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BACKGROUND

The great majority of biopharmaceuticals, approbgdegulatory authorities, are produced by recouttin
DNA technology in various expression system. Thetmodely used hosts amammalian cellge.g.Chinese
Hamster Ovarian cellghat are difficult to maintain but enable to obtaihigher degree of protein quality [1].

The biopharmaceutical manufacturing process is ¢texnpnd focused on increasing final protein yield,
assuring the quality of the products and reduciogt The industries are driven in these directions
improving manufacturing techniques, including acements in cloning, media formulation, removal a$th
cell components and downstream purifications {néustrial scale chromatography). [68] The starfpognt

of the production is a Master Cell Bank (MCB) anw/arking Cell Bank (WCB) in which the construct of
interest is inserted; these cells, are placed énaidhioreactor to produce the final protein by rangntation
process. While the production process takes plaat, protein of interest and waste products arelyred
inside the bioreactor (all these elements are @¢@lalk). At the end of the production, the finabmin is
purified to remove any impurities and contaminaarid the End of Production Cell Bank cells (EoPCi8) a
isolated for further stability tests (Figure 1).
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Figure 1. Biopharmaceutical process [69]

Unlike chemical synthesis processes, biopharmamduthanufacturing needs high technology for quality
assurance. For this reason, different guidelines lh@en created over the time for biological qualantrol



processes [2,3]. ICH Topic Q5A (R1) documéstconcerned with testing and evaluation of theavsafety

of biotechnology products derived from charactatizell lines of human or animal origirf4] establishing a
list of viral tests required for biotech drugs ede. The risk of contamination is a frequent pd#sikn
biotechnology products derived from cell lines; guotion environment (e.g. operators), raw materdals
production cell substrate represent important ssiof contamination. Moreover, to guarantee thegiitty
and stability of the transgene among the MCB andBV¢€ll lines, the ICH Topic Q5B provides a guidance
for “the characterization of the expression constrused for the production of recombinant DNA protein
products”[5]. Traditionalin vitro andin vivotests represent important testing tools; howes@ne limitations
are still present, particularly in term of time fecution, limited host range and low sensitivitg.overcome
these limitations, the introduction of new cuttiedge technologies is required [6]. The Next Geimrat
Sequencing (NGS) has been introduced on the maskatpowerful tool to achieve a higher throughpat &
reduction of time and costs. Different NGS techg@e have been settled since the first instrumemets
developed. The sequencing-by-synthesis (SBS) téogmdrom lllumina is nowadays the most successful
massive parallel short reads sequencing methodh@®apposite side, single-molecule sequencing zéth-
mode waveguide-based readout (Pacific Biosciesdéei most widely adopted long read technologysiBy,
the nanopore-based paradigm for single moleculdirea sequencing has been recently proposed bgr@xf
Nanopore (ONT) and the platform is gaining adopbwerr the time due to its competitive costs ane eds

use.



TECHNICAL INTRODUCTION

Among the NGS platforms developed in the last declidimina is the most widely adopted technolcotjye
lllumina platforms are based on the proprietarpib@togy “Sequencing by Synthesis” (SBS) that ersatiie
detection of single nucleotides as they are inaated into DNA strands [7]. lllumina NGS workfloiw
divided in three steps: library preparation, clugteneration and sequencing. The library consisiSNA
fragments derived from whole genome, reverse trioest RNA or amplicons in which index-adapter are
ligated at the ends. By means of a complementanndbothe library is hybridized to oligonucleotides,
covalently linked to an optically transparent sdidface, the flow cell. With such oligonucleotideding as
primers, the templates are extended by a polymepasducing covalently attached single moleculeseF
ends of the bound templates hybridize to neighigocomplementary adapters to form U-shaped bridbes,

is extended to create a double-stranded DNA br{tlyes called bridge amplification). At the end bkt
extension, the dsDNA bridge is denatured agairate@ two complementary single-stranded DNA fragments
covalently attached to the adapters, ready to tepeaeaction. Cluster generation, by means aérsébridge
amplification cycles, generates thousands of clblgments per cluster. For the subsequent sequestep,

a series of fluorescently labeled reversible teatars are used and incorporated by DNA polymerfasa|l
the cluster fragment simultaneously. The fluoresbeses are imaged at each cycle after blockingR#Nire
added and then unblocked before the next addifolecSince all four reversible - terminator-boutdT Ps
are present during each sequencing cycle, natarapetition minimizes incorporation bias [8]. In easf
paired end sequencing, bathds of the DNA fragment are sequenced. After tmeptetion of the sequencing
of the forward strands, the newly synthesized isvetrands are regenerated by bridge amplificafibe.
forward strands are removed by cleavage leaving thd newly synthesized reverse strands attachéueto

flow cell to be sequenced as before to produceegand sequence data (Figure 2).

Figure 2: Cluster Generation on lllumina flow cellsurface by Bridge Amplification



The result is true base-by-base sequencing théilesnaccurate data for a broad range of applicatidhe

sequencing data produced are then submitted toidirformatics analysis. It consists in three nglirases:

. Primary analysis: this phase is mandatory to transform the raw detaerated by the Illumina

instruments into base calls and afterwards reads.

. Secondary analysisin the secondary analysis, the reads generated firimary analysis can be
aligned to e reference genome or a genome databbassed to perform de novoassembly or clustering,
depending on the biological expectation.

. Tertiary analysis: is based on the interpretation of the bioinfoliosatesult.

Even if the short reads lllumina sequencing is laust and reliable method applied in different feelof
molecular biology, a new powerful technology basedvery long reads sequencing is emerging. Oxford
Nanopore Technologies Ltd has developed a disripéehnology platform for the direct electronicdxhs
analysis of single molecules. The MinlON is the Mfarfirst mobile sequencer [9]. It is a small dei(10 cm

X 2 cm x 3.3 cm; approximately 90 g) and is powdrge computer USB port (Figure 3). The instrumsnt
based on using nanopores to detect a moleculendpaae is a biological nano-scale hole presentiénai
polymer membrane, the membrane is embedded insigdbgical solution and across it a voltage is $ae
resulting ionic current is detected by a sens@yachip that consists of several microscaffoldsheat which
supports the membrane and the embedded pore aedponds to its own electrode. When a moleculeggass
through the nanopore or near its aperture a disnupf the ionic current occurs. This change ingheztrical
signal is detected and used to identify the mokeaulquestion. For DNA strand is possible to dieanate
each single base due to their characteristic éatsignal [10] (Figure 4).

BEANUNION

—

Figure 3: The MinlON: the first palm sized sequence



Figure 4: The Oxford Nanopore Technology

Compared to the other NGS technologies, the MinkaN measure single molecules directly, without the
need for nucleic acid amplification, fluorescen#fgtical labelling or optical instrumentation. Moreoythe
other important features of this technology aréhé low cost (1000$ for the MinlON instrument), tije
possibility to get very long sequences (up to 20@ktal iii) to perform the data analysis in realdirivleanwhile
the sequencing is performed, the data analysebecaarried concurrently and the user can decidéithe
run when the biological question is answered redutime for both sequencing and data analysis.



OBJECTIVE OF THE THESIS

The purpose of the PhD project was to develop nisthimsed on NGS to apply in the biopharmaceutical
quality control. Particularly, lllumina technologyethods were developed and applied for i) the miskry
phase of the cell line process development, ijuarantee the quality during the upstream andh@)in-

process phase of the biopharmaceutical production.

For the preliminary phase study, a transcriptonmadyais of CHO cell line, using the lllumina NextS€§
platform, was performed to investigate the rolesgpplement media components in the post-transkdtion
modifications, focusing the attention on the glydagon process. Regarding the upstream and tpedoess
phases two different NGS methods were developgrbctisely to check the clonality of MCB and to Weri
the absence of adventitious viral contaminationirdurthe biomanufacturing process. Moreover, the
application of the Nanopore sequencing technologym®an of the MIinION instrument for the viral

gualification was evaluated.

Implementation of these technologies can provitiggher performance in the analysis of the molecatas$
the respective host cells used for the productiath wnprecedented potentials for biosafety and

characterization of the final products with in-pees monitoring (Figure 5).
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Figure 5. Biological Quality Control Activities



CHAPTER 1

TRANSCRIPTOME CELL LINE CARACTHERIZATION
INTRODUCTION

One of the most important objectives of the bioptareutical industry during the process developnsetiie
identification of factors that affect recombinambfein quality. Particularly, post-translational difacations
play a key role in the protein solubility and stéj enzymatic activity, cellular processing, setton, both

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

In the past decade, the main tool to understaniddeal behavior of producing cell lines and protilue
processes was the analysis of the transcriptonmey umicroarrays [15,16]However, the accuracy of the
technique depends on prior knowledge of the sequand the affinity of probes for hybridization. The
advance of the NGS, especially the RNA-Seq, allowedvercome these constraints and expanded the
knowledge in cell culture bioprocessing [17]. Comggbto microarrays, RNA-Seq methods cover all aspec
of the transcriptome without any a priori knowleddét, allowing for the analysis of novel trangats, splice

junctions and noncoding RNA [18].

In this study, performed in collaboration with tB& Process Science Department (BPS - Merck) ineyev
(Switzerland), differential expression of glycogdida genes in CHO K1 cell cultures used for the
manufacturing process was analyzed. Particuldityrdle of the Raffinose - a naturally occurringaccharide
composed of galactose, glucose, and fructose -evakiated to understand how this alternative media
component impact the post-translational modific&ti¢data published a£ell culture media supplemented
with raffinose reproducibly enhances high manndgean formatiori, [18]). Several studies described the
effect of Raffinose on various metabolic pathwajslitierent cell types; in humans for example Radse

intake was correlated with leukotoxic effects anitlative stress [62].

MATERIALS AND METHODS
SAMPLE PREPARATION

A media design approach was applied to modulateoglylation in CHO cell culture [18]. Briefly, CHOIK
cell lines were treated in microscale cultures gighe Raffinose as alternative supplemé&otur different
concentrations of Raffinose were tested: 10mM, 30mBMM, 100mM. A condition with no treatment of the

cells was used as control. Three replicates fdn eandition were analyzed.

RNA EXTRACTION

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

(QIAGEN) according to manufacturer’s instructionsdanternal working procedure. Briefly, the method



consisted of a first step of lysis, followed by thiading of RNA to the column membrane and différen
washing steps. The cellular pellet was disruptednieans of a lysis buffer and homogenized by paghiag
lysate through a blunt 20-gauge needle (0.9 mm eliarfitted to an RNase-free syringe. All volumasw
transferred to a spin column and centrifuged &2d®rpm for 30 seconds promoting selective bindingNA

to the membrane column. Contaminants were remosadyuwo different buffers provided by the kit. An
enzyme treatment was employed to remove any DNiluakprior to a final elution step using RNaseefre
water. RNA quantification was evaluated using Fiuoeter Qubit® 2.0 and the RNA quality (RIN valu8)>
was assessed by Agilent 2100 Bioanalyzer using 6008 Nano Kkit.

LIBRARY PREPARATION

Libraries were prepared using TruSeq Stranded Rt Sample Preparation Kit according to lllumina’s

protocol [19] and internal working instructionsréitag from 1pg of extracted total RNA (Figure 6).
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Figure 6: The TruSeq Stranded Total RNA Steps



Briefly, a ribosomal RNA depletion was carried osing biotinylated, target-specific oligos combineith
Ribo-Zero rRNA removal beads. Following purificatjioRNA was fragmented and primed for cDNA
synthesis. The cleaved RNA fragments were conventedfirst strand cDNA using SuperScript Il revers
transcriptase and random primers, followed by seé&rand cDNA synthesis using DNA Polymerase | and
RNase H. The Strand specificity was achieved biacépg dTTP with dUTP in the Second Strand Marking
Mix (SMM). The incorporation of dUTP in second stdssynthesis quenched the secam@nd during
amplification, since the polymerase used in theysdll not incorporate past this nucleotide. AMPU(P
beads are used to separate the ds cDNA from tlimdestrand reaction mix. At the end of this procges
have blunt-ended cDNA. A single ‘A’ nucleotide idd®d to the 3’ ends of the blunt fragments andipialt
indexing adapters are ligated to the ends of theDd¢A, preparing them for hybridization onto a flaell.

The adapter-ligated cDNA fragments were then ameplibn 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
e 72°C for 30 seconds
- 72°C for 5 minutes
Hold at 4°C.

The final library was purified using AMPure XP bsa(Beckman Coulter), quantified by QUBIPR.0
Fluorometer (Invitrogen) and size distribution wassessed by Agilent 2100 Bioanalyzer (using High
Sensitivity DNA kit).

SEQUENCING

Samples were sequenced on lllumina NextSeg50Qmsint from both ends of DNA fragments to produce
“paired end” reads using a High Output Kit (2x7&€leg). Equal volumes of libraries were mixed toatee
two multiplexed pools sequenced in two differemts© sample/run). The instrument performs batistel
generation and sequencing of samples enables nedagcles and data processing time. The clusters we
imaged using 2-channel sequencing chemistry atef flombinations specific to each of the fluoredigen
labeled chain terminators. The twhannel sequencing uses only two images: an image d red channel
and an image from a green channel. The intensiijterby each base is as follows: T emits 100% rgree
intensity, C emits 100% red intensity, A emits 5QBéen and 50% red intensities and G is dark and doe

emit any intensity.



DATA ANALYSIS

Data obtained from the RNA Sequencing were useétimrm a differential gene expression analysig/beh

the control and the different experimental condisio

In the first step, base call files obtained fromv data generated from NextSeq500 platform were exas to
sequence reads (fastq files) ushg2fastq(version 2.15.0.4) [50]. After, fastq files wedikered for the
guality using a tool able to trim the reads by gugbarameters [21,22]. Trimmomatic tool (versio2D
performed a dynamic trimming of reads with low gyabases (known as quality trimming) at sequenase
coupled with adapter leftover removal and a rehleriing to eliminate reads falling below a residleigth
threshold. After the first data processing, reamtsefach condition were mapped to the genome sequenc
leveraging transcriptome annotationsGiflOprj [23] usingtophattool (version 2.0.13) [27] and the embedded
bowtie2 alignment tool [51]. For tophat standarti@ps were used. Gene level raw counts of mappadsre
were performed by TSeq(version 0.6.1p1) [24,25]. Data results were madagsingBioconductor-DESeq
package (version 1.14.0) [26] to identify a diffetial expressiobetween control sample and mix of biological

and technical replicates of the treated samples.

RESULTS

By comparing control samples (no treatment) agaimesbther conditions (10mM Raffinose, 30mM Raféap
50mM Raffinose, 100mM Raffinose) a total list obab200 genes differentially expressed was fouradia(d

not shown).

Focusing only on the genes involved in the glycatsyh we found a differential expression only fasubset
of genes and especially for the 100mM Raffinoselgmn compared to the control. Despite a leni¢mtistical
threshold (Bonferroni-adjusted p-value < 0.1) wasduto extract significant genes, a coherent ti@nd
expression was found among the different conditiffigure 7), confirming the direction of expression
feedback (average?®Rf 0.77 with 14 out of 20 genes witlf R0.70). In the Table 1 is indicated a list of all
genes differential expressed for each conditioa;réd ones indicate the down regulated, the greemup

regulated genes (both categories are showed iadzegtt color).



D Gene Name

B3galt? beta-1.3-galactosviransferase 2
Bigatl beta-1.3-glucuronyltransferase 3
B4galtl beta-1 4-galactosvliransferase 3
Chpf cheondroitin polymerizing factor

Chstll  carbohvdrate (chondroitin 4) sulfotransferase 11
Galkl  galactokinase 1

Gla galactosidase alpha

Gns ghicosamine (N-acetyl)-6-sulfatase
Hyall  hyahronoghicosammidase 1

Mgats  mannosyl (alpha-1.6-)-glvcoprotein beta-1.6-N-acetyl-glicosaminyltransferase 0.20 0.30 0.33
Neul  neuraminidase ! (lysosomal sialidase)
Ozt O-linked N-acetvlglucosamine (GlcNAC) transferase
Pigg phosphatidvlinositol glvean anchor biosynthesis class Q
Rpn2 ribophorin I
Sle35ad4  solute carrier family 35 member A4
Slc3sdl  solute carrier family 35 member D1
Sle3sf?  solute carrier family 35, member F2
Slc3sfs  solute carrier family 35 member F3
St8sia6  ST8 alpha-N-acetyl-neuraminide alpha-2 8-sialyltransferase 6 0.51 0.90
Ugcg  UDP-glucose ceramide glucosvltransferase

Raffinose concentration

10mM 30mM 50mM 100mM
130 100 136 0.50
-0.09 -0.13 -0.17 '
-0.19 -0.29 -0.29
-0.36 -0.34 -0.34
0.36 0.52 0.55 0.5
031 -0.42 043 051
-0.13 0.08 0.23 0.53
0.42 0.59 0.94 0.04
0.72 0.36 0.58 0.64
0.32
-0.12 0.19 0.42 0.88
0.57 0.45 0.46 0.31
0.02 -0.13 -0.12 0.36
-0.11 -0.22 -0.24 -0.34
-0.24 -0.29 035 064
0.25 0.43 0.44 0.45
-0.14 -0.31 -0.33 -0.49
0.11 0.16 0.27 0.43
0.35 0.49 0.48 0.58

Table 1. List of differentially expressed genes irolved in the glycosylation (numbers are referred tothe
log2foldchange, highlighted values are the statisal significative value with Bonferroni adjusted pwalue < 0.1)

Figure 7.
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The expression of one of the most important enzytieess mannosyl (alpha-1,6-)-glycoprotein beta-1;6-N
acetyl-glucosaminyltransferase (Mgat5), that playpivotal role in the regulation of the biosyntlisesf
glycoprotein oligosaccharides [60] at the highenaamtration of 100mM was upregulated. While theabet
1,4-galactosyltransferase 3 (B4GalT3) expressiors wlawnregulated as well as the UDP-galactose
transporter, solute carrier family 35, member Ak8Sa4) for all the Raffinose concentrations, ltle¢a-1,3-
galactosyltransferase 2 (B3galt2) had a fluctuatiegd among the different concentrations with di@aar
lower regulation at the 100mM Raffinose concendratiThis is surprising since Galactosylation insezhat
higher Raffinose concentration. Looking for the ggimvolved in the initial step of the glycosylatipathway

no differential expression was found for MannosidbgManl), Mannosidase Il (Manll), Mgatl and Mgat2
enzymes. The expression of the UDP-glucuronic ani UDP-GalNAc transporter genes (gene: Slc35d1)
[61] was upregulated. Sialyltransferase (SialT)egexpression was highly upregulated, whereas tedslef

sialic acid remained low (data not shown).

CONCLUSIONS

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

investigated.

Differential expression glycosylation analysis wasried out on CHO K1 cell line by Next Generation
Sequencing. Different treatment conditions (10mMfiRase, 30mM Raffinose, 50mM Raffinose, 100mM

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

Transcriptomics analysis showed that Raffinose leupgntation influenced the expression levels dedint
glycosylation related genes particularly for th@md Raffinose condition, however other consenstiepes

were observed at lower concentrations.

Particularly, the GalT gene was found downregulatddle the SialT gene was strongly upregulateddsla
on these results we can hypothesize that on orgtthardownregulation of thg1,4-GalT 3 gene along with
the upregulation of galactosidasgene and, on the other hand, the steric hindrefifieets in the CH2-domain
of the mAb and the considerably higher SialT gex@ession still resulted in a negligible effecttbe entire
sialylation process. Although the enzyme was paiypresent in higher concentrations, its acdabisi was
either unfavorable, or other unknown parametergiesed the attachment of sialic acid to the galactesiety

of the oligosaccharide backbone.

Even if further investigations are required to itifgrthe underlying mechanism at the gene level@sditing
real protein level, considering the substrate fpartsinto the Golgi apparatus and the GalT actjibese

results highlight the potential of cell culture med supplementation to alter glycosylation patteafis



recombinant proteins. Changing the environment liciv the cells are cultured is a rather straightéod

approach that allows to finetune within the potarai the selected cell line.

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

differential expressions in a fast and time-efitie/ay.



CHAPTER 2

CLONALITY ASSESSMENT OF MCB USED FOR THE PRODUCTION
INTRODUCTION

During the past 20 years, CHO cells have been tist oommonly used platform to express various fasfns
therapeutic proteins and antibodies [29]. In gendra process of cell lines development involvaasfection
of the host CHO cell line with a transgene thatregpes the target protein followed by plating agldction

of the transfected cells. The growing clones cam the ranked and successively expanded based w@mnpro

expression and, after further evaluations, thectope can be chosen as production line.

The proof of clonality for these cells, representraportant request by regulatory agencies [30, Régently,
different methods have been developed to furtheurasthat cell lines are clonal; these methodudebut
are not limited to: a single-cell cloning step, treminds of subcloning by limiting dilution, flow tymetry
mediated single cell sorting and deposition, orraflaidics based cell printing [32]. However, dte
technological limitations of each of these methatiey are often being used in combination with high

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

Even if these methods are well recognized by thaltHeAuthorities, in the last few years the agesi@ee
increasing the demand for a better characterizatidime clonality. Particularly, the focus is nowedt on the
characterization of the insertion site(s) of theegef interest [59]. In the project here descrilzeiovel method
based on Next Generation Sequencing to determeeltmality of a cell bank by multiple analysistbé

insertion site(s) of the gene of interest is prepos

MATERIALS AND METHODS
SAMPLE PREPARATION

Cell lines expressing the antibody of interest wamated by an external company with a particufatesn
called Gene Product Expression (GPEX). This sysisss replication-defective retroviral vectors (Fey8a),
derived from Moloney murine leukemia virus (MLV) dupseudotyped with vesicular stomatitis virus G
protein (VSV-G), to stably insert single copiesgehes into dividing cells. Retrovectors delivereenoded
as RNA that, after entering the cell, are reveraescribed to DNA and integrated stably into theayee of
the host cell (Figure 8b). Two enzymes, reversestaptase and integrase, provided transientlipénviector

particle, perform this function.
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For generating antibody-producing cell lines, amidghtransduction of CHO cells was performed usang
retrovector containing the light chain (LC) genarfsductions are performed at a multiplicity okiction of

at least 1,000 retrovector particles per cell). Tiexpressing pool of cells was then transducetth w&i
retrovector containing the heavy chain (HC) genlee Tell pool should be subject to multiple seriés o
transductions for both LC and HC. The result o§ tnansduction step is the multiple insertion ia @HO
genome of LC and HC genes. Upon completion of idwesductions, the resulting pool of cells are stifewahi
to one round of limiting dilution subcloning. Siegtell clones (based on the observation of thenoet) are
isolated, and potential manufacturing cell lines aelected based on multiple criteria (growth, llefe

expression, product quality, etc.).



Due to the complexity of the cell bank and the taet only a limited dilution step was performdug NGS
was applied as a tool to confirm the clonality e Cell Bank generated. To perform the analysess MICB
was subcloned to generate 30 subclones that wewt fos the analysis. In addition, the analysisved t
divergent clones was performed to check the spégifof the method. The divergent clones are 2 etoof
the same cell bank: this means that the inserties of the genes should be in different positibthhe genome,

compared to the MCB and its subclones.

DNA EXTRACTION

Total DNA extraction of the samples was performethaffinity columns using the QlAamp Blood DNA
Mini kit (QIAGEN®) according to manufacturer’s instructions andrimaéworking instructions. This method
has a first step of lysis, followed by the bindofdhe DNA to the column membrane. Remaining comants
and enzyme inhibitors were removed by washing dbefisre the DNA was eluted in water. To remove any

RNA residual RNase enzyme incubation was employed.

Cell pellet was resuspended in 2(@0or 600 ul of Phosphate Buffered Saline (PBS) accordingame
concentration and split in two aliquots. 2@0of Buffer AL and 20ul of proteinase K were added at each
sample. Samples were mixed thoroughly by vortexnd incubated at 56°C for 10 minutes. Then g00
ethanol (96-100%) was added and the mixture wasfeared into the DNeasy Mini spin column placed in

2 ml collection tube. Samples were washed with diterent washing buffers provided by the kit. Then
samples were centrifuged for a minute at 13,000 tgonemove any residual ethanol. Elution was penéat

in 150-300ul of water which was added directly onto the DNeasmbrane. Eluates of the same clone were
combined. Each sample was incubated with RNaseh@oat 37°C for 30 minutes to remove any RNA

residual. At the end of the incubation period, g® were quantified by Fluorometer QIatO.

LIBRARY PREPARATION

Library preparation was carried out by Nextera Mzaér (lllumina) according to manufacturer’s instians

and internal working instructions [35] (Figure 9).
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Briefly 4pug of genomic purified DNA sample is sirtarteously fragmented and tagged with
biotinylated mate pair junction adaptor usagpecially formulated transposome. The tagmemtatio
step left a short single stranded sequence gapitagmented DNA; so a polymerase extension with
strand displacement of one adapter strand wasedautit in order to fill gap. Next, DNA fragments of
~10,000bp was selected from agarose gel. The sleeted fragments were circularized in a blunt
ended intramolecular ligation, with an overnigtduibation at 30°C and any linear molecules remaining
in the circularization reaction were removed by DERonuclease treatment. The exonuclease and
ligase enzymes were both inactivated by heat teattand the addition of 12l of Stop Ligation Buffe
The large circularized DNA fragments were sheargdCbvaris S220 instrument to smaller sized
dsDNA fragments with 3' or 5' overhangs. Prioraovert the overhangs resulting from fragmentation
into blunt ends, sheared DNA fragments containiregltiotinylated junction adapters were purified by
binding to streptavidin magnetic beads. Unbiotitgdamolecules were removed through a series of
washes and the fragments still bound to the sivafitabeads were end-repaired and A-tailed. Then,
the lllumina oligo adapters were attached by lgatPCR was carried out to enrich and amplify those
DNA fragments that had adapter molecules on botls.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 cleprthe PCR reaction and remove the smallest
fragments from the final library. Library controuajity was checked by Agilent 2100 Bioanalyzer
instrument to calculate library medium size whileaqtification was verified by Fluorometer Qbit
2.0.

BIOINFORMATIC ANALYSIS

ANALYSIS CONCEPT

The strategy applied to investigate the clonalftthe MCB is based on a comparison of the insertion
sites of the transgenes in the genomic DNA of tleByithe 30 subclones derived from the MCB and
the divergent clones plus a statistical analysishefprobability of the results occurring by chance
Several different bioinformatics tools were appliedletermine the boundaries of the transgenetsiser
in the MCB, the subclones and the divergent clomegtermination of the boundaries allows the

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



Once determined, the boundaries were analyzed by wfestatistical tools. The bioinformatics concept

as illustrated in Fig. 10 was used to determinebthendaries.

Boundaries

CHO + Transgene

% @ CHO
\ Univocal insertion sites /,

Figure 10. Concept of the bioinformatics analysis

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

- Mapping of R1 and R2 separately to the transgessnmtl sequence (Figure 11, step A)
- Once mapped four kind of files were obtained:
0 Read 1 mapped on transgene plasmid sequence;
0 Read 1 unmapped on transgene plasmid sequence;
0 Read 2 mapped on transgene plasmid sequence;
0 Read 2 unmapped on transgene plasmid sequence;
- The list of MAPPED reads for Read 1 and Read 2 evaated and the corresponding reads
from the UNMAPPED reads was taken. See

- 11, step B/C.
- The UNMAPPED reads that had the corresponding gaiad mapped on the plasmid were

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

- 11, step D

- The alignment to the CHO reference provided esematf the boundaries of the plasmid
insertion site within the CHO reference genome

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

reference genome by means of Geneious softwaredV. 8



Mapped on plasmid

Unmapped on plasmid

R1 R1
R1
R1 R2 R1
~<_ =
r 2
R2 gl R2
SO e R2
R2 \\\\\\ //// \\\\\ —
R2 T .. R1
R2 " s
M 2
R1 i Sweg  BL
R1
R ——————— >
(=) w://é\j
\D" Univocal insertion sites %
Mapping the reads on R1 R2
CHO reference genome R2 R2
CHO genome/scaffolds = R2 i
Rl —
R2 R2 B2 i R1 R2
o R2 R2
R2 R2 R2
e R ] R1 - Rr2
L R1 R1 _R2 2
R2 R2 R1

RZ_

Figure 11. Bioinformatic analysis workflow

BIOINFORMATIC TOOLS

The following bioinformatic tools were used:

- For the conversion of the raw data from the seqerefi! files) to fastq files:

o lllumina CASAVAYV. 1.8.2

- For the indexing of the plasmid and the CHO refeesgenome:
0 Burrows-Wheeler Aligner (BWA) V. 0.6.1-r104[37]

= pwa -ais database.fna

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




0 Burrows-Wheeler Aligner (BWA) V. 0.6.1-r104
= bwa aln -t database.fna reads.fastq > reads.sai

= pwa samse database.fna reads.sai > reads.sam

0 samtools V. 0.1.1838]

=  samtools view —buS reads.sam > reads.bam

0 bamtools V. 2.1[39]

*= bamtools filter -isMapped true/false -in reads.bamt readsaligned.bam

- For the data interpretation and analysis

o Geneious V. 8.0

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

the plasmid) were taken in consideration.

SELECTION OF THE INSERTION REGIONS

After the selection of the boundaries for all tResBbclones the following approach was used tdifgen

the most representative insertion regions:

- Analysis of 1 clone that was sequenced with a deepeaerage (~50x)
- lIdentification of insertion regions (~20kb) by:

- thenumber of reads(depth of coverage): the insertion regions withhighest number
of reads were selected.

- thedispersion (percentage of coverage of a particular regiothefgenome) of the
reads among the insertion region: insertion regiwiih the highest dispersion
percentage were selected.

As result of this analysis, on a total of 120 itiser sites identified for both HC and LC, 20 ingemt
regions were identified for LC and 20 for HC an@di$o create a pattern of presence/absence among
all the samples analyzed. These 20 insertion regepresent the most represented and robust mserti
sites.

STATISTICAL ANALYSIS

All 30 samples, the MCB and the divergent clonesevanalyzed to find the 20 insertion regions for
LC and 20 insertion regions for HC. The patterratad for each sample (presence/absence of each

insertion region) was then compared to the othemp$ss. Like ‘bands on gel’ (Figure 12) molecular



analyses (i.e. PFGE or RFLP), each sample wasfigeiy a binary code pattern, representing thie li
of present (1, marked in black) or absent (0, néhikered) insertion region, compared to the all 20

insertion regions previously identified.

Similarity (expressed as 1 — the distances amonwples) was calculated using cluster analysis

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

2|AN B|

Dd(A,B) = ———
AB) = 18]

In this case, if it is considered:
M11 as the number of ISs present both in sampladiBa
M10 as the total number of ISs present in sample A

MO1 as the total number of ISs present in sample B

Dice distance is defined as:

Mll

Dd(A,B)=1———"—
My, + My

To graphically show the distance among all the daspulti - Dimensional Scaling (MDS) approach
was used.

An MDS is a method that represents measuremesiswdérity (or distance) among pairs or objects as

distances between points in a low-dimensional winfiénsional space.

Choosing to adapt distances to a 2-dimensions sgazebjects are included into a two-dimensional
scatterplot. In this case, axes are called “Dinr@ndl’ and “Dimension 2", and they have no meaning

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



RESULTS
CREATION OF THE PATTERN “BANDS ON A GEL”

Once the insertion regions were identified as diesdra pattern of presence/absence of insertioaneg
for each sample analyzed was carried out (Figuyeai@ used to compare all the subclones, the MCB

and the divergent clones to each other.

Gold Insertion Sites

Samples (MCB+30 subclones+2 divergent clones)

Figure 12.40 insertion regions shared between sampled/hite bands represent the common scaffolds. Black
bands represent absent scaffolds.

DISTANCE MATRIX

After the creation of the pattern for all the saagpla distance matrix by Multi-Dimensional Scalat pl
(Figure 13) was carried out to calculate the distabetween the samples and the divergent clones.
Three clearly different subgroups were identifi@he was related to the 30 subclones and the MCB,

the second one was related to one divergent cloti¢he last one the second divergent clone.



The distance between subclones+MCB and divergemti@ues was 100%. The same results are

obtained if the two divergent clones were compaoegach other.

Dice Matrix - 2D scatterplot
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Figure 13. Multi Dimentional Scale plot.

PROBABILITY ANALYSIS

To evaluate the reliability of the bands on a gattgyn probability analysis was carried out. The
probability that two subclones coming from differeopulation share by chance 40 insertion sites was

calculated by hypergeometrical function:

o 06
D=0

If considered that the retrovector has only 12Gpats (total of the insertion sites identified bath

HC and LC) available for the insertion of the trgese, the probability that 2 subclones from diffiere
population share the same 40 insertion sites is:8=10% (phyper(39,40,80,40,lower.tail=F)).
Alternatively, assuming only 1% of the genome tadmeptive of transgene integration (245Mbp), that

the analysis is carried on 20kbp windows and takirtg account possible border effects, the maximum



number of sites would be 6,125. This results irr@bgbility of overlap-by-chance of 3.482152e-72
given the hypergeometric distribution (phyper(39%8085,120,lower.tail=F)).

CONCLUSIONS

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

interest allowed the identification of the plasriidertion regions.

By mean of a combined bionformatic and statistinathods 40 well characterized insertion regions
(20 for HC and 20 for LC) were identified and useaheck the similarity of the 30 subclones and the
MCB.

The coordinates of the insertion regions were ueednalyze all the subclones, the MCB and the
divergent clones. The results of this comparisoowstd that all the subclones have the plasmids
inserted in the same position of the genome. Assitzd! tool for the similarity has been appliedian
showed that the MCB and the subclones have a sityilaf 100%, and a distance to the divergent
clones of 100%, allowing the conclusion that allsB®clones derive from the same clone as present in
the MCB. All subclones analyzed and the MCB showaegimilarity of 100% and a distance to the

divergent clones of 100%, concluding that all tBes@bclones belong to the same MCB.
Finally, the probability that this result was obd by chance was an unlikely event (p= 8.74L0

This approach represents a well-establish methsedoan NGS to identify the insertion regions of the
plasmid transgene inside the production cells arassess the clonality on the cells during theenti
production procesP@atent n°: EP96310 — Method for determining cell dnality). Next steps will

be to use the lllumina NovaSeq 6000 Sequencinge8yshat combine a scalable throughput and
flexible sequencing technology into a productioalecplatform with the efficiency and cost-
effectiveness of a benchtop system allowing to cedirastically 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 deriedidcarries the risk of adventitious virus contaatian of the
final product. Thus, the test for adventitious s&g is an essential quality control step in the ufenture of
biological drugs. At present, the worldwide recagal techniques for the detection of adventitiousnég)are
based on in vivo and in vitro tests [40]. Howeuwbese methods are limited by the restricted trop$rsome
viruses and may not detect some classes of viriis®scytopathic, non-pathogenic and non-haemadsgrbi
viruses) [41]. A complementary test to the celldzhapproach is the use of biomolecular methodhédetection
of nucleic acid of viral genomes like PCR-basedstésaditional PCR, Real Time PCR, etc.) that ioffensitive
and specific detection of their target pathogemsw@rsely, the backside of the use of the PCR-bastdods are
i. the unworkability to screen large number of gga and ii. the need to know PCR target for theatien,
meaning that what could be present inside a sasipald be known a priori [42nd iii. a possible mutation

occurring in the primer/probe regions may hampersnsitivity of the assay.

Next Generation Sequencing can overcome thesesigsubcombine the benefit of the in vitro/in viest such
as the possibility to detect a broad range of eistend the capability of the biomolecular methodsetect some
class of viruses that did now show any effectsadls avith the additional benefit to identify thenitout the need
to create specific probes/primers. In recent yesome NGS-based methods were successfully appli¢iaei
detection of adventitious agents. One of the fieste presented to the scientific community wasdietification
of a contamination by porcine circovirus (PCV) wotrotavirus vaccines [43,44]. This contaminatioaswiot
identified by classical routine test but only withe use of the NGS approach. Recently the useeofNixt
Generation Sequencing was successfully appliedetinlines [45], vaccines [46] and, as in this study

bioreactors [47].

The Next Generation Sequencing method here dedcisbi®cused on a universal protocol for the déacof
nucleic acids of different class of viral contarmitea(dsDNA, ssDNA, dsRNA, ssRNA) potentially presierbulk
harvest samples (BH) in one single analysis. llhamplatforms are used to assure a dramatic thrautgample.
Finally, the sequencing data are submitted to thieformatics analysis to get the final resultseorkflow of

this method consists of three stages:

- Sample preparation: nucleic acids extraction amdree transcription reaction



- Library preparation and sequencing: HiSeq1000 aext8e£q500

- Data analysis: alignment of data to a curated iateriral database

MATERIALS AND METHODS
SAMPLE PREPARATION

During the setup of the method 42 blank sampled dffferent BH matrix were used to have a backgdoun
knowledge of the endogenous retroviral componenmtedch sample. To assess sensitivity of the mettffedent
classes of viruses (ds/ss DNA/RNA and retrovirugsesre used to spike the blank samples using thffsresht
concentrations: 20 TU/mL, 10 TU/mL and 2 TU/mL.

Briefly the method consists of three steps: nuceid extraction and dscDNA synthesis, library jaregion and

sequencing and the bioinformatic analysis.

NUCLEIC ACIDS EXTRACTION AND dscDNA SYNTHESIS

NA extraction from bulk harvest was carried outhnatfast procedure based on the use of a silicabmara with
selective binding properties (QIAGEN) to obtain BIARNA filtration and cellular components removahe
nucleic acids extraction was performed startingff®mL of sample and the method included 4 maipsstgsis,
bind, wash and elution. Briefly, in the first stessample was lysed under highly denaturing conditanelevated
temperatures in the presence of proteinase K apecific buffer, which together ensure inactivatadribNases
and RNases and complete release of nucleic agydatés were then transferred onto a QlAamp Minirool. By
a vacuum manifold, circulating nucleic acids wetls@bed from a large volume onto the small silieanirane
as the lysate is drawing through by vacuum pres&tgmaining contaminants are removed during thizshing
steps and the nucleic acids were eluted in water sample was finally quantified by RNA broad rakig@ubit®

2.0 Fluorometer and employed as template for thesteps.

Pure nucleic acids were then retrotranscribed amdbuible strand synthesis was performed to have the
complementary dscDNA. Starting from 4 pg of RNAredrotranscription was carried out using an interna
protocol consisting of a preliminary incubation lwvitandom primer and a first strand synthesis usheg
ThermoFisher Scientific SuperScript® Il ReversenbB@iptase. A double strand cDNA synthesis was exdeo
perform the library preparation. The dscDNA wasmiified by Qubit® 2.0 Fluorometer and then usedtfa

library preparation.



LIBRARY PREPARATION AND SEQUENCING

For the libraries construction, a paired-end (FiEaly preparation was used to sequence both driie dsDNA
fragments. Starting from 50 ng of dscDNA, librargparation was carried out by means of llluminatilexDNA

Library Protocol [48]. The protocol consists ofigtfstep of DNA fragmentation, an Indexed adaliggtion and
a final step of PCR amplification. In the firstgBNA was tagmented by trasposones that simultasteadded
adapter sequences at the ends of fragments; dfeadabased purification, the tagmented DNA waslifiegbby

a limited-cycle PCR program that allowed to adce¢i7 and i5) to barcode samples for sequencinghéend
of the protocol a step of purification using thecBman Coulter AMPure XP Beads was employed to séhec
final library. Library size is evaluated using Aggilt 2100 Bioanalyzer and quantified by Qubit® Rillorometer.

The lllumina HiSeql1000 Sequencer instrument andrta&eq SBS Kit v3 — HS were used for the sequencin
with a maximum read length of 2x100 and an OutpB00Gb. Libraries were loaded independently, aneight
lanes of the flow cell and cluster generation wasggmed on cBOT lllumina instrument [49]. The riime for

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

The fourchannel sequencing works by using four images terohéne which base occurs in each cluster. Each of
the four DNA bases emits an intensity of a uniqaeelength. Therefore, during a cycle, each clusdpears in
only one of the four images. For example, wherr@ngtintensity signal is detected in the wavelengthted to

the G base, a G is called. When a strong intesgityal is detected in the wavelength related tolthase, a T is
called, and so forth. Foi€hannel Sequencing requires all four images talluplthe DNA sequence. Following
denaturation of clusters, four fluorescently ladaleversible terminators are incorporated by DNAyperase.
The fluorescent base is imaged as each dNTP igdatkthen cleaved to allow incorporation of thetmse.

This process is repeated for multiple cycles ofiseging until the desired read length is reachy{&igure 14).
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Figure 14: lllumina Sequencing by Synthesis Technogy

To have a minor run time and lower cost per sarffenethod was also tested using the NextSeg560rimesnt,
in which the read length is increased from 100bp30bp and the run time decreased to 40 hoursavVe the
same quantity of data three samples were loadedsimgle high-throughput flow cell and sequencedri®ans
of the NextSeq500 High Output Kit. For each rumaldy parameters were evaluated, focusing pagitylon
%Q30, cluster density and cluster density passiteg.f

DATA ANALYSIS

One of the critical aspects of the NGS workfloweakted to the data analysis of the runs. Duedathantity of
the data generated (more than 40billions of bags par sample) it was important to have a welkbiéshed
bioinformatic pipeline able to analyze the sequenm®duced by the machine. The softwhc2fastq (ver.
2.15.0.4) [50] was used for the conversion of filelto.fastq file. The alignment of reads to theated viral
database was performed throughttbevtie2 software [51] (Figure 15).
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Figure 15. Schematic representation of the data ahgis workflow

VIRAL DATABASE

The viral database created for the alignment ofitita generated by NGS sequence is a comprehendieetion

of sequences of different type of viruses.

The first version of the viral database (Viraldbdntained 1500 viral sequences obtained from ¢iqgodatabase
(NCBI). After this first draft a risk assessment thie database was performed based on i) the avigjiald
sequences from all the desired viruses and i) tiadity (complete genome or partial sequences) aitidadity
(viruses with high interest for the biotech prodmetvs rare viruses). In consequence, to fill thentified gaps
the live viruses were bought, sequenced and tlegioige sequences inserted in the new viral db @btgl

Finally, the Viraldbll contains the DNA genome seqae of:

- All viral DNA reference sequences that have agdwertebrates including human (font: NCBI);
- Virus present in MAP/HAP panel;

- Virus present in the 9 CFR Bovine and 9 CFR Perganels;

- Viruses responsible of large scale contamindtiarther pharma companies;

- New emerging viruses and blood borne pathogens;

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



- Internally sequenced virus whom the referenceisece was not present or present with poor quality
The viral database contains at the present 2,32 genome sequences of all known viruses ablefext

vertebrate’ cell lines (Figure 16) including newegging viruses and adventitious agents responsfiiéege scale

contaminations in other pharmaceutical companies.
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Figure 16: List of the virus Taxa able to infect vaebrates [52]




The database is routinely updated to maintain gpcehensive catalog of viruses.

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

Routinely updated
Download Viral Genomes (2/year)
(Ref. Seq)

Literature research for

additional viruses
(if not already present)

Comprehensive Viral
Genome database

Host Cell sequencing

Flag of the endogenous

retroviruses

Curated Viral database

Figure 17: Workflow for creation and the update ofthe curated viral database for the bioinformatics aalysis.

RESULTS

42 blank Bulk samples were analyzed to get thedraciknd composition for each matrix used (data hows) ;
at the same time, to assess the Limit of dete¢ti@D) of the method different viral concentratid0{TU/mL,
10TU/mL and 2TU/mL) were used and analyzed in déffi¢ bulk harvest-or theevaluation of the hits results
from the analysis (Figure 18), three parametergwensidered:

- reads number for each sampR0O

- coverager20%

- reads dispersion across the viral genome.

Furthermore, the database was curated and valifiateétde detection and the discrimination betweeteptial
contaminants and portion of viruses naturally pnegeside the host cells. These endogenous vitpleseces are
present in the database but are flagged. Thisléfathe analyst the possibility to discriminatevbetn a real
contamination and the presence of endogenous ietses. In the Figure 18 is represented the pexgentf hits
for the virus classes (ss/ds DNA — RNA) identifedhe different viral concentrations used forspiing.
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Figure 18. Percentage of positive hits for the diffrent classes of viruses analyzed, considering thetoff criteria of n°
reads>20 and Coverage20%

As shown in the figure 18 the method can detedt bious classes for all the spiking concentratidvsyever the
ss/ds DNA viruses class is more detectable than RiNAes class. Indeed the 86% of ss/ds DNA virugas
detected at 20TU/mL, the 67% of ss/ds DNA virusesandetected at 10TU/mL and the 64% of ss/ds DMdseis
were detected at 2TU/mL. On the contrary, for tiNAR/iruses class, the percentage for the threeartnations
are respectively: 64%, 56% and 50%. This is alsdicoed by the coverage obtained for each classgntioe
three concentrations (Figure 19). the highest nteaprage (65%) was obtained for the ss/ds DNAseisLclass
at the concentration of 20TU/mL while a slight d=xge is observed at the lower concentrations (5104 a%).
Regarding the RNA viruses class coverage theraatrsignificant differences between the 20TU/mL &mel
10TU/mL (respectively 43% and 41%) however a stipmigcrease is observed at the lower concentration
2TU/mL (26%).
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Figure 19. The mean coverage between the differemlasses of viruses (ss/ds DNA / RNA) for the threeral

concentrations (expressed in titration unit/mL).

CONCLUSIONS

The method described consists of a generic profoc@dequencing and detecting by NGS both DNA aNAR
viruses (ss/ds DNA - RNA) by mean of a bioinforroatipeline and a curated and validated viral datelsaeated
to avoid false positive results and discriminate #mdogenous retroviral sequences normally pregeetite
samples.

42 BH blank samples coming from 4 different matsixesre analyzed to create a background of the embog
retroviral sequences. Moreover, the sensitivitthefmethod was assessed using different class@sisés (ss/ds
DNA - RNA) for spiking’ test. Based on the resultbtained, the protocol can be applied for the viral
contamination detection in Bulk harvest, even ttdreresults were obtained with the DNA viruses pame to the
RNA ones. This is probably due to an efficiencyeifotranscription step that may cause a lossraf material
during the entire workflow. Moreover, a mean liraftdetection of 10TU/mL was identified during thet-sip
activities. The analysis was performed on both NeetSeq500 and the HiSeql1000 instruments to hawve tw
comparable platforms that can be used based aoutiee workload.

Further steps will be introduced to improve thehmodtfor the RNA virus detection and to perform tagédation
process to use it asutinely safety test in the quality control prageBarticularly, the Robustness, the Specificity

and the Limit of Detection of the method will besessed and demonstrated according to the regutpiaglines.



In conclusion, implementation of this methodologill wllow the protection of production facilitiesgainst

potential contaminations with any kind of adventi viruses and mitigate the risk of a contamimesioread.



CHAPTER 4

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

During the last decade, next generation sequelisi@g) has emerged as an advanced technology thatcede
high speed, throughput for a range of real-worldliaptions, including broad viral detection [53,58fom the
first next-generation high-throughput sequencimtpt®logy, rapid expansion and improved platformsHzeen
developed. Sequencing of full-length viral genorises difficult task due to the limitations in thieast length of
reads obtained using the most common high-througbgguencing techniques, such as Illlumina platfi@sih.

Even if the third-generation sequencing (TGS) tetdyy, led by Pacific Biosciences (PacBio), canvjite longer

reads for high qualitde novoassembly of viral genomes [56], the high costilsasbottleneck.

The MInION device is the world's first marketedgermolecule nanopore sequencer, launched a ferg pe@
from Oxford Nanopore [57]. This newly developedhealogy offers the possibility of sequencing vemgd DNA
fragments offering a promise of solving assembbbfems for large and complex viral genomes [58antrast
with short-read sequencing technologies. The degigen the technology, has a very low cost andtaability

to larger platforms is easily achievable.

Due to its greater features, th& Mext Generation Platform, the MinlON Nanopore Sewer was explored

focusing on full-length retroviral genome sequegamd choosing as model sample the Feline Leukeinis.

This project was carried out in a laboratory indide Center of Biologics Evaluation and Researdhiwithe
Food and Drug Administration in Silver Spring (CBERA). The CBER regulates biological products fantan
use under applicable federal laws, including théliewHealth Service Act and the Federal Food, Dangl

Cosmetic Act.
The study, performed during a 5 months internshiguded the following steps:

- optimization of sample preparation step to pethighest viral RNA quantity;
- development of RT protocol to get full-lengthB
- use of the MinlON and data analysis using twitedént approaches



MATERIALS AND METHODS
SAMPLE PREPARATION

The Feline leukemia virus (FeLV) is a member of @@mmaretro-virus genus, from the family Retroed
Feline Leukemia able to infect cats [65]. The geaasmapproximately 8.4-kb in length and its struetincludes
three genesg@g, poland eny flanked by un-translated regulatory sequencesvknas long terminal repeats
(LTR). Gag encodes group-specific capsid antigposencodes protease, integrase, and reverse rifgase
enzymes, and env encodes the envelope proteinsH66this study, a viral stock of FeLV was propagaat
American Type Culture Collection (ATCC) and sendhe laboratory of retrovirus inside the Divisioh\éral
Products (DVP/CBER) to be analyzed by NGS. Thekstonicentration was calculated by ATCC using qPCR (

VIRAL RNA EXTRACTION

Viral RNA extraction from viral stock was carriedtousing silica membrane with selective bindingpamies
(QIAGEN Viral RNA Kit) according to the manufactng instruction. Briefly, the viral RNA extractionas
performed starting from 140 puL of sample that wgsedl under highly denaturing conditions at elevated
temperatures to inactivation of RNases to ensotatien of intact viral RNA. Lysate was then tragrséd onto a
QIAamp Mini spin column and RNA bound to the memmeraContaminants were washed away in two stepg usin
two wash buffer. Elution was performed in watere Bample is finally quantified by RNA High Sensitmange

kit Qubit® 3.0 Fluorometer (ThermoFisher Scien)itmd used for the step of full length cDNA synthes

RETROTRANSCRIPTION AND dscDNA SYNTHESIS

Viral RNA was then retrotranscribed using poly-Tnmer by mean of Maxima First Strand cDNA Synthégis
(Thermo Fisher), that allows synthesis of long cXN# to 20kb at elevated temperatures. A doutd@gttDNA
synthesis was carried out using SequalPrep Long IRGKth dNTPs (Applied Biosystems) and specifiinper
for FeLV (Figures 20 and 21). The PCR products veerayzed by agarose gel electrophoresis (datahmotn)
and only long fragments (between 2.5kb and 9kbwerrified from gel using Zymoclean Gel DNA recovkit
(Zymo Research). The dscDNA obtained was quantifie@ubit® 3.0 Fluorometer and then used for thealy

preparation.
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Figure 21: FeLV primer design

LIBRARY PREPARATION AND SEQUENCING

The Ligation Sequencing Kit 1D from Oxford Nanopd&QK-LSK108) was used to prepare the library for
sequencing on MinlON starting from 1ug of dscDNAiely the steps for library preparation consistéd



- end-repair
- dA-tailing

- adapter Ligation

The NEBNext End Repair/dA tailing module (NEB) wesed to prepare the dscDNA ends. Adapters supiplied
the Ligation Sequencing Kit 1D were then ligatetbahe dscDNA, the ligation was assisted by hyketon of
the A and T overhangs of the DNA fragments and tilaprespectively. The ‘leader adapter’, consistieiivo
oligos with partial complementarity that form a Maped structure once annealed [9] allowing theclattent of
the first strand to the sequencing nanopore. Thptadwas conjugated with a special protein (Metaayme, HP
motor, Tether) that controlled tethers the DNAstkéo the membrane of the MinlON Flow Cell and eahithe
diffusion of the DNA strands from three to two dimséns (Figure 22). A DNA control of 3.6kb amplidambda
genome was added to sample before the library @agpa.
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Figure 22: Ligation Sequencing 1D Protocol (OxfordNanopore)

Final library was evaluated by Qubit 3.0 Fluorinmeded loaded on the MinlON Flow cell R 9.4 versi@ne
strand of the duplex was sequenced at a time, piogldD reads. The nanopores sequenced the figtHewf
fragments presented to them.



MinKNOW is the software for running the MinlON seancer. The MinKNOW software carries out severakcor
tasks: data acquisition, real-time analysis andtaek, basecalling, data streaming, providing degantrol, and
ensuring that the platform chemistry is performingrectly to run the samples (Figure 23).

cgatagea

Device Data Basecal cgatagea
CEniE Acquisition ling cgatagea

cgatagea

fast5

MinKNOW

Figure 23: MinKNOW software workflow

DATA ANALYSIS

For the data analyses the fast5 files producedhéynistrument were converted in fastq file udfagetools In a
preliminary phase, the reads were corrected usampCORRutilizing lllumina data previously obtained on the
same FelLV stock (lllumina data not showB)VA MEMtool was used to aligned the reads to FeLV genome

reference.

Moreover, ade novoassembly was performed using the softw@aau This software performed the correction,
the trimming and the assembly of the reads to gsitimportant information needed for the softwarasw
approximate genome size (to determine the coveratfe input reads) and the technology used to rgém¢he
reads. Pilon tool was used to polish Oxford Nane@msembly.



RESULTS AND CONCLUSIONS

A purified viral stock of FeLV was analyzed usidtetnew pocket Oxford Nanopore Sequencer, the MinlON
instrument. Using the Sequencing 1D protocol ardMimKNOW 48-hour script protocol for local basdivey

the sample was run for 24 hours. The total amolutita produced corresponded to about 240.000 (peattuced

by the instrument in a fist5 file format).

By mean of bioinformatic tools reads were correeted a total of final 117.558 reads were usedi®tignment.

The NCBI FeLV genome KP728112.1 was used as referand the data results obtained were a total ageer

of 100% with 99,88% of mapped reads, with a lowmretage zone related to thel/gag(Figure 24). In thele
novoassembly exercise, a single full-length molecuéss wesponsible for the generation of a unitig &9%H

after internal (ONT-only withCand error correction. The span of this sequencesoasistent with the viral
genome structure as it aligned on NCBI referenaeoge sequence KP728112.1. However, many erroneous
deletions in the sequence were present due tosebrought by nanopore sequencing. By further applyd
polishing step using Illlumina reads, the lengthsoth sequence was corrected to 7861bp, with oribp 30
difference to the expected amplicon length.
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Figure 24: Mapping of reads on FeLV reference genoenusing BWA



Even if the accuracy of the technology needs tam@oved and a surprisingly not uniform coveragetaf
genome was obtained, these results demonstratéhthMinlON represents an easy and successfulféodhe
full-length retrovirus genome sequencing. Futuepstwill be to use the newest Oxford direct RNAusagging
protocol which for the first time allows the seqaieryg of an RNA molecule and not a synthetic copygrooming
the limitation of the reverse transcriptase or RGR and revealing any modifications present winatyaing the
raw data [67].



FINAL REMARKS

Biopharmaceutical manufacturing, because of itsgiernonlinear nature, is fraught with a myriadpobcess
variations that can impact safety and efficacyhef tirug [64]. For this reason, different guidelitese been
created over the time for biological quality comhpiiocesses [2,3] hand to hand with the improveroéanalytical
methods used. Particularly, the advent of the MBetieration Sequencing (NGS) has completely revwoiigéd

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

In this project, different methods based on NGSewdaveloped and applied as support for the quedityrol
steps during the biopharmaceutical production macAmong the several sequencing systems, the usest
technology (lllumina) and the emerging one (Nanepavere evaluated and different methods based eseth

platforms were setting up. These methods concerned:

- the transcriptome analysis of the cell lines usathg the preliminary phase of the development @ssc
to discover the candidate final clone,
- the whole genome analysis of the Master Cell Barkted during the upstream phase,
- the identification of potential adventitious virbntaminants in the Bulk harvest during the in-pss
phase of the biopharmaceutical production.
Furthermore, the newest Oxford Nanopore sequerteicignology, due to its capability to get very atlong

sequences, was evaluated for the full-length geretneviral identification.

The results obtained demonstrate that, comparhés traditional methods, the NGS allows to perfaroomplete
genome and transcriptome analysis with a highesithéty and throughput and without the need ofram
knowledge of your target. Moreover, implementatainthese methods as routine tests for the quatitytrol
represents an important tool to evaluate and gtesatihe safety and the quality of the biopharmacaist

reducing the cost and the time consuming of thigzeebiomanufacturing process.
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