananaaaaananaanaanaanaaanaaaaananaaaaaaa
4 1 1 1 1 1 1 1 1 N

T T T T T T T T T T
taagaattaattttttttttttttttttttttttt ettt ttEtttttttttttt ettt ttttttEttttttttttttttttttettteteteteeet
[ Poly A Tail

attcttaattaaaaaanaaaaaaaanaandaaaaaanaanaaananaanaaanaansaaaaaanaaaaaaaanaannananaanaaaaaanaanaaaaaaaaaaa
ATTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAAAAARAAAAAARAARARAAAAARAA
ATTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAA
ATTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAA

ATTCTTAATTAAAAAAAAAAAAAAAAAAAAAAAARLAAAAAA - s mm e e e mmm e m e m e e e mmmmmmmm e mm e e e m e e mmmmmmmm— - ===

ATTCTTAATTAAARAAAAAAAAAAAAAAARAAAAAAAAAARAARAAS S Soommmm oo e oo m oo oo ee oo oo me oo oo e e e

*Figures in 2B (ii) are screenshots taken from SnapGene when conducting ‘Align to reference DNA sequence’.
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