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ACRONYMS 
 

ATCC   American Type Culture Collection 

BH   Bulk Harvest 

bp   Base pair 

BPS   Bioprocess Science Department 

BWA   Burrows-Wheeler Aligner 

C°   Celsius 

CBER   Center of Biologics Evaluation and Research 

CFR   Code of Federal Regulations 

CHO   Chinese Hamster Ovary cell line 

cm   centimeters 

cDNA   comlementary DNA 

db   database 

DNA   Deoxyribonucleic Acid 

dNTP   Deoxyribonucleotide triphosphate 

ds   double strand 

dscDNA  double strand complementary DNA 

DVP   Division of Viral Products 

dUTP   Deoxyuridine triphosphate 

EoPCB   End of Production Cell Bank 

FeLV   Feline Leukemia Virus 

FDA   Food and Drug Administration 

g   gram 

Gb   Giga base (1 billion of bp) 



GPEx   Gene Product Expression 

HAP   Human Antibody Production tests 

HC   heavy chain 

ICH   International Conference on Harmonization 

Kb   Kilo base (1 thousand of bp) 

LC   light chain 

LOD   Limit of Detection 

mAb   monoclonal Antibody 

MAP   Mouse Antibody Production tests 

MCB   Master Cell Bank 

Mbp   Mega base (1 million of bp) 

MDS   Multi-Dimensional Scaling 

mL   millilitre 

MLV   Moloney Leukemia Virus 

mm   millimeters 

mM   milliMolar 

NA   Nucleic Acid 

NCBI   National Center for Biotechnology Information 

NEB   New England BioLabs 

ng   nanogram 

NGS   Next Generation Sequencing 

ONT   Oxford Nanopore Technologies 

PacBio   Pacific Bioscience 

PBS   Phosphate Buffered Saline  

PCR   Polymerase Chain Reaction 



PCV   Porcine Virus 

PhD   Philosophiæ Doctor 

PF   Passing Filter 

PFGE   Pulsed-field gel electrophoresis 

RFLP   restriction fragment length polymorphism 

qPCR   quantitative Polymerase Chain Reaction 

RIN   RNA Integrity Number 

rpm   revolutions per minute 

RNA   Ribonucleic Acid 

rRNA   ribosomal RNA 

RT   Retrotranscription  

Seq   Sequencing 

SBS   Sequencing by synthesis 

ss   single strand 

TGS   third generation sequencing 

TU   Titration Unit 

UDP   Uridine Diphosphate 

USB   Universal Serial Bus 

WCB   Working Cell Bank 

µg   microgram 

µl   microliter 

 
 

 

 



BACKGROUND 
 

The great majority of biopharmaceuticals, approved by regulatory authorities, are produced by recombinant 

DNA technology in various expression system. The most widely used hosts are mammalian cells (e.g. Chinese 

Hamster Ovarian cells) that are difficult to maintain but enable to obtain a higher degree of protein quality [1].  

The biopharmaceutical manufacturing process is complex and focused on increasing final protein yield, 

assuring the quality of the products and reducing costs. The industries are driven in these directions by 

improving manufacturing techniques, including advancements in cloning, media formulation, removal of host 

cell components and downstream purifications (i.e. industrial scale chromatography). [68] The starting point 

of the production is a Master Cell Bank (MCB) and a Working Cell Bank (WCB) in which the construct of 

interest is inserted; these cells, are placed inside a bioreactor to produce the final protein by a fermentation 

process. While the production process takes place, both protein of interest and waste products are produced 

inside the bioreactor (all these elements are called Bulk). At the end of the production, the final protein is 

purified to remove any impurities and contaminants and the End of Production Cell Bank cells (EoPCB) are 

isolated for further stability tests (Figure 1). 

 

Figure 1. Biopharmaceutical process [69] 

 

Unlike chemical synthesis processes, biopharmaceutical manufacturing needs high technology for quality 

assurance. For this reason, different guidelines have been created over the time for biological quality control 



processes [2,3]. ICH Topic Q5A (R1) document “is concerned with testing and evaluation of the viral safety 

of biotechnology products derived from characterized cell lines of human or animal origin” [4] establishing a 

list of viral tests required for biotech drugs release. The risk of contamination is a frequent possibility in 

biotechnology products derived from cell lines; production environment (e.g. operators), raw materials or 

production cell substrate represent important sources of contamination. Moreover, to guarantee the integrity 

and stability of the transgene among the MCB and WCB cell lines, the ICH Topic Q5B provides a guidance 

for “the characterization of the expression construct used for the production of recombinant DNA protein 

products” [5]. Traditional in vitro and in vivo tests represent important testing tools; however, some limitations 

are still present, particularly in term of time for execution, limited host range and low sensitivity. To overcome 

these limitations, the introduction of new cutting-edge technologies is required [6]. The Next Generation 

Sequencing (NGS) has been introduced on the market as a powerful tool to achieve a higher throughput and a 

reduction of time and costs. Different NGS technologies have been settled since the first instruments were 

developed. The sequencing-by-synthesis (SBS) technology from Illumina is nowadays the most successful 

massive parallel short reads sequencing method. On the opposite side, single-molecule sequencing with zero-

mode waveguide-based readout (Pacific Bioscience) is the most widely adopted long read technology. By side, 

the nanopore-based paradigm for single molecule real-time sequencing has been recently proposed by Oxford 

Nanopore (ONT) and the platform is gaining adoption over the time due to its competitive costs and ease of 

use.  

 

 
 

 

 

 

 

 

 

 

 

 



TECHNICAL INTRODUCTION 
 

Among the NGS platforms developed in the last decade, Illumina is the most widely adopted technology. The 

Illumina platforms are based on the proprietary technology “Sequencing by Synthesis” (SBS) that enables the 

detection of single nucleotides as they are incorporated into DNA strands [7].  Illumina NGS workflow is 

divided in three steps: library preparation, cluster generation and sequencing. The library consists of DNA 

fragments derived from whole genome, reverse transcribed RNA or amplicons in which index-adapter are 

ligated at the ends. By means of a complementary bound, the library is hybridized to oligonucleotides, 

covalently linked to an optically transparent solid surface, the flow cell. With such oligonucleotides acting as 

primers, the templates are extended by a polymerase, producing covalently attached single molecules. Free 

ends of the bound templates hybridize to neighboring complementary adapters to form U-shaped bridges, that 

is extended to create a double-stranded DNA bridge (thus called bridge amplification). At the end of the 

extension, the dsDNA bridge is denatured again to have two complementary single-stranded DNA fragments 

covalently attached to the adapters, ready to repeat the reaction. Cluster generation, by means of several bridge 

amplification cycles, generates thousands of clonal fragments per cluster. For the subsequent sequencing step, 

a series of fluorescently labeled reversible terminators are used and incorporated by DNA polymerase, for all 

the cluster fragment simultaneously. The fluorescent bases are imaged at each cycle after blocking dNTPs are 

added and then unblocked before the next addition cycle. Since all four reversible - terminator-bound dNTPs 

are present during each sequencing cycle, natural competition minimizes incorporation bias [8]. In case of 

paired end sequencing, both ends of the DNA fragment are sequenced. After the completion of the sequencing 

of the forward strands, the newly synthesized reverse strands are regenerated by bridge amplification. The 

forward strands are removed by cleavage leaving only the newly synthesized reverse strands attached to the 

flow cell to be sequenced as before to produce paired end sequence data (Figure 2).  

 

Figure 2: Cluster Generation on Illumina flow cell surface by Bridge Amplification 



The result is true base-by-base sequencing that enables accurate data for a broad range of applications. The 

sequencing data produced are then submitted to the bioinformatics analysis. It consists in three main phases: 

• Primary analysis: this phase is mandatory to transform the raw data generated by the Illumina 

instruments into base calls and afterwards reads.  

• Secondary analysis: in the secondary analysis, the reads generated from primary analysis can be 

aligned to e reference genome or a genome database or used to perform a de novo assembly or clustering, 

depending on the biological expectation. 

• Tertiary analysis: is based on the interpretation of the bioinformatics result.  

Even if the short reads Illumina sequencing is a robust and reliable method applied in different fields of 

molecular biology, a new powerful technology based on very long reads sequencing is emerging. Oxford 

Nanopore Technologies Ltd has developed a disruptive technology platform for the direct electronic-based 

analysis of single molecules. The MinION is the world’s first mobile sequencer [9]. It is a small device (10 cm 

x 2 cm x 3.3 cm; approximately 90 g) and is powered by a computer USB port (Figure 3). The instrument is 

based on using nanopores to detect a molecule. A nanopore is a biological nano-scale hole present inside a 

polymer membrane, the membrane is embedded in a physiological solution and across it a voltage is set. The 

resulting ionic current is detected by a sensor array chip that consists of several microscaffolds, each of which 

supports the membrane and the embedded pore and corresponds to its own electrode. When a molecule passes 

through the nanopore or near its aperture a disruption of the ionic current occurs. This change in the electrical 

signal is detected and used to identify the molecule in question. For DNA strand is possible to discriminate 

each single base due to their characteristic electrical signal [10] (Figure 4).  

 

Figure 3: The MinION: the first palm sized sequencer 

 



 

Figure 4: The Oxford Nanopore Technology 

 

Compared to the other NGS technologies, the MinION can measure single molecules directly, without the 

need for nucleic acid amplification, fluorescent/chemical labelling or optical instrumentation. Moreover, the 

other important features of this technology are i) the low cost (1000$ for the MinION instrument), ii) the 

possibility to get very long sequences (up to 200kb) and iii) to perform the data analysis in real time. Meanwhile 

the sequencing is performed, the data analyses can be carried concurrently and the user can decide to stop the 

run when the biological question is answered reducing time for both sequencing and data analysis.  

 

 

 

 

 

 

 

 

 



OBJECTIVE OF THE THESIS 
 

The purpose of the PhD project was to develop methods based on NGS to apply in the biopharmaceutical 

quality control. Particularly, Illumina technology methods were developed and applied for i) the preliminary 

phase of the cell line process development, ii) to guarantee the quality during the upstream and iii) the in-

process phase of the biopharmaceutical production.  

For the preliminary phase study, a transcriptome analysis of CHO cell line, using the Illumina NextSeq500 

platform, was performed to investigate the role of supplement media components in the post-translational 

modifications, focusing the attention on the glycosylation process.  Regarding the upstream and the in-process 

phases two different NGS methods were developed respectively to check the clonality of MCB and to verify 

the absence of adventitious viral contamination during the biomanufacturing process. Moreover, the 

application of the Nanopore sequencing technology by mean of the MinION instrument for the viral 

qualification was evaluated.  

Implementation of these technologies can provide a higher performance in the analysis of the molecules and 

the respective host cells used for the production with unprecedented potentials for biosafety and 

characterization of the final products with in-process monitoring (Figure 5).  

 

 

Figure 5. Biological Quality Control Activities 



CHAPTER 1 

TRANSCRIPTOME CELL LINE CARACTHERIZATION 
INTRODUCTION 
 

One of the most important objectives of the biopharmaceutical industry during the process development is the 

identification of factors that affect recombinant protein quality. Particularly, post-translational modifications 

play a key role in the protein solubility and stability, enzymatic activity, cellular processing, secretion, both 

clearance and half-life, as well as efficacy and biological activity. [11-14].  

In the past decade, the main tool to understand biological behavior of producing cell lines and production 

processes was the analysis of the transcriptome using microarrays [15,16]. However, the accuracy of the 

technique depends on prior knowledge of the sequence and the affinity of probes for hybridization. The 

advance of the NGS, especially the RNA-Seq, allowed to overcome these constraints and expanded the 

knowledge in cell culture bioprocessing [17]. Compared to microarrays, RNA-Seq methods cover all aspects 

of the transcriptome without any a priori knowledge of it, allowing for the analysis of novel transcripts, splice 

junctions and noncoding RNA [18]. 

In this study, performed in collaboration with the Bio Process Science Department (BPS - Merck) in Vevey 

(Switzerland), differential expression of glycosylation genes in CHO K1 cell cultures used for the 

manufacturing process was analyzed. Particularly, the role of the Raffinose - a naturally occurring trisaccharide 

composed of galactose, glucose, and fructose - was evaluated to understand how this alternative media 

component impact the post-translational modifications (data published as “Cell culture media supplemented 

with raffinose reproducibly enhances high mannose glycan formation”, [18]). Several studies described the 

effect of Raffinose on various metabolic pathways of different cell types; in humans for example Raffinose 

intake was correlated with leukotoxic effects and oxidative stress [62]. 

MATERIALS AND METHODS 

SAMPLE PREPARATION 
 

A media design approach was applied to modulate glycosylation in CHO cell culture [18]. Briefly, CHO K1 

cell lines were treated in microscale cultures using the Raffinose as alternative supplement. Four different 

concentrations of Raffinose were tested: 10mM, 30mM, 50mM, 100mM. A condition with no treatment of the 

cells was used as control. Three replicates for each condition were analyzed.  

RNA EXTRACTION 
 

Total RNA extraction cellular pellet was performed with affinity columns using the RNeasy Mini Kit 

(QIAGEN) according to manufacturer’s instructions and internal working procedure. Briefly, the method 



consisted of a first step of lysis, followed by the binding of RNA to the column membrane and different 

washing steps. The cellular pellet was disrupted by means of a lysis buffer and homogenized by passing the 

lysate through a blunt 20-gauge needle (0.9 mm diameter) fitted to an RNase-free syringe. All volume was 

transferred to a spin column and centrifuged at 10,000 rpm for 30 seconds promoting selective binding of RNA 

to the membrane column. Contaminants were removed using two different buffers provided by the kit. An 

enzyme treatment was employed to remove any DNA residual prior to a final elution step using RNase-free 

water. RNA quantification was evaluated using Fluorometer Qubit® 2.0 and the RNA quality (RIN value > 8) 

was assessed by Agilent 2100 Bioanalyzer using 6000 RNA Nano kit.  

LIBRARY PREPARATION 
 

Libraries were prepared using TruSeq Stranded Total RNA Sample Preparation Kit according to Illumina’s 

protocol [19] and internal working instructions starting from 1µg of extracted total RNA (Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: The TruSeq Stranded Total RNA Steps 
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First Strand cDNA Synthesis 
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Briefly, a ribosomal RNA depletion was carried out using biotinylated, target-specific oligos combined with 

Ribo-Zero rRNA removal beads. Following purification, RNA was fragmented and primed for cDNA 

synthesis. The cleaved RNA fragments were converted into first strand cDNA using SuperScript II reverse 

transcriptase and random primers, followed by second strand cDNA synthesis using DNA Polymerase I and 

RNase H. The Strand specificity was achieved by replacing dTTP with dUTP in the Second Strand Marking 

Mix (SMM). The incorporation of dUTP in second strand synthesis quenched the second strand during 

amplification, since the polymerase used in the assay will not incorporate past this nucleotide. AMPure XP 

beads are used to separate the ds cDNA from the second strand reaction mix. At the end of this process, you 

have blunt-ended cDNA. A single ‘A’ nucleotide is added to the 3’ ends of the blunt fragments and multiple 

indexing adapters are ligated to the ends of the ds cDNA, preparing them for hybridization onto a flow cell. 

The adapter-ligated cDNA fragments were then amplified on thermal cycler using the following program: 

- 98°C for 30 seconds 

- 15 Cycles of PCR: 

• 98°C for 10 seconds 

• 60°C for 30 seconds 

• 72°C for 30 seconds 

- 72°C for 5 minutes 

Hold at 4°C. 

The final library was purified using AMPure XP beads (Beckman Coulter), quantified by QUBIT® 2.0 

Fluorometer (Invitrogen) and size distribution was assessed by Agilent 2100 Bioanalyzer (using High 

Sensitivity DNA kit). 

 

SEQUENCING 
 

Samples were sequenced on Illumina NextSeq500 instrument from both ends of DNA fragments to produce 

“paired end” reads using a High Output Kit (2x76 cycles). Equal volumes of libraries were mixed to create 

two multiplexed pools sequenced in two different runs (9 sample/run).  The instrument performs both cluster 

generation and sequencing of samples enables reducing cycles and data processing time. The clusters were 

imaged using 2-channel sequencing chemistry and filter combinations specific to each of the fluorescently 

labeled chain terminators. The two‐channel sequencing uses only two images: an image from a red channel 

and an image from a green channel. The intensity emitted by each base is as follows: T emits 100% green 

intensity, C emits 100% red intensity, A emits 50% green and 50% red intensities and G is dark and does not 

emit any intensity. 

 



DATA ANALYSIS 
 

Data obtained from the RNA Sequencing were used to perform a differential gene expression analysis between 

the control and the different experimental conditions. 

In the first step, base call files obtained from raw data generated from NextSeq500 platform were converted to 

sequence reads (fastq files) using bcl2fastq (version 2.15.0.4) [50].  After, fastq files were filtered for the 

quality using a tool able to trim the reads by quality parameters [21,22]. Trimmomatic tool (version 0.27) 

performed a dynamic trimming of reads with low quality bases (known as quality trimming) at sequence ends 

coupled with adapter leftover removal and a read filtering to eliminate reads falling below a residual length 

threshold. After the first data processing, reads for each condition were mapped to the genome sequence 

leveraging transcriptome annotations of  CHOprj [23] using tophat tool (version 2.0.13) [27] and the embedded 

bowtie2 alignment tool [51]. For tophat standard options were used. Gene level raw counts of mapped reads 

were performed by HTSeq (version 0.6.1p1) [24,25]. Data results were managed using Bioconductor-DESeq  

package (version 1.14.0) [26] to identify a differential expression between control sample and mix of biological 

and technical replicates of the treated samples.  

 RESULTS 
 

By comparing control samples (no treatment) against the other conditions (10mM Raffinose, 30mM Raffinose, 

50mM Raffinose, 100mM Raffinose) a total list of about 200 genes differentially expressed was found (data 

not shown).  

Focusing only on the genes involved in the glycosylation we found a differential expression only for a subset 

of genes and especially for the 100mM Raffinose condition compared to the control. Despite a lenient statistical 

threshold (Bonferroni-adjusted p-value < 0.1) was used to extract significant genes, a coherent trend of 

expression was found among the different conditions (Figure 7), confirming the direction of expression 

feedback (average R2 of 0.77 with 14 out of 20 genes with R2 > 0.70).  In the Table 1 is indicated a list of all 

genes differential expressed for each condition; the red ones indicate the down regulated, the green the up 

regulated genes (both categories are showed in a gradient color).  

 

 

 

 

 



 

 

 

 

Table 1. List of differentially expressed genes involved in the glycosylation (numbers are referred to the 
log2foldchange, highlighted values are the statistical significative value with Bonferroni adjusted pvalue < 0.1) 

 

 

Figure 7. Expression of glycosylation genes among the different concentrations expressed as log2 fold-change 
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The expression of one of the most important enzymes, the mannosyl (alpha-1,6-)-glycoprotein beta-1,6-N-

acetyl-glucosaminyltransferase (Mgat5), that plays a pivotal role in the regulation of the biosynthesis of 

glycoprotein oligosaccharides [60] at the higher concentration of 100mM was upregulated. While the beta-

1,4-galactosyltransferase 3 (B4GalT3) expression was downregulated as well as the UDP-galactose 

transporter, solute carrier family 35, member A4 (Slc35a4) for all the Raffinose concentrations, the beta-1,3-

galactosyltransferase 2 (B3galt2) had a fluctuating trend among the different concentrations with a particular 

lower regulation at the 100mM Raffinose concentration. This is surprising since Galactosylation increased at 

higher Raffinose concentration. Looking for the genes involved in the initial step of the glycosylation pathway 

no differential expression was found for Mannosidase I (ManI), Mannosidase II (ManII), Mgat1 and Mgat2 

enzymes. The expression of the UDP-glucuronic acid and UDP-GalNAc transporter genes (gene: Slc35d1) 

[61] was upregulated. Sialyltransferase (SialT) gene expression was highly upregulated, whereas the levels of 

sialic acid remained low (data not shown).  

 

CONCLUSIONS 
 

The use of NGS technology for the differential expression identification in cell line development was 

investigated. 

Differential expression glycosylation analysis was carried out on CHO K1 cell line by Next Generation 

Sequencing. Different treatment conditions (10mM Raffinose, 30mM Raffinose, 50mM Raffinose, 100mM 

Raffinose) were evaluated and compared to a control condition (no treatment).  

Transcriptomics analysis showed that Raffinose supplementation influenced the expression levels of different 

glycosylation related genes particularly for the 100mM Raffinose condition, however other consensus patterns 

were observed at lower concentrations.  

Particularly, the GalT gene was found downregulated, while the SialT gene was strongly upregulated. Based 

on these results we can hypothesize that on one hand the downregulation of the β-1,4-GalT 3 gene along with  

the upregulation of galactosidase α gene and, on the other hand, the steric hindrance effects in the CH2-domain 

of the mAb and the considerably higher SialT gene expression still resulted in a negligible effect on the entire 

sialylation process. Although the enzyme was potentially present in higher concentrations, its accessibility was 

either unfavorable, or other unknown parameters hampered the attachment of sialic acid to the galactose moiety 

of the oligosaccharide backbone. 

Even if further investigations are required to identify the underlying mechanism at the gene level and resulting 

real protein level, considering the substrate transport into the Golgi apparatus and the GalT activity, these 

results highlight the potential of cell culture medium supplementation to alter glycosylation patterns of 



recombinant proteins. Changing the environment in which the cells are cultured is a rather straightforward 

approach that allows to finetune within the potential of the selected cell line. 

Unlike microarrays, the Next Generation Sequencing technology represented an optimal tool to identify 

differential expressions in a fast and time-efficient way. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2 

CLONALITY ASSESSMENT OF MCB USED FOR THE PRODUCTION    
INTRODUCTION 
 

During the past 20 years, CHO cells have been the most commonly used platform to express various forms of 

therapeutic proteins and antibodies [29]. In general, the process of cell lines development involves transfection 

of the host CHO cell line with a transgene that expresses the target protein followed by plating and selection 

of the transfected cells. The growing clones can then be ranked and successively expanded based on protein 

expression and, after further evaluations, the top clone can be chosen as production line.  

The proof of clonality for these cells, represent an important request by regulatory agencies [30, 31]. Recently, 

different methods have been developed to further assure that cell lines are clonal; these methods include but 

are not limited to: a single-cell cloning step, two rounds of subcloning by limiting dilution, flow cytometry 

mediated single cell sorting and deposition, or microfluidics based cell printing [32].  However, due to 

technological limitations of each of these methods, they are often being used in combination with high 

throughput imaging of freshly plated microwell plates to provide proof of clonal derivation [33,34]. 

Even if these methods are well recognized by the Health Authorities, in the last few years the agencies are 

increasing the demand for a better characterization of the clonality. Particularly, the focus is now direct on the 

characterization of the insertion site(s) of the gene of interest [59]. In the project here described, a novel method 

based on Next Generation Sequencing to determine the clonality of a cell bank by multiple analysis of the 

insertion site(s) of the gene of interest is proposed.  

 

MATERIALS AND METHODS 

SAMPLE PREPARATION 
 

Cell lines expressing the antibody of interest were created by an external company with a particular system 

called Gene Product Expression (GPEx). This system uses replication-defective retroviral vectors (Figure 8a), 

derived from Moloney murine leukemia virus (MLV) and pseudotyped with vesicular stomatitis virus G 

protein (VSV-G), to stably insert single copies of genes into dividing cells. Retrovectors deliver genes coded 

as RNA that, after entering the cell, are reverse transcribed to DNA and integrated stably into the genome of 

the host cell (Figure 8b). Two enzymes, reverse transcriptase and integrase, provided transiently in the vector 

particle, perform this function. 

 



 

 

 

 

 

 

 

 

Figure 8a: Retrovector Production Process 

 

 

 

 

 

 

 

Figure 8b: GPEx Cell line engineering 

 

For generating antibody-producing cell lines, an initial transduction of CHO cells was performed using a 

retrovector containing the light chain (LC) gene (transductions are performed at a multiplicity of infection of 

at least 1,000 retrovector particles per cell). The LC-expressing pool of cells was then transduced with a 

retrovector containing the heavy chain (HC) gene. The cell pool should be subject to multiple series of 

transductions for both LC and HC. The result of this transduction step is the multiple insertion in the CHO 

genome of LC and HC genes. Upon completion of the transductions, the resulting pool of cells are submitted 

to one round of limiting dilution subcloning. Single cell clones (based on the observation of the colonies) are 

isolated, and potential manufacturing cell lines are selected based on multiple criteria (growth, level of 

expression, product quality, etc.).  



Due to the complexity of the cell bank and the fact that only a limited dilution step was performed, the NGS 

was applied as a tool to confirm the clonality of the Cell Bank generated. To perform the analysis, the MCB 

was subcloned to generate 30 subclones that were used for the analysis. In addition, the analysis of two 

divergent clones was performed to check the specificity of the method. The divergent clones are 2 clones of 

the same cell bank: this means that the insertion sites of the genes should be in different position of the genome, 

compared to the MCB and its subclones. 

DNA EXTRACTION 
 

Total DNA extraction of the samples was performed with affinity columns using the QIAamp Blood DNA 

Mini kit (QIAGEN®) according to manufacturer’s instructions and internal working instructions. This method 

has a first step of lysis, followed by the binding of the DNA to the column membrane. Remaining contaminants 

and enzyme inhibitors were removed by washing steps before the DNA was eluted in water. To remove any 

RNA residual RNase enzyme incubation was employed. 

Cell pellet was resuspended in 200 µl or 600 µl of Phosphate Buffered Saline (PBS) according to sample 

concentration and split in two aliquots. 200 µl of Buffer AL and 20 µl of proteinase K were added at each 

sample. Samples were mixed thoroughly by vortexing and incubated at 56°C for 10 minutes. Then 200 µl 

ethanol (96–100%) was added and the mixture was transferred into the DNeasy Mini spin column placed in a 

2 ml collection tube. Samples were washed with two different washing buffers provided by the kit. Then, 

samples were centrifuged for a minute at 13,000 rpm to remove any residual ethanol. Elution was performed 

in 150-300 µl of water which was added directly onto the DNeasy membrane. Eluates of the same clone were 

combined. Each sample was incubated with RNase (Roche) at 37°C for 30 minutes to remove any RNA 

residual.  At the end of the incubation period, samples were quantified by Fluorometer Qubit® 2.0.  

 

LIBRARY PREPARATION 
 

Library preparation was carried out by Nextera Mate Pair (Illumina) according to manufacturer’s instructions 

and internal working instructions [35] (Figure 9).  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Nextera Mate Pair Protocol (Illumina)



 

 

Briefly 4µg of genomic purified DNA sample is simultaneously fragmented and tagged with a 

biotinylated mate pair junction adaptor using a specially formulated transposome. The tagmentation 

step left a short single stranded sequence gap in the tagmented DNA; so a polymerase extension with 

strand displacement of one adapter strand was carried out in order to fill gap. Next, DNA fragments of 

~10,000bp was selected from agarose gel. The size-selected fragments were circularized in a blunt 

ended intramolecular ligation, with an overnight incubation at 30°C and any linear molecules remaining 

in the circularization reaction were removed by DNA exonuclease treatment. The exonuclease and 

ligase enzymes were both inactivated by heat treatment and the addition of 12µl of Stop Ligation Buffer. 

The large circularized DNA fragments were sheared by Covaris S220 instrument to smaller sized 

dsDNA fragments with 3' or 5' overhangs. Prior to convert the overhangs resulting from fragmentation 

into blunt ends, sheared DNA fragments containing the biotinylated junction adapters were purified by 

binding to streptavidin magnetic beads. Unbiotinylated molecules were removed through a series of 

washes and the fragments still bound to the streptavidin beads were end-repaired and A-tailed. Then, 

the Illumina oligo adapters were attached by ligation. PCR was carried out to enrich and amplify those 

DNA fragments that had adapter molecules on both ends. PCR was performed on thermal cycler using 

the following program: 

- 98°C for 30 seconds 

- 15 Cycles of PCR: 

• 98°C for 10 seconds 

• 60°C for 30 seconds 

• 72°C for 30 seconds 

- 72°C for 5 minutes 

- Hold at 4°C. 

An AMPure bead purification step was used to clean up the PCR reaction and remove the smallest 

fragments from the final library. Library control quality was checked by Agilent 2100 Bioanalyzer 

instrument to calculate library medium size while quantification was verified by Fluorometer Qubit® 

2.0. 

BIOINFORMATIC ANALYSIS 
ANALYSIS CONCEPT 

The strategy applied to investigate the clonality of the MCB is based on a comparison of the insertion 

sites of the transgenes in the genomic DNA of the MCB, the 30 subclones derived from the MCB and 

the divergent clones plus a statistical analysis of the probability of the results occurring by chance. 

Several different bioinformatics tools were applied to determine the boundaries of the transgene inserts 

in the MCB, the subclones and the divergent clones. Determination of the boundaries allows the 

identification of the univocal position of the transgenes inside the CHO (hamster cell line) genome.  



 

 

Once determined, the boundaries were analyzed by mean of statistical tools. The bioinformatics concept 

as illustrated in Fig. 10 was used to determine the boundaries. 

 

 

Figure 10. Concept of the bioinformatics analysis 

 

The paired end analysis was used considering separately Read 1 (R1) and Read 2 (R2). 

- Mapping of R1 and R2 separately to the transgene plasmid sequence (Figure 11, step A) 

- Once mapped four kind of files were obtained: 

o Read 1 mapped on transgene plasmid sequence; 

o Read 1 unmapped on transgene plasmid sequence; 

o Read 2 mapped on transgene plasmid sequence; 

o Read 2 unmapped on transgene plasmid sequence; 

- The list of MAPPED reads for Read 1 and Read 2 was created and the corresponding reads 

from the UNMAPPED reads was taken. See  

-  

- 11, step B/C. 

- The UNMAPPED reads that had the corresponding paired read mapped on the plasmid were 

then mapped on the CHO-reference genome [36],  

 

-  11, step D 

- The alignment to the CHO reference provided estimates of the boundaries of the plasmid 

insertion site within the CHO reference genome 

- The insertion regions were identified based on position on the different scaffold of the CHO 

reference genome by means of Geneious software V. 8.0 

 

 

 

CHO + Transgene 

CHO 



 

 

 

 

Figure 11. Bioinformatic analysis workflow 

 

BIOINFORMATIC TOOLS 

The following bioinformatic tools were used: 

- For the conversion of the raw data from the sequencer (bcl files) to fastq files:  

o Illumina CASAVA V.  1.8.2 

 

- For the indexing of the plasmid and the CHO reference genome:  

o Burrows-Wheeler Aligner (BWA) V.  0.6.1-r104 [37] 

� bwa -a is database.fna 

 

- For the alignment of the reads (in single end): 

A B 

C D 



 

 

o Burrows-Wheeler Aligner (BWA) V. 0.6.1-r104 

� bwa aln -t database.fna reads.fastq > reads.sai 

� bwa samse database.fna reads.sai > reads.sam 

 

o samtools V.  0.1.18 [38] 

� samtools view –buS reads.sam > reads.bam 

 

o bamtools V. 2.1 [39] 

� bamtools filter –isMapped true/false -in reads.bam –out readsaligned.bam 

 

- For the data interpretation and analysis 

o Geneious V. 8.0 

 

Once the mapped reads were obtained, the coordinates on the CHO reference genome (boundaries of 

the plasmid) were taken in consideration. 

SELECTION OF THE INSERTION REGIONS 

After the selection of the boundaries for all the 30 subclones the following approach was used to identify 

the most representative insertion regions: 

- Analysis of 1 clone that was sequenced with a deeper coverage (~50x) 

-  Identification of insertion regions (~20kb) by: 

- the number of reads (depth of coverage): the insertion regions with the highest number 

of reads were selected. 

- the dispersion (percentage of coverage of a particular region of the genome) of the 

reads among the insertion region: insertion regions with the highest dispersion 

percentage were selected. 

As result of this analysis, on a total of 120 insertion sites identified for both HC and LC, 20 insertion 

regions were identified for LC and 20 for HC and used to create a pattern of presence/absence among 

all the samples analyzed. These 20 insertion regions represent the most represented and robust insertion 

sites. 

 STATISTICAL ANALYSIS 

All 30 samples, the MCB and the divergent clones were analyzed to find the 20 insertion regions for 

LC and 20 insertion regions for HC. The pattern created for each sample (presence/absence of each 

insertion region) was then compared to the other samples. Like ‘bands on gel’ (Figure 12) molecular 



 

 

analyses (i.e. PFGE or RFLP), each sample was identified by a binary code pattern, representing the list 

of present (1, marked in black) or absent (0, marked in red) insertion region, compared to the all 20 

insertion regions previously identified. 

Similarity (expressed as 1 – the distances among samples) was calculated using cluster analysis 

approach. In more details, distances were evaluated using Dice coefficient which consider: 

����, �� =
2|� ∩ �|

|�| + |�|
 

In this case, if it is considered: 

M11 as the number of ISs present both in sample A and B 

M10 as the total number of ISs present in sample A 

M01 as the total number of ISs present in sample B 

 

Dice distance is defined as: 

 

����, �� = 1 −
���
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To graphically show the distance among all the samples, Multi - Dimensional Scaling (MDS) approach 

was used. 

An MDS is a method that represents measurements of similarity (or distance) among pairs or objects as 

distances between points in a low-dimensional multidimensional space.  

Choosing to adapt distances to a 2-dimensions space, the objects are included into a two-dimensional 

scatterplot. In this case, axes are called “Dimension 1” and “Dimension 2”, and they have no meaning 

but they reflect the adaptation of differences between samples to a two-dimensional space. 

 

 

 



 

 

RESULTS 

CREATION OF THE PATTERN “BANDS ON A GEL” 
 

Once the insertion regions were identified as described a pattern of presence/absence of insertion region 

for each sample analyzed was carried out (Figure 12) and used to compare all the subclones, the MCB 

and the divergent clones to each other. 

 

 

 

Figure 12. 40 insertion regions shared between samples. White bands represent the common scaffolds. Black 
bands represent absent scaffolds. 

 

DISTANCE MATRIX 
 

After the creation of the pattern for all the samples, a distance matrix by Multi-Dimensional Scale plot 

(Figure 13) was carried out to calculate the distance between the samples and the divergent clones. 

Three clearly different subgroups were identified. One was related to the 30 subclones and the MCB, 

the second one was related to one divergent clone and the last one the second divergent clone. 



 

 

The distance between subclones+MCB and divergent subclones was 100%. The same results are 

obtained if the two divergent clones were compared to each other. 

 

 

 

Figure 13. Multi Dimentional Scale plot. 

 

PROBABILITY ANALYSIS 
 

To evaluate the reliability of the bands on a gel pattern probability analysis was carried out. The 

probability that two subclones coming from different population share by chance 40 insertion sites was 

calculated by hypergeometrical function: 

 

If considered that the retrovector has only 120 hotspots (total of the insertion sites identified for both 

HC and LC) available for the insertion of the transgene, the probability that 2 subclones from different 

population share the same 40 insertion sites is: p= 8.7*10-33 (phyper(39,40,80,40,lower.tail=F)). 

Alternatively, assuming only 1% of the genome to be receptive of transgene integration (245Mbp), that 

the analysis is carried on 20kbp windows and taking in to account possible border effects, the maximum 



 

 

number of sites would be 6,125. This results in a probability of overlap-by-chance of 3.482152e-72 

given the hypergeometric distribution (phyper(39,40,6085,120,lower.tail=F)).   

 

CONCLUSIONS 
 

The whole genome sequencing of 30 subclones derived from a MCB with inside the transgene of 

interest allowed the identification of the plasmid Insertion regions.  

By mean of a combined bionformatic and statistical methods 40 well characterized insertion regions 

(20 for HC and 20 for LC) were identified and used to check the similarity of the 30 subclones and the 

MCB. 

The coordinates of the insertion regions were used to analyze all the subclones, the MCB and the 

divergent clones. The results of this comparison showed that all the subclones have the plasmids 

inserted in the same position of the genome. A statistical tool for the similarity has been applied and 

showed that the MCB and the subclones have a similarity of 100%, and a distance to the divergent 

clones of 100%, allowing the conclusion that all 30 subclones derive from the same clone as present in 

the MCB. All subclones analyzed and the MCB showed a similarity of 100% and a distance to the 

divergent clones of 100%, concluding that all the 30 subclones belong to the same MCB.  

Finally, the probability that this result was obtained by chance was an unlikely event (p= 8.7*10-33).  

This approach represents a well-establish method based on NGS to identify the insertion regions of the 

plasmid transgene inside the production cells and to assess the clonality on the cells during the entire 

production process (Patent n°: EP96310 – Method for determining cell clonality). Next steps will 

be to use the Illumina NovaSeq 6000 Sequencing System that combine a scalable throughput and 

flexible sequencing technology into a production-scale platform with the efficiency and cost-

effectiveness of a benchtop system allowing to reduce drastically the run time of the analysis from 

weeks to hours.



 

 

 

CHAPTER 3 

BIOSAFETY: A UNIVERSAL PROTOCOL FOR VIRAL CONTAMINA NTS 
DETECTION IN BULK HARVEST 
INTRODUCTION 
 

Production of drug substance using animal derived cell carries the risk of adventitious virus contamination of the 

final product. Thus, the test for adventitious viruses is an essential quality control step in the manufacture of 

biological drugs. At present, the worldwide recognized techniques for the detection of adventitious agents are 

based on in vivo and in vitro tests [40]. However, these methods are limited by the restricted tropism of some 

viruses and may not detect some classes of viruses (non-cytopathic, non-pathogenic and non-haemadsorbing 

viruses) [41]. A complementary test to the cell-based approach is the use of biomolecular methods for the detection 

of nucleic acid of viral genomes like PCR-based tests (traditional PCR, Real Time PCR, etc.) that offer sensitive 

and specific detection of their target pathogens. Conversely, the backside of the use of the PCR-based methods are 

i. the unworkability to screen large number of viruses and ii. the need to know PCR target for the detection, 

meaning that what could be present inside a sample should be known a priori [42] and iii. a possible mutation 

occurring in the primer/probe regions may hamper the sensitivity of the assay. 

Next Generation Sequencing can overcome these issues and combine the benefit of the in vitro/in vivo test such 

as the possibility to detect a broad range of viruses and the capability of the biomolecular methods to detect some 

class of viruses that did now show any effects on cells with the additional benefit to identify them without the need 

to create specific probes/primers. In recent years, some NGS-based methods were successfully applied in the 

detection of adventitious agents. One of the first case presented to the scientific community was the identification 

of a contamination by porcine circovirus (PCV) in two rotavirus vaccines [43,44]. This contamination was not 

identified by classical routine test but only with the use of the NGS approach. Recently the use of the Next 

Generation Sequencing was successfully applied on cell lines [45], vaccines [46] and, as in this study, on 

bioreactors [47].  

The Next Generation Sequencing method here described is focused on a universal protocol for the detection of 

nucleic acids of different class of viral contaminants (dsDNA, ssDNA, dsRNA, ssRNA) potentially present in bulk 

harvest samples (BH) in one single analysis. Illumina platforms are used to assure a dramatic throughput/sample. 

Finally, the sequencing data are submitted to the bioinformatics analysis to get the final results. The workflow of 

this method consists of three stages: 

- Sample preparation: nucleic acids extraction and reverse transcription reaction 



 

 

 

- Library preparation and sequencing: HiSeq1000 and NextSeq500 

- Data analysis: alignment of data to a curated internal viral database 

-  

MATERIALS AND METHODS 

SAMPLE PREPARATION 
 

During the setup of the method 42 blank samples of 4 different BH matrix were used to have a background 

knowledge of the endogenous retroviral components for each sample. To assess sensitivity of the method different 

classes of viruses (ds/ss DNA/RNA and retroviruses) were used to spike the blank samples using three different 

concentrations: 20 TU/mL, 10 TU/mL and 2 TU/mL.  

Briefly the method consists of three steps: nucleic acid extraction and dscDNA synthesis, library preparation and 

sequencing and the bioinformatic analysis. 

 NUCLEIC ACIDS EXTRACTION AND dscDNA SYNTHESIS 
 

NA extraction from bulk harvest was carried out with a fast procedure based on the use of a silica membrane with 

selective binding properties (QIAGEN) to obtain a DNA/RNA filtration and cellular components removal. The 

nucleic acids extraction was performed starting from 5 mL of sample and the method included 4 main steps: lysis, 

bind, wash and elution. Briefly, in the first step, sample was lysed under highly denaturing conditions at elevated 

temperatures in the presence of proteinase K and a specific buffer, which together ensure inactivation of DNases 

and RNases and complete release of nucleic acids. Lysates were then transferred onto a QIAamp Mini column. By 

a vacuum manifold, circulating nucleic acids were adsorbed from a large volume onto the small silica membrane 

as the lysate is drawing through by vacuum pressure. Remaining contaminants are removed during three washing 

steps and the nucleic acids were eluted in water. The sample was finally quantified by RNA broad range kit Qubit® 

2.0 Fluorometer and employed as template for the next steps. 

Pure nucleic acids were then retrotranscribed and a double strand synthesis was performed to have the 

complementary dscDNA. Starting from 4 µg of RNA, a retrotranscription was carried out using an internal 

protocol consisting of a preliminary incubation with random primer and a first strand synthesis using the 

ThermoFisher Scientific SuperScript® II Reverse Transcriptase. A double strand cDNA synthesis was needed  to 

perform the library preparation. The dscDNA was quantified by Qubit® 2.0 Fluorometer and then used for the 

library preparation. 

 



 

 

 

 LIBRARY PREPARATION AND SEQUENCING 
 

For the libraries construction, a paired-end (PE) library preparation was used to sequence both ends of the dsDNA 

fragments. Starting from 50 ng of dscDNA, library preparation was carried out by means of Illumina Nextera DNA 

Library Protocol [48]. The protocol consists of a first step of DNA fragmentation, an Indexed adapter ligation and 

a final step of PCR amplification. In the first step DNA was tagmented by trasposones that simultaneously added 

adapter sequences at the ends of fragments; after a bead-based purification, the tagmented DNA was amplified by 

a limited-cycle PCR program that allowed to add index (i7 and i5) to barcode samples for sequencing. At the end 

of the protocol a step of purification using the Beckman Coulter AMPure XP Beads was employed to select the 

final library. Library size is evaluated using Agilent 2100 Bioanalyzer  and quantified by Qubit® 2.0 Fluorometer.  

The Illumina HiSeq1000 Sequencer instrument and the TruSeq SBS Kit v3 – HS were used for the sequencing 

with a maximum read length of 2x100 and an Output of 300Gb. Libraries were loaded independently, on the eight 

lanes of the flow cell and cluster generation was performed on cBOT Illumina instrument [49]. The run time for 

this instrument is ten days including the sequencing of Read 1, Read 2 and the paired-end turnaround.  

The four‐channel sequencing works by using four images to determine which base occurs in each cluster. Each of 

the four DNA bases emits an intensity of a unique wavelength. Therefore, during a cycle, each cluster appears in 

only one of the four images. For example, when a strong intensity signal is detected in the wavelength related to 

the G base, a G is called. When a strong intensity signal is detected in the wavelength related to the T base, a T is 

called, and so forth. Four‐Channel Sequencing requires all four images to build up the DNA sequence. Following 

denaturation of clusters, four fluorescently labeled reversible terminators are incorporated by DNA polymerase. 

The fluorescent base is imaged as each dNTP is added and then cleaved to allow incorporation of the next base. 

This process is repeated for multiple cycles of sequencing until the desired read length is reached [7](Figure 14). 

 

 

 



 

 

 

 

Figure 14: Illumina Sequencing by Synthesis Technology 

 

To have a minor run time and lower cost per sample the method was also tested using the NextSeq500 instrument, 

in which the read length is increased from 100bp to 150bp and the run time decreased to 40 hours. To have the 

same quantity of data three samples were loaded on a single high-throughput flow cell and sequenced by means 

of the NextSeq500 High Output Kit.  For each run, quality parameters were evaluated, focusing particularly on 

%Q30, cluster density and cluster density passing filter.  

DATA ANALYSIS 
 

One of the critical aspects of the NGS workflow is related to the data analysis of the runs. Due to the quantity of 

the data generated (more than 40billions of base pairs per sample) it was important to have a well-established 

bioinformatic pipeline able to analyze the sequences produced by the machine. The software bcl2fastq (ver. 

2.15.0.4) [50] was used for the conversion of .bcl file to.fastq file. The alignment of reads to the curated viral 

database was performed through the bowtie2 software [51] (Figure 15). 



 

 

 

 

 

 

 

Figure 15. Schematic representation of the data analysis workflow 

VIRAL DATABASE 
 

The viral database created for the alignment of the data generated by NGS sequence is a comprehensive collection 

of sequences of different type of viruses.  

 The first version of the viral database (ViraldbI) contained 1500 viral sequences obtained from a public database 

(NCBI). After this first draft a risk assessment on the database was performed based on i) the availability of 

sequences from all the desired viruses and i) the quality (complete genome or partial sequences) and criticality 

(viruses with high interest for the biotech production vs rare viruses). In consequence, to fill the identified gaps 

the live viruses were bought, sequenced and their genome sequences inserted in the new viral db (ViraldbII). 

Finally, the ViraldbII contains the DNA genome sequence of: 

- All viral DNA reference sequences that have as hosts vertebrates including human (font: NCBI); 

- Virus present in MAP/HAP panel; 

- Virus present in the 9 CFR Bovine and 9 CFR Porcine panels; 

- Viruses responsible of large scale contamination in other pharma companies; 

- New emerging viruses and blood borne pathogens; 

- Internally sequenced virus used as internal positive controls for in-house viral safety tests; 



 

 

 

- Internally sequenced virus whom the reference sequence was not present or present with poor quality 

The viral database contains at the present 2,325 viral genome sequences of all known viruses able to infect 

vertebrate’ cell lines (Figure 16) including new emerging viruses and adventitious agents responsible of large scale 

contaminations in other pharmaceutical companies. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: List of the virus Taxa able to infect vertebrates [52] 

 

 

 

 

 

 

 

 

 

 



 

 

 

The database is routinely updated to maintain a comprehensive catalog of viruses.  

The workflow of the creation and the updating of the viral database is described in Figure 17. 

 

 

 

Figure 17: Workflow for creation and the update of the curated viral database for the bioinformatics analysis. 

 

RESULTS 
 

42 blank Bulk samples were analyzed to get the background composition for each matrix used (data not shown) ; 

at the same time, to assess the Limit of detection (LOD) of the method different viral concentration (20TU/mL, 

10TU/mL and 2TU/mL) were used and analyzed in different bulk harvest. For the evaluation of the hits results 

from the analysis (Figure 18), three parameters were considered: 

-  reads number for each sample ≥20 

- coverage ≥20% 

- reads dispersion across the viral genome.  

Furthermore, the database was curated and validated for the detection and the discrimination between potential 

contaminants and portion of viruses naturally present inside the host cells. These endogenous viral sequences are 

present in the database but are flagged. This flag let the analyst the possibility to discriminate between a real 

contamination and the presence of endogenous retroviruses. In the Figure 18 is represented the percentage of hits 

for the virus classes (ss/ds DNA – RNA) identified at the different viral concentrations used for the spiking.  

 



 

 

 

 

Figure 18. Percentage of positive hits for the different classes of viruses analyzed, considering the cutoff criteria of n° 

reads ≥20 and Coverage ≥20% 

 

As shown in the figure 18 the method can detect both virus classes for all the spiking concentrations, however the 

ss/ds DNA viruses class is more detectable than RNA viruses class. Indeed the 86% of ss/ds DNA viruses were 

detected at 20TU/mL, the 67% of ss/ds DNA viruses were detected at 10TU/mL and the 64% of ss/ds DNA viruses 

were detected at 2TU/mL. On the contrary, for the RNA viruses class, the percentage for the three concentrations 

are respectively: 64%, 56% and 50%. This is also confirmed by the coverage obtained for each class among the 

three concentrations (Figure 19):  the highest mean coverage (65%) was obtained for the ss/ds DNA viruses class 

at the concentration of 20TU/mL while a slight decrease is observed at the lower concentrations (50% and 47%). 

Regarding the RNA viruses class coverage there are not significant differences between the 20TU/mL and the 

10TU/mL (respectively 43% and 41%) however a strongly decrease is observed at the lower concentration of 

2TU/mL (26%). 



 

 

 

 

Figure 19. The mean coverage between the different classes of viruses (ss/ds DNA / RNA) for the three viral 

concentrations (expressed in titration unit/mL).  

 

CONCLUSIONS 
 

The method described consists of a generic protocol for sequencing and detecting by NGS both DNA and RNA 

viruses (ss/ds DNA - RNA) by mean of a bioinformatic pipeline and a curated and validated viral database created 

to avoid false positive results and discriminate the endogenous retroviral sequences normally present in the 

samples. 

42 BH blank samples coming from 4 different matrixes were analyzed to create a background of the endogenous 

retroviral sequences. Moreover, the sensitivity of the method was assessed using different classes of viruses (ss/ds 

DNA - RNA) for spiking’ test. Based on the results obtained, the protocol can be applied for the viral 

contamination detection in Bulk harvest, even if better results were obtained with the DNA viruses compare to the 

RNA ones. This is probably due to an efficiency of retrotranscription step that may cause a loss of viral material 

during the entire workflow. Moreover, a mean limit of detection of 10TU/mL was identified during the set-up 

activities. The analysis was performed on both the NextSeq500 and the HiSeq1000 instruments to have two 

comparable platforms that can be used based on the routine workload.   

Further steps will be introduced to improve the method for the RNA virus detection and to perform the validation 

process to use it as routinely safety test in the quality control process. Particularly, the Robustness, the Specificity 

and the Limit of Detection of the method will be assessed and demonstrated according to the regulatory guidelines. 
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In conclusion, implementation of this methodology will allow the protection of production facilities against 

potential contaminations with any kind of adventitious viruses and mitigate the risk of a contamination spread. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

CHAPTER 4 

PERFORMANCE EVALUATION OF NANOPORE SEQUENCING PLATF ORM 
FOR OPTIMAL VIRUS QUALIFICATION  
 INTRODUCTION  
 

During the last decade, next generation sequencing (NGS) has emerged as an advanced technology that can provide 

high speed, throughput for a range of real-world applications, including broad viral detection [53,54]. From the 

first next-generation high-throughput sequencing technology, rapid expansion and improved platforms have been 

developed. Sequencing of full-length viral genomes is a difficult task due to the limitations in the short length of 

reads obtained using the most common high-throughput sequencing techniques, such as Illumina platform [55]. 

Even if the third-generation sequencing (TGS) technology, led by Pacific Biosciences (PacBio), can provide longer 

reads for high quality de novo assembly of viral genomes [56], the high cost is still a bottleneck. 

The MinION device is the world's first marketed single-molecule nanopore sequencer, launched a few years ago 

from Oxford Nanopore [57]. This newly developed technology offers the possibility of sequencing very long DNA 

fragments offering a promise of solving assembly problems for large and complex viral genomes [58], in contrast 

with short-read sequencing technologies. The device, given the technology, has a very low cost and the scalability 

to larger platforms is easily achievable. 

Due to its greater features, the 4th Next Generation Platform, the MinION Nanopore Sequencer was explored 

focusing on full-length retroviral genome sequencing and choosing as model sample the Feline Leukemia virus.  

This project was carried out in a laboratory inside the Center of Biologics Evaluation and Research within the 

Food and Drug Administration in Silver Spring (CBER/FDA). The CBER regulates biological products for human 

use under applicable federal laws, including the Public Health Service Act and the Federal Food, Drug and 

Cosmetic Act.  

The study, performed during a 5 months internship, included the following steps:  

-  optimization of sample preparation step to get the highest viral RNA quantity;  

-  development of RT protocol to get full-length cDNA  

-  use of the MinION and data analysis using two different approaches  

 

 

 



 

 

 

MATERIALS AND METHODS 

SAMPLE PREPARATION   
 

The Feline leukemia virus (FeLV) is a member of the Gammaretro-virus genus, from the family Retroviridae. 

Feline Leukemia able to infect cats [65]. The genome is approximately 8.4-kb in length and its structure includes 

three genes (gag, pol and env) flanked by un-translated regulatory sequences known as long terminal repeats 

(LTR). Gag encodes group-specific capsid antigens, pol encodes protease, integrase, and reverse transcriptase 

enzymes, and env encodes the envelope proteins [66]. For this study, a viral stock of FeLV was propagated at 

American Type Culture Collection (ATCC) and send to the laboratory of retrovirus inside the Division of Viral 

Products (DVP/CBER) to be analyzed by NGS. The stock concentration was calculated by ATCC using qPCR (. 

VIRAL RNA EXTRACTION 
 

Viral RNA extraction from viral stock was carried out using silica membrane with selective binding properties 

(QIAGEN Viral RNA Kit) according to the manufacturing instruction. Briefly, the viral RNA extraction was 

performed starting from 140 µL of sample that was lysed under highly denaturing conditions at elevated 

temperatures to inactivation of RNases to ensure isolation of intact viral RNA. Lysate was then transferred onto a 

QIAamp Mini spin column and RNA bound to the membrane. Contaminants were washed away in two steps using 

two wash buffer. Elution was performed in water. The sample is finally quantified by RNA High Sensitivity range 

kit Qubit® 3.0 Fluorometer (ThermoFisher Scientific) and used for the step of full length cDNA synthesis. 

 

RETROTRANSCRIPTION AND dscDNA SYNTHESIS  
 

Viral RNA was then retrotranscribed using poly-T primer by mean of Maxima First Strand cDNA Synthesis Kit 

(Thermo Fisher), that allows synthesis of long cDNAs up to 20kb at elevated temperatures. A double strand cDNA 

synthesis was carried out using SequalPrep Long PCR kit with dNTPs (Applied Biosystems) and specific primer 

for FeLV (Figures 20 and 21). The PCR products were analyzed by agarose gel electrophoresis (data not shown) 

and only long fragments (between 2.5kb and 9kb) were purified from gel using Zymoclean Gel DNA recovery kit 

(Zymo Research). The dscDNA obtained was quantified by Qubit® 3.0 Fluorometer and then used for the library 

preparation. 



 

 

 

 

Figure 20: Full length Retrotranscription and dscDNA synthesis 

 

 

 

Figure 21: FeLV primer design  

 

LIBRARY PREPARATION AND SEQUENCING 
 

The Ligation Sequencing Kit 1D from Oxford Nanopore (SQK-LSK108) was used to prepare the library for 

sequencing on MinION starting from 1µg of dscDNA. Briefly the steps for library preparation consisted of:  



 

 

 

- end-repair 

- dA-tailing  

-  adapter Ligation 

The NEBNext End Repair/dA tailing module (NEB) was used to prepare the dscDNA ends. Adapters supplied in 

the Ligation Sequencing Kit 1D were then ligated onto the dscDNA, the ligation was assisted by hybridization of 

the A and T overhangs of the DNA fragments and adapters, respectively. The ‘leader adapter’, consisted of two 

oligos with partial complementarity that form a Y-shaped structure once annealed [9] allowing the attachment of 

the first strand to the sequencing nanopore. The adapter was conjugated with a special protein (Motor enzyme, HP 

motor, Tether) that controlled tethers the DNA strand to the membrane of the MinION Flow Cell and reduces the 

diffusion of the DNA strands from three to two dimensions (Figure 22). A DNA control of 3.6kb amplicon lambda 

genome was added to sample before the library preparation. 

  

 

 

 

 

 

 

 

 

Figure 22: Ligation Sequencing 1D Protocol (Oxford Nanopore) 

 

Final library was evaluated by Qubit 3.0 Fluorimeter and loaded on the MinION Flow cell R 9.4 version. One 

strand of the duplex was sequenced at a time, producing 1D reads. The nanopores sequenced the full length of 

fragments presented to them.  



 

 

 

MinKNOW is the software for running the MinION sequencer. The MinKNOW software carries out several core 

tasks: data acquisition, real-time analysis and feedback, basecalling, data streaming, providing device control, and 

ensuring that the platform chemistry is performing correctly to run the samples (Figure 23). 

 

Figure 23: MinKNOW software workflow 

 

DATA ANALYSIS 
 

For the data analyses the fast5 files produced by the instrument were converted in fastq file using Poretools. In a 

preliminary phase, the reads were corrected using nanoCORR utilizing Illumina data previously obtained on the 

same FeLV stock (Illumina data not shown). BWA MEM tool was used to aligned the reads to FeLV genome 

reference.  

Moreover, a de novo assembly was performed using the software Canu. This software performed the correction, 

the trimming and the assembly of the reads to unitigs. Important information needed for the software was 

approximate genome size (to determine the coverage in the input reads) and the technology used to generate the 

reads. Pilon tool was used to polish Oxford Nanopore assembly. 

 

 

 

 



 

 

 

RESULTS AND CONCLUSIONS 
 

A purified viral stock of FeLV was analyzed using the new pocket Oxford Nanopore Sequencer, the MinION 

instrument. Using the Sequencing 1D protocol and the MinKNOW 48-hour script protocol for local basecalling 

the sample was run for 24 hours. The total amount of data produced corresponded to about 240.000 reads (produced 

by the instrument in a fist5 file format). 

By mean of bioinformatic tools reads were corrected and a total of final 117.558 reads were used for the alignment. 

The NCBI FeLV genome KP728112.1 was used as reference and the data results obtained were a total coverage 

of 100% with 99,88% of mapped reads, with a lower coverage zone related to the pol/gag (Figure 24). In the de 

novo assembly exercise, a single full-length molecule was responsible for the generation of a unitig of 7559bp 

after internal (ONT-only with Canu) error correction. The span of this sequences of consistent with the viral 

genome structure as it aligned on NCBI reference genome sequence KP728112.1. However, many erroneous 

deletions in the sequence were present due to errors brought by nanopore sequencing. By further applying a 

polishing step using Illumina reads, the length of such sequence was corrected to 7861bp, with only 30bp of 

difference to the expected amplicon length. 

 

 

Figure 24: Mapping of reads on FeLV reference genome using BWA  

 



 

 

 

Even if the accuracy of the technology needs to be improved and a surprisingly not uniform coverage of the 

genome was obtained, these results demonstrate that the MinION represents an easy and successful tool for the 

full-length retrovirus genome sequencing. Future steps will be to use the newest Oxford direct RNA sequencing 

protocol which for the first time allows the sequencing of an RNA molecule and not a synthetic copy, overcoming 

the limitation of the reverse transcriptase or PCR bias and revealing any modifications present when analyzing the 

raw data [67].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

FINAL REMARKS 
 

Biopharmaceutical manufacturing, because of its complex nonlinear nature, is fraught with a myriad of process 

variations that can impact safety and efficacy of the drug [64]. For this reason, different guidelines have been 

created over the time for biological quality control processes [2,3] hand to hand with the improvement of analytical 

methods used. Particularly, the advent of the Next Generation Sequencing (NGS) has completely revolutionized 

the genome field opening the way for exploring new fields of research and application [63]. 

In this project, different methods based on NGS were developed and applied as support for the quality control 

steps during the biopharmaceutical production process. Among the several sequencing systems, the most used 

technology (Illumina) and the emerging one (Nanopore) were evaluated and different methods based on these 

platforms were setting up. These methods concerned: 

- the transcriptome analysis of the cell lines used during the preliminary phase of the development process 

to discover the candidate final clone,  

- the whole genome analysis of the Master Cell Bank created during the upstream phase,  

- the identification of potential adventitious viral contaminants in the Bulk harvest during the in-process 

phase of the biopharmaceutical production. 

 Furthermore, the newest Oxford Nanopore sequencing technology, due to its capability to get very ultra-long 

sequences, was evaluated for the full-length genome retroviral identification. 

The results obtained demonstrate that, compare to other traditional methods, the NGS allows to perform a complete 

genome and transcriptome analysis with a higher sensitivity and throughput and without the need of a priori 

knowledge of your target. Moreover, implementation of these methods as routine tests for the quality control 

represents an important tool to evaluate and guarantee the safety and the quality of the biopharmaceuticals, 

reducing the cost and the time consuming of the entire biomanufacturing process.  
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