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Abstract

The biopharmaceuticals market was val$8a5 billion in 2020 with revenues forecasted to
rise in the upcoming decade. Higiroughput process development (HTPD) tools
characterised by miniaturisation, parallelisation and automation of industrial bioprocessing
workflows have emerged as the key leleafor leveraging costs and rapidly launching new
products to market. However, the small sample generated from HTPD experiments and the
fast timelines introduce analytical bottlenecks. Hence, more efficientthigbghput (HT)
analytical tools are requad to ensure the quality necessary to meet regulatory approval. This
study aims to addreseme of thegaps in the current methodologies for the characterisation
of proteinbased biopharmaceuticals and implement new HT analytical solutions for driving
product development in the industry. The first part of this work presents the generation of a
flexible HT platform for the analysis of proteins expressed in microscale cell culture
systems. Chemometric tools such as desigexperiment (DoE), multivariate alysis
(MVA) and predictive modelling were used to leverage method development and support
product quality (PQ) analysis with statistical data, in line with the qulajigiesign (QbD)
approach. Fully automated pipetip based methods were optimisedtfoe purification and
preparation of low volume samples. Rapid HT @xelusion (SEC) and catieexchange
chromatography (CEX) methods enabled the profiling of size and charge variants with sub
2 ng sensitivity. Online coupling of SEC with CEX in a tdonensional liquid
chromatography (2ILC) set up with mass spectrometry (MS) detec(®@D SECCEX-
MS) combined aggregatioanalysis and charge variants peak identification in a single
method maximising the data acquired from minimal sample requirementetd@nlS
analysis of cysteine modifications by multigkaction monitoring (MRM) was used to
guantitate aggregates and fused into matitibute method (MAM) for supporting the
analysis of cysteine modifications, glycosylation, deamidation arn@rr@inal Lys
processing throughout the development of a bispecific antibody product. Finally, the
methods were integrated into a HT analytical platform supporting H&Rieriments for
cell line development (CLD). The HT analytical platform processed several hsnaired
small volume samples providing PQ data necessary for clone selection. This demonstrate
the benefits of hyphenating HT analytics as early as possible to drive CLD activities and
gather a deeper understanding of the scientific and engineering psribgligovern protein
expression in cells. The HT analytics developed in this research will be implemented in the
industrial analytical workstream to support AstraZeneca pipeline.
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Chapdter

| ntroducti on

This study focuses on the development of-tiigtughput(HT) analytical solutions for
characterising the quality attributes recombinant therapeutic proteins expressed in small
scale CHO cells culturedhis research seeks the establishnar feedback loop system
between analysis and cell engineering to support cell line developrfmnt
biopharmaceutica production aming to identify and understand the variables that impact
the quality profile of CHO cekéxpressed recombinant proteififiefollowing introductory
chapter provides an overview thfe biopharmaceutica developmenprocessin industry
highlighting the challenges to overcome for fulfilling tegulatoryrequirementdo launch

new products to markeBSubsequently, the stadéthe-art HT technologies used for process
development will be discussed with particular emphasis oHTh&nalytical methodologies
currently appliedn earlybiopharmaceutical development. The need for analytical tools that
can combine ease of operatjgapid analysis, and accuracy in amalytical Qualityby-
Design(QbD) framework is presented. Finally, the chapter comes full circle to outline how
more efficient analytical methods could lead effective innovatiors for advanced

bioprocess control.



1.1 Pharmaceutical Biotechnology and Biopharmaceuticals

1111 ntroduct aoma ¢ elunBd uosathr y

Biotechnological manufacturingof pharmaceutical products implies the use of living
systems, such as bacteria, yeasts, plants, and animals or parts of thereof for the development
of products that can be used for medicinal, proptiglar diagnostic purposes. Biological
sources have long been exploited in medicinethate aranany examplesupportingthe
relevance of this practice. Amongst the best known of them areintiteeluction of
vaccination by Edward Jenner against smallfroxn cowpox(variolae vaccinag1796)

later adopted by Louis Pasteur for the first attenuated babt@sed vaccines against anthrax
and chicken cholera (the 1800s); the extraction of insulin fneimalpancreas by Frederick
Banting and J.J.R. Macleodl¢bel Prize, 1923); the serendipitous discovery of penicillin
from colonies of Staphylococcus by Alexander Fleming (Nobel Prize, 1945 with Howard
Florey and Ernst Boris Chain) along with its mass production achieved thanks to the
chemical engineer Margardtutchinson Rosseau, who developed the first daek
fermentation plant, granting largeale supply of pharmaceutiggiade penicillin during the
Second World War.

Besides all the great advancements being made in the pharmaceutical industry and

technolay, all these drugs were still directly extracted from native biological sources. It was

only during the posWorld War Il era that the pioneers of molecular biology brought

forwardnovel notions on deoxyribonucleic acid (DNA) gene expression and cglfolegss

control. Paul Bergbs first papdvingaganismsec ombi nant
(Paul Berg, Nobel Prize,1980) paved the way for Stanley Cohen and Herbert Boyer to

perform cellular and genetic engineering laying the foundations of modwsethnology

and its application to the discovery and production of medicinal products.

The first recombinant therapeutic proteimsulin, was introduced as biopharmaceutical in
1982 under the trade nanmitumulin by Genentechand Eli Lilly (Quiarzon and Cheikh,
2012;Walsh, 2013) This was followed byroleukin(aldesleukini IL-2-like protein), and
Zenapax (daclizumabi a humanisedmonoclonal antibody) in thed990s The first
therapeutic mAb, muromonabD3 (Orthoclone OKT3), was approved by the US FDA in
1986 and comprised a murine mAb targeting T-eepiressed CD3 for the treatment of acute
transplant rejectiofi_u et al. 2020; Ecker et al. 201%) 2003, the first fully human antibody
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Humira (adalimumab) was approvdyy the US Food and Drug Administration (FDA) for

t he tr eat me n te,ulwdrative cobtih, psormsisdatherautosnmune disorders
(Brekke and Sanddi 2003) Novel biotechnological techniques achieved the production of
proteins, peptides and genetic materials at higher quality and quantity than direct extractior
from native biological sources (Ho and Gibaldi, 2013preover, bioprocess engineering
technologies improved product functionality, productivity and structural characteristics
extending the application of these medications for the treatment of unme(8kakls and
Thommes, 2010)Along this line, bispecific antibodie@BsAbs) and fusion poteins are
biopharmaceuticals specifically engineered to optirthisdioactivity, immunogenicity and
pharmacokinetics (PK) of medicinal prodsi¢Walsh, 2014; Czajkowsky et al., 2012).
Moreover, research and developméRi&D) of nucleic acidbased products, such as
antisense oligonucleotides (ASO), gene therapies and-eggyieecered cells ka also
increased over the lagears As a result of s@ntific advancements, the last felecades
have seenthe field of drug development mevits focus from conventional chemically
synthesised smaiholecules to celexpressed largemolecule biopharmaceuticals.
Hundreds of stamtip biopharmaceutical companiagre founded in the late 2@&entury
notably in theUSA and Europe. Many other firms then diversified into this area or formed
strategic alliances. Amgen, Biogen and Genentech represent the three pioneering
biopharmaceutical companies that are still petitive in the busineg®Valsh, 2014Zhang

and Liu, 202Q Crunkhorn, 2014 Yip, 2019 Estes, Melville, and Chines014) The
biopharmaceutical industry hasntinued tdlourish into the 2 century expanding to Asia

and South AmericéK. Zhang and Liu2020; Alzahrani2020; Rezaie et akR012; Pimenta

and Monteirgp 2019) However, several challenges remain in tpeoduction of
biopharmaceuticals which are more costly amdre difficult to manufacture than
conventional drugéRader 2008; Walst2013;Kesik-brodacka2018;Kaplon et al, 2020)

An in-depth review of the current issuetn biopharmaceuticals developmenwill be

discussed in ik chapter



112 Bi ophar maceutical s

Biopharmaceuticals include therapeutics, vaccines and biological diagnostic agents which

have revolutionised the | ast centuryos diagno
diseases, particularly oeer, respiratory, inflammatory and autoimmune diseases

(Crunkhorn, 2014wWalsh, 2018Craik, Fairlie, LirasandPrice, 2013; LonardandBaldelli,

2020) In comparison to conventional small molecule pharmaceutical drugs,
biopharmaceuticals demonstrated an extraordinary specificity and activity, resulting in more

targeted mechanisms of action widlwer off-target effects extending the horizons towards

thetreatment of severde-threateninglisease (Kesik-brodacka, 201,8Crunkhorn, 2014)

The term o6biopharmaceutical sé6 first appeared i
manufactured using biotechnological techniqu®galsh, 2013;Rader, 2008;Kesik-
brodacka, 2018)They are part of the broad category of biologics comprising products that
are inherently biologicathus, composed of sugars, proteins, nucleic acids, complex
combinations of these substances ombyvientities such as celts tissues(Rader 2008

Walsh, 2013) Along with biophamaceuticals, biologics include tissugene and celt
therapy agents also referred to as advanced therapy medicinal products (AHsiRS3t

al., 2018) Whilst biologics may be isolated fromatural sources (humans, animals, plants
and microorganisms), biopharmaceuticals are exclusively produced by genetic engineering
of living systems such as cells, often employing cloning, tissue culture as well as other
cutting-edge biotechnology tools usamcut, insert, link, and recombine DNA fragments to
gain useful therapeutic product&he majority of themare created via recombinant DNA
technology(Khan et al. 2016) involving the insertion of DNA molecules from é&&irent
species into a host organism aiming to produce new genetic combin&@herdevelopment

of genetic engineering and cloning technology has opened many possibilities for expressing
and isolating recombinant proteins for medicinal @ell engineerig has so far been the
most proficient technology for producimgcombinant proteins. Another technology worth
acknowledgment relieson the use of transgenic animals. The anticoagulant agent ATryn®
(rEVO Biologics, Lt d. ) e xipanexamspieddtranagenicr ansgeni c
animatderived medicine that was granted regulatory approval by both EMA (2006) and
FDA (2009 andis currently available on the markélevertheless, the biopharma industry

has beerslow to embracehis platform favoung cell engineering toolshat prove more
promising in gaining productivity and compl@nto process technologieiScott and
Melville, 2014)



To date, proteitbased biopharmaceuticals lead the market with monoclonal antibodies
(mADbs) representing the largieclasgWalsh 2018 Kaplon et al,2020) Other types include
hormones, growth factors, cytokines, blood facterggymes, vaccines arahti-coagulant
agents (Aggarwal 2014) Further advancements in protein engineering led to the
development of nexgenerationbiopharmaceuticals. To name a few, fusion proteins,
antibody fragmerst such asantigenbinding fragments Kal) or singlechain variable
fragmens (scF\s), antibodydrug conjugats (ADC) and multispecific antibodies (msAbs)

are examples of the recemnovationsin antibody formats(Evans and Syed2014)

Mor eover , t R&D brealdhrougibave ded teadisein the numbenf nucleic
acid-based biopharmaceuticalsthemarket. These include antisense RNA and DNA, small
interfering RNA (siRNA), ribozymes and aptamers used to selectively target diseeseg
genes (Mergener 2021) Notably, the COVID19 outbreak caused bgevere acute
respiratory syndrom€oronavirus 2 (SARE0V-2) hasdemonstrated the effectiveness of
cutting edgebiotechnological tools in delivering rapid and adaptable vaccination strategies
on a global scale in only 9 montliem the start of the pandeniieichon and Perch2021).

This laid the foundation for new research and business strategies with mRNA vaccines being

at the centre of scientific interg®hilippidis 2021)

Despite the success of biopharmaceuticals advasmsithe COVIBL9 pandemic has also
highlighted the scientific gaps and demands of the industry concerning the technology,
production, and distribution of its produ¢g&toll et al, 2021; Balcerek, Bednarek, and Sqbie
2021; Sarkis et gl2021; Ibrahim et al.2021) Indeed, biopharmaceuticals are inherently
complex their large size, structural heterogeneind posttranslational and cheioal
modifications pose a safety rigkat must be monitored at alitages ofdevelopment
(Garripelli, Wu, and Gupta2020) High-expressing industrial cell linethat are stable
throughout multiple cell generations along with production processes that guarantee the
delivery of the final product with consistency are essential for regulatory apfiBaedtrek,
Bednarek, and Sohie2021) Moreover, die to the complexity of their structure,
biopharmaceuticals are prone to degradation events and require specialised services for the
supply chain such as letemperature storagébrahim et al. 2021) This adds to the costs

of process development which is particularly high compared to conventional pharmaceutical
drugs(Silva, Eppink, and Otten2021)

The introduction of nexgjeneratiorbiomoleculeposedurtherindustrialchallenge¢Rader
2008; Walsh2013;Kesik-brodacka2018;Kaplon et al.2020) This is due to a number of
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reasonsFirstly, the engineeredolecules can beno r e i doefxfpircewslisto ( DTE)

natural ones due to the lack of cellular competency resulting in low expressiofJotias

et al, 2015) Secondly, the need for a more complex structure andtiaosiational
processing may lead to further quality burdens tzet bemissed during the discovery
process(Jaasch et al. 2015) Finally, insufficient process knowledge for producing
(expressing, purifying and analysing) these new molecular ergse#ts in alecelerabn

of the timdines andan increasen the costdor process developmef&ilva, Eppink, and
Ottens 2021)

This landscape explains why the biopharmaceutical industrystinategicallycontinued
invesing in quick and coseffective HT technologies as a means of leveraging process
development along with creating a diversified product portfadioapidly launth new
products to market.

113 The Biopharmaceutical Mar ket

The biopharmaceutical industry & growing multi-billion-dollar businesgotalling $230
billion in 2020andis projected to reacti345billion by 2026 Biopharmaceutical Markkt
Global market sales have continued rising sitfee approval oHumulin, totalling $140
billion in 2013, $228 billion in 2016 (Moorkens et al., 201,7and $186 billion in 2017
(Rathore and Bhargay2020. Market statistics shothatmAbs are both thmost profitable
and most rapidly growing classof biopharmaceuticalg§Newswire 2016; Walsh 2010;
Kesik-brodacka 2018 Rathore and Bhargay202Q Kaplon et al. 202Q Yip, 2019)with
sales expected tmntinuerising overthe next several yeatgcker, Jonesral Levine, 2015
Jiang et al.2019 Zeitlin, 2021) During 20102019, more than 50 mAbs were approved in
the EU and US market encompassing over half (53%) of alitiingt appovals (Walsh
2018 Kaplon et al.2020) During theCOVID-19 pandemicthe biopharmaceutical industry
has thrived orvaccines as well as negeneration biopharmaceuticals, and gene thesap
(Sedykh et a).2018 Philippidis 2021) New drug candidates were proposed for the
treatment othe COVID-19 symptoms athare expected to join the marketthe upcoming
months(Philippidis, 2021)

Nevertheless, the high costs associated with biopharmacelRi&BIgepresent the major
challenge for biopharmaceutical companies (Thakor et al.,; 20d3ik-brodacka 2018

Silva, Eppink, and Otten2021) Indeed, coseffectivenesandtime-to-market along with
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therapeutic efficiency, patient safety, apbduct quality PQ) are the key aspects that
govern production and sales'herdore, it is of paramount imptance for the
biopharmaceutical industry to attain a product development workstream that fulfils these
criteri a. Not surprisingly, one of today
of high-throughput process developmentHTPD) technologis to accelerate
biopharmaceutical drug developmé8gilva, Eppink, and Otten2021) Furtherinsighsinto

the stateof-the-art biopharmaceuticaHTPD tools are discussed in Sectiof.5 of this
Chapter.



1.2 Cell Culture Technology

121 Expression Systems

The expression machinery of living cells can be manipulated and harnessed to produce
biopharmaceuticals. This implies the useelf culture procedures to isolate the cells from
their native substrate and subsequently grow them in an artificial environment under
controlled conditions. A specific cell type can be genetically engineered to express the
product of interestas part af s gene expression machinery
s y s t Recotnbinant systems are constructed by introducing a gene coding [ioottia

of interest into a weltharacterised strain of the producer cell i@ex Gad 2007 Hu et

al., 2012 Hu, 2020)

The selection othe appropriate host cetypeis a fundamental step in biopharmaceutical
production. Many factors influence the choice of the host and are mostly related to the
physicochemical properties of the molecule to be expressed, costs of goods, time required to
express a certain amount of @im and maximum yield achievablke plethora of expression
systems hsbeen exploited and implemented for the production of biopharmaceuticals,
including bacteria, yeast, insects, plant and mam(iéddsh 2004 Hu et al, 2012 Kesik-
brodacka2018) Amongst them, mamatian cells are the preferred and most utilised host

for producing complex proteihased biopharmaceuticals, such as m@ialsh, 2004 Hu

et al, 2012 Kiss and Gottschalk018)

As highlighted in the @ABiopharmaceuti cal
culture, and particularly CHO expressisystems, currently support the production of both
the vast majority and bestlling drugs(Walsh 201Q Walsh 2014, Walsh 2018) More

details on the characteristics of this succedsbstcell typearediscussedn Section 1.2.2

1.2.2 Ma mma ICied r Cul ture

Mammalian cells are the most used ¢gtle for biopharmaceutical production owing to the
capability of their cellular machinery of folding and assembling complex polypeptide chains
as well as performing po$tanslational modifications (PTMs) similarly to endogenous
human proteingWalsh, 2004 Hu et al, 2012 Kiss and Gottschalkk018) These features

are fundamental for the safety and efficacy of the final therapeutic product and explain why

8
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they are often the cell type of choice despéang more complex, timeonsuming andostly

than other prokaryotic and eukaryotic cell culture praegdsloreover, mammalian cells are
high yielding and easily scalable. In this context, technology advancements have contributec
to boosting titres from 0.1 g/L to 10 g/L neeetthe demand of the clinical supgliss and
Gottschalk2018 Kesik-brodacka 2018 Hu, 2020)

Currently, a great array of mammalian cell lines is available for recombinant protein
production. Historically, roderderived cell lines such as Chinese Hamster Ovary (CHO)
cells, Mouse Myeloma cells (NS0/1), Mouse Fibroblast cells, and Baby Hamstez\Kid
cells (BHK) are the most common mammalian cells. These hosts express proteins with
humanlike PTMs but can also produce nboman structural modifications which can
impact drug safety. As an example, galactosk-g & | a c t-gaB eand (NJ
glycolylneuraminic acid (NGNA) are Nylycans expressed in mice but not in humans and
are associated with immunogenicity and bioactivity, protein stabilityirant/o clearance
(Dumont et al. 2015 Kiss and Gottschalk2018) This can yield dangerous efirget
effecss, for instance, patients treated with Erbitux® (cetuximab, Merck Group & Eli Lilly),
the antineoplastic agent expressed in SP2/0 cells, underwent anaphylaxis shogkrelue to
existing |1 gE ant i blg3dgal esiduedChung ett ap 2008 &Egtes, n S |
Melville, and Chinesg2014)

On the other hanchumanderived hosts can perform fully human optimised PTM profiles
(Dumontet al, 2015 Kiss and GottschaJk018 Havenga, Holterman, and Melig008;
Swiech, Pican¢g@astro, and Tade012; Blanchard et al2011) Amongst these, Human
Embryonic Kidney cells (HEK293), Human Fibrosarcoma cells (H080), Human
Amniocentesis (CAF) cells, and Human Embryonic Retidarived (PerC6) cells have
been adopted for the production of biophaceuticals(Dumont et al. 2015 Kiss and
Gottschalk 2018 Swiech, Picanceaastro, and Tade012; Walsh2014) Nevertheless,

the analytical characterisation of proteiexpressed in human cells showed different quality
profiles than the endogenous human protéatett and Melville2014) To date, there is no

clear evidence demonstrating that recombinant proteins expressed in human cells are saf

than those proded in mousealerived cells.

Most of the presently licensed biopharmaceuticals are produced -inuneen mammalian
expression systems. CHO cells are the preferred indsistnglard expression platform,

accounting for more than 70% of the approved therapputieins (Birch and Racher, 2006;



Jayapal et al., 2007; Omasa et al., 2010; Walsh, 2010; Zhu,\2@lsh 2014. More details
on the characteristi@nd the succesd this hostaregiven inSection1.2.3.

123 Chinese HamtGetiérs Guawantpyries

Originally isolated fr om an(Lak@ricdtutus gddeusne s e Hams
by Puck in 1985Tjio and Puck 1958) CHO cells have become the favoured host for
biopharmaceutical productidgikuo et al, 2018Walsh, 2014Dumort et al, 2015 Kiss and
Gottschalk 2018. The success of this host has been extensivelywedién the literature

and relies on a number of reasons. Owing to its mammalian origin, CHO expression
machinery can efficiently fold and assemble complex, ruhidin and multdomain
proteins with humaitike PTMs(Walsh, 2004 Hu et al, 2012 Kiss and Gottschalkk018)
Regulatory approval is eased the comprehensive industry process expertise and well
documented safety profile built over the ye@h&lsh 2014 Kesik-brodacka2018;Zhang

201Q Kiss and Gottschalkk018) Furthermore, CHO genetic instability has cleverly been
exploited for the iglation of clonal cell lines with functional characteristics that fulfil the
industrial requirementéavies et al.2013) Amongst them, adaptation to growing at high
densities in both suspension and seftee media, ease of transfection, powerful gene
amplification system, and low susceptibility touman viral infectionensured high
productivity in both transient (>2 g/I(Paramola et al2013)and stable industrial cell lines
(>10 g/L) (Huang et a].2010; Costa et al2010; Wurm 2004) These beneficial attributes
increase the confidence that two key industry requirements will be maetely, the
production of high titre biopharmaceuticals and desired structural attrifRudge et al.

2020; Fischer, Handrick, and Otte 2015; Hernan@é15;Kiss and Gottschalkk018. To

date a variety of CHO cell lineages have been developed, including-B8®, DUKX-

B11 isolated at Columbia Universifyrlaub and Chasinl980) CHO-S, CHOK1, andits
derivativeCHOK1SV (developed by Lonz&aFischer, Handrick, and Ott2015 Scott and
Melville, 2014 J. Zhang 201Q Kiss and Gottschalk2018) These cell lines have been
adapted and optimised for satisfying the requiresxehbiopharmaceuticalproductionso

t hat todayds biopharmaceuti cal compani es own p
cell line stability, productivity and quality have been the major focus of CHO CLD and
engineering (CLD&E)reviewed byHong et al. 2018)
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Despitethe advantage§HO cells araneither naturally perfect nor their cellular mechanism
has completely been explored and weitlerstood yet-urthermorgethe same genetic and
epigenetic instability that facilitates engineering manipulation may also lead to a discrepancy
in growth, metabolism, biosynthesis apdsttranslationalprocessing. This is due to the
unpredictable phenotypic variationarising from the genome restructuring during
continuous subculture. Moreover, enhanced cellular stress can cause low cell growth, low
productivity and induction of protein aggregatipfuk et al, 2015; Graham, Bhatiand

Yoon, 2019; Chung et gl2019; Das et a12020; Hong et al2020)

Despite cell engineering advancements have substantially improved product yield,
uncharacterised cellular processes and gene regulatory mechanisms still harfifeo B1Q

al.,, 2018) Therefoe, both clone selection and cell line development (CLD) can be time
consuming and labour intensig@avies et al.2013) Fundamentally, a better understanding

of the scientific and engineering principles involved in CHO cells manufacturing, and the
identification of the variables that affect PQ aeeded togain control of their cellular
expression machinery. This could result in a substantial reduction in costs and timeline for

the launching of novel lifsaving medicines to market and their bioprocessing

Another aspect to take into consideratiornthat culturing of CHO cells remains more
expensive and slower than prokaryotic &uitaryotic expression systems, such as bacteria
and yeast(Jiang et al.2019) This is mainly because anim@érived cells have a low
proliferation rate, require complex media, refined feed and strirggenlity protocols due

to their vulnerability to contamination(Jiang et al. 2019 Fischer, Handrick, and Otte
2015)

All these fators contribute to the overall flare of process costs and timelimgsh remain

the major burden of the market and hamper the access of medicines wo(ltandeet al.

2019. In recent years, the implementation of HTPD methodologies has leveraged CHO
CLD with a substantial reductioim time and costs associated with conducting the large
screening experimentation required in upstream process development (USPD). Detailec

information onthe stateof-the-art HTPDtoolsused in USPD is given in Sectidrb.3
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1.3 Insights into CHO-expressed Recombinant Proteins

131 Protein Expression, Folding and Assembl

The mammalian cells expression of correctly folded protsimsgh titres requires adequate
degrees of transcription and pastnscriptional steps such as messenger ribonucleic acid
(mRNA) translation, polypeptide translocation, folding, assembly and addition of PTMs.
After a protein is translated, thetl®rminal signbpeptide of the unfolded polypeptide chain

forms a complex with the signal recognition particle (SRP) and enters the endoplasmic
reticulum (ER). Here, the signal peptidase cleaves the signal peptide and the polypeptide
chain undergoes folding and assemfie rough ER is primarily responsible for protein
folding, the addition of high mannose core oligosaccharides to thlyddsylation site,
trimming of terminal glucose and mannose residues from initial glycan, and formation of
disulphide bondgHu et al, 2012) Next, the nascent protein progresses through the Golgi
apparatus where it receives the addition of PTMs such as glycoform modifications, peptide
proteol yt iccardloexayM aag @ ,0 no o -hydrgxylationaofnasparticacdi d and b
(Hu et al, 2012) Finaly, at the completion of its thredimensional structure, the newly
synthesised protein is secreted into the cell culture media. These steps are dependent on the
recombinant protein characteristics and constraints in their mechanisms may be the cause of
aggregation and low productivitfPybus et a). 2014 Johari et al. 2015 Kiss and
Gottschalk2018)

The ER and Golgi apparatus constitute the control system for pfoleiimg and assembly.

A variety of stress events may perturb the ER homeostasis exceeding its capacity for protein
folding. The resulting misfolded and unfolded proteins accumulated in the ER are either sent
back through the folding cycle or tagged fogdmlation via the ERRssociated degradation
(ERAD) pathway. An excessive cargo of unfolded proteins can lead to the activation of the
unfolded protein response (UPR) and upregulation of degradative en¢@hmagabarti,

Chen, and VarneR011) In this context, it is important to notice that ER stress contributes
to low productivity, cell death, misfolding, draggregation. Hence, research efforts have
been focused on studying and understanding the UPR mech@uset al, 2013; Kober,

Zehe, and Bode€012)and unravel the enigma behind DTE protdins Fourn et aJ.2014;

Pybus et a).2014; Johari et gl2015)
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132 The Structure of Monocl onal Ant i b

Gerald Edelman and Rodney Porteere the first to discover the distinctive-stiaped
molecular structure of antibodies (Edelman and Porter, Nobel Prize, 1972). Unlike
endogenous antibodies, mAbs originate from a singkeelB clone and show binding
specificity to one single epitog8akhtiar, 2012 Frye et al. 2016; Ko et al.2018 Sedykh

et al, 2018) Although this class of therapeutics includes IgA, ItdE, 1gG, and IgMmost

of marketed mAbs are IgG precisely humaltmumanised IgGlto some extent IgGand

lgG4 (Bakhtiar, 2012 Beck, SanglieCianférani, and Van Dorssela@012 Higel et al,

2016 Walsh 2018) The schematic representation of a mAb structamepicted inFigure

11

MADbs bear alargeand complex chemical structuresulting in146-160 kDa mass range
organisednto four polypeptide chairistwo heavy chains (HG;50 kDa each) and two light
chains (LC,~25 kDa each)These are held together byddnterchain disulphide bondis

the sacalledihinge region, giving the mAb its characteristic-shapgLakbub, Shipman,

and Desaire2018) One additional interchain disulphide bond connects the fifth cysteine
(Cys) residue of each HC with the last Cys of each LC. Furthermore, the 1gG polypeptide
chains are organised in 6 globular domains joined together by 12 intrachain disulphide bond:
(Liu and May 2012 Lakbub, Shipman, and Desgi2018 Beck, SanglieCianférani, and

Van Dorsselagr2012) The variable regions of tHéC and LC are located at thetBimini

and bear theomplementaritydetermining regions (CDRshat provide the specificity for
antigenbinding site(Bhat and Rap202Q Beck, SanglieCianférani, and Van Dorsselaer
2012 Lakbub, Shipman, and Desaig918 Sjogren, Olsson, and Beck016)

According to the functional characteristics of the IgG domdhrgemain regions can be
distinguished inwo Fals, andonefragment crystallisable (Fc). The Fab is composeat@f
CDRs, variable regions, and the first domain of the(BH81) and is responsible for antigen
binding specificity. he Fc regions composed of CH2 and CH3 of both heavy chains and
bindsthe cell surface receptoractivating thecomplement systertBhat and Rap202Q
Beck, SanglieiCianféranj and Van Dorsselag2012 Lakbub, Shipman, and Desaig918

Sj " r gen 20168pThe krgensize of mAbs and their complex cellular mechanism of
expression lead to a vast physicochemical structural heterogeneifiigel et al, 2016
Bakhtiar, 2012; Zhang, Cui, and Grqs2014; B. Zhang et al2016; Brunner et gl2017;
Reusch and Tejada015)
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Detailed information on the most common médmlity attribute including PTMs as well
aschemical modifications resulting from degradation eventsh& examinedin Section
1.3.4

133 The Structure of Bispecific Anti bodies

Multi-specific antibodies can bindhore than one antigen and belong to a class of
therapeuticoextgpper at € 0 naan fiiNatorel Regisvs DrggN GA s ) by
Discoveryjournal in 2014J. B. Evans and Syed014) Bispecific antibodies (BsAbs) bear
two different antigerbinding sites and were pren auspicious for the treatment of cancer,
autoimmune diseases and several other conditions due to thehtargéti mechanism of
action(Sedykh et a).2018;Reichert 2019 Krishnamurthy and Jimen2018; Nufiez’rado

et al, 2015) This class of therapeutics emgpasses several different species and a variety
of formats whose characteristics along with their therapeutic and engineering prinayges
extensivelybeenreviewed(U. Brinkmann and Konterman2017; Reichert2019) BsAbs

that are arrently available on the market @he antineoplastic ageBlincyto® (bispecific
T-cell engager (BiTEplinatumomab, Amgen/MicromegndHemlibra® (ull-length 1gG

like BsAbemicizumabkkxwh, Chugai/Genentech, a subsidiary of Roalss}d agairicancer

andhaemophilia A, respectively.

Despite holding therapeutic promise, the challenges associated with BsAbs developability
have hindered their market thriyBrinkmann and Konternman, 2017 Reichert 2019) B.

Trout and ceworkers havesignificantly contributed to thdetermination ofroteinbased
therapeutics developability on the basis of their physicochemical characteristics
(Chennamsetty et al. 2009; Lai et al. 2021; Chennamsetty et al. 2010; Courtois et al. 2016;
Lauer et al. 2011)Due to the increased molecular complexitgse productare ofterDTE

and show poor stability resulting in high levels ladth aggregates and clipped species
(Gomez et a).2020; Manikwar et al.2020; Phung et al2020; C. Wang et al2018;
Schachner et al2016 Cao et al.2018) As an example, Cao et al. (2018) have reported the
formation of heado-tail dimers of an Ig&cFv fusion BAb (BsAb-1) molecules as a
consequence of cysteinylati@nd glutathionylation of the Cys residuesnstitutingthe

engineered disulphide bond in the scFv region.

BsAb-1 is a full length symmetric IgGlikke BsAb with scFv fused in the CH3 domain
stabiis by an engineered disulphide bond. Support
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causes of aggregation of this model molecule will be the subject of studi nesbarch

project.
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134 Quality Attributes of mAbs and BsAbs

Biopharmaceuticals are defined by theuality attributes. These attributes depend on the

physical, molecular, cellular, immunochemical, microbiological and biological
characteristics of the molecule of interest and must be fully characterised during product
development. Some of themaredorser ed fAcri tical o to ensure the
the desired quality. Thus, the critical quality attributes (CQASs) must be defined as early as

possible and monitored throughout the product development prdCéss2009)

Examples of mAbs and BsAlgsiality attribute include product appearance, identity, purity,
impurities, potency, quantity, etc. Amongst the most common CQAs are PTMs occurring
after translation and other n@mzymatic chemical modificationgsulting from product
degradation events. PTMs are covalent and generally enzymatic modifications occurring as
part of protein biosynthesis. Conversely, other covalent andcovaient chemical
modifications may result as a consequence of product degradaents duringipstream

(USP) anddownstream process(DSP), formulation and storage. Such modifications define

the physicochemical properties of the mature proteins henb@atgivity, interactionsand

in turn, the safety and efficacy of the &ihproduct(Deribe, Pawso and Dikic, 2010Zhao

et al, 201Q Martin, 2003 Greer and Shi, 201Zhirmule and Nair, 2016)

Glycosylation, disulphide bonds scrambling, aggregation, fragmentation, deamidation,
oxidation, phosphorylation, methylation, acetylation, anddation are amongst the most
common enzymatic PTMs found in mAbs and known to be influenced by cell engineering
strategies(Santos and Lindner, 201 Duan and Walther, 2015; Reaseh al, 2018)
However, some of them such as aggregation, fragmentation, oxidation, and deamidation can
occur after protein expressiors part of product degradation evef#sosio et al. 2011;
Oyetayo et a).2017;Wecksler et a).2018; Alam et a].2020)

Figure 1.1 illustrate thequalty attributesoccurringin mAbsand their specific sitesvhilst
Tablel.1 summarises theeffect on the bioactivity, safety and efficacy of the final product.
The following sections give an overview of tmost commonPTMs and chemical
modificationsfound in mAbs and BsAbghat may be degndent on upstream process

conditions and investigated in this research project.
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N-Glycosylation
Sialylation(NANA, NGNA)

N
o N-terminal
‘T (GINGlu A PyroGly -17/-18 Da
Fab
Deamidation(-Asn-Gly- A Asp: +1 Da)
Isomerisation(Asp-Gly- A I1soAsp 0 Da)
Succinimide(Asn/Asp A Suc-17 Da)
Methylation (+1Met: +14 Da)
]q\ Hinge region
Cys variantgDisulphide bond formation: +2 Da; Cysteinylation: +119 Da)
Aglycosylaion™y iGlycan variants: 7
Fc ¥— N-Glycosylation; ! Deoxyhexose§uc +/- 146 Da) |
Lysg Glycation ! HexosegGal/Man: +/- 162 Da) 3
Oxidation(Trp/Met: +16 Da) ! N-acetylhexosamineGalNa¢ GlcNac +/- 203 Da)’
i N-acetylneuraminic aci@SA, NANA291 D3 !
T Oxdaton(Trpver +160a) | NOyeoymewamnacd(NoNAZ91 D) |
Gterminal

Clipping(Lys-128 Da,Gly -57 Da)
Amidation (Pro-OHA, Pro-NH2:-1 Da)

Figure 1.1 1gG1 Molecular Structure with Commonly Occurring Quality Attribute s.
Schematic of an ordinary IgG1 molecular structure showing the location of the &dvhemical
modificationsthat typically occur in CH&xpressed mAbs. The shift in molecular weight caused by
each maodification is indicated in terms of nominal mass diffee as reported at
https://www.sigmaaldrich.com/lifscience/proteomics/pegtanslational
analysis/phosphorylation/mashanges.html
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https://www.sigmaaldrich.com/life-science/proteomics/post-translational-analysis/phosphorylation/mass-changes.html
https://www.sigmaaldrich.com/life-science/proteomics/post-translational-analysis/phosphorylation/mass-changes.html

Table 1.1 Summary of theMost Common mAbs Quality Attributes and their Effect on
the Bioactivity, Safety and Efficacy of the Final Product.

Modification
C-terminal
clipping of
Lys and Gly

N-terminal
pyroGlu

Incomplete
glycosylation
(such as
afucosylated
protein
species)

Glycosylation

Glycation

Deamidation
and
succinimide
formation

Formation
Enzymaticallyinduced
incomplete cleavage of tF
Lys residues. Gly clipping i
followed by amidation of the
neighbouring Pro.

Nonenzymaticallyinduced
cyclisation of the Nerminal
GIn or Glu with loss 0fNH3.

Incomplete enzymatit
processing of glycoforms

Enzymatic addition of glycai
residues, mainly sialic acic
fucose galactose an(
mannose.

Non-enzymatic addition o
glycan  residues  mainl
deriving from formulation
excipients and usuall
involving reducing sugar
binding Lys amine residue
covalently.

Loss of ammonia -NH3),
typically occurring on Asn
and GIn residues with
subsequentonversion toAsp
and Gluy, respectively
Deamidation can be induce
by both enzymatic andon
enzymatic mechanisms.

Quality Effect
May affect PK and is

indicative of
increased cellula
stress alteringprotein
expression

No substantial effec
on efficacy and safet:
reported

Alteration of PK,
protein activity,
stability, and
efficacy.

Affects PK, protein
function, activity and
stability as well as
immunogenicity

Affects PK, protein
function, activity and
stability as well as
immunogenicity

Reduced affinity anc
stability
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Reference
(Hu et al, 2017;Liu et
al., 2014)

(Leblanc et al. 2017,
Liu et al, 2019

(Pereira etal., 2018;
Liu et al, 2014; Gaza
bulseco et al2008)

(Kuriakose et al., 201€
Liu, 2015; Liu et al,
2014 Grainger and
James, 2013; Jefferi:
2012; Zheng et al.
2011; Arnold et al.,
2007)

(Leblanc et al. 2016;
Liu et al, 2014; Quan
et al, 2008)

(Alam et al., 2020; QiL
et al., 2019; Luo et al.
2011; Vlasak et al.
2009)



Aggregation

Disulphide
bonds
scrambling

Oxidation

Isomerisation

Various mechanisms both
enzymatic and nen
enzymatic, such as ellular
stresover secretory pathway
resulting in protein unfolding

and misfolding  media
composition, and proces
parameters, downstrea
processing and incorre:
storage.

Incorrect formation of a

covalent bond between fre
thiols leading to nomative
disulphide bondsDisulphide
bond scrambling can b
induced enzymatically as we
as norenzymatically
promoted by alkaline
environments.

Loss of electrons mostly
occurring on tryptophanand
methionine residues but als
lysine, cysteineand histidine
residues Oxidation can be
induced by both enzymati
and norenzymatic
mechanisms.

Non-enzymatic PTM
typically occurring as a
consequence of As
deamidatbn with consequen
formation of isoAsp When
preceded by aromati
residues, Pro is prone to
cis/transisomerisation

Immunogenic
reactions anc
impairmentof patient
safety.

Often leading to
fragmentation  anc
aggregation resulting
in immunogern
reaction, anc
reduction of the
bioactivity.

Oxidation of a mAb
CDR can reduce th¢
potency of the drug
when occurring or
the Fcoxidation can
affect the molecule
stability and higher
order structurdHOS)
with loss of the FcRr
binding capacity.

Isomerisation car
affectHOSIleading to
product stability,
safety and potenc
issues.
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(Le Fourn et b, 2014;
Chung et al. 2018;
Hansen et al2017; Ho
et al., 2013;
Chakrabarti, Chen, an
Varner, 2011; Gomez
et al., 2012Jing et al.,

2012  VéazquezRey
and Lang, 2011
Ambrogelly et al,

2018 Albert Jesurar
Paul, Handrick et al.
2017)

(Lakbub et al., 2018
Liu and May, 2012;
Strand et al., 2013; X
Wang et al., 2011

(Xiaojuan Li, Wei Xu,
Yi Wang, Jia Zhao
Yan-Hui Liu, Daisy
Richardson, Huijuar
Li, Mohammed
Shameem 201¢€
Sokolowska et al
2017; Dion et al. 2018
Zheng et al. 2021)

(Guttman et al. 202C
Vlasak et al. 2009Z.
Zhang, Shah, and Guz
2019)



1.3.4.1 Charge Variants

The cumulative effect of the enzymatic and +emzymatic processes occurring after protein
translation may give rise to protein isoforms with varying surface net clisrgest al,
2016; Hu et al, 2017 Leblanc et al.2017) Acidic species have lower pl values than the
mainspecies pealeading to an increase of negative charge. Conversely, lFagots have
higher pls than the maigpecies peakand contribute to extend the positive charge
distribution (Fekete, Beck, and Guillarm2015 Reusch et al.2015 Parr, Montacir, and
Montacir, 2016 Sissolak et a).2019) Charge heterogeneity may be indicative of certain
modifications thatcould significantly impact the quality, safety and efficacy of the final
product (Rathore, Singh, and Naryl2016) Hence, monitoring andnderstanthg the
principles behind therapeutic proteincharge variants are essential throughout all
developmenphasesrelease testing, and control of manufacturing procéSsesolak et a).
2019) Table 1.2 lists the most common mAbs and BsAbs PTMs and-ermymatic
chemical modifications associated withea#tion of the surface charge distribution.

Table 1.2 List of the PTMs and Product Degradation Events Commonly Knownto
Cause Charge Heterogeneityn mAbs and BsAbs.

Modification Charge Reference

C-terminal clippingof Lys and Basic (Hu et al, 2017 Liu et al, 2014)

Gly

N-terminal pyroGlu Basic (Leblanc et al.2017 Liu et al, 2014).
Glycosylation Acidic (Kuriakose et al., 2016;iu, 2015;Liu et al, 2014

GraingerandJames, 2013; Jefferis, 2012; Zhenc
al., 2011 Arnold et al., 2007)

Glycation Acidic (Leblanc et al.2016;Liu et al, 2014 Quan et al.
2008)

Deamidation and succinimide Acidic (Alam et al., 2020; Qiu et al., 2019; Luo et al., 20

formation Vlasak et al., 2009)

1.3.4.2 Glycosylation

Glycosylationrefersto the covalent addition of carbohydrate moleciitggcans) o specific

sites @ the proteinsurface.Glycans postranslational processing starts in the ER, where a
glycan chain is trimmed by the action of various glycosidases. Next, the resultant
glycoprotein is transported to the Golgi apparatus for further modifications and release of
the diverse glycan structure®rotein glycoprofiles areomplex heterogeneusand their

intrinsic chemical characteristiosan significantly influence protein solubility, folding,
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stability and interactions. Indeed, glycosylation is considered a CQA of mAbs and related
productsand several studiefiave demonstrateabw glycosylationcritically affecs serum
half-life, immunogenicity angbotency(Arnold et al, 2007 Kuriakose, Chirmule, and Nair
2016; Liu 2015; Grainger and Jame®013; Jefferis 2012 Zheng, Bantog, and Bayer
2011)

Glycan heterogeneity depends gigcans type, structure, site, and occupamnyst of the
glycoproteins expressed in CHO and other mammalian cells beamd\Oliked glycans.
N-glycosylation occurs at the consensus sequence 6XASar/Thr (where X is angmino
acid excepPro). This site is generally located in the Fc regiomdfb molecules, in position
Asn297 of the CH2 domaiFigurel.1). Moreover, it was reported that 20% of mAbs bears
a second Nylycosylation site on the Vidomain(Qian et al. 2007 Higel et al, 2016) O
linked glycosylation however,h a p p e n s -Owjiycasidia bondUJformed between-N
acetylgdactosamine (GalNAc) and the hydroxyl grouPKl) of Ser/Th(Z. Wang, Zhu, and
Lu, 2020 Plomp et al. 2015) O-linked glycans are inherently differefrom N-linked
glycans and rare in CHO cekxpressed mAb&atra & Rathore, 2016; L. Zhang et al.,
201§ Liu, 2015.

The nost common glycoforms found i@HO-expressed mAbs are of limited size and
involve high mannose, complex and hybrid typegeneally, bi-antennary with core
fucosyldion and low content of sialic ac{®iA) glycoforms(Higel et al, 2016 Sha et al.
2016 Reusch and Tejad2015) Despite CHO cells capability of performing hurdie
glycosylation, thg cannotprocess certaihuman types of ghanss u ¢ h-2,@&ssalylafion

a n d1,3&fucosylation(Lalonde and DurochgeR017) Furhermore, CHO cells produce
glycansthat are not present in humaaghas NA and t-@a nmodifitaions It
this context, norendogenous glycans aoé particular concern for PQ analysis sirnbey
can triggerimmunogenic responses when injectetb ihumans(Lalonde and Durocher
2017 Zhang, Luo and Zhan@016 Kuriakose, Chirmule, and Nai2016)

As a result of the strong evidence in therliture regarding the influence ofgl/cosylation
on mAbs therapeutic activity and product developabilggyveralengineering strategies
focused orimproving the efficacy and safety dhiis class otherapeutis by manipulating
thar glycosylation profildhave been reportétlimura et al, 2018; Batra and Rathqr2016;
Grainger and Jamg2013 Jefferis 2012. Examples of which includen-process controls

of cell culture parameters such as temperature, pH, and media comp@&itibam, Bhatia,
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and Yoon 2019 Gramer et a).201]) genetic engineering strategiesncerning the use of
small interfering RNAs (siRNAs{Chang et aJ.2019) gene knockdown/knocko¢€hang

et al, 2019) small molecule enhancgiShang et aJ.2019) and Zinc Finger Nuclease (ZFN)
technology(Malphettes et al.2010) Glycoengineering approaches have been adopted to
produce afucgylated mAbghat canenhance thantibodydependent cellular cytotoxig
(ADDC) activity andtheir efficacy andpecificity against tumour cel(®ereira et al2018)

In this context, HT technologies and mathematical modelling have aided thecewheart

of novel CHO cell engineeringfrategiesind understanding of the principleehindprotein
glycosylation(Galleguillos et al.2017; Tejwani et al.2018 Sha et al.2016 Grainger and
James 2013).

1.3.4.3 Aggregation

Aggregation is a highly immunogenic protein modification occurring in mAbs
derivatives thus, classified as CQA (Ambrogell et al, 2018 Paulet al, 2017; Williams

et al.,2017 Moussa et a).2016. Multiple mechanisms lie behind the formation of protein
aggregatesvhich are often unique to the protein of interest and remain overall not well
understoodFor example, cellular stressors over secretory pathways can lead to improper
folding or misfolding and ultimately result in the formation of aggregdtes-ourn et al.

2014 Chung et al.2018; Hansen et al2017; Ho et aJ.2013; Chakrabarti, Chen, and
Varner, 2011) Aggregation can also bheduced by media compositiqhuo et al, 2011)

and process parameters such as pH, temperature, osmolality, agitation, dissolved oxygen,
downstream processing (DSP) and formulat{@omez et al., 20312Jing et al., 2012
VazquezRey andLang, 2011; Ambrogellet al., 218 Albert Jesuran Paul, Handrick, et

al., 2017)

In addition to the various mechanism of formation, the physicochemical properties of
aggregates are diverse and compldggregates can be classified as soluble/insoluble,
covalent/norcovalent, reversible/nereversible, and native/denatur@@romwell, Hilario,

and Jaobson 2006) Philo (2M6) classified aggregates based on their molecular chemistry
and size into 1) rapidly reversible roavalent small oligomers (dimers, trimer, tetramer,
etc.); 2) irreversible neoovalent oligomers; 3) covalent oligomers; 4)gkraggregates
(>10-mer) ; 5) very | arge aggregates (diameter

generally irreversible visible particl¢Bhilo, 2006)
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The complex nature of protein aggregation poses a difficult challenge in biopharmaceutical
development. Developability issues concern not only the safety and efficacy of the final
product but also the increased time and costearfufacturinggoods. Indeedaggregates

are removed during downstream processing thus, a high percentage of aggregation ma
result in considerable product wastfgazquezRey and Lang 2011) Moreover, the
molecule is required to be stable in formulation buffer and storage condiBaske et al.

2020) To overcome these challenges, bioprocess engineering strategies have been focusir
on increase expression titres and purification yield as well as minimising proteigatygne

and reducing the costs of goo@somez et a).2019; Jing et al.2012 Paul et al. 2017,
Saunders et §l2016)

It is for the reasons described above that considerable emphasis is given towards protei
characterisation byanalytical methods from earstage process development to help
understand and control aggregatidtigh-throughput technologies are fundamental to
efficiently identify aggregatioprone candidates during both discovery and development
(Paul et al.2015; Madadkar et al2017; Williams et aJ.2017) Recent years have sean
surge of computational approaches and machine learning for studying and predicting proteir
aggregation propensity in drug discovery and developifidrd et al. 2020 Chennamsetty

et al. 2009; Lai et al. 2021; Chennamsetty et al. 2010; Courtois et al. 2016; Lauer et al. 2011)
Key publications in this area are from the group of Bernhardt L. Tnodhe development

of methods for mesauring the developability index gfroteinbased drug candidat@nd
machine learning algorithms to support developab#isgessmerdt the early stageof
product developmerfChennamsetty et al. 2009; Lai et al. 2021; Chennamsetty et al. 2010;
Courtois et al. 2016; Lauer et al. 2018n overview of the statef-the-art analytical
methodologies employed for the analysis of aggredaitgstrated in Sectiori.6.40f the

present chapter.

1.3.4.4 DisulphideBond Scraniimg

Disulphide bonds are PTMs occurring inside the cell as part of protein biosyrdhdsis
involve the formation of covalent bostletween the free thiot$H) groups of sidehain
Cys residues catalysed by enzymes. Disulphide bonds play a key role in the folding and
stability of the protein. Incorrect disulphide bonds formation, reshuffling &ys
modifications can lead to the formation of structural isomers, size variants and aggregate:
with serious consequences on the biological activity and safety of the final p{oakictib
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et al., 2018; Liund May, 2012; Strand etla 2013; Wang et al., 2011Ppisulphide bond
mapping in proteiais generally accomplished by bottearp LG-MS/MS analysigLakbub,
Shipman, and Desair2018) Further insights on disulphide bond characterisation and Cys
modificationsis discussed ifChapter 5.
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1.4 The Biopharmaceuticals Research and Developmenin

Analytics-Driven Process

141 Overview

Biopharmaceutical discovery mams screen for a new biological entity (NBE) with
sufficient evidence of biological activity and safety profiles to be selected as novel
therapeutic candidates. Following discovery, biopharmaceutical process development
involves allthe steps necessary to take a therapeutic candidate to market. Once the leac
compounds have been identified;vivo andin-vitro testing is conducted for early safety
and efficiency assessment. During this stage, the physicochemical and immunochemica
propertes of the compounds of interest are thoroughly characteAsadltical testingnust
be compliantwith the ICH quality guidelinesdetailingthe characterisation of the product
physicochemical and immunochemigaloperties, biological activitypurity, identified
impuritiesand contaminants and quantityhe guidelines also requithe analysis of both
the drugsubstance and drug product appearance, identity, purity and impurities, potency anc
guantity.All the analytical methodssed for product releaseust be validated accordirig

the ICH specificationICH Q2(R1-2)) and the laboratory procedures must adhere to the
current Good Manufacturing Practice ¢GMP). Moreover, initial development and
optimisation of the upstream and downstream processaadtigation of a suitable route

of administration are also carried out. This phase is called preclinical development and aim
at gathering as much information as possible on the producthamocess tasupport
development at later stages and provideliminary information on dosing and toxicity

levels for firstin-human (FIH) studies.

Clinical developmeniegirs afterthe completion and approval the preclinical data by the
regulatory agenes The proces$ollowsthelCH guidelines on Good Clinicaracticeand
involves three phases where the product is testedrancreasing number of trial subjects
and endwith the submission of a dossier to be approved by the regulatory authdrities.
process is successful, theroduct can be licensed fowider patient use Finally,
pharmacovigilance and pestarketing surveillance activities are carried out for more than
a decade from market approval. The average cost of biopharmaceuticas p@odspment

is estimated to b&2.6 billion (DiMasi, Grabowski, and Hansg8016 Mohs and Greig
2017)
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More information on both preclinical and clinical development guidelines can be found at

https://www.ich.org/page/searshdexich-guideline$. Figurel.2 illustrates a schematic of
an NBE developmnt process, while more information car

https://www.fda.gov/drugs/cdemaltbusinessndustry-assstancesbia/newdrug

developmentindreview-process

Several authors have pointed out how the biopharmaceuticals properties significantly depend
on the manufacturing method, hence process developmeonsideredn integral part of
product development drcritical for delivering a new product to marketng et al, 2006;

Carter 2011; Dimitrov, 2012; Kesik-brodacka 2018. In this sceario, analytical
technologies arthe key enablefior building robust, timeand costffective manufacturing
processs to ultimately supply affordable medicines that consistently meet regulatory
specifications.Process development involves the coordoratbf many teams across the
business that work together on the establishmentes@n spacéor product manufacture.
Although sometimes challenging, the coordination between these groups is essential for the
success of the produ@@®apathanasiou, Maria M Kontoray@019 Kiss and Gottschalk

2018) In this framework, it is not uncommon for analyticatientiststo work in synergy

with other departments that strongly depend on analytical testing to answer questions such
a sWhat? Where? How much? What arrangement, structure or fo(@Iristian 2005)

By answering these questions, the analyst provides the tools for understanding the scientific

principles that govern biopharmaceuticals production.

As evidence of the importance of analytical testimg driving biopharmaceutical
development, lte FDA implemented the qualityby-design (QbD) principles in
biomanufacturing aifng to deliver quality throughout the whole proceBse QbD practice

is a datadriven approaclhhatfollowsrigorous scientific methods and principles, including
risk assessmeitd build quality into the proces#éccording to the QbD dogma, undertaking
process development ind@sign spacensures the attainment of specific objectives with a
comprehensive understanding of both product and process, leading to the identification of
the riks impacting the quality of the outcori€H Q8R2, 2009; Sangshetti et aR017,
Kumar, 2019 Papathanasiou, Kontoray@019 Kiss and GottschaJRk018) The process is
dependenion and driven by analytad data which build process knowledgelrive the
scientific and process engineering choices and shape market strafbgestudy focuses
on addressing challenges relative to eathge biopharmaceutical development, therefore,

the literature and discussions related to-t&ge product development, clinical studies and
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manufacture were not reviewed-diepth. Nevertheless, a brief overview of the research
setting was outlined to put the importance of this work into context.
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Figure 1.2 Biopharmaceutical Development Lifecycle.

Flowchart showing all the phases of a biopharmaceutical lifecycle from discovery to preclinical
development, clinical trials, and regulatory approval withrespective timeline and average money
invested. After the approval ohaw drug, the manufacturing and pasrketing surveillance phases

are described. The steps necessary for the USP and DSP development are also listed.

142 CHCQel | Li ne &adingli mpereentng

Following the selection of the lead candidate molecuilesial consideration of the
manufacturing process is brought to the fore with the development of a suitable cell line. A
typical industrial CHO CLD workflow starts with the selectionaohost apropriatefor
producing the molecule of interest and the design of an expression vector for delivering the
transgene into the host. These two steps are dependent on one another as the express
vector selection system needs to be compatible with host expression machinery.
Subsequently, the expression vector is amplified (usually in bacteria cells such as E. coli),

isolated and transfected into the CHO cell host to obtain producing clones.

The most common transfection method used in CHO c¢=lectroporation, however,
lipofection and polymemediated gene transfer are also used. Transient transfection is
useful in the initial phase of CLD as a quick (~10 days) and more economical way to provide
sufficient material for early assessment tbie product characteristics, efficacy and
engineering strategies to be taken further. However, in transient transfection, the gene
expression ability is rapidly lost since the DNA product is replicated as an extrachromosomal
unit (Ozturk and Kompala, 200®Rita Costaet al, 2010) Although more lengthy (:24
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weeks) and expensive, stable transfection accomplishes the permanent expression of a
recombinant proteifMWWurm, 2004; Hu, 20L1Rita Costa et al., 2010\ oreover, as a means

of ensuring therapy consistency, the ICH guidelines require that biopharmaceuticals must
derive from a clonal cell line. Hence, stable transfection is most suitabllargescale
production. Here, the vector DNA is usually transfected with a marker gene to guarantee
integration into the host genome and subsequent selection of the cells that stably express the

protein of interest.

The most common marker genes use@HO cells are dihydrofolate reductase (DHFR) and
glutamine synthetase (GS). DHFR is an enzyme involved in purine and pyrimidine synthesis,
catalysing the conversion of dihydrofolate into tetrahydrofolate. The addition of
methotrexate (MTXi folic acid atagonist), inhibits the function of DHFFOnly the
transfected cells containing the DHFR gene can survive in the presence of MTX. Moreover,
an antibiotic resistance gene is added to act as a selectable noaf&elitate vector
amplification. In this sgtem,the selections performed by culturing the cells in a medium
lacking hypoxanthine and thymidine and containingtX8 (aminoglycoside antibiotit
polypeptide synthesis inhibitor). Differently from the DHRF, the GS expression system
principle is basg on the synthesis of glutamine from glutamatd amnonium catalysed

by the GS enzym&ince glutamine is an essential amino acid, only the transfected cells can
grow in glutamineree media. Even for cells that do express functional levels of GS
endogenasly (i.e. CHO cell lines), includg GS inhibitor methionine sulfoximine (MSX),
enables thause of the GS expression vectors. In this case, only the transfectants with
additional GS activity (i.e. the GS gene from the expression vector) can survive. Once
selected, the highly expressing clonal populations are finally expanded and used for

screening and further analysis.

Following the establishment of expressing pools, cells are screened for selection of the
highest producing clone$hecell clones are sultured in small scale bioreactors, usually

in fed-batch mode, providing accurate sedavn model data useful folarge scale
reactions At this stage, smalicale downstream models and thorough analytical
characterisation are integrated aridne selection is driven by botbell line productivity
andproductquality. The CLD processulminates with the selection of a final production
clone with suitable characteristics to proceed to sgplemanufacturing.Eventually,
research banks of the top cksncan be made and procdeselopmenpursued witrafocus

on media optimisation and process conditigxisalytical cata gathered during this stage are
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fundamental for identifying the challenges in the development and production of the
molecule of interdsand consequentlgrive process developmeand optimisatiorbefore
scaleup and clinical manufacturin@.ewis et al, 2013)

143 Upstream and Downstream Process D

Biopharmacatical USP is the iterative approach used in the industrial and academic
environment to express recombinant proteins in cells. This involves inoculum and media
development and culminates with the harvesting of the final product from cell culhge. T
perfamance of the cell line is strongly affected by the process conditions, including media
and feed compositiothusthese factoraeed thorough optimisatio®n the other hand, DSP
encompasses all the steps required for the purification of the proteiredsinfrom cell
culture Figurel.2).

The development and optimisation of both USP and DSP have largely benefitted from the
adoption of platform technologhukla et al.2017) Namely, standardised methodologies
are applied across multiple products belonging to the same class or having similar
characteristicslndustries develop their proprietary platform methods and combine them in
a logical sequence to create platform proesdbat serve as a guidance scheme to develop
and manufacture multiple products. This is performed to limit experimentation and costs
required to reach a bioprocessing solution for a given cand{@&ekla et al. 2007,
Gronemeyeg Ditz, and Strubg2014) One of the advantages of platform technology is the
predictability for process optimisation and consistency of manufacturing. Undeniably, the
implementation of platform process technology plagekiey part inthe growth ofmAb
molecules(Shukla etal., 2007; Gronemeyer, Ditz, and Strub2014) Furthermore, the
integration of platform approaches with HT technologiledivered biopharmaceutical
development an extraordinary QbD toollibatreducesosts and timemthe process along

with ensuring quality. More details on HTPD follows in Sectloh
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144 Qu a lAintay iyrs i Bi ophar maceuticals Process

Analytical methodologies play an important role in assessing the quality of
biopharmaceuticals throughout the entire lifecycle from discovery to development,
manufacturing, marketing and pestarketing(Siddiqui, AlOthman, and RahmaRg017)

The subjects of analg@l investigation are thedrug substance(active ingredient)
intermediatesdrug product, impurities and degradation produptgcess parameters, cells
and biological samples containing thetive ingredientand its metabolites.Analytical
methods usedor biopharmaceutical analysis include techniques suchkpastracopy,

chromatography, electrophoresasidmass spectrometry.

Advancements in biopharmaceutical analysis are moving towards technologies that can
support the QbD approach and speedhe launch of novel medicines to market. Hence,
HTPD tools involve the use of rapid and sensitive methods that can be integrated with
automated platform technologies. Along these lines, Process Analytical Technology (PAT)
involves the use of analytical methodsatt enable regime measurements and online
monitoring of process conditions aRd) directly from bioreactorg§Strasser, Farrell, et al.
2021; Floris et al. 2020)Both HTPD and PAT focus on the realisation of the QbD
framework and combine technologies ranging from analytical chemistry, control trebry
statistical modellingFDA, 2004; Rolinger and Matthia02Q Read, Park, et al2010;

Read, Shah, et al. 2010jhe goal oboth HT analtics andPAT toolsduring the product
developmentphasesis to ease the assessment of drug developakdlityi process
optimisation,define the Quality Target Product Profile (QTPP), and identifyGhgcal
Process Parameters (CPPs) related to biopreregeeering strategide meet the CQAs.

The overall aim is to enhance process understanding and control to finally deliver quality
products with consistendischaefer et al2014; Glassey et al2011, Bhambure, Kumar,

and Rathore2 0 1 1 ; ,2@EH)c k i
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1.5 High-Throughput Process DevelopmenTechnology

151 Background

The last decades have seen the surge of HTPD technology in an industrial setting driven b
the evefincreasing pressure of biopharmaceutical companies towards lowering the time and
costs necessaroif the development of novel therapeutic products before clinical entry.
Furthermore, following the introduction of regulatory initiatives such as the QbD approach,
pharmaceutical development and manufacturing require a thorough process understandin
andcontrol of all the variables that impact PQ. Hence, the expansion and improvement of
HTPD technologies have become the point of convergence for shortening the process
upfront and ensuring the delivery of a final product with the targeted quality profile.

With rapid and cosg¢fficient workflows, HTPD tools aim to ease the assessment of drug
developability and identify the product CQAs related to bioprocess engineering strategies
(Bhambue, Kumar, and Rathor@011) Similarly, HTPD can also aid lastage activities

such as commercial process development, characterisation andi@ealesalidation to
efficiently and fully explore the design space for quality assurance, in line witQlibe
framework(Kiss and Gottschalk018 Manahan et al2019) The central goal of HTPD is

the generation of large experimental datasets directly relevant to -Skealge
biopharmaceutical manufacturinjhe impactof these methodologies was confirmed by
several publications describing their application from clone selection and upstream
optimisation to downstream purification, formulation and quality analsisrs et al,

2017  G,R@14 Sandner et 312019 Reema et a12012 Goldberg et a).2017)

The HTPD tools efficiently drive process development in a tiered resourceonstraint
environment. However, HT workflows are not withoutwia that still hamper the
implementation of these technologies. Indeed, to fully exploit the potential of HTPD, further
technology improvements in the field of automation, analytics and data evaluation need to
be attained G N, €Xi4)

What follows is a summary of the features and the-stiatke-art of HTPDmethodologies
along with a critical discussion on the challenges and future persysaaftives technology

as it applies to cell culture, downstream purification and analysis.
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152 What Makes a TFlehcrhonwd hopgwt Hi g h

The common denominators of HTPD heologies are miniaturisation, parallelisation and
automation. These are the fundamental features of HTPD tools that, supported by DoE,
multivariant analysis, statistical modelling and platform approaches, enforce process
efficiency while fully exploring lhe multidimensional design space, requested by the QbD

framework.

1.5.2.1 Miniaturisation

The main benefit of miniaturisation is the reduction of reagent vausne resources
required per experiment, which results in a substantial decrease in cost and timieOver
years, small scale bioprocess technologies have evolved fretaliestased to micravell-
platebased assays enabling the handling of microliter samples. The miniaturisation of
chromatography columns assisted both the downstream purification of eohathe
samples and the development of sensitive analytical characterisation n&anis et aj.
2017;Petroff et al, 2016 Stoll et al, 2019) Recently, the introduction of chip technology
allowed a further reduction of sample volume, from mid¢oonanolitreqOu et al, 2020;
Wheeler et a).2014)

1.5.2.2 Parallelisation

Parallel experimentation consists of the concurrent execution of multiple experimental runs

in a flexible and dynamic scheme. Parallelisation aims to accelerate the investigation of a

wide experimental space which is key to process understanding andsapbn. The

concept of parallelisation was first proposed
Good Manufacturing Practices (CGMPSs) for th& Zenturyi ARiskBased Approacho in
2002 and became an integral part of PAT and QbD workf(&Rg\, 2004)

1.5.2.3 Automation

Automationfacilitatesboth miniaturisation and parallelisatiaiowing for the processing
of hundreds of small volume samples simultaneously. Consequently, both the reduction in
experimental cycle time and theost of productivity are the key drivers for the advancement

of such technology in the biopharmaceutical industry. Moreover, the positive impact of
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process automation is seen in the betterment of process control, robustness and decrease
labour time. Inleed, automation leverages the workldgdfreeing scientists from many
hours of assiduous and enmtone lab tasks, enabling them to focus their timenore
valuableareas Additionally, robot enclosure systems also allow the execution of hazardous
expeiments in a safe environment. A large and growing body of literature recognises the
progressive wave and great potential of HT automation technology when applied to different
research and industry settings to increase data and knowledge generatiomnrbyaitie
multidimensional experimental spaces. However, some authors such as Scott and Melville
(2014) also admitted how compl i doaguropmess e
integration of such technologies in laboratory workflows retarded, séittchinder, the
upteke of automation ithebiopharmaceuticahdustry(Scott and Melville2014) The most
successful automation tools implemented in biopharmaceutical industry laboratories are
liquid handling robots. Companies such as Hamilton, emmad Opentrons have been
focused on developing liquid handling robots fit for laboratory purposes witkriessaly
graphical interphases and operating systems to ease usability by chemists and biologist
(Byrne and Swindley202Q Bhambure, Kumar, and Ratho2011) Indeed, these systems

are usually affordable by both industrial and small research laboratories. Secondly, they offel
several functioalities such as handling a wide range of sample volumes, shaking, incubation
heatblock stations, and vacuum pump attachments. Therefore, liquid handling robots can
be alaptedto support different workflows from cell culture feeding and clone selection, to
downstream purification, analytical assays and sample preparation befoMSLC
characterisation. Finally, they offer a great improvement in the overall efficiency and safety
of the workplace. Additionally, a central component of the HTPD framework coobties

rapid manipulation of broad datasets in an automated fagBiangadharan et aR019)
Automated software packages for data analfisissuccessfully been incorporated into
HTPD platforms(Jansen et gl2018 Rathore et al.2017 Lumley et al, 2020; Pfeuffer et

al.,, 2017) However, data analysis is still considered a lengthy and burdensome task due tc
the complexity of certain types of datasets, such as those coming from analytical
characterisation by LGAS. Moreover, the necessity of demanding data interpretation

challenges the development of automated data processing platforms.

Statistical modelling &s become an integral part of HTPD decissapport tools as it
leverages the vast quantity of data collected throughout the biopharmaceutical lifecycle
(Papathanasiou et a2017;Kroll et al, 2017 G N ¢ 2014; Bhambure, Kumar, and Rathore
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2011;Rolinger and Matthig=2020) Severaktudies havelemonstrated how mathematical
modelling guided the information obtained through screening experimentation and helped
to define optimal condition®r tailoring the subsequent experime(@oudar, McFarland,

and Betenbaugt?018)

Although there are still challenges to overcome befollg automatedi f r-sampleto-
report o wobedorhd routing, the irdnd in HTPD and automation technology
development is moving towards making life science cheaper, faster, safer and more
accessible with robots and Al forecasted to become the workhorse of tfieidbet al,

2020)

153 Hi gglhr oudgrergwhinol ogi es for Upstream Devel

The technology used IHTPD must befit for the screeninged assays adoptad CLD
activitiesfor clone selection, media and process development. Téasai application has
been focusing on integrating cell line engineering approaches involvsilicim modelling,
omicstechnology, system biology and genome editingKuo et al, 2018) with
microbioreactor systems (MBRs) mimicking larggale production stirred tank bioreactors
(Cartwright et al, 2018)

As reviewed by Hemmerich, MBRs are organised in two classes: shaken and stirred impeller
cultures(Hemmerich et aj2018) Recently, these systems have replaced shdlesKs and
lab-scale bioreactoris early and midstage process developmédemmerich et a]2018)

The most commonly used shake cultbessed MBRs use microtiter multiell plates, spin
tubes, and microfluidics for cell cultur&iss and Gottschalk2018; Hemmerich et al.
2018) Commercial products involv®eepWell Plates(DWPs), TubeSpifBioreactor
(tpp.ch), microMatrix (applikonbio.com), SimCBfl platform (BioProcess Corp.), M24
micro-bioreactor (MicroReactor Technologies, Inc.), Growth Profiler (enzyscreen.com),
Micro-24 (pall.com), BioLector (m2fabs) and many other3hese systems represent a
costeffective solution with minimal setup. Moreover, they allow for Higel
parallelisation and are particularly suitable for langenber highthroughput screening
(HTS) experiments. For instance, DoOE experiments can bly sasiup on these systems in
batch or feebatch mode following automated and unsupervised workflows. The main
drawback of shaken culture MBRs is their fundamental differences tedeadgebioreactors

along with the inefficient control of key processgraeters such as agitation rate, dissolved
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gasses (e.g. DCO, Np), and pH(Hemmerich et al.2018 Kiss and Gottschalk2018
Rameez et 312014) This may lead to further issues when it comes to 4qaks the results

may not be comparable and mbpgeediction may not be accurate.

On the other hand, stirred variants offer a flexible sis@dle system that better mimics the
largescale bioreactor operatioasid hence facilitates the following scalg steps. These
systems can monitor and control pess parameters such as temperature, dissolved gasses
and pH.The stirred MBRs hydrodynamics is similar to laggale units thus, with the help

of computational simulation, further understanding of process development conditions is
gained before scalgp. Currently, the most employed stirred MBRs are a@nbystems
(tapbiosystems.com) and bioREACTOR (2mag.de). These systems allow the accessibility
of culture volumes in the range of-260 mL facilitating the integration of analytical testing

for PQ monitonng (Strasser et al. 202Manahan et al.2019; Sandner et al2019)
Nevertheless, the technical setup for these systems is more complex with higher costs tha
the shaken culture variants. Thus, stirred MBRs are gign@asmallernumber screening

and optimisation experiments prior to scale up, whereas, sttalkeime MBRs are a better

fit for largenumber screening experiments where less process information is needed.
Several published articles testtiy the extenise use of both shaken and stirred MBRs for
CLD application such as strain screening, growth parameter optimization, media and feed
development(Cartwright et al. 2020 Amanullah et al. 2010; Legmann et al2009;
Lamping et al.2003;Isett et al, 2007;De Jesus et al2004)

154 Hi gfllhr ougkkgwhthol ogi es for Downstrea

Cell culture purification may be necessary at numerous stagesopfiarmaceuticals
development and not just at the final stage of their produ¢8chmidt et al. 2016) In
contrast tomanufacturing, R&Dapplications place a greater emphasis on the selection of
the lead candidate molecule with desirable functional characteristics for therapeutic
development. In this context, PQ analysis, biological activity and stability are of major focus,
thus, fast pufication processes without polishing are usually performed to rapidly achieve
an adequate level of puritgr testing Nevertheless, HTPD downstream processing aims to
find the parameters influencing yield and PQ profile of the recovered privteizjoading
method development and optimisation of the operating conditions beforaip¢@lehatre,
Bracewell, and Titchendfooker, 2009; Baumann and Hubbugl2017 Liu et al, 2017,
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Stamatis et al.2019) Hence, the choice of a scalewn purification model that is
representativef the downstream unit operationthe processscale is critical and also one
of the most challenging issues of downstream HTPG N, 2(K.4)

Not surprisingly, most of the HTPD purification tools dieyed in recent years are based

on affinity chromatography principlég&vans et a).2017; Liu et al.2017; Stamatis et al.

2019) In comparison to other modes of chromatography, affinity separation provides a fast
onestep purification method to generate material suitable for screening andrypr
characterisation in early process developn{@hhatre, Bracewell, and TitcheAdpoker,
2009;Evans et a).2017) Affinity chromatography separations require the funeing of a

series of steps (capture, wash and elution) to recover the product of interest from the cell
culture supernatan{érora, Saxena, and Ayyg2017) The success of the purification step

is the result of a complex cascade of events depending not only on the method specifications
such as buffer composition, pH, temperature, column etaslalgo highly influenced by

the upstream process conditionartRermore, handling of small volume samples easily and
rapidly may constitute further complicatiof&reier et al, 2012) Indeed, the development

of smallscale affinity chromatography methods that maximise yield without affecting PQ
remains one of the most challenging steps of HT downstream purifiq@iuams et al.

2017; Treier et al.2012)

HT downstream tools come in various scales and fornmmatsoliter plates pipettetips and
microcolumns prepackedwith chromatographyesins (reviewed by¥vans et a).2017)
Previously published mpers demonstrate how these methodologies can purify small cell
culture volumes with levels of recovery comparable to lsage purification. Moreover,
workflows are designed to be fully automated on liquid handling platforms including
neutralisation or bffer-exchange pospurification resulting in an overall gain in time and

process costflreier et al. 2012)
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1.6 Advanced Analytical Methodologies for
Biopharmaceuticals Analysis and their Application to High

Throughput Process Development

The full potential of HTPD is achieved when HT analytics is integrated into a feedback loop
engine thagenerates informationecessaryor assessing drug developability and process
control parameters. Analytical method development for HT operations aims to provide tools
that rapidly and accurately support the analysis of large numbers of low volume sample
coming from both HT upstream and downstream process develomedintiently generate

a large amount of data for deepening product and process underst@tdingpure, Kumar,

and Rathorg2011 Ma et al, 202Q Trappe et aJ.2018; Jonnalagadda et,&016; Redman

et al, 2015; Lanter et aJ.2020) The application of HT analytics is particularly valuable for
routine analysis when conventional methods are lengthy and lack sensitivity. In this context,
HT tools are designed to give comparable information to those obtaitledraditional
analytical methods, but with greater throughput capabilifieshle 1.3 compares the
conventional lowthroughput (LT) analytical methodaas with the statef-theart HT

tools supporting the various steps of process development.

As reviewed byKonstantinidis (2013), HT analytical methods are defined by the time and
sample amount required for the analysis. Both time and sample amount are directly
influenced by the method linear dynamic range (LDR) and limits of quantification (U/LLOD
and U/LLOQ), the complexity of sample preparation and measurement, as well as the
possibility of implementing parallelisation and automation to the workf{leastantinidis,

Kong, and TitcheneHooker, 2013) Therefore, when developing or choosing the method,
the analyst needs to make sure that the method is suitable for working in a HTPD
environmentThe quality attributes to be monitored during elepment mainly depend on

the physicochemical properties of the molecule of interest, scale and process characteristic:
However, in earlystage development, when little process knowledge is gathered, product
analysis usually gravitates towards titre, pate glycosylation, size and charge variant
profiles(Kahle and Hermanr2018) The HT analysis of these quality attributes is discussed
hereafter whilst the challenges of the current HT analytical tools are examinedionSe
1.6.6
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Table 1.3. Comparison betweenConventional LT and State-of-the-Art HT Analytics
for Biopharmaceutical Process Devepment.

Quality LT Methodology HT Methodology

Attribute

Titre, Residuals ELISA, CEMS, LC-FLR-MS BLI, FRET-TR, Fluorescenct

Purity, Identity (HILIC, NPLC, RPLC, WAX) Spectroscopy, Smart assays k
Microfluidics, Automated
immunoassays

Potency ELISA, SPR BLI, HT SPR

Size Variants SDSPAGE, CGE, SEEHPLC Microfluidics, capillarybased

western blots, automated assay k
cartridgebased assays, UHPLC

Charge Variants clEF-gel, CE, IEX(HPLC) iCE, IEX (UHPLC)

pl

Glycosylation PNGaseF digested or intact prote Smart assays kits, UHPL(
HILIC-MS microfluidics

Other PTMs Peptidemapping RPLC/MS Smart assay kits, UHPL®IS,

MAM, direct infusion MS

* ELISA: enzymelinked immunosorbent assay; @QES: Capillary electrophoresisnass spectrometry; L-C
FLR-MS: liquid chromatographyluorescencemass spectrometry; HILIC: Hydrophilic interaction
chromatography; NPLC: normal phase liquid chromatography; RPLC: repkase liquid chromatography;
WAX: weak anim exchange chromatography; BLI: Hayer interferometry; THFRET: time-resolved
fluorescence resonance energy transfer techn8IBR;surface plasma resonan¢€l SPR: highthroughput
surface plasma resonan&)SPAGE:sodium dodecyl sulphate capillaggl electrophoresi€ GE: capillary
gel electrophoresis; HPSEC: higkrformance sizexclusion chromatography; clEEapillary isoelectric
focusing;CE: capillary electrophoresis; IEX: ion exchange chromatography; UHPLC:hidfneperformance
liquid chranatography; MAM: multiattribute method (sedst of Acronyms and Abbreviations
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Resi dual s

A diverse array of HT assays provides analytical methods\éasuring protein expression

titre, concentration of residuals, kinetic and binding affinity through the various steps of
biopharmaceutical discovery and development. Most of these methodologies consist of
immunoassays combined with optical analytical detection based danyiocinterferonatry

(BLI) (Octet® platform, ForteBio), timeesolvedfluorescence resonance energy transfer

technology (TRFRET) (HTRF® Technology, Cisbio), fluorescence polarization

(Valitacell ds ValitaTlTER 1 gG asGyaryol,ab&EV

platform, Gyros Protein Technologi® The technology comprises muitell plates,
biosensors and microfluidic devices; the procedures can be performed in- aséuy
automated fashion. These tools offer lower LOD, LOQ and faster analysis in comparison to
the standard analytical HPLC methods and ELISA assays which are now considered of lower

throughput.
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The BLI technology offers a few advantages in comparison to fluorescence polariggtion,
FRET, UV and fluorescence spectrosctyased techniques. Firstly,i$ less susceptible to
matrix composition hence, it can be applied on crude, purified and formulated samples of
various buffes and pH values. Secondly, it can cover the analysis of a wide range of
molecules from small to large molecular weights. Findilye, residuals, impurity and
potency analysis can be integrated iatingle platform.

One of the most successful examples of HT tools applied for the analysis of mAbs and othel
proteins are the Octet® instruments (ForteBigch Octet® system invadg biosensors

and microplates assay kits. The technology is based on BLI consisting in the measuremer
of the shift in the interference pattern of white light caused by an increase in optical thickness
resulting from the binding between the target moleamié the ligand immobilised on the
biosensor tip. The redime, labelfree measurement of this interaction allows monitoring of
the protein concentration as well as kinetiaad binding specificity, association and
dissociation rate in a unigue systemeTDctet® instruments are routinely used in industry
labs as a HT platform for the analysis of expression titre, potency, host cell proteins (HCPs)
and other proces®lated impurities in both crude and purified samples. The Octet HTX is
the highest througiut system of the Octet platform and allows the use of as low as 40 pL
sample volume with LDR falling between 10 pM and 1 mM sample concentration. The
analysis procedure is designed to be fully automated and the measurement time for runnin

up to 384 sampk is only 15 minttps://www.fortebio.con)/ The remarkable increase in

throughput balances the heavy costs associated with this techiiiegyand Gottschalk
2018)

Besides the Octet®, the most successful HT tools for potency analysis are based on SPR ar
combine automation and microfluidics. Examplesoimmercially available tools are the
OneStep SPR System (ForteBio), Carterra LSA platf@em$iQ TechnologigsBiacord™

System (Cytiva Life Sciences) and ProtéhXPR36 System Bio-Rad Laboratories, Ing.
offering a substantial improvement in analysis time and sensitivity compared to automated
potency binding ELISA$Joelsson et 312008 Kiss and Gottschallk018)

162 Hi gfllhr oughput Analysis of Glycosyl

Glycan heterogeneity pasa@a daunting analytical challengasually requiring the use of

hyphenated methods for assessing spegificosylation attributes, including site, structure
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and abundancgDotz et al, 2015; Hajba, Csanky, and Guttmar2016) Typically,
glycosylation analysis is classified as macamd micreheterogeneity analysidacro-
heterogeneity refers to the glycans ®iteupancy assessment, whilst mibeterogeneity
analysis involves the determinaui of the glycan structure present at specific sites in the
mADb molecule. Glycosylation profiling involves the enzymatic deglycosylation of the mAb
molecule followed by released glycan analysis.

Zhang (2016) reviewed the approaches used for biopharmadsubiglycan analysis
(Zhang, Luo, and Zhan@016) The diverse statef-the-art analytical methods for mAb
glycosylation analysis were reported by Leoz et al. (2020) in an extensive interlaboratory
study having the NISTmADb as a model molec(lleoz et al. 2020) High-throughput
analytical strategies for glycan analysis have been ifogusn speed, automation and
miniaturisation of sample preparation and separation methtagisa, Csanky, and Guttman
2016)

Sample preparation protocols involved the automation of digestion, purification and
labelling by liquid handlingreviewed byAich, Lakbub, and Liu2016) Releasegjlycan
sample preparation assays based on magnetidsif€aradi, Lew, and Guttmar2014)
microcolumns(Szigeti et al. 2016) tips (Yang et al. 2017) and microarraygFanayan,
Hincapie, and Hanco¢R012)were proven successful when hyphened with HT liguhidse
separation methods such as UHPLC, CE, mntofluidics. Published works account for

the advantageous use of commercially available HT kits such as ProZyme and Water
proprietary glycan kits showing 90% improvement in throughput compared with
conventional LEGFLR-based method§Zhang et al. 2020) Furthermore, recent glycan
labelling techniques improved the sensitivity of MS acquisition which is key when working

at a small scal&Kimzey et al, 2015 Keser et a].2018)

Beads and sensorsnmobilised lectins binding assays coupled to biolayer interferometry
(Octet QK384 platform)or fluorescence detection (e.g. PAIA assay technology) were
adopted for the rapid quantification of mAbs glycoforms in early Qldhnalagadda et al.

2016 Spier and Griffiths2012) Despite the great gain of analysis time and easiness of
operations, these technologies lack the specificity, resolving power and robustness ensured
by LC/MS-based methodd.azar, 2011, Chi et al, 2020) Hence, current analytical efforts

focus on improving the throughput capability of M&sel detectionChi et al, 202Q Lanter
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et al, 2020)and their potential integration with fully automated sampleamagpnprotocols
and microfluidicbased separatiorfsazar, 2011; Redman et al2015)
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As previously discussed, therapeutic proteins charge variants profile can be indicative of
important CQAs thus, must be monitordttoughout lead candidate, CLD and other
development activitie$Chung et al. 2018; Wagnerrousset et al.2017 Leblanc et b,
2017) Charge variantanalysis isnostly based on ieexchange chromatography (IExhd
electrophoretic techniques such as capillary gel electrophoresis (Cc&p)llary
electrophoresis (CE), capillary isoelectric focusing (cli#ih or without MSdetection
(Carillo, Jakes, and Bones 2020; Fussl et al. 2620le and Hermanr2018; Ma et al.
2020; Liu, Ren, ZongndZhang 2019; Leblanc et gl2017) Analysis workflows involve
the determination of charge heterogeneity at the intact, subunit and peptidevidvehe
Fab region beingf particular interessinceCDR modification are those that most influence
mADb activity (Liu, Ren, ZongandZhang 2019) The on/offline coupling of liquigphase
separations with mass spectrometry is necggeathe identification of the charge variants
(Liu, Ren, Zong,andZhang 2019;Leblanc et al.2017; Gstéttner et al2018; Ma et al.
2020; Dai et al. 2018; Fussl et al. 2019) High-throughputmethod development has
gravitated towards the implementation of fast sreadlle liquidphase separatior{$rappe

et al. 2018) microfluidic chip devices with lasénduced fluorescenc@_abChip GXII,
Caliper, PerkinElmerand MS detection (ZipChip GESIMS) (Carillo, Jakes, and Bones
2020) Moreover the use ofobotic liquid handesis becoming increasingly frequent for the
generation ofautomaéd analytical workflows(Millan-Martin et al. 2020Redman et a|.
2016;Herring, Ji, and Richte2019)

Wheeler et al. (2014) described the application of the LabChip GXII microchip zone
electrophoresis method for mAb charge variants achievinfpl@iOfaster analysis than
conventional methods with minimal method development, data processing and sample
volume needed. Other methods that require low sample volume are thbad&d methods
hence,often adopted for large screening ass#&@oyon, Exco, et gl 2017) However,
several authors claimed theltromatography methods generally allow for better resolution
and are considered more robust than electrophdrated separatiorteus, most suitable

for accurate quantificatiofDu et al, 2012 Alekseychyk et a).2017 Chung etal., 2018

Herring and Richter2019) A brief discussion on the application of IEC for mAb analysi

is outlined below with a major focus on HT method development.
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1.6.3.1 lon Exchange Chromatograp(i£X)

Together with imaging clEF, IEX has become the gold standard methodology for the
analysis of superficially charged proteins under-denaturing condition@Parr, Montacir,

and Monacir, 2016 Garripelli, Wu, and Gupt{&2020) IEX retention mechanism is based

on the competition between sample ions amdbile phase countaons for interaction with

the stationary phase functional groups. Hence, IEX columns are characterised by ionised o
ilonisable groups bonded to the stationary phase surface, whose chemical nature divide

cationexchange (CEX) and anieexchange (AEX) modes skparations
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Tablel1.4). Based on the interaction between the stationary phase functional groups and the
analyte surface accessible charge, basic and acid variants can be resolved from the main peak
isoform. In CEX separations, variants with lower pl values (mora@aitlite béore the

main peak isoform whilst variants with higher pl values (more basic) elute after. Vice versa,
AEX separations are characterised by basic variants eluting earlier aml \&oidnts

eluting after the main peak isoform. Owing to the basic natutieechmino acids, proteins
such as mADbs, are positively charged at opera
separated by CEX. On the other hand, AEX is mostly used for purification polishing steps
(Elich et al, 2019; Masudat al, 2020)besides a few studies reveal successful application

for the analysis of mAbs and protein glycosylati®onniah et al2017 Chen et al.202Q

Bittner et al.2021) Therefore, the CEX mode of separation and its application in a HT

environment will be the focus of this section.

CEX separations are complexdastrictly dependent on the molecule pl. The optimal
resolution is obtained with the fitaning of various parameters such as column, mobile
phase composition, pH, temperature, flow rate @ekete, Beck, Veuthey, et ,a2015)
Notably, the large size and complex surface chargeldison of mAbs can pose challenges
in CEX method development. Statistical modelling software (e.g. Drylab, Molnér Institute)
aid understanding of the separation mechariRea et al.2011, Fekete, Beck, Veuthey, et
al., 2015)and ease method optimisation, reducing time and complexity of developraent
considerableadvantage for HT applicatiorifekete, Beck, Fekete, et,&015 Guillarme,
Fekete, and Be¢k015; Joshi, Kumar, and Rathp@017; Kumar et al.2015; Schmidt,
Hafner, and Frecl2014) A few authorgevealed how both pH and saitadients can serve
as a multiproduct approach by testing 10 mAbs with pl values ranging betweeh@®.7
Saltbased separations are an established Bl since guarantee robustness and better
resolution(Guillarme, Fekete, and BecR015 Fekete, Beck, Fekete, et,&015 Farsang

et al, 2019) On the other hand, pblased gradients are M®mpatible, which guarantees

online characterisation of the acid and basic varigmbklanc et al.2017)

As extensively reviewed in the literature, the physicochemical properties of CEX stationary
phase particles play a critical role in resolving protein charge vafiaekete, Beckand
Guillarmg 2015 Murisier et al. 2019) Indeed, nosporous particles minimise the
transparticle mass transfer resistance Haoddening effect related to the electrostatic
interactions provided by the large molecular size and complex surface charge of proteins.

The majority of moder€EX columns commercially available are packed with-porous
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particles presenting a hydrophobic core coated with a thin layer of hydrophilic material, such
as highly crosdinked poly(styrenalivinylbenzene) (PS/DVB). The hydrophilic nature of

the PS/DVB coating material allows for nespecific interactions, extended pH range
stability (2 Gempdfatu® opkratipn (@ riod60 HEeketh, Beck, and
Guillarme 2015) Moreover, it was demonstrated howXlEetention can directly depend on
column particle sizéMurisier, Farsang, et al2019 Fekete, Beck, and Guillarm2015)

Today, UHPLC CEX columns with dp in the range-6.@ umare commercially available

and adopted in the HTPD environment. Nonetheless, Murisier et al., explained how reducing
particle size below-2.5 um does not improve IEX separations, opposite to other modes of
chromatographyPauw et al.2014; Sanchez et aR013)

High-throughput applications of CEX offer rapid and sensitive charge variants separations
of mAbs by using short narretaore columns both with peind sakbased gradien{3 rappe

et al, 2018 Alekseychyk et aJ.2017; Ma et a).202Q Joshi, Kumar, and Rathqr2015)
Trappe (2018) achieved a sdlmin method based on a 2.1 x 50 mm (ID x L) column with

a pH gradient for the analysis of trastuzumab charge variants expressed from different CHC
and HEK293 cell line¢Trappe et a).2018.
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Table 1.4. IEX Column Stationary Phasesand Characteristics

IEX Phases

Strong Cation
Exchange (SCX)

Weak Cation
Exchange (WCX)

Strong Anion
Exchange (SAX)

Functional group

Sulfonic acid group
(-SGsH)

Carboxylic acid

group
(-COOH)

Quaternary  amine

group
(-N(CHz)s)

Weak Anion Exchange Primary/Secondary

(WAX)

164 Hi g'’hr oughput

amine group
(-N(CzHs)2)

Characteristics

Wide operating pH as the functional group
negatively chargedvhen usingstrong acig-
basednobile phases.

Narrow operating pH as the functional groug
ionised at basic pH and mostgfected by the
mobile phase conditiongemperature and pl
shifts WCX may providehigher selectivity
than SCX for largebiomolecules.

Wide operating pH as the functional group
positively chargedvhen using mobile phase
composed of strongases

Narrow operating pH as the functional groug
ionised at acid pH and maty affected by the
mobile phase conditiongemperature and pl
shifts WAX may provide selectivity that is nc
met with SAX, especially for large molecules

Analysis of Size

Var i

As previously mentioned, the formation of protein a&ggtes, also referred to as high

molecularweight species (HMWS), may derive from various mechanisms and is strictly

influenced by the sequence and structural modifications of each protein. Likewise,

mechanisms affecting the protein molecular stability mlap lead to fragmentatiothus,

the formation of lowmolecularweight species (LMWS). The tendency of a lead candidate

protein to both aggregate and fragment is critical for product developgBiioyet al.2020;

Basle et al.2020) Therefore, HMWS and LMWS levels and mechanisms of formation are

monitored and characterised since eathge developmeifdarasch et gl2015)

According to the US Pharmacopoeia, the gold standard methods for mAb LMWS and

HMWS analysis

include capillary gel

electrophoresis (CGE) and -esizkeision

chromatography (SEC), respectively. Conventional SEC workflows require minimal sample

preparation and several research groups have developed sensitive HT SEC methods for the

analysis of HMWSwith sub10 min isocratic rungGoyon, Beck, et al.2017; Goyon,
Fekete, et al2018; Hong, Koza, and Bouvi&t012; Diederich et gl2011; Rea et g12012;

Goyon, Sciascera, et al. 2018nother important achiment was the use of neolatile

solvents for online MS coupling enabling the
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characterisation of the SEC separated péakso y o n , D 62A17;rEhkjrch ettal a |
2018)

Protein fragments and small impurities are better resolved by CGE; therefore, HT technology
development has implemented the use of microfluidic chip electrophoretic separation
methods Amongst the commercially available platforms for sizaards analysis are the
Caliper®, Maurice®, and Peggyue® from ProteinSimple Inc. which make use of
microfluidics technology. Besides the net increase in throughput, the main advantages of
these tools are the easiness of use and compatibility with auton(@u et al, 2020)
However, their resolving power remains lower than standard HPLC and CGE methods and
are unable to provide detailed information at the molecular level such as those obtained by
MS (Ou et al, 2020;Chi et al, 2020)

Together with SEC and CGE, dynamic light scattering (DLS), nanopatrticle tracking analysis
(NTA), micro-flow imaging, sodium dodecyl sulphapelyacrylamide gel electrophoresis
(SDSCGE), analytical ultracentrifugation, and asymmetrical flow figdav fractionation

are also used for understanding the size var{@atsle et al.2020) The analytical methods
used to support protein size variants during all phax development were reviewed by
Basle et al(2020).
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Since the 2002 Nobel laureate John Fenn first presented the analysis of proteins by electrc
spray ionisatiormass spectrometry (E®S), this techniquénas become indispensable in

the analytical characterisation labs of biopharmaceutical industries and academic researc
centregFenn et al.1989) Generally hyphened with RPLC separations,-HSl detection

is widely used foproduct characterisation during CLD. Thanks to the introduction of high
resolution mass spectrometers (HRMS), such asdinfieght (TOF), orbitrap and Fourier
transform ion cyclotron resonance (FTICR) excelfmoateinstructural characterisation was
achieved with a level of accuracy, sensitivity and resolution significantly superior to other
analytical techniquegqSrebalusBarnes and Lim 2007; Rosati et al.2013 Koen,
Vandenheede, and RP2014) Although MSbased methods are usually considered of mid

or low-throughput, several steps forward were taken to speed measurement time, ease

data procesing and application to crude samp(€si et al, 2020)
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In this context, recently published scientific papers described the development of HT
methods combining fast sample preparation protocols with targeted monitoring of protein
product quality attributedPQAS9 at the molecular level by L-&S (Chi et al, 2020;Wang

et al, 2016;Qian et al. 2020; Lanter et al2020;Li, 2016) Particularly, MultiAttribute
method(MAM) is gaining momentum amongst the Mf@sed HT techniques providing a
solution for the simultaneous detection, identification and quantitation of multiple PQAs in
a singleautomatedmethod with sensitivity and resolution far superiorother HT tools
(Carillo et al. 2021Wang et al.2016;Kiss and Gottschalkk018) MAM methodology is
based on pdjule mapping analysis using HRMiistrumentation capable adccurate
identification of residuepecific poduct quality attributes and quantitatiRogers et al.
2018) When first presented by Rogers et al in 2015, MAM involved a quantitative tryptic
digested peptide mapping methodRELCOrbitrap MS (Thermo Scientific Exactive Plus
mass spectrometer) combined with automated data processing by Pinpoint software (Thermo
Scientific) (Rogers et al.2015) The MAM method was built based on the MS2 data
previously acquired to characterise the molecule of interastantistreptavidin IgG2 and

a Pinpoint workbook reporting each modification. Following, the MS1 only precursor ions
were targeted by retention timecarate mass and isotopic distribut{®woges et al, 2015)
Rogersd method was able to simultaneously
and the PTMs on targeted amino acids, namely glycosylation, deamidation, oxidation,
isomerisation, and glycation asingleanalysisand compared todditional assays such as
HILIC-MS for glycans(Rogers et al.2015) A few years later, supported by several
published works, Rogers restated the advantages of MAM implementation in QbD over
conventional profildbased techniques such as chromatographic and electrophoretic
separations with UV/Vis rofluorescence detectiofRogers et al.2018; Xu et al, 2017;
Berger and Fredett2017; Dong et al2016; Zhang and Gu&017) Indeed, MAM provides

the capability and sensitivity to indicate the site of PTMs and chemical modifications with
high specificity typical of MSbased methods. This is particularly advantageous when such
a level of information is required for CQA monitoring and provitie flexibility of

application for the analysis of biomolecules other than m{Bbgttner et aJ.2020)

Additionally, the function of New Peak Detection (NPEJn be used to detect new peaks in
samples testedgainst theireference standards empowering a broader detection spectrum.
Moreover, several research groups hewgloyedVIAM on the intactandsubunis (Lanter

et al, 2020)as well as incorporatg quick, fully automated sample preparation workflows
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These workslemonstragdthat MAM-based toolsan offer a robust HT platform to monitor
a product CQAs duringrocess development activities suchcase ®lection product
comparability, and stability assessmemtder cGMP environmen{Carillo et al. 2021
Zhang, Shah, and Gug2019;Rogstad et al2019;Jameel, Skoug, and Nesb2020)

Despite the several advantages, MAM methcetsain difficult to develop and require
comprehensive knowledge of the structure and sequence liability of the molecule of interest
as well as expert scientists. Moreover, scientific literature on MAM application for the
assessment of disulphide bond vatsamnd cysteine adducts is scarce since sample
preparation protocols generally require reducfian, Ludwig, and Leong2019; Rogers et

al.,, 2018; Lanter et al2020) Additionally, MAM has so far been inadequate to measure
aggregation antdigherorder structure (HOS) nor has been used for thespgeific analysis

of intact large molecule structure with high sensitivity. Likewise, the analysis of non
proteinaceous molecules such as DNA and RNA has been hindered by the large size of the:
molecules and the fact that they are not amenable to proteolytic peptide mapping condition:
(Rogers et a).2018) Future applications may, therefore, envisage MAM as qumaness,
easyto-implement, and regulatorgompliant tool for monitoring aggregatioand HOS

duringbiopharmaceuticals development.
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As reviewed in Sectiod.5, HT technolgies are increasingly rising as integral elements of
biopharmaceutical development activities enabling more rapid and efficient experimental
workflows during cell culture, downstream purification and quality assessiiest and
Gottschalk 2018) The use of HT screening platforms based on miniaturised cell culture
systems and automation technology sigsificantly improved the throughput capability of

cell culture clone selection atdiSP development. However, the implementation of small
scale screening studies suffers from analytical bottlen@skowitz et al, 2012;Guerra,

von Stosch, anGlassey2019)

Despite the great advancements in HT analytical methodologies based on chromatography
electrophoresis, microfluidics, spectroscopy and mass spectrompetwyosly reviewed in
Sectionl.6), several challenges hamper their applicatiomdustrialHTPD workstreams.

This is due to the poor comparability with benchmark -tbvoughput methods and

compliance with regulatory requiremenAlthough several HT analytical technologies may
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prove successful, their application in industry settings must conform to the regulatory
gui delines for HAAnalytical Procedures and
from FDA (US FDA Center for Drug Evaluation and Resear@2bil5)

Moreover, such methods are difficult to develop due to a series of analytical challenges
involving the sample characteristggch ad) thelarge number2) thecomplexmatrix, due

to the rich media composition, cell debris and metabolitethe3jow amountof material
available for analysis, due to both the small volume and the poor productivity of cells during
early-stage CLD.

A further challenge of the current HT analytical methods involves the inherent structural
complexity of biomolecules. Because of the multiple PTMs, chemical modifications, and
HOS impacting on the potency, safety and efficacy, most biopharmaceuticals &£&As
related to the therapeutic protein structure. Hence, thorough structural characterisation is
necessary since eartfage development and must be monitored throughout all phases of a
biopharmaceutical lifecycle (Kesik-brodacka 2018) Microfluidic chip capillary
electrophoresis devices such as LabChip GXII (Caliper, PerkinElmer Company, Alameda,
CA) have been implemented in industry labs amyidie platform methods for the analysis

of titre, size variants, covalent aggregation, purity, stability, charge aglgiddn profiles

and are easy to operate by rexpert scientistReema et al2012 Wheeler et aJ.2014)
Despite the low sample volume and time requfiag the analysis and easiness of operation,
these tools lack the resolving power typical of-bEsed methodd.azar, 2011;Chi et al,

2020.

On the other hand, the large molecular size of recombinant proteins constitutes a burden to
the HT capability (especially for method sensitivity and detection limits) of the most high
resolving mass spectrometers, such as TOF, Orbitrap and FTI@&ednhigkresolution
analysis is often timeonsuming and requires complex analytical devices resulting in
analytical methods with poor levels of parallelisat{@erkowitz et al. 2012) Moreover,

protein characterisation analysis oftenolveslengthy sample preparation steps including
purification from cell culture supernatant, buffetchange, reduction and digestion
procedures. Although automation and Warkflows for purificationand sample pregation

have successfully been implemented, these strategies are known to cause artefacts.

All these reasons explain how difficult the implementation of HT analytical method

development can be and why the current analytical methodologies cannot alwawsticope
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the challenges added by bioprocess requiremétdgsnce, the need for more efficient
analytical tools that can support the development of novel therapeutic candidates in line with
theindustry regulatory specificatiorf&uerra, von Stosch, and Glass2§19)
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1.7 Theoretical framework; Aim of Thesis and Overview

Analytical testingdrivesbiopharmaceuticgdroduct development providing the data for key
decision making and regulatory approyaée Sectiorl.4). Therefore it is essentialfor
analyticalscientiststo provideanalyticaltools that are adequafer their final application

and meet the requirements oéach development stageConsequeiy, analytical
developmenis itself influencedand driven bythetechnologcal advancemetoccurringin
othersectosof biopharmaceuticddioprocessig andthe respectiveegulatory requirements.

As an exampleseveral research waskestify how theanalytical technology development

of the last few decades haégen focusing on improving the throughput and -tiead
measurement capability of tleeirrentmethodologies to fit intdoth the HTPD and PAT
frameworkto meet therequirements of the QbBpproachat market pacésee Sections,

1.5 and1.6). However, the implementation of HT analytics for protein characterisation is
still hampered by the inheresiructuralcompkexity of biologics and process limitation&s
previously discussed, HTPD CHO cell engineering tools require effective HT analytical
tools supporting quality assessment during estdge CLD (see Sectidn5.3. However,

the low sample amount availability and the need for fast analysis time constitute the
bottleneck of the current analytical methodologies and hamper the implementation of
thorough PQ characterisation early in the process (Sett&f. Currently, orthogonal
assays are used for PQ analysis, each tackling different PQAs. No comprehensive analytical
method exists that can simultaneously namall the potential PQAs of a recombinant
protein with minimal sample consumption and analysis time adequate for enabling fast

decision making at the CLD level.

From such a perspective,this research project brings HT analytics to the fofe
biopharmaceticals R&D as an indispensable means for maximigimgunderstanding of
the engineering principles behind protein expression and efficiently ttievchoice of cell
engineering strategies during eashageproduct developmentThe enhancement of the
technology throughput is seen as the key endbladentifying as early as possiblmththe
molecules and process conditions thatttailltimatelyenabé the provision of lifechanging
medicines to patientsat a time andcostsaffordableworldwide This justifies the scientific
commitment anacétndeavouws devotedto answering questions such i@dow to extrapolate
the maximum amount of meanindg®@ information from the minimummount of samplim

a timewindow that allow cell engineers tquickly modify their strategswithin theCLD
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timescal® How to improvethe methodsensitivitywhilst maintaining theesolution and
analysis speedPiow tosustainably develofiexible analytical methods foan NBE when
the current methods are not fibr-purposeand how to easily integrate them in tharent
analytical workflow& How shouldthe future analytical toolbeto overcome the limitation
of the current technologies atetter drivethe development of lifgchangingmedicines for

unmet medical needs

This project focuses on the development of a HT analytical platform for the characterisation
of therapeutic proteins expressed in CHO cells. The goal of the research is to maximise the
PQ information obtained fronminimal sample and time required for the analysis to
ultimately support clone selection during CLD. Each analytical method was designed for the
screening of samples deriving from small scale cell culture systems suctDagP6and
stir-tank MBRssuitableto operaten automated workflowsviost importantly the analytical

tools were developed in line with thedustrial requirements foimplementation in the
analytical workstrearm AZ. The final aimof this workis the hypherationof HT analytics

to HT cel line engineering to create a feedback loop system enabdiegpeunderstanding

of the engineering and scientific principl@sderlying protein expression in CHO cellhe
feedback loogsystem willultimately be used t@ontrol the variables that atfePQ during

the CLD procesand helpto builda smarter biomanufacturing process

Part A of Chapter 3presents the development of I analytical workflow for the
aggregation analysis of proteins expresse2biDWP cell culturesThe workflow involves
the implementation of fully automateddT purification method based on reditked pipette
tips columrs followed by analysis of agggates by SEC. The SEC method waseloped
using2.1 mm ID columns allowing for sensitive and rapid analggiaggregates in mAbs
and BsAbs productsPart B presents the implementation of a dpbE approach for
leveragingthe development of CEX methodghe focus is the implementation of the split
DoE approach for developing a HT CEX method charge variants analysis of a mAb

candidate.

Chapter 4presentghe combination of both aggregates and charge variants analysis in a
unique 2DLC set up. Method elvelopment focuses aoupling SEC in the first dimension

(!D) with CEX in the second dimensiofD) by heartcutting 2DLC mode.2D SEGCEX
separations were developading both nonvolatile and volatile solvent§ he advantages

and disadvantages ofV detection ovedirect coupling toMS wasthoroughly discussed.
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Theadoptona 2D-LC approach over conventionAD-LC methodsand its implementation
to theindustrial analyticalvorkhorse wasddressed.

Chapter 5 introduces the despient of a MSased method for quantifying aggregatés
a BsAb drug candidate. The method is based dargeted MS methoohonitoring Cys

modifications associated with aggregates formation in the BsAb candiegitedes bearing
other PQAs such as glygdation, deamidation, and-@rminal Lys dipping were also
monitored by MRM offering a novel MAM workflow for addressingmultiple quality

attributes in a single method.

Chapter 6 demonstrates the application of the HT methods previously develogaese to
study samplesThecomplete analytical platforns integratedo CLD strategiesn support
of clone selectiomo drive better decision making.
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Cha@Rt er

Mateanal Blet hods

The coming chapter provides the reader with a detailed description ohaterials and
methodaused to complete the experiments described in the followsujtschapters.The
experimental work was carried out in the laboratorieeifier the Department of Chemical
and Biological Engineering at The University of Sheffiedd the Department of

Biopharmaceutical Development of AstraZeneca in Cambridge.
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2.1 Liguid Chromatography -Mass Spectrometry Materials and
Equipment

211 Chemi c aMagd eandl s

The preparation of LC mobile phases for SEC and CEX applications involved the use of
sodium phosphate dibasic, sodium phosphate buffer monobasic, sodium chloride,
hydrochloric acid, sodium hydroxidéydrochloric acid, ammonium acetate, aceticac
(SigmaAldrich), and2-(N-morpholino)ethanesulfonic aci{#1ES) (Fisher Scientific)The

pH of all thebuffers was confirmed bBenchtop pH Mete(Mettler Toledo) anatach was
filtered wthNa |l gene F | RavEi cSt eri | e Di spos gqumlpae Fi |
size PES Membrane (Thermo ScienjifilonHance CXMS pH concentrate A & B kit in

MS certified LDPE containers (10Xconcentrates)were purchased from Waters and
dedicated to IEXVIS work. All the buffers for noitMS application were prepared by ugin
deionsed water dispensed Barnstead Nanopure Diamond Lab Water Sys{€hermo
Fisher) whereas those dedicated to MS application were prepared by usiMBLgEade

water (Merk Group Ltd). Buffers forRPLC were prepared by using {MS grade water,

acdonitrile, methanol, isopropanol, trifluoroacetic acid, and formic acid.

Sample preparation involved the use ri$ {hydroxymethyl)aminomethandithiothreitol
(DTT), N-ethylmaleimide (NEM), guanidine,trgylenediaminetetraacetic acid (EDTA)
iodoacetamide urea, 2-(N-morpholino)ethanesulfonic acidMES) sodium citrate,
tris(hydroxymethyl)aminomethan (Tris-base/TrisHCI), hydrogen peroxide (#D.)
solution, U , -&ddjiisobutyramidine dihydrochloridéAAPH) solution (SigmaAldrich),
microdialysis devices (Thermo Scientific), trypsin and PNGase F (Promega). Buffer
exchange prior to analysis was achieved ugielga TM Spin Desalting Plates-9&ll, 7K

(Thermo Scientifiy, and AZ proprietary platform fonulation buffer.

212 LCEqui pment

2.1.2.1 1D-LCSystem

1D-LC analysis was performed using an Agilent 1260 Infinity HPLC System equipped

with a degasser, quaternary pump, thermostatted +saiftipler, and diode array detector
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(DAD) in conjunction with a multcolumn compartment witla column selection valve. All

LC parts were joined by.6 mmOD, 0.12 um ID stainless steel capillary tubing with
stainless steel fittings. System control and data analysis were accomplished with Agilent
OpenLAB CDS ChemStation Editiomersion C.01.07. Mobile phase recipes and separation
gradients were created using the Agilent Buffer Advisor Software with ZedGraph Library,
version 5.0.8.20000, and DotNetZip Library, version 1.9.1.5. LC equipment and software
packages were all purchagedm Agilent Technologies Inc. The IMP® Pro 15.0 statistical
software (SAS Institute Inc.) was used for assisting method development by DoE models

and data analysis.

21.2.2 2D-LC System

2D-LC analysis was conducted on Agilent 1290 Infinity Il system. The Bt dimension
was composed of a quaternary pump wathegasser, an autosampler wélcooler, a
thermostatic column compartment, and a mativelength detector (MWD). The second
dimension was equipped with a binary pump, a degasser, and sadiageletetor (DAD).

The two dimensions were interconnected by the Agilent 1290 Infinity sepesion/4

port 2D-LC valve head with 80 uL loops and 2x multiple heartting valves equipped with

40 L loops. All parts of the 2EL.C system were connected with6 mm OD, 0.13 mm ID
PEEK tubing with PEEK fittings. Instrument control and data analysis were achieved with
Agilent OpenLAB CDS ChemStation Edition, version C.01.07. All LC instrumentation was
purchased from Agilent Technologies Inc. This equipmenugetas used for 2B0.C
method development and applications. Mass spectrometry hyphenation -taC 2D
separations was achieved by connecting thd_€system DAD to the Q Exactive Hfk
hybrid quadrupolérbitrap mass spectrometer with ESI (Thermo Scientfic) BoPharma
Option Source parameters were optimisted a spray voltageof 3.5 kV, a capillary
temperature of 250 °C, and-source CID fragmentatioof 80 eV. Further information on

method developmelis reported in Chapter 4.

213 Sof t wavted hfodr DeaveallapaeAsdal ys

Statistical method development and data analysis were aided by the use of IMP® Pro 15.0
(SAS Institute Inc.) and Python Software Foundation (Python Language Reference, version

3.7, available abttp://www.python.orj
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214 Met hods

This section summarises additional chromatography equipment used for the development o
LC and LGMS methods. Further informatiois reported in the results and discussion
chapters dedicated to the developmamd applications adpecificmethodsTable2.1 lists

all the LC and LEGMS methods developed throughout this research project, the
chromatography colunsnused for method development, and the respective providers.

2.1.4.1 RPLC-ESIMS Intact Mass Analysis

Intact mass analysis was conducted on a Waters Acquity UPLC with a vacuum degasser
binary pump, autosampler with temperatureontrolled sample compartmerd, duat
wavelength detectogswitching valve to the MS, and Mass Lynx software coupled with the
Waters SYNAPT MS with ESI source (Wate@orp). Reverse phaseeparation was
achievedfollowing a linear gradient si ng Acquity UPLCE B&EH30
mm column (Waters Corpcplumn flow rateof 0.15 mL/min,and temperature maintained
at60 °C. Mobile phase A was 0.01% TFA and 0.1% formic acid in water, and mobile phase
B was 0.01% TFA and 0.1% formic acid in acetonitrilae ESI sourcewas operaig in
positive ion mode, capilts voltage was set to8kV, source temperatureQ °C, sampling

cone, 40 kV,extraction cone3 kV, desolvation temperaturé00 °C. Mass spectra were
collected at an m/z range of 8@Q500.Further information regardirthemethod procedure

and specificationsave been omitted as thaseproprietary to AstraZeneca. Data processing
was done by BioPharma Finder 3.2 (Thermo Fischer Scientific) and GPMAW 9.51

(Lighthouse dataBioPharma Finder 3.®as set for ReSpect deconvolution algorithm

2.1.4.2 RPLC-ESFMS Reduced Peptide Mapping

Protein sample concentrations were diluted to 5.0 mg/mL with HiaGe waterSample
denaturabn consisted in thaddition ofthe denaturing buffef7(2 M guanidine HCI, 90 mM
Tris, 0.1 mM EDTA, 30 mM dithiothreitol, pH 7)4ndincubation at 37C for 30 min.After
incubation,alkylation was performed by addirg§0 mM 1AM to each sampleo a final
concentration of 70 mMind incubatig at room temperature for 30 mim the dark After
alkylation, sample were transferred toa Pierce 9évell 10 K MWCO dialysis plate
(catalogue no. 88260; Thermo Fisher Scientifmjtainingdialysis buffer (6 M urea, 150

mM Tris, pH 7.6) which was shaken for 2 h to desalt the samfleksequently, the samples

59



were recovered andigested withTrypsin Gold (Promega) ah mass ratio of 1:12
(enzyme:sampleand incubatedat 37 °C for 4 h. Upon completion, the digestion was
guenchedby 10% TFA The reduced peptide mapping (RPM) analysidryptic digest
samplesvas performed on a Waters Acquity UPLC with a vacuum degdssary pump,
autosampler with temperatucentrolled sample compartment, dwevelength detector,
switching valve to the MS and Xcalibur software coupled with the Q Exactiv¥ Ribrid
guadrupoleOrbitrap mass spectrometer with ESI (Thermo Scientiicyl BioPharma
OptonAcquity UPLC BEH C18 1.7 &em 2coldmnwithl50
temperaturset to 55C. Mobile phase A was 0.02% TFA in water, and mobile phase B was
0.02% TFA and in acetonitril&amples were eluted with adargradientat a flow rate of

0.2 mL/min The ESI source was operated in positive ion mode, capillary voltage was set to
3.5 kV, capillary temperature320 °C, and massrange of25012,000 m/z. Top 5 data
dependent acquisition was used for peptide identifinatinod PTM localisation and the
fragmentation mass spectra were obtained by collisidaced dissociation (CID)ryptic
peptides were identified ireirmass corresponding to the amino acid composition, and the
fragmentation masses were determibgdS2. BioPharma Finder 3.2 was used for data
processing. Full methedprocedurs and specificationdhave been omitted as they are

proprietary to AstraZeneca.
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2.1.4.3 RPLC-ESKMS EThcDAssistedNonReduced Peptide Mapping

Nonreduced tryptic peptides were obtained fpllowing a protocol developed in
AstraZenecaSamples were diluted to 1 mg/mAlkylation was achieved by addirpO0

mM N-ethylmaleimide (NEM)solutionand incubating at room temperature in the dark for
30 min.Subsequently, the samples were denatwéd 8M urea in 100 mM MES buffer,

pH 6.0and digested witkrypsin sequencing grade, (Promega, catalogue number V&t11)

a mass ratio of 1:12 (enzyme:sample) and incubated at 37 °C fétidaly, digestion was
guenched by 10% TFANonreduced peptide mapping (NRPM) was executed on a Waters
Acquity UPLC with a vacuum degasser, binary pump, autosampler with temperature
controlled sample compartment, duwavelength detector, switching valve to the MS, and
Xcalibur oftware coupledot he Or bi trap FusionE Tribrid
(Thermo Scientific)Reverse phase separation was achieved #sg@UITY UPLC CSH

C18 2.1X150mm colummaintained at 6TC. Mobile phase A was 0.02% TFA in water,
and mobile phase #as 0.02% TFA and in acetonitrilBamples were eluted hysinga 30

min linear gradientvith a flow rate of 0.15 mL/minThe ESI source was operated in positive
polarity, and mass range of 268500 m/z with 120K resolutigrprecursor automatic gain
control (AGC) target was set fox 1P, and the maximum injection time was set to 50 ms
The MS/MS method was programmed in the data dependent acquisition mode with the E
most intense peaks subjected EThcD fragmentatitn 30K resolution anautomatic gain
control (AGC) targebf 5 x 10¢%, and maximum injection time of 54 m&s the method was
developed in AstraZenectine source and fragmentation parameters were optimised-for
houseapplication but the details are reserved gmoprietary of the company. Thermo
Xcal i bur \as Sedffdr datm precessing.

2.1.4.4 RPLC-ESFMS NorReduced Peptide Muydte-ReactiorMonitoring

The preparation of nereduced tryptic peptides was conducted on a Tecan Freedom EVO®
200 robotic liquid hadling platform (TECAN Group Ltd.) equipped with a positive pressure
HEPA enclosurea Tecan Liquid Handling (LiHa) arm,araMu | t i Channel Arr
96. Consumables included5 mL troughs (TECAN Group Ltd.), reagent rack, 1.5 mL
Eppendorf tubes, 9%ell PCR plate (Thermo Scientific) Greiner 9%ell plates with u
bottom with half skirt Eppendorf on top (Greiner Bdme Ltd.)and96-well 1 mL V-bottom
plate (Waters Corp.). Treutomation script was written by Samuel Shepherd (AstraZeneca)
on Freedom EVOware®, Version 2.7 (TECAN Group Ltd.). NRPM analysis was executed
61



on a Waters Acquity UPLC with a vacuum degasser, binary pump, autosampler with
temperatureontrolled sample copartment, CSH C18 130A, 1.7, 1 mm x 150 mmIKP
column dualwavelength detector, switching valve to the MS and Mass Lynx software
coupled with the Xevo T¢€@ triple quadrupole mass spectrometer with ESI (Waters Corp.).
The MS system was operated in mul&reaction monitoring (MRM) modenhichinvolved
filtering of the peptide precursor ions a specific rtassharge (m/z) in the first quadrupole
(Q1). Subsequently, the precursor ions entering the collision cells (q) were subjected to
fragmentation. Fina}i, the precursor ion fragments with a predefined m/z were filtered in
the third quadrupole (Q3) and detected.-MS buffers were prepared-house and the
recipes are property of AstraZeneca.

Skyline software was used for the optimisation of the peptidassition list and
fragmentation parameters as well as for data analysis. Three transitions were monitored for
each peptide precursor ion, of which the most intense fragment ion was used for
guantification, whilst the other two served as qualifier ioriee Tone voltage and collision
energy were optimised for each peptide and the duty cycle was reduced to 0.02 s targeting
each peptide foa 1-3 min time window.More information on methodevelopmenis
reported inChapter 5JMP® Pro 15.0 (SAS Institute Inc.), and Pytl®wftware Foundation

(Python Language Reference, versgonavailable atttp://www.python.oryywere used for

aubmaeddata processing and visualisatidhe data processing workflow involved various
steps encompassing 1) the calculation of the ratio between the qualifisttiom quantifier
ion peak area of each peptide monitor2dthe calculation of thecoefficient of variation
(CV) of each qualifier/quantifier peptide rati®) the relative quantification of each quality
attribute displayed as %area of the modified species yedhke %area of the unmodified
species peakkor accuratguantification analysjsthe qualifier/quantifier peptide rati€V

was requiredo be < 20%
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Table 2.1 List of the LC and LC-MS methods and the columns used for method
development with their respective prowers and final applications

Method Column Provider  Application Reference
HT SEC ACQUITY UPLC Protein BEH Waters Aggregates Chapter 3
SEC 200 A, 2.1 x 150 mm, 1. Part A
pm Section3.3.2
Un i xCBEG300,300A, 2.1 x Sepax Aggregates
150 mm, 1.9 pm
HT CEX AgilentBio WCX column 2.1 x Agilent Charge Chapter 3
50 mm, 5 um, np variants Part B
BioResolve SCX mAb 2 x 40 Waters Charge
mm, 3 pm, np variants
bioZen WCX 2.1 x 50 mm, 8m, Phenomene Charge
np X variants
Proteomix SCX 2.1 x 50 mm, 1. Sepax Charge
um, np variants
2D SEXCEX- ACQUITY UPLC Protein BEH Waters Aggregates = Chapter 4
uv SEC 200 A, 4.6 x 150 mm, 1.
pm column

Agilent AdvanceBio SEC 200A Agilent Aggregates
4.6 x 150 mm, 1.9 um

bi oZenE 4.6 x Phenomene Aggregates
X

Agilent:  AgilentBio WCX Agilent Charge

column 2.1 x 50 mm, 5 um, np variants

2D SEXCEX- Agilent AdvanceBio SEC 200A Agilent Aggregates = Chapter 4
UV-MS 4.6 x 150 mm, 1.9 um

BioResolve SCX mAb column, Agilent Charge

pum, 2.1 mm x 50 mm variants
MAM CSH C18 130A, 1.7, 1 mm x 1& Waters BsAb-1 Chapter 5
mm RPLC PTMs
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215 Sampd £sdMeftorod De waeSoopsm@Blitst e m
SUitabBhdsky

The samples used for method development were all -Géttved and provided by

AstraZeneca, namely mAb and mAB2 reference standards (RS) and BsAbnd BsAb2

reference materials (RM). Proof-concept application of the analytical methods was

achieved using samples generated by the Cell Line Development (CLD) team in
AstraZeneca and Prof Bamvat the UQiversity afnthesfielsé. r esear c
Detailed information on all the samples used dun@ghoddevelopment, system suitability

(SST) check control and application of all the methods devetbp this research project

aresummarised imable2.2.

Table 2.2 Summary of thesamples used for research with the respective providers and
application description.

Sample Provider Application
mADb-1, BsAb-1 AstraZeneca PhyTip purification development
mADb-1, BsAb1, BsAb2 AstraZeneca PhyTip purification application
mADb-1, BsAb1 AstraZeneca PhyTip purification control
Gel Filtration Standard Bio-RadLaboratories HT SEC SST
Heatstressed mA{d, heat AstraZeneca HT SEC development
stressed mMA{2, BsAbl RM,
BsAb-2 RM.
mAb-1 RS and BsAld RM AstraZeneca HT SEC control
BsAb-1, BsAb2 AstraZeneca/The HT SEC proofof-concept
University of Sheffield application
mAb-1 RS AstraZeneca HT CEX and
2D SECGCEX-UV(MS)
development and control
Stressed mAL AstraZeneca HT CEX and 2D SEEEX-
UV(MS) proofof-concept
application
mADb-1 The University of 2D SECCEX-UV application
Sheffield
Peptde Retention Time Thermo Scientific MAM SST 1
Calibration
Mixture
NR tryptic digested BsAi RM  AstraZeneca MAM SST 2
BsAb-1 AstraZeneca MAM development
BsAb-1 AstraZeneca/The MAM proof-of-concept applicatior
University of Sheffield
Peptide Retention Time Thermo Scientific RPM SST
Calibration
Mixture
mADb-2 AstraZeneca RPM control
mAb-2 AstraZeneca Intact mass analysis SST/control
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2.2 Purification of CHO Cell Culture

221 Chemi cal s

Gibco1x Dulbecco phosphate buff@@PBS)(ThermoFisherScientific), acetic acid glacial,
hydrochloric acid, methanol, ethanol andsapropanol (Merk Group Ltd), glycine
hydrochloride L-histidine hydrochloridenonohydratesodium acetatarhydrous sodium
chloride sodium hydroxideandsucros€SigmaAldrich) were used foproteinpurification

and column storage buffers

222 LowWwhr ougRuputfi cati on

The purificationprotocol was developed by Jennifer Spooner (AstraZeneca) and adapted for

this work. Purification was performed using HiTrap MabSelect SuRe 1 mL colunthg on
KTAXx pr es s &nd daja svereanalysed by Unicorn 5.31 software (GE Healthcare

Life Scienceys After purification, he samples were buffer exchangetb formulation

buffer using disposable PD 10 desalting columns (Me@ioup Ltd). Details of he

purification procedure and buffer composition are proprig@AstraZeneca.

223 Hi gfhr ougRupfutcat i on

PhyTip200 |L volumecolumnscontaining20pof Pr oPl us ( MabSel ec
resin(PhyNexus Inc.)vere operated onTeecan Freedom EVO®00robotic liquid handling
platform (TECAN Group Ltd.) equipped withpositive pressure HEPA enclasuTecan

Liquid Handling (LiHa) armandMul t i Channe|l A ICom&umablbsCuaed 9
included25 mL, 100 mL, an@00 mL trough§ TECAN Group Ltd.) 96-well DWP, 2.2mL,
deepwell plates Thermo Fisher Scientific)Greiner 96well plates withu-bottom(Greiner
Bio-One Ltd), and \‘squared bottom 9&ell plates (Agilent Technologies IncAll the
automation scripts were written by Samuel Shepherd (AstraZeneca,) on Freedom
EVOware®, Version 2.7 (TECAN Group Ltd.The highthroughput(HT) purification
procedure and its development described irChapter 3vith more information otbuffers

compositionreported in Sectio8.3.1
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2.3 CHO Cell Culture

Research involving mammalian cell cultupeoduct purification and analysigerecarried

out in separate laboratories to prevent cell contamination and ensure culture sterility.
Materiak and coisumables were purchased with high quality and cell culture grade.-Single
use sterile material was used for cell culture, particularly when coming into direct contact
with living cells. Sterilisation of reusable consumables was achieved by autoclavdiin at

°C as well as membrane filtration with 0.22 pm pore size sterile membranes. Class 2 HEPA
filtered laminar airflow cabinets served for handling mammalian cell culture material during
experiments and guaranteed cleanliness of the work zone along wébtynoof both user
andsamples All surfaces and consumables were decontaminated with 70% ethanol before
entering the airflow cabinet.

231 Celilne sMoadnktib | ecul es

The ell lines and molecules used for this reseaaoh proprietary to AstraZenec@he
company kindly provided pool and cloderived CAT-S CHO cell line which were
transfected for the expression of an IgG1, kappa monoclonal ayt{bodb-1), and two

bispecific antibodies (BsAfh and BsAb2) dedicatedd research work.

232 Ce |l | Cul ture Maintenance

Routine maintenance involved the culture of cells in vented Erlenmeyer flasks (Corning)
using CDCHO medium (Thermo Fisher Scientifiqupplemented with 50 mM -L
Methionine sulfoximine (MSX, Sigmaldrich). The cellculture volumes used were -20

25% of Erlenmeyer flask total volume. Flasks were incubated at a temperature of 37 °C, in
5% (v/v) CQ, and shakn at 140 rpm. Cells were subcultured at a density of 0.3 x 106
cells/mL on a 3 to 4 days schedule to ensure tamtenance of exponential growth. To
minimise genetic drift, cells were subcultured up to a maximum of 15 passages. The average
cell viability, cell density and diameter were determined ayiCell viability analyser

(BeckmanCoulter).
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233 CryopreserCedtli dank Generation and

Recombinant GEHO cells were frozen and revived following standardised protocols to
ensure consistent and successful recovery of the cells after storage in liquid nitagfen.

and working cell banks were created toe cell lines received from AstraZeneddne
generation of cell banks consisted of cpdlleing three days after subculture (mid
exponential phase) by centrifugation at 130 x g for 8 minutes and resispan a
concentration of 1 x I+7 cells/mL in M-CHO media containing 10% DMSO (Sigma
Aldrich). Aliquots of 1.5 mL were assorted into NUNC cryovials (Thermo Fisher Scientific)
and stored in A M(Therfmo &ishérySaientificd, rfiltec with e100%
isopropanol, at80 °C overnight to allow gdual freezing of cell solutions. Cryovials were
then transferred to a liquid nitrogen freezer96 °C) for longterm storageCell revival
from liquid nitrogen storage was carried out by thawing at 37 °C and subsequent addition of
30 mL of prewarmed norsupplemented CITHO media to the cell solution. After
determination of viability andiable cell density\{CD), cells were finally seeded with 25
mL CD-CHO/MSX media at a concentration of 0.3 XE#® cells/mL, in a 125 mL
Erlenmeyer flask. These cells wdabele d 7 D angwel@ subcultured two dayafter

the first passage and subsequently onta &day regime. Cells were acclimatised to these

conditions for four subcultures before being used for any experimental work.

234 Shaklas kBatFehld Ovoefr gdleoDMss

All the fed-batch overgrows were set up 3 days fsdiculture and seeded at a density of
0.7 x 1E+6 cells/mL in CDCHO media supplemented with AstraZeneca proprietary in
house feed. Cells were counted on a ViCigbility analyser on the day of seeding to check
the variation in seeding between cultures when required. Subsequently, cells were sample
on a 2day regime and all ViCell measurements were caraetiwith a 1:4 dilution.
Additional feeding was supplemewt on the third day from the start of the overgrow and
carried on a 2lay schedule. Metaboldé@nd glucose consumption analysisrecarriedout

usinga YSI 2950D Biochemistry Analyzer (YSlife Sciencel For this assay, 200 uL of

cell culture was aliqued and centrifuged at 400 before analysis. When the glucose
concentration was below 10 g/L, anhouse glucose supplement was added to feedback to

10 g/L. Samples for &tr analysis were taken from day 7 urkieend of the culture.
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235 Harvesting

At the endof the overgrouh, cell culture supernatants were harvested by centrifugation at
2500 rpm for 90 min andFfFowEeBedr iwi ehDNapgsabeE
Units with a 0.2 um pore size PES Membrane (Thermo Fisher Scientific).

2.4 Recombinant Protein Quantification

241 Ti tAmallyysna&asl yti c-Al APfohetyw Chromatograph

High-throughput analytical Protei affinity chromatography was carried out on an Agilent

1200 HPLC system (Agilent Technologies) equipped wittegasserbinary pump, well

plate autosampler, column oven, UV detectand Agilent ChemStation softward he
separation was performed wusing an analytical H
functionalised beads with 20 um particle size, 2.1 mm x 30(tbnx L), and 0.1 mL bed

volume (Applied Biosystems, IncgndHPLC grade water (Merroup Ltd). The nobile

phase was prepared using sodium phosphate, sodium chloride, hydrochlorianakcid

sodium hydroxide purchased from Sigilarich. Buffer A was composed of 10 mM

sodium phosphate and 16fM sodium chloride at pH 7.2 whereas buffer B was composed

of 12 mMhydrochloric acicand 150 mM sodium chloride at pH 2.0. All buffers were filtlere

with Nal geé&rdeoBwER®pgied il e Di sposable Filter Units
Membrane (Thermo Fisher Scientific). Protein concentration was extrapolated from
moleculespecific standard curves generated from purified materilerange 10 mg/Li

10 g/L.

242 UV/ Vi s Absorption Spectroscopy

UV/Vis absorption measurementverecollected usinghe Stunner (Unchained Labahd
the DropSense 96 (Trinearfach plate was loaded with32uL of sample andneasured

immediatelyby the spectrophotometer
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2.5 Equations

251 Chr omat oPgeraskp PAnal ysi s

Detailed belowarethe equations used for chromatography peak analysis.

Tailing factor or d g

2511
Symmetry factor C A ( )

Tailing factor (USP) or Symmetry factor (EP, BP, JP), wheiethe peak width at 5% peak
height, and is the distance from the peak apex to the leading edge of the peak measured a
5% of the peak height.

Resolution 56 C® Uc O 0 (2.5.12)
wow

Resolution (EP) wher& ando are the retention time ana and w are the widths of
the first peak, and second peaks, respectively.
Experimental Peal o) o)

. Ao# — (2.5.13)
Capacity (ePC) w

Experimental peak capacity (ePC), where is the retention time of the last peak in the
chromatogram¢ is the retention time of the last peak in the chromatogrampaadhe

peak width of a reference peak in the chromatogram.

252 Met Asds es s ment

Proportional mo N
_ 00, —— wL LMQ (2.5.24)
protein load (PPL) mo
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Proportional protein load (PPLyheremd is the mean of the target peak ares

is the mean total peak area of all the peaks in a chromatogram, and PL is the protein load.

Limit f TOA

imi 0 Jnc p_

guantification Y (2.5.25)
(LOQ)
Limit of quantification (LOQ), where 0 I
specific level of the linearity studgndS is the slope of the chliation curve.

Per cent limit of , | InC

e L. , [ 1P o WP TUTT (2.5.26)

guantification 0 0 7Q

Per cent limit of quantification (LOQ %), where LOQ is the meth@® in ng, and PL is
the protein load img.

Limit of Detection , I —
o (2.5.27)
(LOD)

70

S

t

he



2.6 Statistics

261 Act-bgPlredi cted Pl ot

The actuaby-predicted plot is a scatter plot displaying the observed response (x) on the
abscissavs. those predicted (Y) by the model on the ordinate. The horizontal blue line
corresponds to the null hypothesis (the response does not depend on tis¢ fexctdhe
slanted red line to the alternative hypothesis (the response depends on the factors). The 95
confiderce interval is indicated by theed shadhg region If the horizontal blue line is
containedvithin the redshadedegion then the model is hsignificant at the alfa level 0.05.
Conversely, if the blue line is not contained within the red region, the model is significant at
the same alfa level. The plot was also used in this manuscript to deténmme d e | Al e
of fito. Wh ediction shbuld aredecgstimass thatragree with the observed
values on average. Thus, the red line should go through the middle of the data points. On th
other hand, the data points generated by a biased model will deviate from the line. The
goodness of fit in the actubl-predicted plot was evaluated in terms of coefficient of
determination (R and root mean square error (RMSE), whilst the model signifécisnc

given by the pvalue.

262 Ef f®wmmary Report

The model effects correspond to e factors and their interactions investigated by the
model. The effect summary reports presented in this manuscript list all the effects estimatec
by models that contained more than one effect. Each model effect was reported together witl
its false discwery rate-logl0(pvalue) (FDR LogWorth) and FDR falue. The FDR
LogWorth transformation adjusted thevalue to display a scale of graphing, where values
that exceedd 2 (normally indicated as a blue linegresignificant at the 0.01 level. The bar
chat of the FDR LogWorth displadashed vertical lines at integer valu€ee FDR was

calculated using thBenjaminiHochberg techniquéBenjamini 1995)
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263 Par antedteireha bl e

The model parameter estimatggshown for each model parameter together with-tiestt
results for hypothesis equals to zero. Tiernd column corresporgito the estimated
parameter with the interceptwaysreported ashe first term. The stimates of the model
coefficients of each terrereported undefiEstimat®. The sign of the coefficient indicates
whether the correlation is positive (+) or negatiyewhilst the coefficient value represents
how much the mean of the dependent vagia®) varies given a orenit shift in the
independent variable (xwhile holding the other variable constant. The standard error of
the estimated parameteis reported undefiStd Errolo and computed using equation
(2.6.38). The ttest resultarelisted undefit Ratiad and reported as the ratio of the estimates
to their respective standard error given the t Ratio havingS t u dlistribttionsunder the

null hypothesis as péR.6.39); wheredik thesample mear/ is the population mearn,

is the standard deviation,ai s t he square root of the sample

liststhe pvalue of the twetailed hypothesis test.

Standard Error

YO ,TVE 2.6.38
(SE) ( )
. 2L
t Ratio 0 ——= (2.6.39)
i 7Ve

264 Pr ediPcrtoifon er

The prediction profiler was used to display the conditional relationship between the response
(Y) and a given predictor (X), given the levelected on the other predictors;(X>, Xz,
Xn, etc.). The graph provasa visual representation of the interactions between the variables

andhow the response is dependent on them.

265 Desi rBbntttgn

The desirability function approach was used for optimisadiot theidentification ofthe
operating conditions (factors setting 1in
responseThe desirability functionQ & , assigns a value from O to 1 for each response,

O w, with Q& 1 representing the most undesirable value &@dd p
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corresponding to the most desirable response. The geometric mean is used to combine tf
individual response desirabiés to obtain overall desirability. Different desirability
functions can be used dependiag whether the responsé&) w, is to be maximised,
minimised or assigned to a target value. The type of desirability function used in this
manuscript was the one propdsby Derringer and Suich (1980): let "Yhand"Y be the

lower, upper, and target values desired for respéigeered  "Y Y, the desirability
function of Cis:

Mdw 0
] 6 o, n 13} \ ”
Desirability o — Q0 o Y
_ A® . (2.6.510)
function | 4 0 o Y
U
"Q“Q d) ’?’Y

Where the exponenssandt indicate the importance of each target value.
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Chapter 3

Par H ddhhr oughput pl a
for the purificatio
of mMAbs and BsAbs

3.1 Abstract

Scaledown cell culture systems such as shaken -eedpplates (DWPs) offer a valuable
approach in hig-throughput process development (HTPD) for screening several @odes
process conditions to ultimately reduce costs and accelerate cell line devel¢phignt

Due tothe small cell culture volume and low expression titres, the selection of both clone
and process conditions is often limited by cell productiviliyaduct quality(PQ)analysis is
generally carried out at a later stage when the titre levels are high enough to allow sufficient
material foranalytical testingPurification of thetherapeutic protesmfrom the host cell
culture fluid (HCCF) is often requirdzkforeanalytical characterisation. Protein aggregation

is a critical quality attribute (CQA) of monoclonal antibodies (mAbs) and bispecific
antibodies (BsAbs)compromising thesafety and efficacy of the protein. Sigrclusion
chromatography (SEC) is the industry standard analytical methodology for the analysis of
aggregates. However, its implementation as a highly sensitive-socaddl analytical tool in

the biopharmaceuticahdustry has been hampered by the considerable drop in resolution
(Rs)resulting from the use of narrow ID columns. Here is presented the development of a
fully automated platform workflow for the purification of mAbs and BsAbs expressed in 96
DWP cell cutures combined with rapid sma#icale SEC analysis with stng sensitivity.
Protein purification by restfilled pipettetip columns was successfully automated on a
robotic liquid handler for the parallel processing of 96 samples at a tirieeAtouging of

SEC on a 2.1 mm ID column enabled highly sensitive characterisation of protein aggregates
with a 3.5 min run time per injection. The entire workflow was designed to apply to mAbs
and mAblike nextgeneration biopharmaceuticaEmpoweringthe CLD processwith an

analytical ranking tool for clone selectias described i€hapter 6
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3.2 Introduction

As previously mentionedGhapterl, Section1.1.3, mAbs continue to dominate the
biopharmaceutical market whilst neygneration biopharmaceuticals, suab BsAbs,
promise to revolutionise tumour immunotheragReicherf 2019; Kontermann and
Brinkmann 2015) Cell line developmentindengineering(CLD&E) are the first steps of
biopharmaceutical process development and aim to generat@roidicing clonesthat
express the product of interest withe desirablePQ (Tihanyi and Nyitray 2021) Scale
downcell culture systemsuch as shakddWPshave successfully been employed in HTPD
for clone selectioiiCartwright et al.2020)and optimisation ofthe media and supplements
composition(Sokolov et al.2017) This approach enables the execution of large screening
experiments and has proven advantag@&ousducing the time and costs fOLD.

Biopharmaceutical process development relies on analytical methods séagas of a
product life cycle to ensure the entrance of safe and efficacious drugs to market. However,
the implementation of analytical testing to srsadale cell culture systems is hampered by
the low expression titres and limited sample volume availdor analysis. Thus, the
selection of both clorssand process conditions during the very early stag€4d.bfis often

driven by expression titre, whilst PQ data are introduced at a later stage. Microfhadexs
platforms such as LabChip GXII (PerkinEImer) have successfully been applied for the HT
analysis of protein size, purity, and glycd@erster et al., 201&cheller, 2021)However,
chip-based teahiques use denaturing conditions for the analysis and when it comes to sizing
large biomolecules, they lack sufficieRis for the separation of higimolecularweight
species (HMWS). Therefore, aggregates analysis is often carried out bgxalzsion
chramatography (SEC|Garripelli, Wu, and Gupte2020) Despite the great advancements

in SEC column technology for UHPLC operatiorthe use of smadicale ID columns has
beenlimited bythe poor resolving power of this mode of chromatograt.2.). The use

of large ID columns may hamper teensitivity of SEC methods thus, their application for

the analysis of low concentrated samples.

Another challenge of developing analytical methods to support biopharmaceutical
developments their easines®f operaiton and flexibility of application toa variety of
molecular formats. Because HT tools are often expected to be used for routine testing, they

must be simple, robust and easy to perform byexpert scientists. Moreover, they should
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provide a platform approach for a defined class of molec¢hles minimising the need for
additional method development.

Part A of this chapter presents the development of a-thiglughput(HT) analytical
platform workflow integrating the purification of mAbs and BsAbs expressed-iD\WW&

cell cultures systemwith aggregation analysig his study aimed to design an analytical
workflow suitable to work at microscales and providing vittQ data with minimal sample
requirements. The analytical procedure was destined to be implemented as a HT routing
testing tool tosupport CLD. Therefore, the choice of the technology used for both
purification and aggregation analysis was driven by thee @&agperations and potential for
automation. ProteiA resinfilled pipette tips were adoptedue to their feasibility in
processingsmallcell culture volumes providing purified and enriched material for analytical
testing Robotic liquidhandling enabled the automation and parallel purification of 96
samples at a time. The development of a rapid sseale SEC method on a 2.1miD
column allowedor aggregation analysis with suly sensitivity and automated processing
of a 96DWP on an LC system. This established the development of a HT engineR§)ink
to cell engineering strategies to help guide @D process and maximise efficiency.

Application of the method idescribed in Gapter 6.
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3.3 Results and Discussions

331 AFul l'y Automat edf oBBmat f o6EmaMeABaedi fi cat.
and BsAbs Coy uPkimg Ti p

3.3.1.1 Overview

This experiment aimed to develop a fully automated analytical plattbemabé high yield
purification of mAbs ad BsAbs expressed in small scale cell culgystemsThe method

was designed to be suitable for the purification of B0HCCFin 96-DWPs. Resinrfilled
pipettetip technology for affinity chromatography was implemented as a purification tool
in this regarch due tthe established superior capability in handling fsalume samples

(< 1 mL) over other commercial produ¢Evans et al., 20)7Moreover, this methodology

is amenable to automated wddkfis ands flexible for application to @lethoraof molecules

and cell culture scaldbanksto the variety of resin chemistries atig volumes available
(Matte, 2020) PhyTip columns(PhyNexus Inc.)are an example of commercially avalkab
resinfilled pipettetips suitable for HT applicatiorend designed for parallel operation on
robotic liquid handlerdor automated laboratory workflomgrecan Group Ltd.2010)
Protein purification by PhyTip columns is governed by the fundamental principles of Dual
Flow Chromatography (DFC) (PhyNexus In@haracterised by a controlled bidirectional
flow of sample and mobile phase travellimgand out/back and forth in all the steps of the
process including sample loading (capture), washing, and el(Bionn 2017) This is
fundamentally different from traditional flothrough chromatography where samples and
mobile phases are pumped in and out of the column unidirectionally. The physical and
mechanical properties of the DFC columns differ from thospl@ed for flowthrough
chromatography to facilitate the control of the fluids through the column. Likewise, the
control of chromatographic selectivity is also different. The fionénteraction between the
protein and the resin plays a critical role taximise both protein binding and final recovery.

In DFC, this can be controlled by adjusting the volume of the fluids processed during each
aspirate/dispense cycle (processing volume), the number of cycles, and the flow rate (F) in
eachpurification stepln this context, the use ofpmogrammableoboticsystemwas key for
controlling theF of liquid aspiration and dispensing to modulate the time of interaction of

the target protein with the resin bedmaximise sample recoveryl he robotic arnwas also
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required for positioning and holding the pipetifeat adequate height from the wietittom
to facilitate the bidirectiondlow. Figure 3.1 illustrates the mechanisof DFC applied to

protein purification.

4
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Figure 3.1 Schematicrepresentationof DFC mechanismon resinfilled pipette-tips.

A) The pipettetip packed with protein A resin is dipped into the HC&fataining the expressed
biopharmaceutical together with a mixture of host cell proteins (HCPs). The tip is positioned at 1
mm height from the bottom of the well to facilitate the continuni{autflow. B) The robotic arm is

used to aspirate the HCCF wahcontrolled , whilst the protein of interest binds selectivelythe
protein A resin bed at the tip end. Liquid overage avtié entrance of air into the systevhilst
aspirating After aspiration, the liquid is held for a set time before being dspa C) The robotic

arm dispenssthe liquid outof the tipat a controlled Fvhilst the target protein remains bound to the
resin. D) The pipette tip is dipped into the wash buffer solution. E) Aspiration of the wash buffer and
desorption of the nontargeample materials from the resin. F) Liquid dispensing and removal of the
HCCP impurities. G) The pipettg resin binding the target protein is immersed into the elution
buffer. H) The elution buffer is aspirated and (1) dispensed causing the targn fb@ompletely
desorb from the resin bed and finalbging recovered. The aspirate/dispenseles during the
capture, wash and elution steps can be repeated several times to maximisgethkinding.
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Initial work demonstratinghe application of the PhyTip columns was performed using
clarified supernatants of a CHO cell line expressing a mAb (I§% I he SDSPAGE gel

run under nofreducing conditionsHigure 3.2) demonstrated the successful purification of

the mADb from HCCF by PhyTip methodology. The intact mAb was selectively bound to the
resin during the capture stépigure3.2, 1) whilst the other HCPs present in the HCCF, the

free mAb heavy chain (HC) and light chain (LC) were left unboukdyre 3.2, 2).
Successively, 2 washing steps were performed to release any impurity that might have been
nonspecifically bound to the columnFgure 3.2, 3 and 4). Lastly, the intact mAb was
successfully eluted and enriched in the final step. More information on the buffers used was
reported inChapter2, Section2.1.J).
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Figure 3.2 Non-reducing SDSPAGE gel electrophoretogram of the purification of a
mADb from the cell culture supernatant.

Non-reducing SDSPAGE gel electrophoretogram showing the steps involved in the PhyTip
purification methodology: 0) Protein ladder; 1)ri5loading of cell culture supernatants from a cell
line expressing mAHL; 2) 15nL loading of thesupernatants unbound after the capture step; 3 and
4) 15ni loading of the sample left unbound after the washing stepsipb)@ading of the purified
mADb recovered from the affinity resin.

During earlystageCLD, expression titres are often scarce. T&igarticularly accentuated
when both transient expression and microscale bioreactors systems suchand 28
DWPs are used. Desirable protein recovery achieved by standard HT purification

methodologies is usually in the range ofd@6. Maximising thesample recovery during
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purification is key for enablinguccessiveanalytical testing Thus, the proposed DoE
strategy was focused on the identification and subsequent optimisation of the purification
process parameters that enhanced protein recovery. Two model moleculeg, amdb
BsAb-1, were selected dmingrepresentative of each molecule class and usedghoon
method development. A flexible script was written bstr&Zenecao aid the execution of

the DoEs on the Tecan robotic liquid handler. Further description of the equipment and
chemicals used for the PhyTip purification was giveSéttion2.2.3

3.3.1.2 DoEZ1: Screening DoE

Despite the apparent eadf operatng the PhyTip affinity purification, several factors may
impact the total sample recovergased on the fundamemtunderstanding of thBFC
principles the main effects screeningdesign (MESD) was used to evaluatbich process
parameters durintpecapture, wash and elution ssepost importantlympact onthe sample
recovery.The process parameters studfed eat purification stepwere the number of
aspirating/dispensingycles and~. Additionally, thevolume ofelution buffer was included
asa factor in theMESD since, in theory, larger processing volunresease the time of
interaction of the protein with the affinity resin. To generate a consistent starting material
for method development that would tEpresentative of HCCF, the samples of riAand
BsAb-1 were diluted in cell culture media in bulkaatoncentration of 2 mg/mL. Based on
the standard 99OWRP cell culturescale the sample volume at the start of the purification
was 300 pL. Thus, the initial PhyTip column loading was7&% of the resin capacityhis
being the theoretical capacity of20 pL resin bedat ~800 pg. Analytical Protein A
chromatography was performed to verify the sample concentration before purifiation
allow accurate estimations of the protein pent recovery (%R)The processing volumes
were kept constant at 160 plLrfall the steps exceplturingthe elution where ivasvaried
from 80120 pL according to the MESD. A 20% volume overage was introduced in all the
wells to avoid theaspirationof air in the system. The final sample concentration was
calculated by UV absbance at 280 nm and used to address theT&factorsevaluated
and analysis conditiorere summarised irAppendixA, Table9.1. The MESD comprised

16 treatments analysed in duplicatesulting in32 samples in totalLinear regression
analysis was used to build an armgal model to identify the factors that most significantly
correlate with an improved %Rhe modeldemonstrated a good fit wittoefficients of
determination were RO O an8 @ a |l u e foDbothmdaebules(AppendixA, Figure
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9.1). As shown inTable 3.1, both the number of capture cycles and F were statistically

significantfor the %R ofboth moleculeswith the final elution volumelsosignificant for
BsAb-1.

Table 3.1 Summary of estimatesof the PhyTip purification MESD model parameters
with t-test results

*

mADb-1 Parameter Estimates
Std Error

Term
Intercept
Capture cycles (4,15)
Capture Fitl/sec)(4,16)
Washl1 cycles (1,3)
Washl Fifi/sec)(4,16)
Wash2 cycles (1,3)
Wash2 (rL/sec)(4,16)
Elution cycles (4,15)
Elution F fri/sec)(4,16)
Final Elution Volume 1fi.)(80,120)

BsAb-1 Parameter Estimates
Std Error

Term
Intercept
Capture cycle$4,15)
Capture Fitl/sec)(4,16)
Wash1 cycles (1,3)
Wash1l FiflL/sec)(4,16)
Wash2 cycles (1,3)
Wash2 FifL/sec)(4,16)
Elution cycles (4,15)
Elution F fri/sec)(4,16)
Final Elution Volume 1f1.)(80,120)

= factors found

t

(0]

Estimate

16.89 1.67
5.56 1.67
-3.63 1.67
2.37 1.67
-2.24 1.67
-0.31 1.67
-2.84 1.67
-2.28 1.67
-0.04 1.67
0.19 1.67
Estimate

37.54 1.27
8.90 1.27
-4.62 1.27
-0.54 1.27
-0.76 1.27
1.79 1.27
0.36 1.27
-0.09 1.27
1.31 1.27
4.68 1.27

be
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t Ratio Prob>[t|

10.09
3.32
-2.17
1.42
-1.34
-0.18
-1.70
-1.36
-0.02
0.11

<.0001*
0.0031*
0.0410*
0.1701
0.1949
0.8556
0.1037
0.1877
0.9816
0.9115

t Ratio Prob>|t|

29.57
7.01
-3.64
-0.42
-0.60
1.41
0.29
-0.07
1.03
3.69

significant

<.0001*
<.0001*
0.0014*
0.6750
0.5574
0.1720
0.7773
0.9465
0.3124
0.0013*

with a

probability
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Figure 3.3 PhyTip purification MESD prediction profiler.

MESD model prediction profiler for (A) mAfh and (B) BsAbL, displaying the %R variation
concerningchanges of the factors under investigatidhe desirability function Appendix A,
Equation9.1) was computed to identify the factor settings that mesech sample recovery and

display the respongmedictions

83



The model desirability function (ség@pendixA, Equation9.1) was used to find the optimal
conditions to maximise the %R for both molecules. As displayed by the model prediction
profiler (Figure 3.3), increasing the number of capture cycles and decreasing the F
maximised the %R of both the molecules. Likewise, greater elution volumes improved the
%R of BsAB1 whilst no significant effect was observed on mAlNevertteless, the model
estimates for maximum %R werd0% and~60%R for mABbl and BsAbl, respectively,
which was still far from the desirable -B0% range. Varying the number of cycles and F
during the washing steps di dneater R &orvm®tha signi f
molecules were obtained at low F (4 pL/sec). To minimise the purification time and maintain
a desirable %R, the washing steps parameters were optimised to 1 cycle at Avhil&tec

the other parameters were subjected to further optimmsti improve %R.

3.3.1.3 DoE2: Central Composite Design ®hyTip purification MthodOptimisation

A Box-Wilson central composite design (CCD) was used for optimising the number of
capture cycles, F and final elution volume to maximise %R. As showigure 3.4, the

CCD is a type of DoE characterised by a factorial or fractional factorial design with centre
points and axial points to estimate the presence of curvaturehésa tharacteristics, the
CCD is generally used in response surface methodology (RSM) for optimisation

experiments.
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Figure 3.4 Box-Wilson CCD points representation on a cube

The axial points (yellowstars) are used to augment the centre points (blue circle) to allow the
estimation of curvature. The distance from the centre of the design space to a factorial point (purple
circle) is £ 1 unit for each factor, whilst the distance from the centre ofetfigrdspace to a star
point is N U.
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The MESD served to identify the factors that most significantly affect the %R as well as
their range of investigation. Based on the results of the MBESfure 3.3, Table3.1) the

range of investigation of the number and F of the capture cycles and the elution volume were
varied, whilst the other méitod parameters were kept constant as previously mentioned
(AppendixA, Table9.1). Linear regression analysis was used to generate an empirical model
for each moleculéo studythe relationship between the factorsder investigatiomnd the

%R. The results showed that both modwsdsla good fitwith RZ O 0 AgéndixXA, Figure

9.2). Table3.2 reporsthe main effects and secendder interactions explored by the model
together with a summary of the model parameter estimates with respdetstedsultsA
desirability function(Appendix A, Equation9.2) was computed to obtain optimal factor
levels that maximised the %R. Theedictionprofilers displayed the model estimates with
the factors set to optimal values as obtained byrtArimisedesirability function(Figure

3.5).

Table 3.2 Summary of theestimatesof the PhyTip purification CCD model parameters
with t-test results

mAb-1 Parameter Estimates

Term Estimate Std Error tRatio Prob>|t]
Intercept 28.59 4.39 6.52 <.0001*
Capture cycles(8,20) 4.69 2.58 1.82 0.0844
F(ul/sec)(2,4) -0.45 2.58 -0.17 0.8637
Elution Volume (uL)(80,160) 10.02 2.58 3.88 0.0009*
Capture cycles*F(ul/sec) -2.21 2.88 -0.77 0.4523
Capture cycles*Elution Volume (ulL) -0.38 2.88 -0.13 0.8968
F(ul/sec)*Elution Volume (uL) -2.93 2.88 -1.02 0.3219
Capture cycles*Capture cycles 6.38 5.09 1.25 0.2241
F(ul/sec)*F(ul/sec) -1.17 5.09 -0.23 0.8199
Elution Volume (uL)*Elution Volume (uL) -3.35 5.09 -0.66 0.5173
BsAb-1 Parameter Estimates
Term Estimate Std Error tRatio Prob>|t|
Intercept 50.03 4.31 11.62 <.0001*
Capture cycles(8,20) 9.10 2.53 3.59 0.0018*
F(ul/sec)(2,4) -3.39 2.53 -1.34 0.1963
Elution Volume (uL)(80,160) 6.75 2.53 2.67 0.0149*
Capture cycles*F(ul/sec) 6.54 2.83 2.31 0.0317*
Capture cycles*Elution Volume (ulL) 0.88 2.83 0.31 0.7597
F(ul/sec)*Elution Volume (uL) -0.97 2.83 -0.34 0.7356
Capture cycles*Capture cycles -2.76 5.00 -0.55 0.5871
F(ul/sec)*F(ul/sec) -11.32 5.00 -2.27 0.0347*
Elution Volume (uL)*Elution Volume (uL) 1.20 5.00 0.24 0.8126
* = factors found to be GObgnificant with a proba
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Figure 3.5 PhyTip purification CCD prediction profiler.

A) mAb-1 and B) BsAbl model prediction profiler displaying the optimal CCD factor
setting to obtainthe maximum %R as estimated by thaximisedesirability function

These resulte/ere consistent wittheobservationsrom the MESD Figure3.3) and showed
that incrasing the number of capture cycles and elution volume as well as decreasing the
captue F improved the %R in both molecules. Optimal cepiifor BsAbs was identified

at 3 pL/sec whilst the %R for mAb was greater at 2 pL/sec. The number of capture €ycle
and the elution volume were optimised for both molecules tay@lesand 160 L,
respectively Noteworthy, the significant factors identified by the BsAmodel were the
first-order interactiortapture cycles, elution volume, the seconderinteractions Capture
cycles*F, and the F*F quadratic effeathilst the only significant factor of the mAbCCD
model was the elution volum@able 3.2). The results othis experimenthighlightedthe
different dependemes of the two molecules in response the process parameters
Moreover, the scarc#®R obtained foboth molecule$ed tothe hypothesis thatthis may be
more strongly influencetby a processfactor thatwas not explored in the DoE models.

Although the maximum %R obtained by the CCD was improved in comparison to the
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MESD, the estimated values were still lower than squudrnely~50% and~65%Rvs.for
mADb-1 and BsAbB1, respectivelyfFigure3.5). Based on the information captured from both
DoEs as well aBom process knowledge, it was deduced that the nature of the elution buffer
may significantly impact the final %R. Hee, an elution buffer composed of 0.1 M glycine
hydrochloride, pH 2.6 (Gly-HE2.6) was evaluated and compared to the previously used
acetate buffer (AcOOR.6). The two elution buffers weevaluatedoy purifying mAb1

and BsABLl in duplicate using the optimisedethodparameters as reported Tiable 3.3.

The %R achieved for both molecules when using AcE&88Hwere~50% and~55% for
mADb-1 and BsAbL, respectivelyconfirming the CCD model estimates. However, by using
the Gly-HCF2.6 buffer, the %R reached90% and~70% for mABbl and BsABk1,
respectively. This experiment confirmed that the nature of the elution hudestrongly
affecting the %R in both molecules and the lower pH buffer improved protein recovery.
Nevertheless, it is well establishedeliterature that the chemical properties of the buffers
used during purification may affect PQ with major emphasi the generation of size
variants. The preservation of the physicochemical properties of a molecule during the
purification is generally more important than the final yield. Aggregation analysis by HT
SEC Section3.3.2 was carried out to assess the impact of the type of elution buffer on the
final PQ.Figure 3.6 showed the SE@rofiles of mAb1l and BsAbl purified by AcOOH

3.6 and GIlyHCI2.6 buffers overlaid against their respective reference standard (RS). An
increase in mAH HMWS impurities was observed as a consequence of usimgceH-

3.6 buffer However, the mAHL SEC pofile overlayed perfectly to its R8hen GlyHG-2.6
wasemployed Conversely, the SEC profile of BsAbwasnot impacted by the use of the

two buffers
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Figure 3.6 Assessment of theffect of different elution bufferson PQ.

SEC chromatograms of (mAD) and BsAkl (B) purified using AcOOFB.6 (red) and GlyHGR.6
(green) as elution buffers overlaid against their RS (blue). The SEC method conditions used for the
analysisaresummarisedn Table3.7.

Thisexperiment underlined the complexity of the purification process and demonstrated that
fine-tuning method conditions is necessary to maximise the @&spite certain factors
influencing the purification yield may be molecidgecific and require cadmy-case
optimisation, platform methods aim to address specific classes of molecules rather than

individual candidates. The final optimised metipadlametrsarereported inTable3.3.

Table 3.3 Optimised PhyTip purification method

PhyTip ProcessParameters
Equilibration cycles2 x 15
Equilibration F: 8uL/sec

Equilibration processing volume: 160
Capture cycles20)

CaptureF (3 uL/sec)
Washl cycles (1)

Wash1F (4 pL/sec)

Wash2 cycles (1)

Wash2F (4 pL/sec)

Elution cycles (4)

ElutionF (16 pL/sec)

Final Elution Volume 1{60pL)
Purification Buffers

Equilibration and Wash1 buffer: DPBS
Wash2 buffer: 25 mM acetate, 120 mM NacCl, pH 5.
Elution buffer 0.1 M glycine HCI, pH 2.6
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3.3.1.4 Method Assessment

One of the key aspects of platform methods is their fithess for routindersdore their
consistent performance has to be thoroughly evaluated during method develdpetieot
assessmenwas carried out using both mAband BsAbl as reported ifable3.4. The
repeatability study was conducted by monitoring the €6&fficient of variation CV) over

6 replicates. A Bevels linearity study was performed in duplicate over a column loading
range of 76000 g corresponding t6-10-110% of the resin capacity. Linear regression
analysis of the column loadingd) vs.the protein recoveryng) was pefiormed for mAbl

and BsAb1 separately and confirmed R 99 (Figure3.7). The linearity studgnabled us

to determine the column loading range that allowed for ciemdisecoverykigure3.7, B).
TheaveragésR obtained across the column loading range investigated was 80% and 85%
for BsAb-1 and mABbl with CV < 20% Appendix A, Table 9.3). This experiment
demonstrated that the optimised Phypurification method achieved a consistent %R of

83% across mAb and BsAb samples with various levels of concentrations.
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Figure 3.7 PhyTip linearity and column loading range.

A) 5-level linearity study assessed 105, 350, 600, 908y column loads. Linear regression analysis
performed to study the relationship between column loadigyydnd recoveryn) confirmed R =
0.99 for both molecules and RMSE = 22.98 and 28.13 for BlsAblue) and mA#HL (red),
respectivey. B) Bivariate normal density ellipse displaying the range of B&Ablue) and mAkL
(red) %R obtainedvs.the PhyTip loads expressed as columed@pacity. The %R ranges were-69
104% and 789% for BsAb1 and mAbl, respectively.
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The assessmendf the sample stability was aimed to evaluate whether the purification
process affected the size variants profile. The siAbference standard (RS) and BsAb
reference material (RM) size variants profiles were analysed before and afteraparific
(n=3) by two different SEC methods for each molecélppendix A, Table 9.5). T-test
confirmed that the size variants profile analysed by each method did not vary significantly
(p-value < 0.05) before and after purificatiohppendixA, Table9.4). The suitabilityfor-

use of the PhyThbased method for the purification of samples containing various levels of
HMWS impurities was confirmed by blending a heatessed sample of mAbwith its RS

at different ratios (0%, 35%, 65%, and 100%). As expected;hihiege i oHMWS across

the sample sevas linear Figure3.8). The samples were processed in e by PhyTip
purification followed by HT SEC analysis for evaluating the changes in the aggregation
profile. As expected, the %HMWS varied linearly? ®0.96) across the samples and the
%HMWS CVs of the sample replicates of each level (% of stresseplesapike) were
<10%.

15
175 %HMWS =0.2299 + 0.1215*X
= RMSE: 0.99
2
E 150 R?:0.965
= 125
© 10
S 100 ®
: ¢
2 75 T,
o S
< 50
25
0
0
05 1 15 2 25 3 0 20 40 60 80 100
Time (min) %Stressed mAb-1

Figure 3.8 Assessment of the PhyTipurification method suitability for use.

A) Chromatograms overlayof mAb-1 sample blends analysed by HT SEC containing 0% (blue),
35% (red), 65% (green), and 100% (pink) of mAbtressed sample spiked into the RS. The sample
was stressed by expog the RSto 70 °C for 60 min to induce the formation of HMWS. B) Linear
regression analysis of the %HMWS present in the sample blend analysed by HT SEC.
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The methodassessmerstudy confirmed that the proposed PhyTip purification method was
fit for processing as little as 300 pL of cell culture supernatants-DW® achievig 80+

5 %R within 70900 pg column loading range and providing 160 uL of purified product for
following downstream analytical characterisation. Further assessment of the method fitness
for-purpose demonstrated that the HMWS profile of the moleculatefest was not
compromised by the purification conditions. The application of the PHyd$ed method

for the purification of samples containing various levels of HMWS impurities was

demonstrated.

Table 3.4 PhyTip purification method assessment results.

Parameter Target Expectation Results
Precision No more than 20% CV in %R amongst t mAb-1 %R CV = 0.50
(Repeatability) replicates (n=6). BsAb-1 %R CV = 2.08
Linearity RO 0. 8 5 vsfcaumn Ib@Bexpressec mAb-1: R = 0.99

as PhyTip column %capacity. BsAb-1: RZ = 0.99
(Figure3.7, A)
Column loadingrange %R O 70% wi th CV O ~10110% column
capacity 83 %R, CV =
14%
(Figure3.7, B; Appendix
A, Table9.3)

Sample stability T-test showing no significant changes | T-test pvalue < 0.05 in
value, 0.05) in thesize variants profile all the conditions teste
before and after purification. (AppendixA,

Table9.4)

Suitability-for-use Linear variation of %HMWS impurities R R*=0.96;
O 0.85 for the HMW%HMWS CV <10%
CV < 10% amongst the replicates. (Figure3.6)
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332 Faanhd Sensitive Aggr-Exgaltusoinolnal ys
Chromatography

3.3.2.1 Overview

SEC is a straightforward approach for the analysisiz# variants irbiopharmaceuticals.
Compared tather modes of chromatography such as IEX, HILIC, and RP, SEC method
development is driven by the optimisation of only a few facimedominantlythe column
chemistry and mobile phase compositibievertheless, this advantage comes with a limited
number of measures that can be implemented to improve the separation regardless of its fin:
application. Due to the neretentive nature of SEC separationg éxpected peak volume

is low and severely affected by the system dispersion occurring as a consequence of th
extracolumn dead volume @). The minimisation of the dis, therefore, of paramount
importance to achieve optimal size variants separatiosbB§. Sources of & are the
injection volume, the fluidic path of the LC systémthe column inlet and from the column
outlet to the detector including the flow cell, as well as all the connections embedded therein
The use of large ID columns compensdia the loss of efficiency due to the considerable
dispersion occurring in classical HPLC systems. Nevertheless, recent tedatadolog
advancements have brought the implementationltod-high-performance size exclusion
chromatography(UHP-SEQ columns baracterised by decreased column volumes and
particle size that, together withe increased mechanical resistance to high pressure, improve
the analysis throughput whilst still maintaining a desir&deThe ordinary dimensions of
modern UHPSEC columngre 4.6 mm x 150 mm ID x L (internal diameter x length) packed
with sub2 pm particles. This column format enables fasegrarationshan those obtained

by the standard HPLC columns with 7.8 mm ID x 300 mm L, aBdugh particlesvithout
substantial commise of the analysisRs Along these lines, UHPLC systems were
optimised to have low 84 (< 10 uL) to compensate for the band broadening effect resulting
from the use of small ID columns. Modern UHPLC setups withzum particle columns
provide a 25 fold decrease in plate height and-4 fold boost in analysis spe¢dekete et

al., 2013 Yang et al., 2015Goyon et al., 2018However, there is little evidence of the use

of SEC columns with < 4.6 mm ID. Smaitale chromatography columns such as capillary
SEC columns coupled to fluoresce detection prove promising for enhanciityer(fea,
Moreno, et al., 203, Rea, Lou, et al., 2012)
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Despite reductions in column ID being a common practice for improving method sensitivity,
this might not be the best approach for SEC since thecten of the column ID produces
larger band heights with a detrimental effect on geak hus, the implementation of small
scale SEC in the biopharma community has so far been limited. Furthermorescatell
SEC columns are difficult to pack due te ghoor resistance to packing pressure of the small
scale highly porous material. Up to date, < 1 mm ID SEC columns are not commercially
available or only available as custgracked products. The lack of both the availability of
such column formats and mdaaturing QC consequent to custgracking procedures
hamper the implementation of smatlale SEC irthe industry for supporting platform
testing.

Aiming to develop a SE®ased ranking tool for clone selection during eathge product
development, the.2 mm ID column format was found to be a suitable compromise between
the peakRsand sensitivity required in comparison to traditional 4.6 mm ID SEC columns.
This study presents the development of a platform HT SEC method using 2.1 mm ID
columns for the aalysis of mAbs and BsAbs aggregates expressed in CHO cells cultured in
96-DWPs.

3.3.2.2 DoE-AssistedMethodDevelopmerfor mAks and BsAbs HMWAhalysis

The development of a platform HT SEC method for monitoring aggregation in mAbs and
BsAbs was achieved by usiagDoE approach. The molecules chosen as models for method
development were mAbhand mAb2 ( bot h | g G-l (aBi®Y antib@dfordna)B s A b
For generating samples suitable for method development, the two mAbs containing >99%
main productvere stressedt 70 °C for 60 mirwhich induced the formation of17% and

~3% HMWS impurities in mAHL and mAB2, respectivel analysed by the AstraZeneca
benchmark SEC method for QC testing (AZ SEC S@RBpendixA, Figure9.3 A and B.

A CAT-S CHO stable clone feldlatch overgrow expressing BsAbh(Chapter2, Section2.3)

was cultured to obtain the BsAtM used for method developmemteHCCF was purified

in buk by ProteirA chromatography to generate homogeneous material for analytical
method development. Aggregation analysis by AZ SEC SOP confirmed tigstAbel RM
contained35% HMWS impurities(AppendixA, Figure9.3, C). Therefore, no further stress

conditions were applied to induce aggregatl®BC analysis of all the sample models was
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performed usinghe AZ SEC SOP for the accurate quantitation of tHdWS impurities.
This provided an indicative %HMWS target level to match by the HT SEC method.

The DoE approachsed for method developmantolved the use of a mulfactorial, two

level MESD which served for selecting the most influential factors thgmifscantly
impacted the separation of the 2 mAb candidates. For this $tushyection volumeNacCl
concentration and column chemistry were selected as factors to &pgaEmdixA, Table

9.6). In respect to the column chemistry, two types of columns were assessed, the Water:
and the Sepagolumns both of equal dimensions, 2.1 x 150 mm ID xQhépter2, Section

2.1.4 Table2.1). The former was packed with ethylebbedged hybrid (BEH) dictoated
spherical particles with 1.7m diameteand200A pore sizeparicles whilst the latter was
characterised by a lajown monolayer hydrophilic film bonded to spherical silica particles

of 1.8 nm diameter and 308 pore size. More information on the packing chemistry is
proprietary to thenanufacturerand therefore not provided hereinOther variables such as
sample pH and concentration were not taken into consideration for further optimisation since
these parameters are strictly dependent on the process conditions upstream of the analys
To ease thevorkflow and maintain the throughput, steps such as buffer exchange and sample
concentration normalisation were not evaluated herein. Along these lines, the mobile phas
NasPOy buffer concentration was also fixed at 50 m®Wwing to the importance of method
sensitivity for its final application, mulivavelength monitoring of the UV absorbance at
both 210 and 280 nm was selected since the former was reported to improve methoc
sensitivity (Rea, Moreno, et al2012) although the latter may be necesdargpecifically
discriminate large protein¥ hebuffer and the column temperature were kept constqui at

6.8 and 25 °Gas per standard operating procedures (SOP) previously optimised within the
company for this class of molecules. The quality of the separation was assessed through tr
calculation ofthe tailing factor (Ts) of thenain producpeak, and the Rs between thain
productand HMWS peak. These parameters were chost#re®&0E responsesAppendix

A, Table9.6). Forabetter understandingf how the factorexamined in the Dokfluenced

the separation efficienciinear regression analysis was used to build an empiricallrfarde

each response separatefyppendixA, Figure9.4). As evidencedn Table3.5, all the factors
werepredicted to have a statisticaflignificantimpact on the separation efficien@yvalue

O 0.05) with the mBHaClconeentrationTheDoE model shavedn g
that a minimum of 100 mM NaCl was nesary for resolving the HMWS from thmeain

product peak. However, further improweents ofthe chromatographicseparationwere
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attainedvhen usingaNaCl concentration of 200 mMdditionalconsiderations on the final
method conditions selected as a restithis experimenarediscussed below.

Table 3.5 Effect summary report of the HT SEC MESD model estimates.

Source FDR LogWorth FDR
PValue

NaCl (mM)(5,200) 6.350 | 0.00000
InjectiorVolume(uL)(0.5,10) 1969 ] i i i 0.01073
Column 18750 1P i i il 001333
F (mL/min)(0.05,0.15) 12747 1 0 i it 005317

The model prediction profileiF{gure 3.9) displayed how the Ts, %HMWS and Rsiedr
depending on changes in the method conditwhgh impacted each of the responses
significantly. The model estimates were reported as preditede desirability function
(Appendix A, Equation 9.3). This enabled the identification of the optimal method
conditions that led to values of Ts and %HMWS close to 1 and 17%, respectively as well as
an increase in the Rs between the HMWS andh mianduct peaks. All the MESD responses
were significantly influenced by the concentration of NaCl and tHedule3.9 A, B, and

C). In SEC separationds is usually a sign of proteistationary phase interactigrisence

the addition of saltingut agents such as Naf shield the protein hydrophobic regions
minimises the secondary interactions with the column. Furthermore, these experiments
demonstrad thathigher F improved peak shape by reducing peak width and distortion as
well as playing a part in minimising the secondary interactions. The Rs between the main
product and HMWS peaks was also positively influenced by mobile phases containing 200
mM NaCl. Interestingly, lower F improved the Rs values, however, tliecefvas not as
strongas thecontribution given by thé&laCl concentratiorasevidenced by the lower slep
displayed by the prediction profileFigure 3.9, C). Noteworthy, higheF reduce analysis

time which is key for HT applicationthusF wasoptimised to 0.15 mL/min according to

the column backpressure limMoreover, the Waters column enablad overallgreater
performance than the Sepax colufon both mAb models, hence it was selected as the
optimal stationary phase for this method. Ladty injection volume hada positive effect

on the RsThis providel a first estimate of the method sensitivity and dynamic range for

samples containing-17% HMWS impurities However, further considerations on the
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injection volume limit and its impact on peak broadening will be discuss&kdation
3.3.2.4 The conditions estimated by the MESD were sufficient to obtain a desirable
separation between HMWS impurities andin producpeak in both mAbs modihus, no
further optimisation was undertakefhe final optimisedmethodis reported inTable 3.7
whichunderwent rathodassessmenb evaluateats suitahlity for application to the analysis

of theHMWS impurities inmAbs and BsAbsamplegsee Sectio3.3.2.9.
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Figure 3.9 HT SEC MESD prediction profiler.

Model prediction profilers for all the MESD responses with factor values estimated at the maximum
of the desirability function. A) Ts varied significantly in relation to F, NaCl concentration and was
closer toits targetalue (L = 0.2 at higher F, and N@ and by using the Waters column. B) %HMWS
was set to a target match of 17% amwaks significantly influenced by F, NaCl and coluntype

Higher values of F and Na@long withthe Waters column enabled HMWS quantitation closer to
its target value. CThe modelwas set to maximisthe Rsandwassignificantly influenced byhe
injection volume (Inj. V)the concentration dlaCl andthe columntype Maximum Rs value was
achieved by decreasing the Inj. V, increasoogcentrations oNaCl, and by using the ¥¥ers
column.
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3.3.2.3 Method Development Considerations for B¥bslels

Bispecific antibodies are larger than mAbs and usually prone to gegeadtigher extent

of aggregatiorfManikwar, Hari, et al.2020) The causes of HMWS formation are diverse
and often unknown due to the multifaceted possible aggregatitmvaz. Therefore
several strategies are often attempted to tackle this problem from different amdjt€ES
experiments are frequently adopted. HT size profiling of large biomolecules is hampered by
the size of the aggregates ahd great extent of thdMWS impurities expected in BsAbs
samples may challenge the method resolving power. Therefore, further investigations on the
HT SEC method development were undertakath the aim to maximise the separation
efficiency for BsAbs candidates. A full factoridesign(FFD) DoE was carried out to
optimise the method conditions for the BsAlnodel. Based on the result of the MESD, the
mobile phase ionic strength proved to be the most significant factor impacting the separation
efficiency (Table 3.6). Moreover, several published studies testifto the influence of
column chemistry in SEC separations and the importance of column selection for specific
classes of moleculg$soyon, Beck, et al.2017; Uliyanchenko, Schoenmakers, and Wal
2011; Popovici and Schoenmake2805; Fekete et al2 0 1 4 ; Goyon,20,6 At r i, et
Fekete et al.2018) In this study, the DoE approach was focused on both the optimisation
of the mobile phase composition in respect og@& buffer and NaCl concentrations
alongsidehe evaluation of three columns of equal dimensions (2.1 mmlED»mm L) but

with different packing chemistries. The column chemistries of the Waters and Sepax
columns were previously describegeé Sectior8.3.2.3. Additionally, a third column
manufactured by Agilent was also evaluated. Tdokimn is characterisebdy a highly
hydrophilic stationary phase composed of stggaated silica particles with 1rfim diameter

and 3004 pore sizeTheother parameters wekeptconsstentas reported ilppendixA,
Table9.7. The qualityof the separation was evaluated in terms of gesind %HMWS.

The latter was set to match the quantitative data obtained by the AZ SEG\RRdixA,
Figure9.3, C).

A linear regression analysis was used to build an empirical model for each response and
study how the %HMWS and the peak Rs varied in relation to the mobile phase iargthstre

and column chemistryAppendix A, Figure 9.5). The summary of the model effeats
reported inTable 3.6. Interestingly, none of the model factorsdaimteractions had a

significant effect on the Rs between the main product and HMWS peaks. However, the
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effects on the Rs between HMWS H1 and H2 (Rs(H1/lH&ure 3.10) were significant,

hence the Rs(H1/H2) was used as a parameter to evaluate the efficiency of the separation.

Main Product Pe

(00}
o

(o))
Q
1 1 1 1 1 1 1 1

N
(@]

N
Q
1 1 1 1 1 1 1 1

Absorbance (mAU)

Figure 3.10 BsAb-1 size variants profile ofBsAb-1 with peak assignment details

Chromatogram of BsAli analysed by HT SEC displaying the separation between the HMWS, the
main product peak and system peaks. The zoomed area illustrates the HMWS H1/H2 shoulder. Th
sample concentration was diluted to 5 mg/mL before analysis and thioimjeoclume was Ini..

Further method details conditioasedescribed inrable3.7.

It is worth considering that further improvements in the Rs betwi?dWsS (H2 andH1)

and main product peakere limited bythe poor resolving powerof the SEC separation
accentuatetby the use of narrow ID column. Further attempts at increasingRkef the
method may be focused on reducing the instrumegtiyvoptimising the fluidics path. This
would entail reducing the length and diameter of the capillary tubing and optimising the
fittings as well as replacing the instrument parts to laheinternal dispersion volume. Due

to the complexity and resourcesguired for such a procedutljs was not included in the
scope Despite the instrument limitation, the HMWS/main product Rs values were

considered fifor-purpose hence, the method development moved forward.
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Table 3.6 BsAbs HT SECmethod developmenDoE effect summary

FDRLogWorth | | FDRPValue| |

Na,PO, (MM)*[NaCl] (mM) 4151 | i 0.00007
Na,PO, (mM)(50,200) 4151 00Em 0.00007 ~
NaCl (mM)(0,200) 1813 i 0.01538 ~
NaCl (mM)*Column o625i | il 0.23698
Na,PO, (mM)*Column 0400 | 11 0.39030
Column 0400 it 0.39030 A

Not surprisingly the mobile phase ionic strength generated by the concentration of both
NasPQs buffer and NaCl was the most significant factor influencing the separation
efficiency. These results were consistent with the previous ana$gssSectior8.3.2.9.

The DoE model prediction profileF{gure3.11) estimated that the mobile phase composed

of 50 mM NaPQ; buffer and 200 mMNaCl columnmaximised the Rs(H1/H2). Moreover,

the HMWS quantitation achieved by using the Waters column was closer to the one provided
by the AZ SEC SOP in comparison to the Agilent and Sepax columns. NotewortRg the
between HMWS and monomer peak of BsAlwasimprovedwhen usingeitherthe Sepax

or theAgilent columns. This may be explained by the larger pore size of these col86ths

A) in comparison to the Waters column (20Dallowing for better separation of the BsAb

1 HMWS. Nevertheless, it is worth conerthg that the improved Rs may also be the result

of the lower HMWS area obtained by both Agilent and Sewdich in turn compromised

the quantitation of the HMWS impurities. Therefore, the Waters column was selected as the

optimal stationary phase fordlpresent method.
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Figure 3.11 FFD model prediction profiler for BsAbs method development

2x2x3 FFD model prediction profiler at the maximum of the desirability funciiba.ionic strength
mobile phase was reported in terms of the concentrations#fMand NaC| both in the range 50

200 mM. The effect of the stationary phase chemistry was assessed by the use of three differer
columns manufactured by Agilent, Waters @&pax. The %HMWS with target match = 35% was
improved by the use of increasing concentrations of NaCl and by using the Waters column.
Conversely, the Rs(H1/H2) and was enhanced by decreasing the concentratigR@faxd by

using the Sepax column.

Thisexperiment confirmed that the method conditions previously selected for mAbs can also
successfully be adopted for the analysis of BsAbs candidates. The present analytical toc
was proposed as a platform HT SEC method for supporting the analysis of HMWS
impurities in both mAbs and BsAbs, designated to be applied as a ranking tool for drug

candidate and clone selection in early drug development.
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3.3.2.4 MethodOptimisatiorand Throughput Evaluations

To ensure the suitability of the HT SEC method agofitpurposeto support iRprocess
developmensample testindurther optimisation was performeBuring earlystageCLD,

the expression titres are often low and the samples are poorly concentrated even after
purification. As previously mentioned, large injection voasgiresult in an increasecV
affecting SEC separations, especially when small ID columns are adopted. Therefore, it is
important to identify the injection volume range before qualifying the method. To evaluate
the optimal injection volume range, samplathwdifferent concentrations were prepared in
duplicates and injected by varying the injection volume-{&% pL) to maintainan
eguvalentmass loaded on the colun@® pg). As shown inFigure3.12, increased injection
volume resulted in the alteration of the SEC profile. irfjection of 18.5nL resulted in
largerpeakwidth (reported as peak width at half height)(and distotion (Ts) of the main
product peakas evinced by the appearance of a right shoulgigufe 3.12, C). The Rs
between HMWS and main product peak was also compromisethamsdhaller peakto-

valley ratio p/v) observedmay be the result of the extensive band broadening effect as a
consequence of increased:\WWoreover, the considerable drop in peak area ragyitas a
consequence of the extensive band broadeiimig. experiment enabled the identification

of a suitable injection volume range. Conversely, keeping the injection volume constant (10
pL) and varying the column loading both within the range limits did not affect the SEC
profile as displayed ifigure3.13. This, bgether with the linearity study, served to estimate
the column loading rangd the method2-15 Q).
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Figure 3.12 Evaluation of the HT SECmethod optimal injection volume range

A) BsAb-1 samples with concentrations 0.27, 0.89, 3.33, and 6.25 mg/mL were prepared in
duplicates and analysed by HT SHE@eping the column loading constant tathby adjusting the
injection volume to 18.%1 (pink), 5.6nL (green), 1.571L (red), and 0.8 (blue), respectively.

Peak distortion was observed when analysing the samples with a concentration of 0.23 mg/mL by
injecting 18.5nL. B) Peak analysis of the chromatograms obtained wjeating 0.8nL. The Rs
between HMWS and main product peak was 0.9, the-fea#illey ratio of the HMWS (g'v) and

main product peak (gv) were 7 and 1.3, respectively; the peak area of the HMWpdd main
product peak (#) were 387 and 2240, respigely; the main product peak height, (h), width at half
height (w,), and Ts were 217.38, 0.146, and 0.7, respectively. C) Peak analysis of the chromatogram:
obtained when injecting 18 and displaying Rs between HMWS and main product peak as 0.7,
the peakto-valley ratio of the HMWS (p'v) and main product peakyfy) as 5 and 1.0, respectively;

the peak area of the HMWS gPand main product peak (A as 10.27 and 89.73, respectively; the
main product peak height, (h), width at half height)( and Ts = 77.035, 0.229 min, and 0.5,
respectively.
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Figure 3.13 Overlay of 10 uL injection of samples with different concentrations.

BsAb-1 samples with concentrations 0.27 (pink), 0.89 (green), 383, (and 6.25 (blue) mg/mL
were prepared in duplicates and analysed by HT, 8E€ping the injection volume constant to 10
ni.

To increase the throughput, the overlapped injections option was chosen as the default
instrument setting. This enablef.7 mintime gain per injection without compromising the
separation efficiency and method repeatabili§pgendix A, Table 9.8). Injection
overlapping allows the instrument to prepare for the next injection before the completion of
the previous. This way, the next injection staght at the end of the previsuun bypassing

the time spent by the instrument to prepare for the next injection. This maxitmése
instrument capabilities fdrigherthroughput applications. The total run time of the HT SEC
method from injection to data acquisition was 3.5 min englihe analysis of a 9BWP in

5.6 hours. A summary of the optimised HT SEC metisagported imable3.7.
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Table 3.7 HT SEC method
HT SEC Method

Column Waters ACQUITY UPLC Protein BEH SEC Column, 2004, 1.7 |
2.1 mm X 150 mm

Mobile phase 50 mM NaHPO4/NaHPQ;, 200 mM NaClpH 6.8

F 0.15 mL/min

Temperature 25Co

Injection Volume 0.510 pL

Column loadingange 2-15ug

uv 210 nm,280 nm

3.3.2.5 MethodAssessent

Method assessmewts performed tqualify theHT SECmethod for its intended us€able

3.8 outlinesthequalification parametetarget expectationandresults fronthis study.The
method specificity was assessed by comparing the UV profile of a sample containing mAb
against those obtained by injecting 20 pL of process buffgpdndixA,

Figure 9.6). Precision was assessed in terms of repeatagleigiuated by calculating the

CV of the main product and HMWS peaks retention times and relative peak areas over the
6 replicates of headtressed mAHL and mAb2. The sample concentration was diluted to 1
mg/mL before analysis and the injection volume was kept constanirito{ Appendix A,
Figure9.7). The stabilityindicating capabilityof the methodvas assessed lopmparing the

UV profiles of stressed sam@against thenAb-1 RS and BsAHd DS @AppendixA, Figure

9.8). A linearity study was performed for each moleoutgch involved the assessmeuoit

5 concentratiorlevels, each analysed in triplicate. The sample concentration for-BsAb
were 0.2, 0.4, 0.8, 1.7, and 2.5 mg/mith aninjection volumeof 10 ni, whilst sample
concentrations for mAb-1 and mAB2 were 10, 8, 4, 2, and rhg/mL with an injection
volumeof 0.1mL. This evalua@édthe method linearity at the extremes of the injection volume
range, over a range of concentrations, and different molecules. Linear regression analysi:
confirmed a linear response of the variatidtHWS and main product peak area against
the sample concentratioAgpendixA, Figure9.9). Accuracy was inferred by the linearity
study of each molecule and involved detelimgnthe difference between the mean of
HMWS and main product peak %area of the sample replicates of eatline3) and the

grand mean (n=15). The data reportedppendixA Table9.9 demonstated the accuracy

of the methodThe methodimit of detection (LOD) and limit of quantification (LO@Jere

inferred from the calibration curnad BsAb-1 used for the linearity study calculated for the
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HMWS peakas described inGhapter2, Section2.5 Equatiors (2.5.27) and (2.5.26),
respectively. Linear regression analysis of the peak ar®ahe proportional protein load
(nmg) was performed to determine the LOQ and subsequently the(B@endixA, Figure
9.10).

Table 3.8 HT SEC method assessmenesults.

Parameter Target Expectation Qualification Results
Injection Comparable peak shape and no p 0.1-10 pL (AppendixA, Figure9.9).
Volume range  distortion observed (n=2)

Column loading Consistent %HMWS with S/N ratii 2-15 pg @AppendixA, Figure9.9).
range >10

Specificity No interfeing peals between the No interfering peaks from mobil
sample and the iprocess bffer LC phases and formulation buffer at t
traces. retention times of the RS peaksre

observedAppendixA,
Figure9.6).

Stability- Observe changes in the RS peak prc Changes ObservedAppendix A,

indicating Figure9.8).

Repeatability No more than 10% CMor both the mAb-1 main product peak RT CV
main productpeak and HMWS peak 0.1, area CV = 1.81%, HMWS R
retention time (RT) and areéA) over CV =0.19, area CV = 8.86; mAD
the replicates (n=6). main product peak RCV 0.07, area

CV = 0.05, HMWS peak RT CV =
0.09, area CV = 1.73AppendixA,

Figure9.7).
Linearity R> O 60. fer reference peak are Main product: R = 0.99
linearity & concentrationlevels, n=3 HMWS: R’ = 0.99
technical replicatgs (AppendixA, Figure9.9).
Accuracy CvV 0] Bebven the mean ¢ BsAb-1 %HMWS CV = 4.92%;

(inferred from %HMWS of each linearity level of th mAb-1 %HMWS CV C
all the levels in =~ molecule(s) in examine (n=3 x 5 x MAb-2

the linearity molecules) and the grand mean (tc %HMWS CV O Appen@x
study. n=15 x 3). A, Table9.9)

LOQ The CV of the reference peat each LOQ BsAbl HMWS = 4.6% (2.3
concentratiolevel musto e O 2 np)
O 0.95 for r evste
protein load. Results reported as %
the total peak area

LOD Results reported as % of the total p¢ LOD BsAb-1 HMWS = 1.55% (0.77
area ny)
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333 Pr cooffonclmppdtiicon of Mehnen oHITSEC

The proposed analytical method was developed for application in-sadg product
development as a ranking tool for clone selection based on the total %HMWS impurities
present in the sampleBo demonstrate theapabilityof themethodto discriminat amongst
sample with different levels of HMWS, samples containing various degrees of aggregates
were generated artificiallyf=or this proofof-concept experimenBsAb-1, BsAb2, and
mAD-1 were chosen as modelf the BsAbs and mAbs class&EC analysidy the AZ SEC

SOP method demonstrated tHa%HMWS of BsAb-1 and BsAE2 were~35% and~22%,
respectivelywhilst mAb-1 showed~17% HMWS after heatstress at 70 °C for 1 hour.
Subsequently,he HMWS and main prduct peakiractions were collected and blended at
different ratios to generate samples with various levels of HMWS impufitiessampls

were analysed by HT SEC and the resalts shown inFigure 3.14. Linear regression
confirmed that th&IMWS peak area measured by HT SEC varied linearly in response to the
%HWMS spiked AppendixA, Figure9.11). This evidence that the method was suitable

to distinguish from samples witbw and high %HMWSandcouldthereforebe adoptedas

a ranking tool in clone selectigeee Chapter 6)
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Figure 3.14HT SEC of samples with various degreesf HMWS impurities.

HT SEC stackedhromatograms of A) BsAf, B) BsAb2, and C) mAbl blends showing the
presence of different levels of HMWS impurities. To generate the BsAbd BsAb2 sample
blends, the HMWSraction was spiked intathe main product peaKraction to form samples
contahing 0% (blue), 10% (red), 2046 (green),406 (pink), 60% (gold), and 1001MWS whereas
the mAB1 blends were constituted byddblue), 3846 (red), 696 (green), and 100%purple) stressed
material spiked into the RS. The sangplerediluted to 1 mg/mlprior to analysis by HT SE@iith
aninjection volumeof 5.
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Part -BssDbDMeétehdod Devel o
for the Analysi s of mA
Cati on Exchange Chr oma

3.4 Abstract

Cationexchange chromatography (CEX) is the industry gold standard for the analysis of
biopharmaceuticals charge variants. However, the developmentoi@ihods in a time

and resourcefficient manner constitutes a bottleneck in protein characterisation. CEX
separations are complex and governed by multiple factors such as column chemistry,
gradient type, flow rate, mobile phase composition andSe¥era scientific publications
haveproven the successful applicatiohdesigrof-experiment (DoE) in chromatography
method development. Nevertheless, performing DoEs with a large number of factors may
be challenging, timeonsuming and expensivehis work illustrates the use ot splitDoE
approach to aid the development of a CEX method for the analysis of the charge variants
profile of a mAb candidate. Analytical method developnvest intended to providetagh
throughput HT) CEX method to support charganants analysis with minimal sample and
time requirements. The splloE approach is based on fundamental knowledge of the CEX
separation mechanism and aims to reduce the number of experimental runs whilst exploring
a wide experimental space. Regressiondelling was used to study the effeaft both
individual process parametesdtheirinteractionontheseparatiorefficiency to ultimately
identify the optimal method conditions. This study provides an efficient workflow for

leveragingthe developmentfdCEX methods
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3.5 Introduction

Saltbased linear gradients are considered the gold stand&HBX method development
providing high charge variantgesolutionand desirable methobbustnesqGuillarme,
Fekete, and Bec¢iR015) However, several scientifstudieshave focusdon evaluatingthe

use ofpH gradients and reported the successful applicatiadhe analysis of therapeutic
proteins charge varian{gussl, Trappe, et al2018; Leblanc et 312017) The separation
mechanism of CEX is irdrently complex and influenced by several factors such as column
chemistry, mobile phase composition, pH, type and shape of gradient oftenngequir
optimisationfor each proteimrugcandidat§Rea et al.2011; Fekete, Beck, Veutheet al,
2015) Moreover, CEX separation mechanisms can be influenced by the type of molecule
and its pl in solution thusrequiring caséy-case optimisationFarsang et gl.2019;
Murisier, Farsang, et al2019; Fekete, Beck, Veuthey, et, &015; Farsang et ak020)
Therefore, the development of CEX methods in a time andefisient way constitutes a
bottleneck in protein characterisation, especially when platform methods are-fioot fit

purpose.

DoE approaches have proven valuable tdolschromatography method development
enabling theinvestigation ofseveral factors simultaneoudly finally achieve the desired
separatiorf Kumar et al.2018) The splitDoE approach presented in this chapter based

on fundamental knowledge of the CEX separation mechanism andsed® aid method
development by reducing the number of experiments required to study multiple factors at a
time and their dependencies. An example of a-Bi strategy was previsly described

by Shekhawat et al. to support the development of chromatographic methods used in proteit
purification (Shekhawat et al. 201.9yhe method presented hereseda saltbased linear
gradient coupled to DAD detection for charge variants profiling of fhAlmder native
conditions. Similar to what was previously described by Shekhawat, a first DoE (dak1)
used to investigate the factors that were expected to influence the separation most
significantly, whilstasecond DoE (DoE2) served to fitiene otherfactors that were likely

to affect the separation but were also dependarihe choice ofthe process parameters
screened in DoE Precisely, DoE1 served to select the column and the mobile phase pH,
whereas DoE2 was used to optimise the gradient, therbahic strength, and the flow rate

(F). The separation efficiency was evaluated in terms of experimental peak capacity (ePC
which was used as a response for both the DOEagter2, Section2.5, Equdion (2.5.13)).
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Moreover, theresolution Rs) between the main species peak (M) and the lhiasic peak
(B1) was monitored as aresponse in DOE2. Other parameters syaoaswgn temperature,
UV absorbance, injection volume, and column loading were kept constant throughout the
method development as reportedAippendix A, Table 9.10. Moreover, the CEX method
was implemented as a HT analytical toiblerefore it wasdesigned to require minimal

sample and time for analysis.

This studyaimed toprovide an efficient platform analytical workfloler CEX method
developmentThe workflow wasapplied to generata HT CEX method for the analysis of

the chargevariants of a mAb candidate.

351 DoEl1l: 4X2 Factorial Design

DoEL1 is a full factorial design (FFD), a type of DoE that estimates alggtee polynomial
modeland is used to gather information about all possible interactions. The size of an FFD
depends on the number of factors (n) and the levels of the factousdk) investigation

which defines the number of experimental treatments)(Ln comparison to screening
designs, FFDs are largidaus,more efficiently adopted when a small number of factors are
studied. The design presented here is a 4x2 factorial jedigracterised by 2 factors,
column and pH, of which the former is a 4 level categorical factor (4 columns) and the latter
is a 2 levels continuous factor (pH 5.5 and 6.5). Moreover, a centre point was added for each
categorical factor, to gather the dait the middle point of the pH range for each column as

well as increasing the model strength resulting in 12 experiments in total.

Figure 3.15 illustrates the spatial representation of DoE1l. CEX separations are often
characterised by multiple charge variant peaks, however, it is generally impractical to
achieve significaniRs for all peaks of interest whilst maintaining a desirable analysis

throughput.Thus, the separation power of the chromatographic method was evaluated in
terms of ePC rather than peBk The ePC was chosen as a response in the DoE used for

method development.
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Figure 3.15 Visualisation of the DoE1 data points on a cube

Experimental space of the 4x2 FFD under investigation displaying factorial points (purple) and the
centre points (blue) on a cube. The column is a categorical factor vatield (14) corresponding

to the Agilent, Phenomenex, Sepax, and Waters columns; the mobile phase pH is a numerica
continuous factor with 2 levels (/corresponding to NRQy buffer pH 5.5 and pH 6.5. The centre
points correspond to the middle pointtbé pH range (6.0) added for each column.

To develop a HT CEX separation fit for supporting charge variants analysis of
biopharmaceuticals expressed in small scale cell culture systems, the final mattaldo

be fast and sensitive. Hence, four columiith equal dimensions (2.1 mm ID x 50 mm L)
but different chemistries and packing properties were evaluated as reippof@thpter2,
Section2.1.4 Table2.1). The relatively short column length enabled the use of fast gradient
time (g) 10-15 min forseparating the mAb charge variarEschcolumnwas packed with

a stationary phasenade fromnonporous(np) particles coated withydrophilic polymes

with abuffering capacityf 2-12 pH rangeThe hydrophilic polymer coatingf each column

was functionalised witdifferent cation exchange ligandshe column purchased bygient

and Watershore a gibong catiorexchanger (SCX) ligand (sulfonic group), whereas the
stationary phase of the columns providedRhyenomenex and Separntained a weak
cationexchanger (WCX) (weakly adm moieties such as carboxylic acid groups).
Noteworthy,the columns particlebad different diametes (dp) (Sepax 1.7 um, Waters 3
um, Agilent 5 um, and Phenomenex 6 um dp). It is well established that the chemical nature
of the column ion exchanger, the ligand density as well as particle size can siggificantl
influence the retention mechanishlarge biomolecules CEX (Murisier, Farsang, et al.
2019)

Since the net charge of a molecule is strongly affected by the pH, a common praciae in

Is to use mobile phases widpH that is twovalueshigher or lower thaithe analyte pl to
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ensure the presence of a superficial charge. The pl of-Afeasured both 4silico by
GPMAW and experimentally by clEF analysis, was 9.2. Hence, the choice of a buffer system
(NasPQy buffer) that coveredthe pH range of 556.5 was most suitabléo enable the
formation of a net positive superficial charge. For the reasotlimed abovgthe stationary
phasechemical properties, structure and morpholagywell aghe mobile phase pH were
selected for DoEJA generic lineagradient ramping from 40 mM to 500 mM NacCl in 15

min was applied at a flow rate of 0.17 mL/min.

Linear regression analysis was adopted to build on an empirical model to identify the best
stationary phase amongst the four columns scred@eplent, Waters, Sepax and
Phenomenex) together with the optimal mobile phase pH in rangé.%.9he model
obtained with ePC as a response was statistically significant witdlups < 0.05 and
coefficient of determinations®® 0.85 (AppendixA, Figure9.12). The colourcoded heat

map inFigure3.16 showed the variation of the ePC response obtained from elachroes.

the mobile phase pH investigated. The results showed that all the columns achieved higher
ePC values at pH 6.5 however, the Phenomenex column demonstrated greater separation
efficiencies (29.38 ePC) in comparison to the other columns. This carsumdised by
overlaying the mAHL CEX traces obtained from each column when using a mobile phase
with pH 6.5 Figure3.17, A). The data showed that the Sepax columneaell lower ePC
(12.25) than th&vaters column and Agilent column (12.41 and 16.77, respectively).

This experiment demonstrated that when comparing mobile phases with equal ionic strength
and flow rate, the separation efficiency appeared tonpeovedby the nature of the weak

ion exchange ligand as well as the larger particle size of the Phenomenex ddienefore,

the Phenomenex column and the mobile plpat€.5 wereidentified as optimalo achiewe

high-resolution separation of mAbcharge variants.

114



Column

: Column
Agilent Phenomenex Waters Sepax 2 Agilent
35 il Phenomenex
1 Waters
# Sepax

30 .

o

o

L

§,25

=3

S

S

o

=20

D

o

‘_‘5 ‘ —

.g 15 ' -

[ -
10 [ ] o

50 55 60 65 5055 60 65 5055 60 65 50 55 6.0 6.5
pH

Figure 3.16 DoE1 heatmapof the ePCresponseén relation to the column chemistry and
mobile phase pH.

The heatmap displaying the variation of the ePC in response to the mobile phase pH and the colum
chemistry under investigation Agilent (blue), Phenomenex (red), Waters (green), and Sepax
(purple).
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Figure 3.17 CEX charge variants profile of mAb-1 by using different column
chemistriesand mobile phasechromatograms.

Comparison of the mAfL charge variants profile obtainedth the Agilent (blue), Waters (red),
Phenomenex (green), and Sepax (pink) columns and a mobile gfhaide6.5. B) Comparison of
mADb-1 charge variants profile obtained with the Phenomenex column when using mobilegbhases
pH 6.5 (blue), 6.0 (red), and 5.5 (green). Sample was diluted to 1 mg/mL before analysis and the
injection volume was kept constatt5ni. The method used a linear gradient ramping from 40 mM

to 500 mM NacCl in 15 min, 0.17 mL/mk 25 °C column temperature, 280 nm UV detection. Before
each DoE1 treatment, column equilibration was achieved by flushing with 20 column voluimes of
mobile phase composition at the start of the gradient. The column was conditioned with a blank
injection before analysis of the sample.
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352 DoE2: B8B8lmxken Desighn

The design chosen for DoE2 was a Heehnken design (BBD), a type of response surface
design genmlly used for optimising the response variables investigated. As shduguie

3.18, the BBD requires three levels and each treatment combination at the midpbmt of t
cube edges and the centre. This type of DOE model was considered suitable for optimising
the F, gradient steepness, and mobile phase ionic strength to ultimately abbievest
desirable separation of mAbcharge variants. The quality of the separaivas evaluated

in terms of ePC an&s between the main species peak and the first basic variants peak
(Rswey) (Figure3.17, B). The BBD comprised @tal of 15 experimental treatments.

F /9
(¢Ed

Figure 3.18 Visualisation of thedata points ofthe DoE2 on acube

Experimental design space of the BBD on a cube displaying the factors under investibation,
factorial points (purple) and the centre points (blue). All the factors, namely flow rate (F), NaCl
concentration at the start of the gradienda(fs), and luffer concentration (ger) Were numerical

and continuous with 3 levels (+, 0, andcorresponding to the maximum, medium and minimum
points of their range examideF (0.13, 0.17 and 0.21 mL/min)s4&0)(0 40, 80 mM), Gusrer (10, 20,

30 mM). The C and Rgpei-were chosen as model responses to evaluate the quality of the
chromatographic separation.

Linear regression analysis was used to build an empirical model to study how the ePC and
Rswey varied in relation to the DoE2 factors under ingeion. The model was
statisticallysignificant with pvalues <0.05 an&?> 0.85 (AppendixA, Figure9.13). Table

3.9 summarised all the model effects and their dependency on the separation efficiency
evaluatedas a function of both the ePC andvrs). TheCoutter, Csattoy, and Fmain effects

were significant (pralue < 0.05) together with th@ure*Chutrer, andF*F quadratic effect.

The quadratic effects indicate the presence of curvatwrs,a rangeof Cyutrer and F values
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that allow for optimakRC and Rgwg1). Moreover, the firsbrder interaction Gufter*Csaito)

was also considerable-galue 0.09). When studying the model parameter estimates for each
responseAppendixA, Table9.12), it is clear that all the factors main effestgnificantly
impacted both ePC ariRigm/s1). However, thé=*F quadratic effectvas significant for the
ePC and not for thRsme1), Whilstthe Gusrer*Choutrerquadraticeffect and Gusrer*Csaito)first-

order interaction were significant for the @®sy and not for the ePC. This study
demonstrated that the overall efficiency of the chromatographic separasaptimal at a

particular F, Guter, and Gaito)

Table 3.9 Summary of the DoE2model parameters effects

FDR LogWorth | _________| FDR PValue

F (mL/min)(0.13,0.21) 2746 | 0.00179
Coutier [MM](10,30) 020600 i i 0.00622
Co [MM](0,80) 1884 i 0.01307
Couter [MMI* Coyer [MM] 1sa7[] 0.02837
F (mL/min)*F (mL/min) 15057 ] i 0.03129
Couter [MMI* g [MM] 1088 | Qi 0.09161
Ca [MM]* F (mL/min) 0462f]i | i 0.34491
Coutier [MM]* F (mL/min) 0220 i i 0.60305
Coat [MM]* Copy [MM] 0036 i 0.91945

The DoE prediction profiler exhittd how the model predictions ved in response to
changes of the individual factofSigure3.19). A desirability function was used &stimate
thefactor settingvhich wouldmaximise both ePC and fR&1) (AppendixA, Equation9.5).

It was observed that decreasing thgeg6:to 10 mM and increasing F to 0.2 mL/min
improved the separatiasf the charge variantgurthermore, increasing theafgo)improved

both ePC ath Rgwsy linearly, implying that shallower gradients improved the separation
efficiency. However, it is worth noting that in CEX separations increasing the mobile phase
Csat causes the analyte to elutieereforethe Gaitwo) must be low enough to peit binding

of the analyte to the stationary phase. The optimised method conditesiemmarised in
Table3.10.
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Figure 3.19HT CEX DoE2 prediction profiler.

HT CEX DoE2 model prediction profiler displaying how the BBD responses ePC anghR&ry

in response to changes in factorgss Csarwoy @nd F. The relationship between ePC anghiRs

with changes in Gierin the range 1480 mM shows a curvature in theu: lower rangelncreasing

Csano) in the range 180 mM improved both ePC and Rsy linearly as didincreag the F in the

range 0.13).21 mL/minwherethe Rgwe1 whilst the ePC showed a curvature in F upper range. The
BBD factors were set to the maximum desirability function and the model estimates optimal values
of Coufter, Csarwoyand Fas10 mM, 80 mM, and 0.2 mL/min, respectively.

Table 3.10 Summary of the optimised HT CEX method.

HT CEX Method

Column: Phenomenex: bioZen WCX 2.1 x 50 mm, 6 um, np
Mobile phase: A) 10 mM Na3PO4, 80 mM NaCl; B) 10 mM Na3P
80 mM 1 M NaCl

Gradient:8-40%B in 310 min linear ramp, 480%B in 0.1 min, 80%E
2 min hold,8%B in 0.1,8%B 3 min hold.

gt: 10 min

F: 02 mL/min

Temperature: 25 °C

Injection Volume: 51L

Sample concentration: 1 mg/mL

UV: 210 nm, 280 nm
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Method assessmemtas performed tevaluate whethethe HT CEX method was fito
supportsample testingSpecificity was assessed by comparing the UV profile of a sample
containing mAbl against those obtained byjaoting 20 pL of process buffers and no
interfering peaks were observetbpendixA, Figure9.14). Method repeatability wagsted

by calculating the R Rswe1), and ePC CV of the main species peak anduihg5 pL
injection of 6 technical replicates of a mAbsampleat a concentration of 1 mg/mhe
repeatability test verified the DoE model estimates with average ePC @ind)Ralues of

18.15 and 3.6, respectivelgpendixA, Figure9.15). A sample of mAHL RS was treated

to induce chemical oxidation by AAPH order toassess thenethod stabilityindicating
capability (Figure 3.20). The UV profile overlay of mAbl RSvs. the stressed sample
demonstrated that the method was able to identify differences inIns&iperficial charge
distribution.An 8-levels linearity study was performed as previously described (see Section
3.3.2.5 to assess the linear response of the main species peak/sarbee sample
concentration as well as to extrapolate the method LOD and LOQ and determine the columr
loading range. The method LOD and LOQ were defined for the smallest basic species peal

in the chromatogram (B3). The methassessmerttata were reported ihable3.11.
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Figure 3.20HT CEX method stability-indicating capability.
HT-CEX chromatograms mirresverlay of a mAbl sample stressl with AAPH (red) against its
RS (blue). Chemical stress was induced by exposure to 1% AAPH for 24 hours at 25 °C and then th
sample was buffeexchanged to remove the stressor. Both RS and the stressed sample were dilutec
to 1 mg/mL before analysis atige injection volume was 1ffL.
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Table 3.11 HT CEX method assessment results.

Parameter
Specificity

Stability-indicating

Repeatability

Linearity

LOD

LOQ

Column loading
range

Target Expectation
Buffer profiles

Observeahechange in the RS peak profile

No more than 0.5 min retention time (R
difference between the shortest and long
reference peak retention time across
sample replicates (n=6). NMT 10% C
Rs(M/B1) and ePC across the sam
replicates (n=6).

RO 0.98 f or tréfezence peal
area linearity.

Linear response of reference peak ae¢he
protein load B3)RO 0. 95. Re:
as % of the total peak area.

Results reported as % of the total peak are

Extrapolated from the linearity and LOQ stu
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Qualification Results

No interfering peaks
from mobile phases an
formulation buffer at
the retention times o©
the RS peaksAppendix
A, Figure9.14).
Changes Observe
(Figure3.20).

RTw CV = 0.24; RE:
CV = 0.27; Rs(M/B1)
across CV = 3.2; eP(
CV = 2.7(AppendixA,
Figure9.15).

Main Species peak: R
=0.99

Basic peak (B1): R=
0.98

(Appendix A, Figure
9.16).

B3 1.14% (1.7 mg)

B3: 3.4% (5 mg)

5-25 ug



3.6 Conclusions

The present chapter inttaced the development of HT tools to support the purification and
product quality analysis of mAbs and BsAbs expressed iDW® cell culture systems.
Moreover, efficient DoEbased analytical approaches to method development were proposed

and implemented

Part A presented the developmentaoHT platform workflow for the purification and
aggregation analysis of mAbs and BsAbs from shakefD\W® cell cultures. The
purification method employed Protei filled PhyTip columns and was successfully
automated ora robotic liquid handlefor the parallel processing of 96 samples at a time.
Method development aimed to maximise the protein %R to provide sufficient material for
following analytical testingin a suitable time for HT operations. D@Ssisted method
optimisation helped the identification of optimal purification conditions in a total of 32
experimental runs. The final validated Phybased purification methodas fit for the
purification of as little as 300L of HCCF providing >80%R over a titre range2ff0-3000
mg/L in < 2 hours. Pogpurification product quality analysis was assessed by HT\@tich
confirmed that the PhyTipased purification methodid not alter the size variants profile
of the molecule ofinterest.Method assessment studiesnfirmed consisteay with the
requirements othefinal applicationwhich isthe purification of mAbs and BsAbs from-96
DWP cell culture systems. The PhyIpprification process provided a @BNP with 160

nL per well of purified and enriched productdopport analytical testing.

A smallscale HT SEC method was developed on 2.1 mm ID columns and provided a rapid
analytical tool for aggregation analysis with sulg sensitivity. The HT SEC method
showed some loss Rscompared to the benchmark SEC metthdd SEC SOPhowever,
theHT method allowed the separation and relative quantification of HMWS in a much faster
time scale and can therefore be applied as a ranking tool to suppoistagegZLD. With

3.5 min analysis time per sample, the HT SEC enabled the processing-BiViPih < 6

hours with a €old throughput gain in comparison to the benchmark SEC method. Moreover,
the need for as little as @y of sample per injection provided a-fidd lower material
required for analysis than HT SEC methpdsformed on 4.6 mm ID colums(AZ HT SEC
method)
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The entire analytical workflow from HCCEF purification to aggregation analysis atlthe
processing of a 9BWP in~8 hours anadlemonstrate@nough sensitivityo be applied to
cell cultures withow expression titres. This analyaloworkflow was qualified aa suitable
HT engine to feedbadkLD activitieswith PQinformation to support process development.

Part B of the present chapter presented aBpliE approach to aid the development of CEX
methods for novel therapeutic canalils. Owing to the complexity of CEX separations,
method development is often laborious and resedersanding. The proposed approach
aimed to minimise the time and resources required for the development of a CEX fit for HT
applications. The spHDoE workflow involved the use ofraFFD for selecting the column

and mobile phase pH range, followed by a BBD to optimise the method F and gradient
steepness. With a total of 27 experimental runs, this approach enabled the screening of 4
columns, mobile phase cowgition, pH range, and F to optimise a CEX method for the
charge variants analysis of a mAb candidate.

Method development was directed to provide a small scale HT CEX method to be employed
as a HT tool in process development to support the charge vaaiaalisis of a mAb
candidate. The method used a 2.1 mm x 50 mm (ID x L) column and allowed a 15 min
separation requiring By of samplegoer run. This would lead tihe processing of an entire
96-DWP in ~8 hours. The present method can be applied as part of the PhyTip
purification/HT SECworkflow, however, it is limited for use with the specific mAb
candidate. Potential implementations of the HT CEX as a platform methodsedhe
proposedsplit-DoE apprach to develom@ platform method bgxtendng the proceduréo

6-10 candidates from a class of molecules with different & implementation of the

methods developed heramfurther discussed in Chapter 6.
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Chapter 4
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4.1 Abstract

Monoclonal antibodies (mAbs) are extremely complex due to the presence of skructura
modifications resulting from various enzymatic and chemicaactions such as
glycosylation, glycation, deamidation, isomerisation, oxidation, aggregation and
fragmentationAnalysis of &e and charge varianégse carried out from the early stages of
drug development throughout a product lifetime to investigatgradatiorpathwaysand
process conditiong.his chaptepresents the developmenta2D-LC approaclcombining

both size and charge variants profilimf a mAb candidaten a single methadThe
quantification of aggregates was performed in the first dimenidnbly SEC, followed by
online fractiontransferof the main product pedky a heartcuttingto the second dimension

(°D) for charge variants anais by CEX. Aiming to maximise the information obtained
from minimal sample and timeequired foranalysis a saltbased separation with UV
detection was developed for supporting the processing of a large number of samples in
compliance with higithroughput (HT) applications. In addition, a mass spectrometry (MS)
compatible SEECEX separation was developedablingonline identification of charge
variants.Accelerated forced degradation and stability studies of a mAb were performed to
generate samples witklevant structural modification and thdsmonstrate the application

of the proposed methodology. This study proved that@Bh8EC was compatible with the

2D CEX and linked size and charge variants analysis in dinealand efficienmanner. To

date, this is the first 2D SECEX-UV and SECGCEX-MS application for intact mAb

analysis.
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4.2 Introduction

Over the last decade, the value of-RD for the analysis of large moleculégas been
evidenced by a wide range of publications focusing both on mAbs andjemeadtation
antibody formatgSarrut et al.2016; Peterssoat al, 2017; Sandra et ak017; An et al.

2017; Piroket al, 2019; Camperi et al2021) In a review pubbkhedin 2021 on multi-
dimensiona{mD) LC-MS techniques, Caneg stressed the advantage of-2D approaches

in hyphenating orthogonal separation motiesnable the analysis of multiple product
quality attributes (PQAS) in one single method. The potential ofL@Dn autanating
sample preparation was previously reviewed by Graf éGaaf et al, 2020) The authors
reported the wiks of Bathke, Gstéttner and Goyon as proof of fully automatedL@D
workflows supporting online sample reduction, digestion and separation coupled to MS
detection(Bathke et al.2021; Goyon et al.202Q Gstéttner et a).2018) According to both

Graf and Camperi, the recently published scientific literature emphasised the suitability of
mD-LC for applicaton to HT analytical platforms.This is due to the facthat online
fractionation minimises sample loss and accelerates analysis workflows in comparison to
offline fraction collection techniques. This is achieved by a modulator that collects a portion
of duents from theD and transfers them to tRB. The device forms the heart of 2T
systems and is generally constituted by a valve or ensemble of valves equipped with
sampling loops for parking and transferring the fractions of effluent fron'the the 2D.
Depending on the complexity of the samatel the type of analysis that is desirseleral
modes of 2BLC can be selected for online fraction transfer. The fractionation of a limited
number of peaks is achieved by 4€ modes such akeartcutting and multiple-heart
cutting, whilst LC x LC modes such as seteve comprehensivand comprehensivare

usually preferred for complexixtures.

Evidence of the growtlf 2D-LC approaches in industmyas the scientific publications
reporting theimplementationof 2D-LC methods for supporting analytical testingn
example ighe 2D IEXSEC method developed by An et agedto bridge size and charge
variants analysis to support mahdevelopability studes (An et al, 2017) Online
fractionation of IEX peaksising aheartcutting schedule enabled the analysis of the size
variants of each IEX cut minimising sample requirement and analysis time that would be
necessary with conventional offline methods. Theutemity of 2D-LC has recently gained

momentum in PAT to streamline the purification of the target protein fronmdke cell
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culture fluid HCCH and structural characterisation analysis in a tafiieient fashion.
Industrial applications d&D-LC methoddhave been successfalleveragng lead candidate
selection clone selection, process optimisation, and extended characteriBatiamstance,

Dunn et al. have presented a-$umin 2DLC Protein ASEC method for measuring titre

and aggregation of a get mAb from HCCKDunn et al. 2020) Similarly, Williams et al.

have demonstrated the implementationadfD heartcutting Protein ASEC methodfor
automating aggregate analysis to cruderiocess samplg®Villiams et al, 2016) Sandra

et al. explored the combination of Protein A to different modes of chromatography such as
SEGUV, IEC-UV and RRMS to cover the analysis of a range of P@3andra et 812017)
Besides the higher resolving power of-2D approaches being particularly beneficial for

MS analysis the presence of conceatied salts and additives in LC mobile phases has
serious consequences on MS detection and often hampers the online coupling of the two
analytical techniques. In this regarskveral examples were reported in the literature
demonstrating that online hyptation of sakmediated chromatographic separations to MS
can be possible when thB is used for desalting prior to MS injecti¢ibuo et al, 2017;
Peterssoret al.,2016) Both Jaag (2021) and Stoll (2015) presented ZDstrategies for
multi-level characterisation of mAbs charge variants by &RERLC-TOFRMS highlighting

the comparability as well as the advantages of the 2D approashis conventional 1D
LC-MS methodgStoll et al., 2015Jaag et al., 2021

Despite the superiority of 2DC in addressing large biomolecules characterisation, method
development remains challenging with the incompatibility between the two dimensions
solvent systemdbeing a frequent limitatior§Stoll and Carr, 2017. For instance, peak
broadening and distortion can be observed when the properties'@f gffluent result in

low retention of the analyte in tRB. Another challenge of 2IDC separatiosis the partial
sample loss and dilution resulting as a consequence of peak fractionation and parking into
the 2DLC valve loops before the transfer t@ #id. This constitutes an issue for the method
sensitivity and is particularly accentuated when one peak ofthie cut into many (e.g.
multiple-heartcutting hence, each peak will result in a significant loss in’Mesignal.
Therefore, complicationggarding the complexity of method development may still hamper
the integration of 2BL.C methods to routine analytical workflowsgeness et al. described
various modulation strategies developed for ensuring both the compatltityeen
chromatographicichensionsand sample enrichment prior to 2T injection (Egeness et

al., 2016) The currentmost popular modulation strategies adopted to overcome mismatches
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in mobilephase composition are the Aai%olvent Modulation (ASM) introduced by Stoll
et al and the Stationari?haseAssisted Modulation (SPAM) described by Vonk e{&toll

et al., 2017Vonk et al., 2015)The former is obtained by diluting thB solvent through an
ASM capillary before it reaches tRB column resulting in the sample focusing at the head
of the2D column anctonsequenimprovement of the resolutigiiRs). The latter consistsf

the use of trapping columns instead of storage loops that retain the analytes whilst the
solventflows throwgh. Upon the valve switching, tRB solvent enters the trap column and
the sharp band of analytes is eluted into fBe column. The introduction of such
technologcal advancements has favoured imglementatiorof 2D-LC methods for routine
biopharmaceutial analysigPirok et al., 2018; Stoll et al., 2017; Vonk et al., 2(R5ok et

al., 2019)

The present study aims to develop al2D approach for the analysis ofAb multiple

quality attributes irasingle methodby coupling orthogonal modes of chromatograpitye
combination of orthogonal chromatography modes i2aLC setup maximises the
information obtainedfrom minimal sample ansumption and analysis tintemonstrating
suitability for application to HTPD workflows. Analytical testing for supporting mAbs size
and charge variants analysis is pivotal at all stages of drug development, manufacturing an
sheltlife. The surface chaggdiversity of a protein may be indicative of the structural
modifications which may translate to different efficacy and immunogenicity and must
therefore be tightly controlled. The charge variants profile of a mAb can be used as a
fingerprint of its strutural heterogeneity throughout the development process. Over the last
decades, SEC and IEX have established themsehgesgold standard analytical
methodologies for the assessmentimfct therapeutic protein aggregation and charge
variants respectivelyBoth technigues do not require laborious sample prepai@tidtheir
implementation in analytical workflows is usually straightforward. However, peak
characterisation remains a challenging task of both SEC and CEX methods often requiring
fractioncollecion and peak identification by MS. Traditional workflows involve peak
fractionation and desalting followed by middlp or bottoraup analysis such as peptide
mapping. Recent studies have demonstrated the benefit of using volatile buffers for
hyphenatingdEX to MS online forthe analysis omAb charge variantat the intact level
(Haberger et al., 2021; Polderdijk et al., 2019; Yan et al., 2@8 of the drawbacks of

MS analysis is the overall logd the method throughput due to the complexity of the

procedure requiring expensive equipment and specialised expertise.
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This chapter proposes the development of an online 2DE&ECseparation for combining

the analysis of mAb aggregates and charge Mariara single method. Up to date, there is

no evidence in the literature of online 2D SEEX methods developed for supporting
biopharmaceutical®Q analysis in HTPD. Using this novel approach, aggregate analysis
was assessed in the by SEC;heartcutting 2D-LC was used to transfer the main product
peak to théD for charge variants analysis to separate the charge variants associated with the
main product without including the aggregates. The -8EX separation was achieved
using both nosvolatile buffers with UV detection and volatile buffers for online coupling
with ESEMS detection. The advantages and disadvantagesimg MS and the feasibility

of native MS analysis were discussEahally, the application of both methods to case study
sanplesin supporiof clone selectioiiseeChapter andproduct developabilitgtudies were
presented. Thiwork demonstrated the versatile application of the present method to various
stages of product development and is proposed as an effective analytical tool to be integrated
into HTPD workflows
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4.3 Results and Discussion

431 Heaaout 2Dn §EEXIVmet hded el o,FPme is¢ |Aect i o
of M hEEC conditions éM@r coupling C

One challenge of the online coupling of SEC to CEX is the incompatibility betweéb the
and theD mobile phases. SEC separations require high ionic strength mobile phases to limit
the nonbinding interactions between the analyte and the column stationary(wsm et

al., 2018) The mobile phases are usually composed of a mixture of >0.1 1 #GO*

buffers with the addition of >0.1 M&KCI to prevent ionic interactions. Conversely, CEX
mobile phases require Ieignic strength (typically <50 mM PO or MES) buffers. Sait

based gradients in CEX separations start at a low salt concentration to favour the retentiot
of the mAb ions to theation exchange matrix. By gradually increasing the mobile phase
counter ions, the protein ions are displaced from theexmmange sites and begin to elute.

For this reason, the high salt content of SEC mobile phases may impede the initial binding
to the?D CEX stationary phaseesulting in asignificant breakthrough of unbound protein.

Likewise, lowionic strength mobile phases (<0.1 M Na/KCl) may not be suitable for SEC.

In the context of this studyhé¢ development of the 2D SECEX-UV methodfocused on
finding the optimal conditions that allowed the separatioHMVS impuritiesin the!D as

well asthe binding ofthe mAbto the?D stationary phase for charge variants separafion
DoE approach was adoptéal identify the optimal SEC conditionfiat endled aggregate
analysisalong withthe coupling of CEX in théD. A full-factorial DoE was chosen for
selecting theoptimal SEC columnand mobile phase composition. Thercentagéigh-
molecularweight species (%oHMWS) and Rs betweenrtten producand HMWS peaks
were monitored as DoE respons&fore information on the chromatography columns,
chemicals and equipment useere shown in(Chapter2, Sectior2.1.4 Table2.1). Different
combinations of N&PQ; and NaCl concentrations in the rangeZ8® mM and €200 mM,
respectively, were assessed. The choice of the concentration range used for the mobile pha
was based on previous knowleddetlte class of molecules and aimed to maintain their
native state without impacting the formation of HMWS impurities and unfolding events.
Other chromatographic method parameters wereda@gtant as reported Trable4.2. To
generate a sample suitable for method development,-Inddference standard (RS) was

stressed at 70°C and 300 rpm shaking for 60 min. As previously assessed by a standatr
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operating procedure (SOP) method develdpedstraZeneca for supporting SEC ftam
testing(AZ SEC SOP)the heastress treatment allowed the formation-26-20% HMWS
impurities and served to generate a model sample for analytical method development
(Appendix B Figure10.1). More information on the LC equipment and chemicals used for
this analysiscan be foundn Chapter2, Section2.1.2.2 The complete list of the DoE

treatments and response values was reportdgpendix B Table10.1.

Linear regression analysis was used to build two empirical models to identify the column
resin and mobile phase composition that achievEsPo HMWS and maximised the Rs
between the HMWS and main product peaks with minimal salt content. The models obtained
for both responses were statistically significantwithp |l ues O 0. 05 20 RMSE
0.95 @Appendix B Figure10.2).

Table 4.1 DoE factors effecs summary.

Source FDR LogWorth
PVaIue

Column 10182 |, | 0.00000
[NaCI] (mM)(0,200) gos0 || 0.00000
[NazPO,] (MM)*[NaCl] (mM) 7542 PO G 0.00000
[Na,PO,] (MM)(50,200) 7138 RN (i 0.00000
[NaCl] (mM)*Column 5250 I i PP 0.00001
[Na,PO,] (MM)*[NaCl] (mM)*Column 4895 7] i 0.00001
[Na,PO,] (mM)*Column 3806 I} : il 0.00016

All the DoE main effects, second and thRodler interactions between column, and

concentration of NaCl and BRQsin the mobile phase were significantpa | ue O 0. 05)

both %HMWS and Rslable4.1), indicating that optimal SEC garationswere the result
of the harmonised interplay of column chemistry and mobile phase compgoEiteocontour
plots reported inFigure 4.1 showed the effects of thé&NaCl and NaPQ: concentration on
both the %HMWS and Rs obtained for each column.
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Figure 4.1 Contour plot showing the effect of the mobile phase composition and column

chemistry on SEC separation

The contour plot showed hoRs (top) and %HMWS (bottom) change in response to modifications

in mobile phase composition across the three columns. The colour gradientrghiftade to red
shades to indicate low and high response values, respectively. The shaded areas were labelled wi
the respective values of Rs and %HMWS.

Overall, the separation efficiency improved by increasing the mobile phase ionic strength
within the range tested thhe DoE The major contribution was given by the concentration

of NaCl since iis a stronger saltingut agent than NRQs. Improved Rs ahoptimal values

of %HMWS could be achievedwith mobile phases composed of > 100 mM Na/th all

the columns Interestingly the %HMWS and Rs responsalues as a consequence of
changes in mobile phase composition were different across the three coltmnBs
obtained with the Phenomenex column was lower than both the Agilent and Waters columns
with Rs values O 1 achieved only wTheh m
analysis performed by using the Waters and Agilent columns with mobile phagesseaim

of 125200 mM NaPQ; and 75200 mM NacCl, resulted in %HMWS comparable to those
achieved by the AZ SEC SOP methed%%) and Rs > 1.9dowever, when compared to
Waters and Phenomenex, the Agilent column required lower ionic strength mobile phases tc

achieve the desirable %HMWS and optimal Rs.
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Figure 4.2 Overlay of heatstressedmAb-1 chromatograms obtained by using the same

ionic strength mobile phase across three columns.

SEC chromatograms overlay of the hstessed mAL sample analysed using the Phenomenex
(green), Waters (red), and Agilent (blue) columns and the mobile phase cdngiad@0 mM
NasPQi, 200 mM NaCl, pH 6.8. The sample was analysed by injectimd. 10 the same vial across
the three columnsThe peak total areas obtained from each column were, 2837, and 2290
Agilent, Waters and Phenomenex, respectively.

Figure 4.2 shows the chromatographic overlay of mAbobtained with the highest ionic
strength mobile phase testédthough the peak total areas obtained from each column were
comparable (2487 Agilent, 2377 Waters, 2290 Phenomenex), the Phenomenex column
showed extensivg@eak tailing and poor Rs between HMWS and main progaeks
suggeshg the presence of secondary electrostatic interaxti@tweenthe mAband the
stationary phaseThe chromatograms obtained with the Agilent and Waters caumn

overlayed without majadifferences.

Since N&" functions as a counter ion in CEX separations competing with the mAb ions for
binding to the stationary phase, gradients starting with high concentrations of NaCl may not
be appropriate for CEX applicationBhis experiment provechatthe efficiency of SEC
separation was strongly dependent on the column chemistry and suggestéde that
Phenomenex column may require either higher NaCl concentrations or the addition of
organic solvergto the mobile phast achieve betteseparatioa Nevertheless, neither of

these adjustments would be beneficial for coupling CEX irfEheDverall, theseparation
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performanceof the Agilent column was less influenced by the concentration of MNatbl
thehighest separation efficienciasc hi eved wi th mobi | el79nmMas e s
NasP Oy buffer.

The DoE prediction profilereported irFigure4.3 displayedhow %HMWS and Rs cimged

as a consequence of the variation in the mobile phase concentratiogPda} dad NacCl
across the columns testdéediction parameters set for a mobile phase composed of 100
mM NaPQs showed that the %HMWS predicted for the Agilent was 12.5%, whitst fo
Waters and Phenomenex columrasé% and 3%, respectively. Likewise, the Rs between
HMWS and main product peak was greater with the Agilent collRsn=1.6) than the
Waters and PhenomendXq=0.7 and 0.9, respectively)herefore, the Agilentolumn was
selected for this application and the DoE model was verified experimentally for this column

only (see Sectiod.3.1.]).
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Figure 4.3 DoE prediction profiler for the 2D SEC-CEX-UV method D column
selection.

The DoE prediction profiler factors were set with fixed values and the response estimates were
calculated by the model. The concentration of Na3PO4 buffer and NaCl were set to 100 mM and O
mM, respectively. The %HMWS (left) and Rs (right) values were &atied separately for each
column. The Agilent column (top) was predicted to obtain 12.5% HMWS angd] #he Waters
column (middle) was estimated to obtain 5.8% HMWS and 0.7 Rs; the Phenomenex column
estimates were 2.7% and 0.9 for HMWS and Rs, resp@ctive
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4.3.1.1 DoE Verificationand?D CEXCouplingbyheartcutting2D-LC

To verify the DoE model and evaluate the compatibility between the two dimensions, a
sample of heastressed mAfL was analysed in duplicate by using three different ionic
strength mobile phas containing 50 mM, 100 mM and 200 mMsR&; buffer (Figure4.5).

The?D CEX separation was performed on #glentBio WCX Column,(Chapter2, Section

2.1.4 Table2.1). The?D mobile phase was composed of 25 mMRa,, pH 6.0 as buffer

A and 25 mM NaPQs, 1 M NaCl, pH 6.0 as buffer B. The mAlbmain product peak eluting

at 2.3 min was transferred to tH2 by an heartcutting schedule

The 2DLC valve configuration foheartcuttingis described irfFigure4.4. The?D CEX
separation was achieved by using a-bakedineargradient ramping from 0%B to 48%B
in 12 min at 0.2 mL/min flow rate, followed by wash and column equilibration with a total

2D separation time of 20 min.

Fill/Analyse
A Waste

1D Column

Injector

Figure 4.4 Schematic of the 2BLC systemwith 2D valve plumbing flow path.

Schematic representation of the-2D system and pumping diagram with the central 2 positions/4
ports 2DLC valve in concurrent configuratiol) The 2DLC starts with the valve in position 1

with the!D effluent passing through loop 1 (blue path). Herendrtcutting fraction coming from

the'D is parked into sample loop 1. B) Switching valve in position 2 injects the sample in loop 1 into
the D cycle (red path) whilst loop 2 is filled thi the D effluent. At the completion of théD
separation, the valve switches back to position 1 and the contents of loop 2 are injected. The gree
arrows indicate the concurrent direction of the flow during loop filling and analysis. When loop
filling and analysis have opposite flow directions, the valve is set to counter current configurations.
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Figure 4.5 DoE verification and evaluation ofthe D SEC mobile phase compatibility
with the 2D CEX separation

Verification of the predictions from the DoE model was performed on the Agilent column for 3
conditions involving the use of mobile phases composed of 50 mM (green) MQblue), and 200

mM (pink) NaPQ, buffer, pH 6.0. (A). The %HMWS obtained experimentally (B) followed the
responses estimated by the model with greater separation efficiency obtained with higt@r Na
buffer concentrations. Thé&D mAb-1 CEX profiles (C)showed that SEC mobile phase ionic
strengths >100 mM are not compatible for online coupling of CEX iADhe

The data shown iRigure4.5 (A, B) confirmed that the response values were close to their
estimates for the three conditions tested and across the technical replicates. As previously
reported by the DoE study, the exmpeental results confirm that the Agilent column
stationary phase chemistry enabled the separation of mAb aggregates without the addition
of NaCl. The %HMWS varied across the mobile phase tested, 7.4%, 11.7% and 13.4% using
50, 100 and 200 mM NBQ;: buffer, respectively. The %HMWS&cquiredby using 50 mM
NasP Qs was significantly lower than those obtained with -BI® mM NaPQ; and showed
greater variation across the replicat@pgendix B Figure10.3). This study confirmed that
0100 e bhfierswere necessary to minimise protetationary phase interacti®n

and improveRs Nevertheless, both 50 mM and 100 mMsR@: buffer SEC mobile phases
enabled the coupling of CEX in tBB with binding of mAB1 to the CEX stationary phase.
Conversely, the 200 mM NROQs» mobile phase ionic strength impeded the bindinghef t
protein to theéD and resulted in an extensive breakthrough. Since the quantitation of HMWS
impurities was aimed to match the AZ SEC SOP, the mobile phase composed of 100 mM
NasPQs was chosen as optimal for this application. To assess how the two SEGdme

differ in the quantitation of HMWS impurities, 6 technical replicates of asteaésed mAb
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1 sample were analysed with both methods. The mean %HMWS was 17% obtained with the
AZ SEC SOP and 13% with the SEZEX method. A 4%lifferencein HMWS quantiation
was considered acceptable for the final method application.

Other 2D LGLC modes such asultiple-heartcutting and highresolution sampling may

be used to profile both the charge variants of HMWS impurities and main product peak
separately. Higitesolution sampling can also be used to online fragtemsfer portions of

the SEC chromatogram for CEX analysis to verify the charge variants and peak purity.
However, these setups may notitkealfor HT applications due to the requirement of larger
amaunts of sample and longer analysis time which would lower the method throughput.
Moreover, the increased complexity of the instrument operationsuttiple-heartcutting

and HighResolution sampling ovdreartcutting2D-LC may hamper their implementation

for routine testingThe LC x LCmodes such asomprehensive 2lDC can be used to
transfer the entire SEC chromatogram to f@e However, comprehensive 2I0C is
normally used for improving the resolution of complex sample mixtures and-itp se&iuld
require the?D to be faster than thH®. Therefore, the implementation of comprehensive 2D

LC in this context may not be straightforward anchaartcutting 2D-LC approach with a
larger sampling volume may be more appropriate. Nevertheless, it is worttlezorgsthat

the HMWS and LMWS are normally purified from the drug substamcethus it remains a

key goal to continu¢he quality analysis on the main product peak without compromising

the workflow efficiency.

The optimised method conditions as repoitedable 4.2 were selected according to the
experimental data and statistical evaluatkigure4.6. showedthe chromatograms obtained
from the analysis of a mAb by the 2igartcutting SEGCEX-UV method.
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Table 4.2 2D SEGCEX-UV final method conditions

Method 2D SEGCEX-UV
2D Mode heartcutting
D Column Agilent AdvanceBio SEC 200A 1.9um, 4.6 x 150mm
D Column Agilent AgilentBio WCX column 2.1 x 50 mm, 5 um, np

D Mobile phase 100 mM Na3PO4 buffer, pH 6.0

D Mobile phase  A: 25 mM Na3PO4, pH 6.0; B: 25 mM Na3P0O4, 1M NaCl, @A
D Temperature 25 °C

2D Temperature 25 °C

D Flow rate 0.5 mL/min
D Flow rate 0.2 mL/min
D detector MWD 280 nm, 210 nm
D detector DAD 280 nm, 210 nm

Injection Volume 10 uL

400] 1
D SEC Main Product Peak 2D CEX Main Species Peak
300 _ 350
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250 <E(
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Figure 4.6 2D heart-cutting SEC-CEX-UV analysis of a mADb.

A) D SEC MWD profile demonstrating the separation of the aggregates (HMWS) peaks
from the main product of a hestressed mAfl sample. The sample concentration was 1
mg/mL and the injection volume was set to 10 mL. The pink shaded area repredesds the
cutting sampling for online fractionation. Tirdeased sampling modes with 0.16 min of
sampling rate were used to fractivansfer the main product peak to #iz B) °D CEX

DAD charge variants profile of the mAbmain product peak fractionated and trarrsfg

from the'D to the?D column. The mAHKL charge profile shows the presence of acid and
basic species peaks separated from the main peak
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4.3.1.2 2D SECCEXUV Method Assessment

The qualification study aimed to ensure that the 2D -8EX-UV method was fifor-
purpose to support iprocess development sample testing. All the information on the
methodassessmemarameters, target expectations and degaummarised ifable4.3. In

this study, method specificity was evaluated for mobile phase and formulation buffer
components. All buffers and samples were injected with 10 pL injection volyppe(dix

B, Figure 10.4). The addition of2,2-azobis(2amidinopropane) dihydrochlorid@®APH)

was used to generateetsed material of mAb for the stabilityindicating study. The UV
profile of the stressed sample was compared to the reference standa(AgpS)dix B

Figure 10.5) to show the difference in size and charge variants induced by the chemical
stress. Precision was assessed in terms of repeatability over six technical replicates of
sampleof mAb-1 RS. The linearity evaluation consisted of 7 levels, each analysed in
triplicates, and the injection volume was kept constant at 5 pL. The concentration of the
mADb-1 RS dilutions was measured by UV absorbance at 280 nm before injection and
correspnded to 9.97, 5.53, 2.76, 1.34, 0.66, 0.3 and 0.15 mgAmbendix B Figure10.9).

The linearity study defined the linear dynamic range of the method. Method accuracy was
inferred from the linearity data. Accuracy was determined by calculating the mean of the
%area of althe size and charge variants peaks (%omain product, %HMWS, %acid species,
%main species, %basic species) for the minimum (3@ medium (13.8ny) and
maximum (49.8%1g) column loads used in the linearity study. Each of the group mean (n=3)
was compareddtthe grand mean of all the replicate samples analysed in the linearity study
(n=15) and the difference between the groups was repytedlculating theoefficient of
variation CV). Limit of detection LOD) andlimit of quantification LOQ) were infered

from the calibration curve used for the linearity study and calculated for the HMWS peak.
The precision and accuracy of each column loading level were calcuTatiednn loading

was expressed as proportional protein loay) (Chapter2, Section2.5, Equation(2.5.24)).

Linear regression analysis of the peak arsahe proportional protein loa(PPL) (ng)
(Appendix B Figure 10.10) was performed to determine the LOQ and subsequeh#y

LOD applying the equations reported @hapter2, Section2.5, Equations(2.5.26), and
(2.5.27). The methodassessmerdemonstrated the 2D SECEX-UV suitability for HT
profiling of intact mAb size ashcharge variants and can be applieB@assessment during

product development.
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Table 4.3 2D SEGCEX-UV method assessmengesults.

Parameter

Specificity

Stability-indicating

Repeatability

Linearity

Accuracy
(inferred

from

the

low, medium and higt
sample concentratio

level used
linearity study)

LOQ

LOD

in

the

Target expectation
Buffer profiles

Observe changes in the RS pe
profile

No more than 0.5 min retentic
time difference between th
shortest and longest reference pt
retention time across the samj
replicates (n=6). No more than 10
CV of %reference peak among tl
replicates (n=6).

RRO 0.980 f
linearity.

or r

CV O 20% bet we
%main product, %HMWS, %aci
species, %main species, a
%basic species of each group (n
X 3 groups) and the grand me
(total n=15).

The CV of the reference peak
each | evel masa
for reference peak aress. the
protein load. Results reported as
of the total peak area

Results reported as % of thetal
peak area
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Qualification results

No interfering peaks from mobil
phases and
formulation  buffer
retention times of the
RS peaks(Appendix B Figure
10.4).

Changes Observdéppendix B
Figure10.5).

!D: main product retention tim
range: 2.3112.312 min; %peal
CV =0.8%

2D: Main peak retention tim
range: 7.67.7 min; %peak CV =
1%

at the

'D main product: R = 0.997
'D HMWS: R2 = 0.994

’D Main peak: R= 0.998

%D First basic peak: = 0.999
(Appendix B Figure10.9)

%Mai n product
%HMWS CV O 20%
%Mai n species
%AcCci d speX%es
%Basic species
all sample groups as reported
Appendix B

Table10.12

LOQ HMWS = 48.18%9.6 ng)

LOD HMWS = 24.09% 8.2 ng)
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Degradat@itami | ity Study

A forced degradation study is a common practice adopted to elucidate protein structure
assess the degradation pathways upon extreme stress conditions, and ultimately establi
structurefunction relationships for quality attributes of a drug candid&arripelli, Wu,

and Gupta2020) Depending on the pi@inical or clinical phases of the drug candidate, the
forced degradation sy includes varyingstress conditions and time window investigated,
which can take from days up to several months. In this study, the aim was to demonstrate
the potential of the 2D SECEX-UV method for application as a HT analytical tool in
conjunction wih forced degradation studies.

The stress conditions tested on mMAIRS involved low pH, high pH, and chemical
oxidation. Low and high pH stress was achieved by adjusting-ing to 3.5 with 0.1 M
citrate buffer and 8.5 with 0.1 M Trizma HCI/Trizma baséfér, respectively. The samples
were incubated at 25 °C and aliquots were taken after 7 days at the end of the incubatiol
time. Chemical oxidation was achieved by exposing rtAb 3% HOz and 10% AAPH
solutions. These chemicals are known to target metheo(Met) and tryptophan (Trp)
residues, respectively. However, other amino acids present in the protein sequence may k
amenable to oxidative events such as histidine (ifissine (Tyr), and cysteine (&). In
particular, both KO, and AAPH are knownat oxidise Met residues irreversibly via
nucleophilic substitution reactionahilst Trp residues are modified by peroxyl and alkoxyl
radicals via fregadical oxidation generated upon degradation of AARkeng et al.2021;

Shah et a.2018; Dion et al.2018) The mABb1l degradation pathways resulting from
chemtal oxidation were monitored over time and aliquots were taken after 1, 3 and 7 days
incubation at 25 °C with the respective chemicals. Additionallya@elerated stability
study was done by incubating a mARS sample at 37 °C for 30 days. At the ehdazh

time point, the samples were frozen-8® °C and defrosted all on the same day to allow
sample consistencBuffer exchange was performed prior to analysis for removal of the
chemical stressor with the exception of low pH treatment, in which thplea were buffer
exchanged before freezing to avoid precipitation causelddiyeezethaw cycle at low pH.

A t-test was conducted to evaluate the size and charge vatiti@tsncesdbetween mAHbL

RS and the control sample at the end of the forced datipa study (after 7 days at 25 °C).
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These weréghencompared to the size and charge variants occurring as a consequence of the
stress conditions under investigatiohppendix B Table 10.2). More information on the
chemicals used fahe sample preparation procedurasgiven inChapter2, Section2.1.1

2D SEGCEX-UV.

Table 4.4 2D SEGCEX-UV PQ analysis ofmAb-1 at the start and endpoint of the
accelerated forced degradation and stability study

Treatment % % % %Acid %Basic  %Main
HMWS LMWS Main species species  species
product

RS 0 0 100 4.78 38.4 56.8
Control (7 days at 25 °C 0 0.61 99.39 4.71 39.08 56.21
Low pH 0 5.3 94.710 5.70 34.9 59.40
(7 days at 25 °C)
High pH 0 1.40 98.60 4.8 33.90 61.8
(7 days at 25 °C)
H20; stress 0.97 20.8 78.23 100 0 0
(7 days at 25 °C)
AAPH stress 12.72 6.81 80.48 0 100 0
(7 days at 25 °C)
Accelerated stability 0 5.13 95.8 4.16 29.20 66.7

(30 days at 37 °C)

Table 4.4 shows the %area of mAl structural modifications resulting from the stress

treatments with aliquots taken at the endpoints of the accelerated forced degradation (7 days)

and stability studie€30 days) analysed by 2D SETEX-UV. The RS sample corresponded

to the PQ profile of mAK at the start ¢§ of both studes A mAb-1 RS samplevas

incubated at 25 °C for 7 days the absence of stress conditicarsd used as a control

throughout the forced degradation stutlige results shown ihable4.4 revealed the change

of mAb-1 PQ profile when exposed to thdferent stress treatments in a @mourse of 7

days. Chemical oxidation was responsible for product degradation events resulting in

alteration of both the size and charge variants psafifanAb-1. Figure 4.7 andFigure4.8

show the change in the PQ profile of mAlover the time frame examined as a result of

AAPH and BO:; stressrespetively. Fragmentation occurrexs a consequence of botb

and AAPH exposurg20.80%vs.6.81%,respectively). In contrast, aggregation was mostly

observed with AAPH rather than@, (12.72%vs.0.97%, respectively). As shownkigure

4.7, 1-day AAPH stress induced the formation of HMWS (A) and LMWS impurities (C)

increasing after 3 and 7 days of chemical exposure. The alteration of the surface charge
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distribution of mABb1 main product after 1 day of AAPH treatment was evidenced by the
’D CEX chromatograms (B). This suggested the presence of conformational changes
increasing over the timeframe tested. The consequent loss of CEX Refly indicated
product degradation. Sinally to AAPH, HO> was responsible for product degradation
events resulting in alteration of the size and charge variants increasing over tiffigsee

4.8 C, D). However, the size variants were mainly associated with product fragmentation.
The charge variants profile of the main product peak was also visibly different from the RS
and presented three main regiofise first region, eluting at a time windawrrespondig

to the RS acid and main species {3), displayed a split peak with a left shoulder. In this
specific context, peak splitting may be due to conformational changes resulting in different
binding interactioswith the stationary phase. The oth&p regions fell within the RS basic
peaks elution time window {8) and also resulted in split peaks. This could be representative
of closely related conformational modifications occurring as a consequence of Met and
possibly Trp oxidation. The overall shift towards the acid region was evident at day 7 and
was indicative of the extent of product degradatieigre4.8, D).
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Figure 4.7 Analysis of AAPH stressinduced degradation pathway of mabkl over time

by 2D SEGCEX-UV.

A) 'D SEC and BfD CEX profiles of mAb1 after *day AAPH stress (red) was overlayed against
the RS (blue). TheAAPH treatmentinduced degradation events resulted in increased HMWS
impurities (peak 1) (A) and structural modifications of the main product visible as a considerable
alteration of the surface charge distribution (peaky 8hown by the CEX profiles. Ahe bottom,

the AAPH stresénduced protein degradation over time was shown for each time point corresponding
to aliquots taken after 1 day (blue), 3 days (red), and 7 days (greenp B profile (C) showed

an increase in %HMWS and %LMWS over timéeFD CEX profiles overlay (D) revealed the
apparent surface charge distribution modifications over time ultimately resulting in the formation of
a heterogeneous mixture of charge variants. The stressed sample was diluted to 1 mg/mL before
analysis and thimjection volume was set to 1..
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Figure 4.8 Analysis of H:O> stressinduced degradation pathway of mabkl over time
by 2D SEGCEX-UV.

At the top, 1D SEC (A) and 2D CEX profiles (B) of mAhafter 1 day kO, stress (red) overlayed
against the RS (blue). Stress conditions induced the formation of LMWS (peaks 2 and 3) and visible
discrepancy of charge variants profiles between the two samples (p&akétdthe bottom, the
protein degradation events thatcamed over time after 1, 3 and 7 days aDbltreatment, were
displayed for each time point. An increase in FIABGLMWS overtime was revealed by tH®

SEC profile (C). ThéD CEX profiles (D) showed the formation of a heterogeneous surface charge
distribution resulting in loss of CEX profileswith merging of the charge variants in a single peak.
The stressed sample was diluted to 1 mg/mL before analysis and the injection volume was set to 1
mL.

Notably, the othestress conditionsl i d n 6t I n-L YoldMWScwdich mefnbined <
0.5% suggesting that freadical oxidative stress induced by AAPH was the main cause of
aggregation during the mAb acceleratéforced degradation study. In contrast, the LMWS

profile varied across all thatress conditions, demonstrating that mAb was more
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susceptible to fragmentation rather than aggregation. The degradation rate was observed as
a 0.61% significant increase in LMWS after 7 days incubattdtb °C without the addition

of stressorgAppendix B Figure10.6 A, Table 10.2). The fragmentation rate induced by
low and high pH treatments resulted~26 (Appendix B Figure10.8 A, Table10.4) anda

1.4% increase per weekAgpendix B Figure 10.8 C and Table 10.5), respectively.
Furthermore, the accelerated stability study confirmed the propensity oflnid\fragment

with an increase 0#5% in LMWS whilst no aggregation events were detecfgapéndix

B, Figure10.7 A andTable10.3). The charge variants profile demonstrated that thecacid
variants significantly increased by 1% as a result of low pH stress, whilst remaining
consistent during high pH stress andederated stability studiAppendix B Figure10.8 B,
Table10.6, Table10.7, andTable 10.8). Interestingly the %area of the basic spepeak
decreased significly as a consequence of low pH3@o0) and high pH+5%) stres as well

as during the accelerated stability stud9%) (Appendix B Figurel10.7 B, D, Figure10.7

B, Table10.9, Table10.10, Table10.11).

The accelerated forced degradation studies showed thatlmgthbility was mostly
compromised by oxidative stress which led to product degoadiasulting in alteration of

both the size and charge variants profile. Low and high pH treatnmeltsited that the
molecule was susceptible to fragmentation and the LMWS relative abundance was higher
after exposure at high pH. Furthermore, a riseasidspecies was observed with low pH
stress, whereas high pH stress increased botit acid basic species. The accelerated forced
degradation study confirmed the propensity of the candidate mAb to fragment and indicated
the formation of chemicahodifications shifting the charge variants profile towards the basic
region. This study proved that the 2D SEEX-UV method can provide information on

both size and charge variants in a single analysis hence, enhancing the understanding of
protein degradation plaways. Furthermore, the method required a limited amount of sample
(1.6 pg as per LOQ) and a relatively short run time (20 min per sample) demonstrating its

suitability as a HT analytical tool in product development.

Although demonstratingignificant advantages over existing-LQ approaches, the current
2D approach in conjunction with UV analysigl not provide a detailed characterisation of
the protein charge variants peaks. This limits the amount of information provided by

conventionalanalytical workflows used for understanding the protein modifications at the

146



molecular level involving peak fractiecollection and identification by multevel MS

analysis such as subunit and peptide mapping.

Therefore, further work was performed to eleatnline hyphenation of the 2D SECEX
chromatography with MS detection. The proposed analytical strategy was designed to
facilitate peak identifications and validation of the charge variants without the need for

offline fractionation and muklievel chaacterisation.

433 Part B:hy ©Ome m alee arutt cSFECE XUV t o MS

detection

4.3.3.1 Overview

The direct coupling of IEX separations to MS has increasingly gained populatite in
pharmaceuticaindustry as a powerful tool to support biopharmaceutical development
(Fussl, Cook et al.2018; Trappe et al2018; Polderdijk et al.2019; Fussl et gl2019;
Bailey et al, 2018; Haberger et aR021; Goyon et gl2020) Native analysis by IEXVS

has been of particular focus in recent ygaeviding a pwerful tool for the analysis of
proteins charge variantsxder physiological conditiorend monitoring of multiple quality
attributessuch as glycosylation,-@rminal Lys clipping and oxidation at the intact level
(Fussl et al.2021; Carillo, Fussl, et al. 202FUssl et al. 202Kallamvalliillam et al, 2018
Fussl, Cook, Sche, et al. 2018)

The objective of the study presented herein was the coupling of 2BCEXGeparation to

MS detection for simultaneously momiing multiple quality attributes at the intact level in

one single method. ThéD was coupled to @igh-resolution quadrupoleorbitrap (Q
Orbitrap) mass spectrometecapable of achieving accurate and highdefinition
characterisation of mAbs PTMs. A CEX pH gradient was used to enable the online
hyphenation to MS for the assignment of the peak identity. The method was intended to give
comparable separation profiles to those obtained with théi®oompatible mobile phases

so that it could serve as a reference for the assignment of the peaks identity. The following
sections describe all the steps involved in the development and application of the method t

case study samples.
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4.3.3.2 Investigation oBuitebleMobile Phase Compositidar 'D SEC

The development of th® SEC focused on the selection of an-kt8npatible mobile phase
composition fit for coupling CEX in th#@. As previously describedée Sectiod.3.1), the

1D buffers can affect théD separation impeding the online hyphenation of the two modes

of chromatography. It is worth considering that althougr?Ehean function as a desalting

step prior to MS detectiofJaag, Shirokikh, and LAmmerhaf2021) nonvolatile salts from

the D can affect MS performance by reducing method sensitivity and instrument lifetime.
Since the present method wasideed to be applied for routine testing in HT settings, both
MS sensitivity and instrument lifetime were important parameters to consider. Notably, the
improvement of method sensitivity reduces the sample amount required per experiment and,
together withextended instrument lifetime, contributesremluced expensesnd time to
support analytical testing. Therefore, volatile mobile phase additives were chosen for the
optimisation of both chromatography dimensions. A recent study showed the dependence of
nature, ionic strength, and pH of SEC eluents on pred@tionary phase interactions, and
demonstrated that the use of ammonium acetate at concentrations above 100 mM effectively
limited protein retention without inducing denaturat{dentouri et al.2020) Althoughthe

control of mobile phase ionic strength is difficult to achietlee effect of the salt
concentration and pH on the separation efficiencybeameasured-or the purpose of this
experiment,ammonium acetate was tested at 100 mM and 200 mmdbile phase
concentratiorand two pH extremes, 5 and 6.8. A sample of MiAfas stressed at 70 °C for

30 mintoinduce < 10% HMWS impuritiegChapter2, Section2.1.5 and analysed by SEC

using the mobile phase conditions under investigation. For the purpose of this experiment, a
content of HMWS < 10% was considered sufficient to evaluate the effect of the mobile phase

ionic strength on the SEC separation.
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Figure 4.9 Effect of buffer ionic strength and pH on the!D SEC separation

Comparison of the effect of SEC mobile phase ionic strength and pH on the size profiling ef a heat
stressed mAlL sample. The SEC profiles diaped correspond to a mobile phase composed of 100
mM ammonium acetate, pH 5.0 (A) and pH 6.8 (B) and 200 mM ammonium acetate, pH 5.0 (C) and
6.8 (D). The 1.83.1 min time window corresponding to the HMWS and main product peaks elution
times was zoomed amtisplayed at the tepght of each panel. The stressed sample was diluted to 1
mg/mL before analysis and the injection volume wagil0

The use of 100 mM ammonium acetate mobile phdsgsre4.9 A and B) was insufficient

to achieve suitable size separation. Moreover, the extensive peak tailing (Sym. 0.6 in A anc
0.5 in B) was a sign of protestationary phase interactions. As previously shown by
Ventouri, this experiment demonstrated that ammuonacetate ionic strengths above 100
mM helpprevening protein secondary interactions and ultimately enable size sepatation.
agreement with Ventowi gindings 200 mM ammonium acetate improved the size
separationFurthermore, the use of 200 mM ammaniacetate at pH 5.0 and 6.8 gave
different %HMWS (2% and 5%, respectively), which may suggest pH dependency on the
separation, indicating that pH effects were more important when working at low
concentrationgFigure4.9, C and D). In this analysis, pH 5.0 may be too far from the protein
pl, resulting in increasedproteinstationary phase ieexchange interactions, and
underestimating the %HMW$8Golovchenko et al., 199ZFekete et al., 2014)Another

explanation of this phenomenon magd to speculaton differentprotein conformation in
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solutionaltering the hydrodynamic radii of the protein moleswaled ultimately resulting in
different size variant profiles observed by SEC.

For MS compatibility, the¢D SEC mobile phase was composed of 200 mM ammonium
acetate; the buffer pH was chosen as 6.@ampliance with the #traZenecalatform
formulation buffersoptimisedfor mAbs. The separation followed the sametrument
settings as previously described witteartcuttingsampling and transfer of the mAbmain
product peak to théD (Figure4.4).

4.3.3.3 ?D CEXCouplingwith heartcutting2D-LC

Recent studies reported the successful coupling of SCX stationary phases and low ionic
strength pH gradients to HRS for the analysis of mAbs charge variafiéssl et al., 2018

Yan et al., 2018)Common practises for online IEMS hyphenation adopt pHradient

based separations tovercome the use of salty buffers which would impede the MS
detection. A generic IEX pH gradient is created by varying the pH of the eluent as a function
of time at constant ionic strength. Aiming to minimise the variations thatarsg from

buffer prepaation procedures, commercially available columns and buffers were selected
for this application. Namely, the Waters IBAS platform BioResolve SCX mAb 2.1 x 50

mm column and the lonHance €S buffer system (A and B buffers), assumed to provide

a linear pHresponse from pH 5.0 to 8.54ble4.5).
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Figure 4.10?D CEX gradient slope optimisation

Cationexchange chromatograms of the mAmain product fraction transferred to fileby heart
cutting 2D-LC. The xaxis represents the gradient time and thexig displays the %B (lonHance
CX-MS B) utilised for optimising the gradient slope and achigwindesirable charge variants
separation. The initial sample corresponded to @LliBjection of heaistressed mAl. diluted with
water at a concentration of 1 mg/mL prior to analysis.

Heartcutting 2D-LC was used for the online collection of the mAb niaduct peak and
subsequentransfer to the’D. The heartcutting time and sampling time were kept as
described irSection4.3.1since no significant retention tinghift or peak broadening was
observed in comparison to the ABIS compatible SEC metho&igure4.12). The gradient
slope was optimised for mAb by varying the %B at thstart () whilst maintaining the
gradient time constant. The %B atmMas increased from 2% to 60% until acceptable charge
variants separation was achieved and no breakthrough was observed. As skayunein
4.10, steep gradients with %B starting betweeB0% and ramping to 100% B in 14 min
were not suitable, since the mAbpeaks were eluting during the wash and equilibration
time window (17.822.5 min).Improved separation efficiency was accomplished with a
shallow gradient starting from 60% Blhe complete list of method parametass

summarised iMable4.5.
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4.3.3.4 OnlineHyphenatiorto HRMS

In this research, a-Qrbitrap MS was selected for achieving higisolution characterisation

of the mAb charge variants at the intact level. The capillary temperature, AGC Rgget,
and micrescans were chosen according tdadzbtainedfrom previous studies and kept
consistent throughout method development (details were report€tume 4.11). To
evaluate the optimal instrument settirmy hative analysis, the 4source CID was tested at

50 eV increments over a range of 120 eV. A sample of mAlL was injected in triplicate

for each insource CID setting (100 eV, 150 eV, and 200 eV) and the data were compared
as reported inKigure4.11).
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Figure 4.11 Intact mAb-1 Analysis under denaturing and native conditions with
increasing insource CID setting.

The spectra were ordered starting with the lowest CID at the top. The TIC profiles were reported on
the left (A, C, E). The source spectra of the main peak eluting at 11.17 min were displayed on the
right (B, D, F). Intact mass analysis of mAbwvas accomplished under denaturing (B) and native
conditions (D and Flpy modifying the insource CID from 100 eV to 200 eV. The TIC main peak
eluting at 11.17 min (A) was taken as a reference point and compared with the nadielike

traces (B and C). e base peak of the denaturBmectrum was 6.7 x 1@ contrast with the base

peak of the native spectra, which were 8.6 %ai@l 9.5 x 1f) respectively.
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The degree of multiple charging in the ESI spectra can reflect the physical conformation of
the potein in the solution. Indeed, compared to their denatured counterparts, the globular
nature of folded proteins offers less solvent accessible residues, resulting in smaller
collisional crosssections and referred to as a nalike state. The ESMS spetrum of

mADb-1 acquired with 100 eV #source CID Figure 4.11 A) exhibited the profile of a
partially denatured version of the molecule in the gas pByseoking at the source spectra
displayed inFigure 4.11 A, different charge state distributions could be observér
narrowly spaced chargenvelop distribution at the left showed high protein charge states
from 54+ to 424with anapex intensity at 45which may correspond to the fully denatured
ESIMS spectra of mAH.. Thecharge envelope witanapex at 36+ may indicate partially
denatured BI-MS spectra whilst, at the far right, the lamtensity narrow charge envelope

with anapex at 24+ showed a natilike charge distribution. Similarly to the latter, the mAb
spectra acquired with 150 and 200 eVsource CID Figure4.11 B, C), displayed the
signature profile of a native molecule in the gas phase. The widely spaced charge envelop
distribution with lower charge states from 28+ to 221q apex intensity at 23+, indicdte

that mAk1 maintained its physiological conformation. The neadgl8 discrepancy in the
number of charge states of mAbdenatured and native spectra denoted a substantial
difference in the structure of the ions. The®sultswere consistent with the previous

analysis of mAbs under native conditiqi@cheffler et al.2016)

Nonetheless, the fewer charge states associatedwiithl nativelike ESFMS analysis
affected the method sensitivity. A significant drop in signal intensity was observed at 150
and 200 eV compared to 100 eNidure4.11). Data from this experiment are evidence of

the dependency of the rate of ion decay within ®mQitrap analyser on the protein
collisional crosssection. lon dephasing, fragmentation during injection and metastable
decay during detectioare all possible reasons for the drop in signal during native MS
acquisition. Considering the sensitivity constraints of the native analysis and the final
application of the present method, the subsequent experiments were carried out unde
denaturing conitions. The final 2D SEEEX-UV-MS details were reported fable4.5.
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Table 4.5 2D-LC SEC-CEX-UV-MS final method conditions.

Method 2D SEGCEX-UV-MS

2D Mode heartcutting

D Column Agilent AdvanceBio SEQOOA 1.9um, 4.6 x 150mm
’D Column Waters SCX BioResolve column 2.1 x 50 mm, 3 um, np
D Mobile phase 200 mM ammonium acetate, pH 6.0

2D Mobile phase A: lonHance CXMS A; B: lonHance CXMS B
D Temperature 25 °C

2D Temperature 25 °C

1D Flow rate 0.5 mL/min

2D Flow rate 0.2 mL/min

D Detector MWD 280 nm, 210 nm

2D Detector DAD 280 nm, 210 nm

Injection volume 20 uL

HR-MS Quadrupoleorbitrap mass spectrometer
lonisation ESI

In-source CID 100 eV

Capillary temperature 250 °C

Micro-scans 10

Resolution 15,000

AGC target 3e6

Scan range 20008000 m/z

Processing parameters

Source Spectra Method Average over selected retention time
m/z Range 3,000.00086,500.0000
Chromatogram Trace Type TIC

Deconvolution Algorithm  ReSpect

Output Mass Range 10,0006200,000
Charge State Range 10-100
Minimum Adjacent Charges 6-10

Target Mass 142,000.0000
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The following section illustrates the application of the 2D SEEX-UV-MS for supporting
mAD-1 accelerated forced degradation and stability study. Further considerations on the use
of the 2D SEGCEX approach with and without MS hyphenatiwere addressed. The set of
samples deriving from mAf accelerated forced degradation and stability study was
analysed by 2D SECEX-UV-MS. Data from UV detectioarereported inTable4.6.

Table 4.6 2D SEGCEX-UV-MS PQ analysis of mAb-1 at thestart and endpoint of the
accelerated forced degradation and stability study

Treatment % % % %Acidic %Basic %Main
HMWS LMWS Main species species species
product

RS 0.43 1.82 97.8 3.29 31.6 65.2
Control (7 days at 25 °C) 0.38 1.76 97.9 3.09 30.7 66.3
Low pH 0.5 2.11 97.4 3.53 27.5 69
(7 days at 25 °C)

High pH 0.41 1.8 97.8 2.87 24.7 72
(7 days at 25 °C)

H.O; stress 1.49 19.49 79.02 100 0 0

(7 days at 25 °C)

AAPH stress 23.3 3.49 73.2 100 0 0

(7 days at 25 °C)

Accelerated stability 0.39 2.1 97.5 3.92 19.5 76.6

(30 days at 37 °C)

The UV profiles of both size and charge variamse comparable to the ones obtained with
the saltbased SEECEX separation as reported $ection4.3.2 Online fractionation by
heartcutting2D-LC resulted in the injection of the main product p&akn the!D to the?D

for CEX separation. Mass spectra deconvolution revealed that the chaiaygsvaeaks
arising from the mAKL RS analysis were mainly due to glycosylation heterogeneity and
conformational changes resulting from different oxidation speéiggife 4.12). All the
glycoforms and oxidated species observed in the RS were confirmed in the samples handle
in low and high pH as well as after the stability stress. Reduced peptide mapping (RPM)
analysigperformed in AstraZeneday Dr Lydia Dewisdemonstrated a small (<5%) increase

in deamidation and succinimide formation as a result of low and high pH treatment.
However, theRs of the 2D SEGCEX-MS method was insufficient to detect such
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modifications. The moderate variation of the chargeants profile may indicate an initial
protein unfolding which may have altered the ragthtionary phase interactions. More
interestingly, chemical oxidation induced major changes in the charge variants profile
resulting in a gradual loss of the surfaterge distribution over timé-igure4.13, Figure

4.14). Over the time points, the entire CEX profiles of the oxidised mAb shifted towards the
lower retention time region. This was consistent with previous observations demonstrating
that oxidisedspecies may result in earlier eluting peéBskolowska et al., 2017; Yang et

al., 2017 Shi et al., 2020Mass spectra deconvolution pided the intact molecular weights

of the separated charge variants and revealed the presence of heterogeneous oxidised species
as a result of AAPH and 0, stress. Oxidation of Trp and Met by AAPH andQdare

known to induce higheorder structural (HOS)hanges which can, in turn, affect the CEX
profile of the moleculgBarnett et al.2019) It is wath considering the susceptibility of
mADb-1 to fragment and how chemical oxidation promoted fragmentation mechanisms.
Notably, the mass spectra ob®% stressed samplegere characterised by the presence of
two ion distributions areas, falling within th@d0-3500 m/z and the 4068600 m/z ranges
(Figure 4.13). Deconvoluted mass spectra revealed that the ion distributions corresponded
to fragments with masses of 23238 Da and 124442 Da, corresponding to the Fab portion of
the mAb and its complememyaheavily oxidated fragment, respectively. The 23238 Da
mass corresponded to the fragment extending fror*@ysd the GIR of theheartcutting
bearing 2 oxidation sites (presumably Rteind Met®). This may be the result of the®k-
mediated radicatleavage of the first interchain disulphide bond in the hinge region with
subsequent formation of sulfenic acid (E}SOH) on one Cys and a thiyl radical on the
other (Cy$*®-SE) al ong with the breakdpedGbifandd he pept i ¢
loss of an HO molecule on one side of the fragment &)alThe mAb hinge cleavage
mediated by hydroxyl radical reaction mechanism was previously des¢hlaedet al,

2009) Interestingly, the Fab ion distribution was seen from the start to the end of the mAb
TIC trace suggesting that the fragment may have slow interaction kinetics with the CEX
stationary phase. Tlsmmplementary heavily oxidated fragment of 124442 Da eluted at 10.8
min. Highly heterogeneous intact molecules were observed eluting at 11.5 min with mass in
the range 147583147749 corresponding to species bearing multiple oxidation Bitpsé

4.13).
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Figure 4.12mAb-1 RScharge variants peak identificationby 2D SEGCEX-UV-MS.

A) 2D CEX UV profile of mABb1 RS charge variants; B) TIC of mADRS charge variants separated

by 2D CEX. The charge variants peaks are colour coded depending on their different retention time:
9.8 min (red), 11.2 min (blue), 12.9 min (green), 14.3 min (pink), 15.7 min (gold); C) deconvoluted
mass spectra with pealssignmenof all the TIC charge variants peaks matched by colour: 9.8 min
peak (red) corresponds to GOF+G1FS1; 11.2 min (blue) corresgon@0F+GiGN, GOF+GO,
GOF+GOF GOF+01F, G1F+G1F; 12.9 min (green), corresponds to GOF&N1REOX,
GO+GOF+10x, GOF+GOF+10x, GOF+G1F+10x; 14.3 min (pink) corresponds to GOF+GOF+20x;
15.7 min (gold) corresponds to Man5+G2S1, Man6+G1FS1
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Figure 4.13H,0-stressedmAb-1 charge variants peak identificationby 2D SEGCEX-
UV-MS.

A) ?D CEX UV profile of mAb1 charge variants afterday stresdy H,O,; B) °D CEX separated
charge variantBPCof H,O,-stressed mAld. The charge variants peaks colour coded depending on
their retention times: 10.3 min (red), 10.9 min (blue), 11.5 min (green); C) deconvoluted mass spectre
with the assignmentof all the TIC chargevariants peaks matched by colour: 10.3 min (red)
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corresponded to the Fab fragment; 10.9 min (blue) corresponded to GOFaGE50x; 11.5 min
(green) corresponded to GOF+GOF+60x and GOF+G1F+70x; D) ecboled mass spectra.
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Figure 4.14 AAPH -stressed mAB1 charge variants peak identificationby 2D SEG
CEX-UV-MS.

A) D CEX UV profile of mAB1 charge variants afterday stresby AAPH; B) 2D CEX separated
charge variants TIC oRAPH-stressed mAl. The charge variants peaks are colour coded
depending on their retention times: 11.5 min (red), 13.2 min (green); C) deconvoluted mass spectra
with the assignmentof all the TIC charge variants peaks matched by colour: 11.5 min (red)
correponded to GOF+GOF+50x and GOF+G1lF+50x; 13.2 min (green) corresponded to
GOF+GOF+50x; D) coloucoded peaks mass specifaese results demonstrated the susceptibility
of mAb-1 to chemical oxidation and were consistent with the previous@EBECUV analysisin
addressing mAlL degradation pathways. Moreover, MS hyphenation enabled the identification of
the charge variants peaks providing important further insight into -fnAgdycosylation
heterogeneity, oxidation, and fragmentation mechanisms that were siftiposing SEC CEX UV
analysis.

Data from AZ SOP RPM analysis confirmed the oxidation of Met and Trp residues as a
result of both AAPH and $D. treatment. It should be noted that the SEEX-MS method

was unable to achieve sipecific structural informtion of charge modification as well as
identifying the presence of deamidated species that were detected by AZ SOP RPM (data
not shown). BaselinRs of all mAb-1 glycoforms was not accomplished by CEX meaning
that the UV detection was not exhaustive of tbomplete glycoprofile. Glycoforms
assignment was achieved by deconvoluting the mass spectra throughout the entire peak
profile and all the glycans identified were reportedact CEXMS analysis enabled the
assignment of all the glycoforms identifiedtine AZ SOP 2AB method for glycan analysis
(performed by Davide Di Girolamo, AstraZeneodata not shown) but could not

di scriminat el ,b2)t warnld)stiés((\Ndertheless, the 2D SEEX-
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UV-MS enabled the identification of mAb hinge clage mediated by hydroxyl radical
reaction which couldnot be accomplished
analytical tools to confirm the #@.-mediated fragmentation mechanism could be-non
reduced peptide mapping (NRPM) as well as reduced intact anasysis by RRC-MS.

The 2D SEGCEX-UV-MS method presented herean complementthe current
methodologies for intact mass analysis and provides the advantage of monitoring multiple
quality attributes in one single method with minimal resources requireel.level of
information given by the 2D SECEX-UV-MS method for the analysis of mAb
accelerated forced degradation and stability study provided further sfgigit$ application

and confirmed the suitability in HT analytical workflows.
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4.4 Conclusiorns

Molecular size and charge variants analysis are an integral part of the quality control
strategies of therapeutic antibodies. SEC and CEX are the indtestiyard methodologies

for the qualitative and quantitative analysis of protein aggregates amngechariants,
respectively and are compliant with regulatory guidelifi@sstina et al., 2016Ph. Eur.

10.0, 2020]CH Q6B, 1999) Traditional analytical workflows using :DC approaches and
orthogonal MS characterisation are ofteme:consuming and require a considerable amount
of sample material. Due to their low throughput and complexity of operations, their
implementation in earkgtage product development is limitdthis chaptedemonstrates the
development ofa fully automatedapproach integrating size and charge variants
characterisation in one single methHpd2D-LC. The procedure involved the use of SEC in
the 1D to separate and quantify mAb HMWS impurities; the main product peak was then
fractiontransferred with deartcutting schedule to théD for charge variants profiling by
CEX. The charge variants analysis wihereforerespective to the main prodyatakonly

and allowed to isolate the structural changes relative to the main psegacately from the

size variantsSincethe HMWS and LMWS impuritiesare normally purified from th&om

the main produgtusing aheartcutting for transferring the peak tthe 2D allows to

selectivelycharacterise theharge variantsef the mainproduct.

Method development focused on the establishment of-SEX separations for a mAb
candidate using UV detection only as well as online MS hyphenation. The former involved
theuse of norvolatile mobile phases in both dimensions with CEX separation achieved by
a saltbased gradient. The latter used volatile mobile phases in both dimewsiorGEX
separation achieved using a fgkadient for coupling the?D CEX online with MS.
Accelerated forced degradation and stability study of a mAb sample was performed to
demonstrate the suitability of the methods for their intended application. THeasatt
SEGCEX-UV analysis enabled the quantitation of the size and charge variants with a
suitable throughput. Method validation demonstrated that quantitation of the HMWS could
be achieved by injecting as little a%0 ng of sample 9.6 ng LOQ) and the total analysis

time was 20 min per sample. An automated data processing workflow was created to
accelerate the processing of a large number of samples and involved the integration of
OpenLab Intelligent Reporting on ChemStation with a Pytkompt. In this procbf-
concept study, the 2D online hyphenation of SEC to CEX was successfully applied to study
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a mAb degradation pathway. Size variants were analysed by SEC!n,thed the main
product peak was fractiemansferred to théD with anheartcutting schedule for charge
variants analysis by CEX. The CEX sh#sed lineagradient coupled to UV detection
served for the profiling of charge variants and provided a fast and sensitive method suitable
for HT analysis of a large number of saegpivith minimal sample requirement. The overall
analysis time (without considering blanks and system suitability) was 8 hours with a column
loading of 10ng per injection. Here, it is important to mention that the SEX-UV
method integrated with automdteata processing script can provide data~i® samples

in 24 h. Besides the increase in throughput against the standdr@ approaches, the 2D
SEGCEX-UV met hod doesndt come without | i mit
of HMWS impurities bySEC was compromised due to solvent incompatibility between the
two dimensions. Data showed that lowering'eSEC ionic strengthwhich was necessary

to ensure compatibility with the CEXesulted in a 4% agreement of the HMWS quantitation
against the éhchmark SEC method used istAZeneca Solvent incompatibility between

the two dimensions may be overcome by the use of an ASM valve or by SPAM. Despite a
4% underestimation of HMWS quantitation may compromise the application of the method
for late stagedevelopment and manufacturing QC testing, its use in-stafje development

is fit-for-purpose. Particularly, the present method is suited to be applied as a ranking tool

during clone selection and process optimisation.

Charge variants peak characteiisatn coul dnodt be achieved w
using MS. For this reason, an SIBEX separation using volatile buffers was developed for
the online coupling to MS detection. MS analysis confirmed that mAb charge variants were
due to glycoforms and akated species. Moreover, the susceptibility of the mAbA0.H
mediated fragmentation via a hydroxyl radical reaction mechanism was identified. The UV
traces obtained with the M&mpatible method were comparable to the-lsatted SEC
CEX-UV method and té run time was 22 min. However, tRsof intact MS analysis was

not enough to detect deamidation with appropriate mass accuracy. Peapdmg analysis

was performed to confirm mAb quality attributes. Nevertheless, MS hyphenation
enhanced thd®Q information gathered in one analysis, enabled charge variants peak
characterisation at the intact level and provided a deeper understanding-af Ftdds and

degradation pathways under stress conditions.

Despite the advantages of MS hyphenation, this exbuit a decrease in sensitivity and

throughput. To attain adequate MS signal a larger amount of samptg)(2@s necessary.
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Furthermore, besides the similar analysis time, MS data analysis was lengthy and manual
processing was required. Therefore, the imgletation of the SECCEX-MS method to HT
workflows may be hampered by the overall reduction in throughput as well as the need for

sophisticated equipment and expert scientists.

This study presented the hyphenation of SEC and CEX biQb combine size ahcharge
variants analysis in one single method maximising R information obtained with
minimal resources. Data demonstrated the benefit of the novel approach in providing fully
automated instrument operations and data processing with little sampldinaad
requirements for the analysis, in line with the HTPD framework. Online hyphenation to MS
detection provided accurate characterisation of mAbs quality attributes at the molecular

level.
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Chapter 5

Tar gmd 9 s pefcorr ometry
aggregates MAMS essment
wor kfl ow

5.1 Abstract

Bispecific antibodies are a promising growing class of biopharmaceuticals and have proven
advantageous for the treatmentahcer. However, theomplex structure and propensity to
aggregate have hindered their entrance to the market. Consequently, more efficient analytical
characterisation is necessary to drive product development and meet regulatory approval.
Targeted mass sptrometry (MShpproaches such as mpléreactionmonitoring (MRM)
canbeused to developulti-attributemethoddMAM) thatenabé the quantitative analysis

of multiple quality attributesof a drug candidate duringlevelopment.The MAM
methodology hasmerged as a powerful toal highthroughput process development
(HTPD) activitieswhere gathering a large amount of product and process information in a
time and cosefficient fashion is key to speed the entrance of new drugs to market.
Nevertheless, the current MAMethod are generallypased orhe proteolytic cleavage of
reduced and denatured peptidess fail to provide information on protein aggregation.
Moreover,these methods combine higisolution mass spectrometers wsibphisicated

data analysis softwarbampering the overall analysis throughpithis study demonstrates

the development ofrAlMRM-basedmethod to analyse aggregation of a bispecific antibody
candidate (BsAH) by the assessent of cysteine(Cys) modified peptiés The MRM
methodologyis used tepecifically target peptides involved®sAb-1 aggregates formation

and monitoting other PQAs such as-terminal lysine (Lys) clipping, glycosylation, and
deamidation. This proedf-concept experiment proposes the use bfRM-basedMAM
approach to comprehensively support quality analysis of a BsAbs candidate during the

product developmnt life cycle.
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5.2 Introduction

Bispecific antibodies (BsAbs) have emerged as promising medicines in oncology thanks to
their dualtarget specificityBrinkmannand Kontermann, 2021; Weidanz, 202Reichert,
2019;KrishnamurthyandJimeno, 2018)Advancements in protein engineering and antibody
biology led to the development of over 100 BsAb fornfRisichert 2019) However, their
complex structural architecture presents challenges in product development and has hindere
their entrance to marké®uurs et al., 201%rishnamurthyandJimeno, 2018; Nagorsen et

al., 2012. One of the main challenges of BsAbs development is manufacturing a product
with a consistent purity profile. Disulphide splay a critical role in this process; indeed,
cysteine (Cys) bridges are often inserted as flexible linkers to connect the two -antigen
binding sites (e.g. Blincyto]Nagorsen et gl.2012) as well as for maintaining the
biochemical stability of the molecu{€ao et al.2018) In this regard, the structure of BsAbs

that present an appended singhain variable fragment (scFv) functioning as a second
binding site is often stabilised by engineered disulphide bprwt al. 2021; Schmiedl,
Breitling, and Dy 2000) Although introduced to improve the stability and binding of the
molecule, these protein engineering t&gées may lead to undesirable consequences such as

low expression titres and expression inconsisté@ey et al., 2018)ing et al, 2021)

The subject of this study was a symmetric 4g@& BsAb with an appended scFv tethered
within the CH3 domain (BsAfl). As shown inFigure 5.1, an additional engineered
disulphide bond was introduced between the light chain variable (VL) and heavy chain
variable (VH) domains of the scFv to improve its biochemical stability. However, thorough
characterisation studies previously performed istrad&eneca demonstrated that the
formation of the higkmolecularweight species (HMWS) impurities was linkedutafolding
mechanism causingthe scFv engineered disulphide bawdremainopened(Cao et al.

2018) Precisely, BsAHL size variants characterisation by intact, subunit maalysis and
nonreduced peptide mapping demonstrated that the scFv engineered disulphide bond wa
opened in the monomer variant and both Cys residues (Cys442 and Cys640) were cappe
The capping occurred by either cysteinylation (+119 @ajylutathionylaion (+305 Da)
preventing the correct formation of the scFv engineered disulphide bond. This led to the
formation of a mixture of molecular masses with +119 Da for cysteinylati®#805 Da for
glutathionylation. Moreover, it was deduced that the opened engineered disulphide

bond induced the formation of hetatail dimers by the intermolecular connection of the
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Cys442 of one molecule with the Cys640 of another molg€ide et al.2018) The data
supported the theory of a link between reduced Cys bridges and moledolding
mechanisms leading to the formation of HMWS impurities.
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Figure 5.1 Schematicrepresentationof BsAb-1 molecular structure and disulphide
bond linkage.

The IgGlike backbonavith the respective emgienous disulphide bond8ys371Cys698, Cys265
Cys325, Cys 230Cys230, Cys23&ys233, Cys21L£ys224, Cysl48ys204, Cys288, and
Cys2295) was depicted in grey. The scFv fraction appended within the CH3 davithithe two
endogenous disulphide bon@8ys420Cys494, and Cys562ys628)was coloured in pinkvhilst
the engineered stabilising bo(@ys442Cys64Q wasshownin blue.

Liquid chromatographyandem mass spectromet(C-MS/MS) analytical approaches
provide protein structural informatispecific to amino acid residues. In this contéxg

MRM technique performed on triple quadrupole (QqQ) mass spectrométérspwn to be
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highly specificand sensitivelue to the targeted monitoringagfinedm/z values at the M5

and MS2 also itis employed foraccurate quantitation of protein and pepti(Mértstedt et

al., 2020) Current debates in the regulatory landscape have highlighted compliance of MAM
in implementing FDA QbD approach and its implementation in a QC environfdesit

FDA 2019; Rogers et al. 2018 nalysis by MAM is capable of identifying and quantitating
multiple types of modifications in one single analysis, becoming increasingly popuier in t
biopharmaceutical industry as a tool to support the development life cycle of biotherapeutic
proteins(Rogers et al. 2018A key advantage of the MAM methodology over prebksed
chromatography and electrophoretic techniques is the ability to accurately identify residue
specific modificationsAlthough conventional MAM uses HRMS instrumentations, a MRM
approach woul generate less complex data in comparison to HRMSving for a sinpler
workflow and greater throughput whilsproviding sensitive and residispecific

information.

This study aimed to develop an MRibasedMAM approach to target the Cys modified
peptides resulting from protein expression and aberrant protein folding miaighead to
protein aggregation (HMWS) in the host cell culture fluid (HCCF). Furthermore, other PQAs
were also integrated to develop an analytical workflow that could comprehensively support
the analysis of BsAld during development whilst minimising theeed for orthogonal

analytical testing.

In practice, BsAbL Cys modifications can be identified and quantified B\ therefore,
the key research question of this study was to address whetheRMearidthodology could
be used to quantify the HMWS imptieis present in BsAtk samples. In addition, further
characterisation was performed to identitherBsAb-1 PTMs and define which of them
wereimportantto monitor during development. Subsequently, the data acquired from the
initial analytical characteraion were used to builthe MAM method. The proposed
targeted approach was intended to ibwlementedin stages ofdevelopmentwhen
substantial analytical information on a specific drug candidajathered and the PQAse
defined. The final method was aimed to be applied as a &tiBlyticaltool to aid clone
selection and process optimisation. Sensitivity and runtime were optifoisedpporting
the analysis of 48 samples at a time as per staaddn® runs.Although tis setup required
a lower throughput than the methods previously presented fddV@B screening
experimentgChapter 3)jt providedgreater analytical informatioon the molecule PQAs

with the specificity of MS detectio o increase the method throughput, sample preparation
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was automated on a robotic liquid handler enabling the processing of 48 samples in parallel.
Likewise, data analysis was leveraged by the us@ alutomated data processing workflow.

The automation of the analytical workflow provided a significant increase in the method
throughput enabling its application as a comprehensive analytical tool for the
characterisation of BsAlh PQAs in HTPD.
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5.3 Resultsand Discussions

5831 Anal ytical DHsQuwdriyt yofAtBsAlbut es

5.3.1.1 EThcDAssistedNonreduced Peptide Mapping Analysis of BdAfractions Separated
by SEC

A substantial percentage of BSAIHMWS impurities~30% was observed by SEC analysis.
Enriched fratons of HMWS and main product peaks as well as their purity analysis were
obtained by SEC and named fractions 1 and 2, respectiehendixC, Figurel1.1). Non
reduced peptide mapping (NRPM) was used to assign the status of thesidyes within

each BsAbl fraction. To verify the presence of npative disulphide bonds, sample
preparation procedures were conducted both under conditions that maintain the native
arrangement of disulphide bonds as well as inducing scramblgsarples were divided

into group A, group B and group C all comprising of fractions 1 and 2 and prepared as shown
in Table5.1. Tandem mass spectra were acegiwith EThcD fragmentatiorto cleavethe
interchain disulphide bondsdreveal the modification status of the Cys residues. Retention
time shifs wereobserved in the peptide maps of group A samghlesefore all the peaks

were confirmed by highesolution MS(HRMS) and fragmentation data. Peptide assignment
was achieved by comparing the m/z of the observed ions in the MS spectra against al
theoretical ions of the possible disulphide bonded peptides combinations calculated by in
silico prediction of the monoisotopic mass of the digested peptides. Peptides containing free
Cys were searched with a mass addition corresponding to the alkylated species: EThcD
assisted NRPM analysis of BsAbfractions confirmed the presence of 8 out of the 12
theoretical disulphide bondBifure5.2; AppendixC, Figurell1.2; Figurell.3; Figurell4;

Figure 11.5; Figure 116; Figure 11.7). To further validate BsAfd disulphide bondghe
nonreduced peptide map was compared to the corresponding reduced peptide map. N
unexpected disulphide bond was observed confirming that no scrarhatiogcurred. The

MS1 and MS2 spectra of the peptides involved in the engineered stabilisindnidisiipnd

were observed in both fractions eluting at 53.52 min and 52.48 min in fractions 1 and 2,

respectively Figure5.2).
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Table 5.1 Sample groups usedor BsAb-1 disulphide bonds mapping

Group A | Samples were alkylated, denatured and digested. This treatment pre
the native arrangement of the disulphide bonds.

Group B | Samples werdenatured, alkylated and digested. This treatment induce
formation of nonnative disulphide bonds.

Group C | The samples were alkylated, denatured, digested, and finally reduced
injection. This was done to confirm the presence ofdiselphide bonds
since peptides containing the Cys residues linked by disulphide bong
be present only in Group A (needuced peptide map), and absent or
abundant in group C (reduced peptide map).
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Figure 5.2 EThcD-assistedMS and MS/MS spectra of the scFvtripeptide in BsAb-1

SEC fractions.

A) Full MS spectra of the scFv tripeptide observed in the SEC fraction 1 (1) and fraction 2 (2) with
[M+3H]*® (1574 m/z), M+4 (1181 m/z), and [M+5H](945 m/2 species detected in both fractions
and [M+4H]* matching the theoretical m/z value (3); B) Zoom of the isotopic charge distribution of
[M+4H]** matching the theoretical m/z; C, and D) EThcD MS/MS spectra showing the fragments of
the three peptides cortstiing the scFv tripeptide of both fractions observed in fraction 1 and 2,
respectively (1). As a result of EThcD fragmentation, pegid2), peptide2 (3), and peptid€3)

were detected confirming the presence of the native engineered stabilisingidestpnd in both

SEC fractions
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Due to the specificity of the trypsin cleavage at Lys and Arg residues, the engineered
stabilising disulphide bond was seen as part of a tripeppideiesomprising of peptid4,
peptide2 and peptide3, andreferred to as scFv tripeptide in this manuscript. Particularly,
the native organisation of the scFv tripeptide disulphide bonds comprised Cys442 in-peptide
1 binding to Cys640 in peptie& the latter peptide also contained Cys628 linked to Cys526
in peptde-2 (Figure5.3).

To look for Cys modifications in the scFv tripeptide, the MS2 extracted ion chromatograms
(XIC) of the peptides fragments were sderd to identify all the species containing the
fragments bearing Cys442, Cys526, Cys628 and Cys640. Interestingly, the MS2 XIC of the
peptide3 [M+2H]**fragment (1501.67 m/z) showed the presence of peaks eluting at 48.4
min and 48.75 minKigure5.4, A) corresponding to glutathionylation and cysteinylation of
Cys640, respectivelyF{gure5.5). Likewise, the XIC of peptidé [M+1H]** (1705.56 m/z)
peaks eluting at 34.82 min and 35.05 nkig(re5.4, B) were confirmed at the MS2 level

as cysteinylation and glutathionylation of Cys442, respecti@yu(e5.6). The observed
masses of both parent ions anesaurce fragments matched their respective theoretical
values, confirming peak identification. Such modifications were not found in fraction 2.
Moreover, no modifications of pepticBewere observedihe datavere consistent with the
observations previously presented by Gaggesting thaheincorrectfolding of the protein
exposedheCys442 and Cy®10residuedo react with the Cys and GSH present in the media
or with therespectiveCys442/Cys64@rom anoher molecule to form head-tail dimers

(Cao et al. 2018) These observations led to thgpothesisof a correlation between the
modifications occurring on Cys442 and Cys640 with the amount of HMWS forming in
BsAb-1 samples. The following section of this chapter will investigatelévelopment and
application ofan MRM for targeting Cys442/Cys640 modifications and correlate their

relative quantification to the %HMWS present in BsAsamples.
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Figure 5.3 Schematicrepresentationof the scFvtripeptide disulphide bondsand site
specific modifications
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A) Unmodified scFv tripeptide comprising of peptitlégrey) bearing Cys442 linked to Cys640 of
peptide3 (blue) and constituting the engineered stabilising disulphaded;bpeptide2 bearing
Cys562 linked to Cys628 on peptiieB and C) Sitespecific cysteinylation and glutathionylation
on Cys442 and Cys640, respectively, leading to the formation of peptihel the dipeptide

composed of peptid2 and 3.
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Figure 5.4 XIC of peptide-3 [M+2H]?* (1501 m/z) andpeptide-1 [M+1H]* (1075 m/z).

A) XIC of peptide3 [M+2H]** (1501 m/z) eluting at 48.75 min and B) XIC of peptidfM+1H]"*
(2075 m/z) eluting at 34.82 min both obg=d in fraction 1 (top) but not in fraction 2 (bottpm
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Figure 5.5 EThcD MS/MS spectra of glutathionylation on Cys640observed in faction
1

The MS2 of 989.9372 m/z precursor ion fragmented blgdBTshowed the presence of 1970 m/z,

and 1655 m/z corresponding to glutathionylation of Cys640 with the disulphide bond €ys628
Cysb526 in the intact and reduced status, respectively. Other fragments identified were 650 m/z, 150.
m/z, and 1826 m/z corresponditigreduced peptid2, reduced peptid@ and peptide and 3 linked

via Cys526Cys628 disulphide bond with reduced Cys640, respectively.
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Figure 5.6 EThcD MS/MS spectra of cysteinylationon Cys640observed infraction 1.
The MS2 of 943.4213 m/z precursor ion fragmented bycBTdisplaying the presence of 1886 m/z,
and 1562 m/z corresponding to cysteinylation of Cys640 with the CySg2826 disulphide bond
in the intact and reduced status, respectively. Gthgments identified were 650 m/z, 1501 m /z,
and 1826 m/z corresponding to reduced pegideduced peptidd and peptid® and 3 linked via
Cys526Cys628 disulphide bond with reduced Cys640, respectively.
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Figure 5.7 EThcD MS/MS spectra of glutathionylation on Cys442observed in fraction
1

The MS2 of 597.78 m/z precursor ion fragmented blrdBTdisplaying the presence of 1194.56 m/z
corresponding to cysteinylation of Cys442. The redpegudidel fragment with 1075 m/z [M+1H]
was also identified.

BsAb-1 Fraction 1 #6174 RT: 35.06 AV:1 NL 1.01E4

T:FTMS + p ESI d sa Full ms2 690.8201@etd80.00 690.8201@hcd37.00 [120.0000-1392.0000]

1075.5562

1003 H

957 (‘:442xxxxxxxx
903
85
807
751 GSH
703 ‘c442><><><><><><><><
657
6037 173.4250 1380.6272
557
503
453 10415718
40

Relative Abundance

3531481607 5221652  666.0816°00 5200 992.725

303
E 197.9716 362.1837
257 300.3298

203
153
103

202.0613
B o M e A Ao o e At e M e T

T T e P
200 300 400 500 600 700 800 900 1000 1100 1200 1300
m/z

Figure 5.8 EThcD MS/MS spectra of cystenylation on Cys442observed in fraction 1.

The MS2 of 690.82 m/z precursor ion fragmented bydBldisgdaying the presence of 1380.64 m/z
corresponding to glutathionylation of Cys442. The reduced peptitagment with 1075 m/z
[M+1H]** was also identified.
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5.3.1.2 Reduced Peptide Mapping ferotein Characterisabn

Aiming to develop an analytical strategy thabguced targeted information on BsAb
quality attributes, thorough characterisation analysis was necessary to identify the sequenc
liabilities and PTMs of this specific therapeutic candidate. Reduced peptide mapping (RPM)
was performed forconfirming the BsAb-1 primary sequence and determonthe site
specific postranslational modifications (PTMs) to monitor by MRMhese wereC-
terminal Lys retentiondeamidation of Asn54, Asn365 and Asng6Ridation of Met256

and Met481,and dycosylation of Asn30lwith 6 identified glycoformsnamely, A1GO,
A1GOF, A1G1F, A2GOF, Man3 and Man5.

Together with the NRPM, RPM analysis enabled the identification of 9 different peptide
sequences that could presenotential liabiliiesto product quality. These data served as a
basis to buildhe MAM asdescribedn the next section.
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The present method was designed to cover the quantitative analysis of glycosylation,
deanmdation, oxidation, @erminal Lys clipping, Cys modifications, and including
aggregation occurring in BsAbl generated from mediuthroughput cell culture
experiments duringroduct development such anbr® runs (48 samples at a time)s
previously desgbed,aberrant protein folding events meguse the exposure of frégs442

and Cys640esidues to react withther Cydeading to the formation a€ys modifications
resulting inaggregation and HMW.SHence the main challenge of this research was to
investigate the presence of a correlation between the Cys modifications and the HMWS
present in the sampte successively build a statistical modet inferring the quantitation

of HMWS based on the Cys modiftions.

Previous discovery analysis of BsAbidentified 9 peptides with PTMs accounting for
product quality liability to target by RM (see Sectiorb.3.]). Each quality attribute was
analysed by monitoring the unmodifiegs. the modified peptide sequence. Sample
preparation and chromatography conditions were optimised from the AZ SOP for NRPM
(see Chapter 2, Secti@nl.4.4. Particularly, the sample preparation protocol was automated
on a robotic liquid handler for improving method throughput and consistency over a large
number of samples. More information the automation of the sample preparation protocol

was addressed in the following section of this chagee Sectio®.3.2.].

To obtain robust anduantitative MS/MS analysis, a QqQ mass spectrometer was selected
and operated in Multiple Reaction Monitoring (MRM) mode (for further information on
method developmenes Chapter 2, Sectidh1.4.4. A PythonrJMP integrated script was

developed to automate the data processing and ease the handling of large datasets.

As a proofof-concept, a sample of BsAbwasanaly®d in triplicate and the datequired
are displayed in Figure 5.9. Data showd that the simultaneous identification and

guantitation of BsAHL QAs were successfully achievedthg MRM-basedVAM.
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Figure 5.9 MAM analysisof BsAb-1: proof-of-concept of targetedPTMs monitoring.

Bar chart representing the relative quantification of modified peptides against the unmodified
(Unmod) species. A) Oxidation of M256 aNt#81; B) Gterminal Lys processing; C) Deamidation

of N662, N365 and N54; D) Glycosylation displaying the relative quantification of Man3, Man5,
A1GOF, A1GO, A2GOF, and Al1G1lF; E) Cywodifications including glutathionylation and
cysteinylation of Cys442 anCys640 as well as the unmodified peptide.
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5.3.21 CorrelatingHMWS from CyMlodifications

Findings from the NRPM analysis of BsAbfractions revealed the presence of Cys
modifications in fraction 1 containing HMWS impuritieseg Sectiob.3.1). Along with the
findings from Cao et al., this studyemonstrated that modifications of Cys442 and Cys640
were responsible for the formation BMWS in this specific therapeutic candidate. The
study proposed herein aimed to addregsether the relative quantitation ofCys
modifications by MRM can be usdd quantitatethe %HMWS impuritiespresent in the
sample The following proof-of-conceptexpeiment was part of method developmerand
used to investigate the method application for the analysBsAb-1 RM sample with
known %HMWS

Firstly, samples with different levels 6fIMWS, samples of the BsAb SEC fractions 1 and

2 were blended alifferent ratios, namely 0%, 10%, 20%, 40% and 60% of fraction 1
(HMWS) spiked into fraction 2 (main product peak). Subsequently, the samples were
divided into 8 replicates to generate an adequate sample size for evaluating the presence of
a correlation beveen Cys modifications and HMWS impurities. Finally, the samples were
analysed by MAM and the relative abundance of cysteinylation of Cys442, Cys640 and the
unmodified scFv tripeptide were displayedrigure5.10.

% Fraction 1 (HMW:!
H0%

H10%

B20%

B40%

B60%

Relative Peak Area (%)
w = u (2] ~ (o]
(=} o o o o o

N
o

5

17.
163 164
146 157

C442+Cys C640+Cys scFv tripeptide
Cys Modifications

-
o

Figure 5.10 Quantitative analysisof BsAb-1 Cysmodifications by MAM.

Bar chart depicting the relative abundance of @yslifications analysed in the BsAbsample
blends by MAM, namely cysteinylation of Cys442 (C442+Cys) and Cys640 (C640+Cys) and the
unmodified scFv tripeptide. The blends were prepared by normalising the fractions concentration to
1 mg/mL and spiking fracin 1 into fraction 2 at different ratios, namely 0% (blue), 10% (red), 20%
(green), 40% (purple), 60% (orange).
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The MAM analysis revealed that the relative abundance of cysteinylated species increasec
proportionally to the %fraction 1 spiked into the séanphereas the levels of unmodified
scFv tripeptide decreased proportionalyglre5.10). This experiment confirmed that the
MRM-basedMAM was capableof discriminating between samples containing different

levels of Cys modifications

Multivariate analysis (MVA) was used to investigate the presence of a correlation between
the Cys modifications and assessing their relevance to changes in the com&hiver
(Figureb5.11). Both cysteinylation of Cys442 and Cys640 were positively correlated with the
%fraction 1 spiked in the sample, whilst the scFv tripeptide was negatively corrdlaged.
correlation betweeaysteinylation at Cys442 and the scFv tripeptidkh the %HMWSwas
strong (0.8781 and-0.8884, respective)yand significant (pvalue <0.@01). Differently,
cysteinylation of Cy840 showed aveak positive (0.384) although significant (value =
0.0155) correlationvith the %HMWS Another aspect to take into considerai®ihat the

Cys modifications areorrelated with one another. Particularly, cysteinylation of Cys442
was strongly, negatively(-0.9582), and significantly (pvalue <0.0001xorrelated withthe

scFv tripeptidevhilst non correlated with Cys640.2523 p-value = 0.1163)interestingly,
Cys640had a stronger negatived(5185 significant p-value =0.0006)correlationwith

scFv tripeptide than with the %HMW®.3804, pvalue =0.0155.

This may indicate thatn the BsAb-1 RM model sample;ysteinylation of Cys442and the
scFv tripeptide werghe most probable modificatisrconsequent tgrotein unfolding

mechanisms inducing the formation of HMWS.
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Figure 5.11 MVA report.

A) Scatter plot matrix showing the relationship between %fraction 1 (HMWS) spiked in the sample
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0.1163
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0.0006

<.0001
<.0001
0.0006
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(y-axis) and the relative abundance of each Cys modificatiami§}. Linear regression analysis was
used to fit the data: the greater is the slope of the(led, the stronger is the correlation and the

direction of the line indicates whether the correlation is positive or negative. B) Correlation matrix

reporting the correlation values of each Cys modificatierthe %HMWS. Negative correlations

were repaed in red whilst positive correlations were displayed in blue. A strong correlation was
ma x i mum
relevance of each Cys modifications for the %HMWS. Thei@gdifications with pvalue < 0.05

defined as O | 0.8|] as

t he

are significantly correlated with the content of HMWS impurities in B&Ab
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Regression analysis was used to study the relationship between Cys modifications ant
HMWS as well as inferring the relative abundance of HMWS impuritieseptein the
sample. A regression model with L2 regularisation (Ridge regression) was used to infer the
%HMWS from the Cys modifications present in the sampd@péndixC, Table11.4,
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Table 11.5). The dataset used for training the model comprised of 8 replicates for each
sample group. The %HMWS used for training the model was based on the HT SEC analysis
(seeChapter 3, Sectio.3.2 of the sample blendsFigure 5.12, A). Subseqantly, a
heterogeneous group of samples was used to test the model. This comprised-bfdBsé\b
substance (DS), a sample of BsAlstressed at high pH (HBy adding 1MTris pH 8.5, a
sample of BsAHL stressed at 70 °C for 30 min and 3 replicates oRMgRM1, RM2 and

RM3). All the samples of the test group were analysed in triplicate and the %HMWS
predicted by the model was compared with the one obtained by HT SEC.

A B
50 Method
25 WHT SEC
40 EMAM
20
N30 n
2 S5
T I
X0 ES
10
) ' 5
. — 1l o L
0% 10% 20% 40% 60% DS HP HS RM1 RM2 RM3
Sample Name Sample Name

Figure 5.12 Inferring the quantitation of HMWS from Cys modifications by Ridge
regression analis.

Bar chart displaying the %HMWS estimated by the model based on the relative quantification of the
Cys modifications monitored by MAM (red)s. the %HMWS analysed by HT SEC (blue). A)
Training dataset including 8 technical replicates of the sample blends. B) Testing dataset comprising
of the BsAbl drug substance (DS), samples stressed with high pH (HP) and heat (HS) and 3
replicates of the RM (RM1, RM2 and RM3).

Figureb.12, B display the %HMWS predicted by the model (red) the one analysed by
HT SEC (blue). Both techniques can discriminate from samples containing various levels of
HMWS impurities, and give the same trend. However, the HMWS values measured by
MAM and SEC differ significantly from one another. Moreover, the %HMWS predicted by
the MAM model was not preciséppendix Figure1111) and showed wide confidence
intervals, making it difficult to both accurately quantifpdaconfidently discriminate
between the samples with different levels of HMWS impurities. In this regard, a few
considerations need to be addressed. Fitsigylow intensity of the scFv tripeptide affected
the precision of the MM method and consequentigsulted in high measurement variability
of the peptide relative abundance. This may affect the capability of the MAM model to
precisely quantitate the amount of HMWS impuritiesSimilarly, peptides bearing
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glutathionylation of Cys442 and Cys640 were ketbe method LOQ thus they were not
included in the model. This may indicate that the méalks short in havingll the predictors
necessary to truly capture the main feature behind the 8Satssitivity issues may be
overcome by either increasing thelwwon loading or modifying the sample preparation
procedure. The latter could benefit by eitiverestigating on the usdifferent digestion
enzymessuch asLys-C, GItC and pepsiras well as differentligestion pH,to obtain
peptides that better ionise in the ESI soyfeeLiu, Breukelen, and Heck 2014; Cui et al.
2019. Proteases such as pepsin can be used to kestyffling of disulphide bond$-. Liu,
Breukelen, and Heck 2014; Cui et 2019) Mobile phase additivesuch agormic acid
propionic acidand TFAat various concentratiomsuld also be investigated improve the

MS signal.

Another factor to take into consideration is that the model predictors are correlated not only
with the %HMWS but also with one another, e.g. Cys442 is strongly correlated with the
scFv tripeptide. This phenomenon, known as multicollinearity, tends to overinflate the
standard errors of the model coefficients making some predictors statisticallyfinaigni
when they should be significari¥loreover, the change in one variable producritual
changes of the correlated variable. Therefore, the model results would be sensitive to sma
changes in the data and unstable. This may explainthehgnodel prediion accuracy was
ultimately affected. Multicollinearity may be overcome by removing the highly correlated
variables, linearly combining them in the model as a unique variable or using other
moddling tools designed for highly correlated variables suchpmscipal component
analysis. Nevertheless, it would be sensible to investigate other statistical approaches i
multicollinearity is still present when the method sensitivity is improved to include all the

possible predictors in the modslich as the gtathionylated peptidégs

Additional considerations concern the features of the training dataset. Indeed, the sampl
group used for this experiment was suitable for confirming that the method was able to
discriminate between samples containing various $ew@€lCys modifications which also
corresponded to different %oHMWS. However, this specific sample set may not be suited for
building a model that accurately predicts aggregation. Training datasets for obtaining
accurate model predictions are generally lar@geindreds of samples) and investigate a
wider experimental space involving the use of various conditions. Conversely, the sample
group used herein derived from a single stock of B&ARM with unique characteristics

which may not be representative of gs@ne molecule when expressed in culture by means
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which alter its aggregation pathway. As an example, if cysteinylation and glutathionylation
of Cys442 and Cys640 occurred at different ratios than the ones observed in tHe BSKb

this model would not wik as the relationship between Cys modifications and %HMWS
would be differentln that case, another model would need to be generated to study how the
Cys modifications are related to each other and the %HMWS present in the sample.
Therefore, the MAMmodel described in this study would be suitable for application to
guantify the HMWS of BsAH RM only. A more diverse set of samples would be necessary
to build a model that could comprehensively quantify the HMWS impurities in BsAb

during the various@velopment stages.

The data presented herein suggest that further experimentation is needed to achieve accurate
qguantitation of BsAHL HMWS by MAM. Nevertheless, this work providi@ proofof-

concept study demonstrating the potential of tHeMVMmethodologyin quantifying BsAbs
aggregates anghvea vision totheapplicationof MAM as comprehensive analytical tool to
support product development minimising the need for orthogonal testing.

Future experiments would be focused on improvimg MS sensitivity oflow-intensity
peptides, using a larger and more diverse -sasdy sample to train the model and
investigate statistical modelling tools that can capture all the possible features in the data
and accurately predict the amount of HMWS present in the sa@ussvalidation of the
statistical model would also be required when dealing with a larger dataset and demonstrate

the feasibility of the method to be applied for supporting product development.

533 Devel opment of Automated Sample Prepara

The sample preparation for NRPM is a complex and lengthy procedure. Manual execution
can be inconsistent and inconveniespeciallyfor the processing of a large number of
samples. Automation enables robust and consistent execution of sample preparation
protocols leveraging scientists work and increasing the throughput of analytical workflows
(Qian et al, 2021) Nevertheless, the development of automated processes may not be
straightforward and often require careful tuning of all the steps. Therefore, it is important to
address theomparability of the results with manual procedures and assess thefiitness
purpose of the automated operation. In this study, the sample preparation for NRPM was
automated on a robotic liquid handler to support the processing of a large number e§sampl

and designed for 9BWP sample handling. Method comparability against the manual
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procedure was evaluated based on the quantification of the digested peptide PTMs across
sample replicates. To evaluate the robot consistency across the plate, the sarmples
divided into 3 groups each comprising of 6 replicates and placed at the front, middle and
back of the plate constituting a total of 18 replicates for the automated procedure. Moreover
data for evaluating the method repeatability were extrapolatetdtfie comparability study

to assess whether the automated procedure would increase method precision. A summary «
the comparability study data can be found @&ble5.3 as part of the methaassessment

The PTMs quantification involved 1) the calculation of the qualifier/quantifier ion ratio
coefficients of variation@Vs) across the 6 replicates of each sample group (namely manual
and automated frondutomated middle and automated back), followed by 2) the calculation
of each PTM relative peak area based on the %area of the quantifier ion peak of modifiec
peptidevs.the unmodified peptide. Data showed that the qualifier/quantifier ions ratio CVs
were comparable amongst the sample groups and < Z@9pendix C, Figure11.8). The
peptide ion transitions corresponding to unglycosylated N301 and gdumgttion of
Cys442 and Cys640 were not detectddpendixC, Figure11.8). Visual representation of

the PTMs quantitation showed a comparable trend between the manual and the automate
sample groupsAppendix C, Figure 11.9). ANOVA test demonstrated that the PTMs
guantitation between the automated groups (front, middle and back) was not significantly
different AppendixC, Table11.1) inferring consistency across the plateest for an equal
group size of 6 sample replicates verified that the PTMs quantitation obtained by using the
manual and the automated sample preamargrocedures were not statistically different
(Appendix C, Table 112). Variability gauge analysis was performed to examine the
measurement variation between the two sample preparation procedures. The variability chat
(Figure 5.13, AppendixC, Table 11.2) visualises the variability of the sispecific PTM
guantitation amongst the sample replicates between the manual and automated processe
With this experiment, we conclude that the two sampieparation proceduresere
comparable for PTMs quantification and method repeatability. Nevertheless, automation
improved method throughput by parallel processing of a large number of samples and

allowing walkaway time during sample preparation.
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Figure 5.13 Variability gauge chart for sitespecific PTMs relative peak area between

manual and automated procedures.

A) Variability chart displaying the relative peak area of eachsgiteific PTM measured faill the

group replicates prepared by using the manual (pink dots) and the automated processes (black dots).
The purple line indicates the group mean. B) Standard deviation of eashesitic PTM relative

peak area compared between the gro@msnnectig lines were usedo better visualise the

fluctuation of the standard deviation across the samples.
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534 MAM Met hod Assessment

The MAM method wasjualifiedfor the relative quantification of BsAb PQAs such as Cys
modifications, aggregation, glycosylationgainidation, oxidation and -términal Lys
retention. This study focused on the assessment of sample stavdityhe timescales of
theanalysis conditions, method repeatability, and-ieaglay reproducibility. The analytical
workflow was designed and asses$adsupporing the analysis of BsAll expressed in
mediumthroughput cell culture experiments suchaamr® micro bioreactors seps with

up to 48 cultures. The data presented herein were integrated with the comparability study
aimed to gauge the suitability of automated operations for sample preparation previously
presented irsection5.3.2.1(seeFigure 5.13).

5.3.4.1 OvertimeSample Stability under Analysis Conditions

To evaluate thevertime stability of the tryptic digested peptides under process conditions
before LGMS injection, 48 replicates of BsAb RM were prepared and analysed in the
same plate. A variability gauge study was performed to measure the variation of the PTMs
relaive peak areas amongst the replicated measurenfgoperidixC, Table11.6). Figure

5.14 provided a visual representation of the variation of the PTMs relative peak areas over
time. Whilst glycosylation, deamidation-t€rminal Lys clipping and Cys modifications
were consistent (€ < 20%, AppendixC, Table11.6) it is clear that oxidadn of Met481

and Met526 was inconsistent (CV > 208pendixC, Table11.6) and increased over time.

This may be due to the instability of the tryptic digested peptides to oxidative events
occurring as a result of sample storage in the NRPM buffer and at 4 °C in the autosampler
This observation testified thakidation occurred as an artefact of sample preparation and
increased over time. Therefore, the present method is not fit for monitoring and correlate

oxidation to process engineering strategies.
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Figure 5.14 Assessment of thevertime sample stabilityacross 48njections.

Bar chart representing the overtime variation of the BEAPTMs relative peak area such as A)
glycosylation; B) Gterminal Lys processing; C) and E) oxidetj D) Cysmodifications; F, G and
H) deamidation. The sample name was reported and ectoled varying from blue to red shades
as a function of injection time.
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5.3.4.2 Day-to-dayReproducibility

Day-to-day reproducibility was assessed over 6 replicates of BsRM prepared and
analysed on two different days. A preliminary visualisation of thetdaay variability was
illustrated inFigure5.15depicting theaverage measurement of the BSABTMs monitored

each day. Because the lines are parallel and there is no crossing, we can conclude that the
IS no interaction between the measurements taken on the two different days. Interestingly, i
was observed thali¢ standard deviations of the PTMs with higtensity MS signals were
greater than the lowntensity peptides Kigure 11.10) meaning that larger MS sigh
intensity resulted in higher measurement inconsistency. Variability gauge analysis identified
site-specific PTM as the main experimental factor contributing to inconsistency in the data
whereas the variability resulting from the day of the analysismiasnal (Figure5.16).

This was not surprising since the BsAPTMs vary from type to type. A randeaffect

model was fit to understand if the day of the analysis could significantly explain the
variability in the data. Fitting a random effect mopiedvedthat the contribubn of the day

to-day variability was not significant.
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Figure 5.15 Day-to-day reproducibility parallelism plot .

Visual representation of déap-day variability given by the mean PTMs relative peak aressado
replicate measurements prepared and analysed on day 1 (red) and day 2 (blue).
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Variance Components
Var Sqrt(Var
Component Component % of Total 20 40 60 80 Comp)
Site-specific PTM 0.66298213 93.8 0.81424
Day 0.00033459 0.0473 P 0.01829
Site-specific PTM*Day 0.00502333 07107 | 0.07088
Within 0.03851163 54 ] : 0.19624

Total 0.70685167 100.0 0.84074

Figure 5.16 Variability gauge charts of dayto-day reproducibility .

A) Variability chart and B) standard deviation charthaf Logo PTMs relative peak area plotted for

the 6 replicates prepared and analysed on day 1 and day 2. C) Variance components table
summarising the contributions that the experimental factors (days argpsdidic PTM) make to

the overall variabilityin the data.
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Table 5.2 Random effect model report.

Source FDR LogWorth FDR PValue
Site 15.114 0.00000
Day 0.653 0.22248
Model Summary of Fit
RSquare 0.950482
RSquare Adj 0.945506
Root Mean Squargrror 0.19627
Mean of Response -0.1348
Observations (or Sum Wgts) 231
Random Var Var Std 95% 95% Wald  Pct of
Effect Ratio Component Error Lower Upper pValue Total
Day[Sitespecific 0.129 0.005 0.004 -0.003 0.0126 0.198  11.471
PTM]
Residual 0.038 0.004 0.032 0.048 88.529
Total 0.043 0.005 0.035 0.055 100.00

5.3.4.3 MethodSuitabilityfor theAnalysisof in-Process Samplesd Stability-Indicating
Capability

During earlystage cell line development expression titres mapdensistent as a result of

the engineering strategies applied for process development and optimisation. Moreover, the
sample matrix may be different based on whether the molecule is analysed in the host cel
culture fluid (HCCF), purification or formulain buffers. The composition of HCCF is
highly complex and varies due to the different media and feed compositions chosen for the
cell culture. Typical purification buffers for mAbs and BsAlare glycine HCI and sodium
acetate with a pH range of 2356. Formulations are generally composed of a buffer
component such as acetate, histidine, or phosphate that keep the pH be®wseh 54,
together with other excipients such as salts, surfactants, amino acids and antioxidants. Th
matrix components can affieibe performance of analytical methods, hence their suitability

to analyse samples with various megs must be assessed. To evaluate the MAM method
suitability for application for the analysis of-process samples, BsAbwas analysed
directly from HCG= and purification buffer (glycine HCI, pH 2.6) (post pAnigs) without
buffer-exchange and compared with the RM. All the samples were analysed in 6 replicates
and the concentration was normalised to 1 mg/mL before sample preparation. To evaluat
the suiability of the method to analyse low concentrated samples, th@fAdShighSample

was diluted to 0.2 mg/mL (post pAxign) before sample preparation. Moreover, to assess
the stabilityindicating capability of the method, a sample of BslAlas stresed at 70 °C

for 30 min and compared to the RM. The qualifier/quantifier ion ratio CV of the post pA
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Cwighy sample were > 20% due to low signal intensity. This confirmed that further
optimisation must be carried out to apply the present method for tlysiared samples with
concentrations < 1 mg/mL. Unglycosylation of Asn301and glutathionylation at Cys442 and
Cys640 were not identified (CV > 20%). The scFv tripeptide was not detected in clarified
media due to the increased background noise registetied MS spectra of these samples.
The other PTMs qualifier/quantifier ion ratio CVs were comparable amongst the sample

groups.
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Figure 5.17 Qualifier/ quantifier ion ratio CVs for the assessment anethod suitability

for the analysis of inprocess samples and stabiligndicating capability.

Bar chart depicting the qualifier/quantifier ion ratio CVs of each PTM monitored by MAM analysis
of the BsAb1 reference material (RM, blue), pgsh Cpnign (red), postpA Ciow) (green), stressed
material (ST, purple), and HCCF (orange).

Figure 5.18 displayed the relative quantitation of all the sipecific PTMs amongst the
sample groups. An increaseeté&@minal Lys retention was observed in the HC&B% in
comparison to the5% detected in the other samples. Various levels of Cys modifications
amongst the sample groups were quantified. Particularly, cysteinylation of Cys442 was
higher in the stressed sample (79.3%) than in theg&nighyand RM (71% and 71.4%,
respectively). It is important to notice that cysteinylation of Cys442 was 75.4% HCCF

but the relative quantitation didndét take
was not detected due to an increase in background noise. The other PTMs were consistent

amongst the sample groups.
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Figure 5.18 PTMs quantitation for the assessment of method suitability for the analysis

of in-process samples and stabiligndicating capability.
Bar chart illustrating the relative quantification of the-sippecific modifications monitorelay MAM

analysis for the BsAfi reference material (RM, blue), pgsh Cpign) (red), stressed material (ST,
purple), and HCCF (orange). The % area of the modified peptide was plotted against the %area o

the unmodified peptide.

The assessmenf the analyital workflow was critical to verify the feasibility of the MAM
method for the analysis of samples in purification buffer without the need for buffer

exchange and highlighted that sample concentration and the increase in MS specir:

background noise weratiting factors.
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Table 5.3 MAM method assessment results

Parameter

Comparability Study

Precision

Overtime sample stabilit

Day-to-day
Reproducibility

Suitability for inprocess
samples

Stability-indicating

Target Expectation

The qualifier/quantifier ion ratic
CVs of all the transition:
monitored in the MAM must b
<20% and comparable among
the groups.

ANOVA test of the automate
sample groups showing r

significant difference of the
PTMs relative peak area among
the groups.

T-test of the manual an

automated sample preparati
groups showing no significar
difference in the PTMs relativ
peak area between theoups.

The CV of the PTMs quantitatio
amongst the replicat
measurements must be < 20%

Thevariation of the relative pea
area of each PTM monitore
within the repeated measureme
must have CV < 20%.

The contribution of the day of th
analysis on the data variabilif
must be < 1% and not significan
(p-value >0.05).
Quantifier/qualifier
CVv<20%.

jon ratic

Discriminating variation of the
PTM profile of stressed sample
compared to RM.
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Quialification results

The CVs of the Automated fron
middle and back groups we
comparable to the manual
prepared samples and <2C
(AppendixC, Figurell.8).

No significant  difference
(AppendixC, Figure11.9; Table
11.1).

No significant  difference
(AppendixC, Table11.2).

PTMs quantitation amongst tr
sample replicates was <20
except for the oxidation at M48
and M256(AppendixC, Table
11.3).

All PTMs relative peak areas C
were < 20% except for oxidatio
at M481 and M256AppendixC,
Tablel11.6).

Day variance component
0.05% and pralue 0.222
(Figureb.16, Table5s.2).

Suitable for the analysis c
samples in purification an
formulation buffers with &

concentration of 1 mg/mL
The method can discrimina
variations of thePTM profile
(see SectionS.3.4.35.3.2.)



5.4 Conclusions

The success of BsAbs as future medicines for the treatment of cancer requires more efficier
analytical methodologies to both drive product development strategies and speed theil
market access. MAM methods stand out as analytbcds in HTPD for their capability of
providing multiple product quality information at the molecular level increasing data and
product understanding gathered in a single ana(@asillo, Sche, et al. 2021However,
currentMAM approachedased on targetedd-MS/MS analysiglo not provide information

on protein aggregation. This work demonstrated the development of a MAM method based
on MRM analysis ofnonreduced tryptic peptides to support PQAs analysis of a BsAb
candidateBsAb-1, during its development life cycle. The method was designed to monitor
the Cys modifications, glycosylation, deamidation artk@ninal Lys clipping and proved

the possibility of quantifying the %HMWS impurities based on B4ABys modifications.

The choie of the PQAS to monitor and the use of Cys medifieptide$o quantitaterotein
aggregation was achieved based on previous product knowledge gatheredHorough
characterisation analysis. Hence, this method is an example of analyticalédiciged to
addresmg the development challenges of a specific drug candidate. The method was
designed and validated to support the analysis of 48 samples deriving from cell cultures anc
trend multiple product quality attributes of the candidate B$Ahrouglout the cell line
development proces$his proof-of-concept work demonstrated thdRM analysis of Cys
modified peptide can be used to quantify protein aggregation and highlighted the
importance of usingchemometris and machine learning to extrapolateeaningful
analytical information. The MAM method proved to maximise the product quality
information gathered with minimal sample amount, time and orthogonal analytical testing

required to support product development.
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Chapter 6

Hy phermdt it ateh rho ugghh p u
analytical platform

6.1 Abstract

High-throughput screening (HTS) approachesadopted to provide important information

for cell line development (CLD). HTS is resowegicient sincat enabésthe investigation

of a wide range of experimental conditiomgh little sample and time requiretiowever,

there are a number of challeagyto developing and implementing analytical tools for
supporting HTS experiments such as the limited amount of material available for analysis,
the large number of samples and the rapid timelines. For these reasons, analytical testing
often postponedotlater development stagekhis research aimed to bripgoduct quality

(PQ) analysisto the fore of CLD and drive clone selection in eatigge process
developmentin the previous chapters of this thesis, | presented the development of a HT
analytical platform involving automatedmall scale methods for the purification aR®)
analysis of therapeutic proteins expressed in sswle cell culture systems. Here the
application of the HT analytical workflows to three case studies was demonsinatiee.

first case studylittle process knowledgés known and the application of the PhyTip
purification/HT SEC workflow taa 96deepwell shake plate overgrows (SPOG) screen
described The second case study conee@LD activities for a molecule of which the
productquality attributes PQAs) were previously characterised. Phypirification/HT
SEQMAM analysiswas integrated into 10 mL cell culture bioreactors to understand how
CHO cells media supplementation may impact PQ. Finally, the third skestribeshe
application of the PhyThpurification/2D SEGCEX-UV workflow to monitor size and
charge variants ad mAb to drive clone selection during both-@dep well platesWP9

and 10 mL cell culture screening experiments. Further considerations ddThanalytical
workflows can beémplemenedin early process developmemotsupportclone selectiorare

alsodiscussed.
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6.2 Introduction

The increasing demand for novel biopharmaceuticals such as monoclonal antibodies (mAbs)
and other engineered antibodies has pushed the toagcstefficient and fasturnaround
strategies for process developm@itan et al., 202(Lanter et al., 202@Petroff et al., 2016)

In this regard, higlthroughput process development (HTPD) tools such asthiglighput
screening (HTS) methods have enabled major scientific breakthrougiopliarmaceutical
process developmelSilva, Eppink, and Otten2021) Scaledown bioreator platforms

such as ambr® systems and shaken DWPs have increasingly been implemented in upstream
HTPD anddemonstrated tsignificantly shorten development timelindanahan et al.

2019) Analytical testing is a key driver of biopharmaceuticals developsiecé chemical

and enzymatic modifications of therapeutic proteins pose a risk for drug safedffieacy

and must therefore be monitored throughout a product lifetime. However, the
implementation of protein characterisation analysis has been limited by analytical
bottleneckslue tothelarge number of samples and the limited amount of material gedera

in smaltscale cell cultures.

The focus of this research work was the development of HT analytics to drive cell
engineering strategies during eashage biopharmaceuticals developmertis chapter
demonstrates the application of thalgtics desched in Chapters-8 to case study samples

in support ofCLD research work conductedlAstraZeneca and the University of Sheffield.
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6.3 Results and Discussions

631 Applicationporfi theathgini §T-DINPG wo I

CHO cel | cul tures

A research studconducted in AtraZenecawvas aimed to adapt conventionaldeatch CLD
screens to the Nexgeneration Manufacturing (NGM) platform through mimicking
perfusion culture and incorporating adaptive feeding. The study involved the use of a CAT
S host cell lie, and a hydrogen peroxide adapted GkiDderived cell line (HO2 host).

Both cell line transfectants produced BsAba difficultto-express(DTE) bispecific
antibody. A HT shake plate overgrows (SPO€kyeen was set up to compare the
performance of the @O CAT-S and HO: host clones when cultured both in standard fed
batch and in presence of a perfusion component. The SPOG screen involved 384 clone
cultured in duplicate (768 cultures in total) in 330within shaken 9@WPs. Cell culture
operations fomoculum in 96DWPs, feed supplementation, media exchange, and sampling
were automated on a robotic liquid handler. All the cultures were sampled for measurements
of glucose and lactate concentration, titri@ple cell density YCD), and viability. On day

11, the expression titre range of the cell cultures wasi718¥2.3 mg/L with a mean titre
value of 390.46ng/L and mode of 117.ing/L, corresponding te78 eg average and23

€g mode of product in 206L of host cell culture fluid (HCCF) ailable for analysis.
Relevant clones were selected for aggregation analysis and the HCCF containing the
secreted BsAld were harvested and transferred in 4 cleaneD\8®s. Subsequently, the
volume of the samplwas adjusted to 30@L by adding 1007 of media to each well to
prevent the entrance of air during the purification process. Finally, all HB\#® were
processed by PhyTipurification/HT SEC in seriegigure6.lillustrates a schematic of the
PhyTip-purification/HT SEC workflow from start to data analysis. Further details on the

analytical methods used were reporte€imapter 3Part A
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5.HT SEC analysis

2.PhyTip Purification 3: Analysis of sample

1.HCCF from concentratiompost purification 6. py2 script: automated data analysis
CLD studies by UV absorbance 280 nm —
i 4. pyl script
' A Recovery

A Column loading
A Loading mass
A Injection volume
A LOD flag
A LOQ flag

i)

Figure 6.1 Schematics of the PhyTippurification/HT SEC workflow

1) A volume of 300nL of HCCF containing the expressed moleculdasvested and placed in a
cleaned 9DWP. 2) The 96DWP is purified by PhyTip purification, consisting of the capturing of

the targeted molecule from the HCCF, washing of impurities thatomagund to the PhyTip resin,

and final elution of 160vL of the molecule of interest with high concentration. 3) The sample
concentration post purification is measured by absorbance at 280 nm and the pyl script is run for
monitoring of sample recovery, calculating the injection volume required for consistent column
loading during the analysis and flagging the sample with concentration below the method LOD and
LOQ. 5) Subsequently, the samples are analysed by HT SEC. 6) Finally, the py2 script is run for data
analysis and reporting.

Firstly, PhyTip purification was perfmed to purify the BsAld from the HCCF and
generate sufficient material for aggregation analysis. The PhyTip purification method was
integrated with @ustomPython script (pyl) thatas writtento automate the calculation of

the %R to monitor the purifation performance throughout the process, adjust the injection
volume to obtain a consistent column loading ofe® and flag the samples with
concentration below the method LOD and LOQ. The py1 script introduced a process control
element for monitoring ahfeedng backPQdata analysisTable12.1 in AppendixD shows

an example of the pyl script output table.

Following PhyTip purification,iie 96DWP was loaded to an LC system autosampler for

HT SEC analysis. A blank injection, SST and a control sample were added at the start and
end of each WP analysis sequence to check the system performance during the HT SEC
analysis Therefore, eacB6-DWP HT SEC run counted a total of 102 samples resulting in
sub6 hoursof analysis time per plate. Processing ondd8P by PhyTip purification took

~8 hours in total, thus, 384 samples were processed within 32 hours. The sensitivity of the
HT SEC metbd enabled the quantitation of aggregates using& & product. Therefore

PQ information was obtained for samples with expression titres < 200 mg/L and culture

volume~200¢L. Around 100sL were left for each sample peSEC analysis which could
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potentially be utilised for further analytical testing. Likewit®g cell pellet andhe post
PhyTip purification unbound fraction of the HCCF couldused forfurther analyss.

HT SEC data analysis and final report generation involved various steps. Firstly, preliminary
data investigatiorronsistedof the visualisation and interpretation of each chromatogram.
This functioned as the basis to build a custom peak table reportfosample in OpenLab
Intelligent Reporting. Tis scriptis integrated with a PythedMP combined script (py2) for

the final data analysis, visualisation, and reporting. This involved the calculation of the
proportion of the total fraction of HMWS to thetdb species detected in a chromatogram,
expressed as a percenta@eHMWS). The data were finally visualised in a bar chart
displaying the %HMWS peak against the sample name, which in this specific case,
corresponded to the 9BWP position. Automation of th data analysis workflow allowed

the processing of 384 samples of data gingleclick. Figure6.2. shows the results of the
PhyTip purification/HT SECworkflow applied for the processing of trehakeplate
overgrovih (SPOG) screen
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Figure 6.2 Visual representation of the %HMWS in each96-DWP analysed duringthe

SPOG screen.

The bar chart displays the %HMWS impurities preser@6fDWP analysed in the SPOG screen.

The %HMWS range of plate 1 (blue) varied from 13.3% to 30%, with mean and median values of
23%; The %HMWS range of plate 2 (red) varied from 9.3% to 76%, with medmeedian values

of 23.4 and 22.9, respectively%. The concentration of sample F8 was below the method LOD, thus
no data were acquiredhe %HMWS range of plate @reen)varied from 14.2% to 32.7%, with

mean and median values of 27.4 and 27.3, respectiValy %HMWS range of plate @purple)

varied from 15.2% to 29.1%, with mean and median values of 22.6 and 22.4, respettieely.
concentration of sample G5 was below the method LOD, thus no data were acquired.

The results from this HT study show that the average BSAMWS levels of the CATS

and HO:> clones were 23.2 +3.3 % and 22.8% 3.7 %, respectigggnonstratinghat the
average aggregation levels of the expressed protein remained consistent betweazodhe t
lines Interestingly,the two cell lines seemed to perform differently in response to the
introduction of a perfusion component. The %HMWSBsAb-1 expressed ithe CAT-S
clones was significantly (p<0.001) higher, 26.9 + 2.8a%rage when cultued in the
presence of a perfusion component, whilst th®Jttloneswere 22.2 + 2.9 %average
Indeed, whilst the levels of aggregation significantly dropfeedhe CAT-S cell lineas a
consequence of the introductiontbk perfusion componenthose expressed by the®
host remainedinvaried Furthermorewhen all clones were ranked on aggregation in both
the fedbatch and perfusion conditions, no significant correlation wasdfdaatween the
rankings (data not shown as proprietary efr&Zeneci. These data suggested thaH>O>
host wasoveralla better expression system than the €2\fiost, howeverthe aggregation

level of BsAb-1 were notsubstantiallyinfluenced bythe cell engineering strategy under
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investigation.Therefore, different cell engineering approaches will have to be investigated

to alleviate aggregation this BsAb model.

This study demonstrated the application of the PhyTip purificédibrSEC workflow as a
rankingtool for clone selectiomproviding quantitative analysis grotein aggrgationin a

time and resoureefficient fashionThe processing &84 cultureswas accomplished within

32 hours with minimal sample consumption (®hof proteinper sample One caveat of

the HT SEC method is the low resolution of the size variants. Indeed, aggregates of differen
sizes cannot the observed, thus it was impossible to discriminate how heterogeneous th
HMWS expressed by the clones weramely dimers, trimers or different sized species were
not separated. Moreover, the poor resolution also hampered the method accuracy ir
guantifying the HMWS since the main product and HMWS peaks are not baseline resolved
so accurate peak integratios impeded Therefore, absolute quantification of the HMWS
expressed from each clone could not be achievedouwdthe %HMWS be compared with
thoseobtained by benchmark SEC methods usegliadity control QC).

Nevertheless, this study proved that the HT $&&thod was fit for use as a ranking tool for
supporting HTS experiments during easbage cell line development providing relative
guantitation analysis of BsAb HMWS with remarkable analysis throughptiwgether with
tire data, HT SEC analysis helptximprove understanding andill drive future research

strategies for the development of cell lines for BsAbs.
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6.32 Appl i cati onpuafi ftilceat RNOAMWEIT k SECW t 0o
under steéhect hef smalilc hneadh appeidkical c t
gual CHyexdressed biiseseci fic antibod

Cell engineering research conducted strAZenecavestigated the use a group osmalt
moleculecompoundsadded to the cell culture feetts reduce intracellular aggregation of
CHO-expressedsAbs. A 14dayfed-batch overgrowth was set up in 10 mL cultiflasks to
screen 18 conditions involving the addition of #mallmolecule drugs$o the CHO feeds
individually and in combinationsA control sample (CLD Control) was also added
corresponding to a cell line pressing BsAH transfected with the same vector as all the
other cultures but cultured in AstraZeneca proprietary standard media and feed composition.
Each condition was repeated in triplicate, resulting in a total of 57 cultuhesoseand

lactate conentration, VCD,and viability were monitored throughout the overgrowtin O

days 7, 9, 11, andl4 the cultures were sampled for titre analysis wiii&analysis was

carriedoutfor the day 9 and 14 samples.

The expression titre ranges were 73600 mg/Land 1100 3400 mg/L on days 9 and 14,
respectively. The HCCF was harvested and clarified by centrifugation and 1 mL of the total
volume was loaded into a 9BWP for PhyTip purification. A sample of BsAbreference
material (RM) was diluted to 2 mg/mL mtell culture media, spiked into the purification
plate and used as a control throughout the purification process (Purification Control). The
pyl script was run to evaluate the purification performance and adjust the injection volume

for each sample beferanalysis as described abo8e3(1).

The purified plate was then loaded into the LC system for HT SEC analysis. As previously
describedblank, SST and control sgmes (HTSEC Control) were included in the analysis
sequence to check the system performance during data acquisition. Data analysis was
performed as described earliér3.1). The same procedure was carroed for the samples
harvested on day Jahd all the levels of HMWS resulting from each condition were reported

in Figure6.3.
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Figure 6.3 Effect of the cell culture conditions under investigation on th&o HMWS
impurities analysedin samples harvested on day 9 and day 1f the overgrowth.

Bar chart displaying the mean and standard deviation ofR4H&WS analysedacross three
biological replicatesor all the cell culture conditions testell the cell engineering conditions were
numbered from 1 to 18 and the %area of the HMWS impuritiectd®l on day 9 (blue) and day 14
(red) were reported for each of them

The results show that the levels of HMWS analysed on day 9 varied from 27% to 36%
amongst the experimental conditions. Interestingly, on day 14 the %HMWS dropped to 20
25%in all the @ll culture conditions including the CLDontrol T-test analysis confirmed

that the drop in HMWS between dag®8d day 14 was significant-@alue <0.05) Appendix

D, Figurel2.1). ANOVA demonstrated thanalay 9 the %HMWS was comparable amongst
the experimental conditionsAppendix D, Figure 122) whilst on day 14 significan
differences were observedvith conditions 3, 4, 6 and 7 showing %HMWS below the
averagg~21%yvs ~23.5% averagg AppendixD, Figure12.3). The findings from HT SEC
analysis suggested thatriations in the levels diMWS were mostly observed over thell
culture time rather than as a direct consequence aihtladtmolecule drugs spiked into the

media.

For a more irdepth understanding of the impact of the cell culture conditions oRGhe
profile, further analytical testing by MS was carried out. TheDY8Ps were buffer
exchanged in Atra&Zenecaproprietary platform formulation buffer and successively
analysed byhe multi-attributemethod(MAM ) developed adescribedn Chapter 5
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The MAM methodprovided a targeted approach for #ssessment &dsAb-1 aggregation
based on Cys modifications and simultaneous monitooingroduct quality attributes
(PQAS) such as glycosylation, deamidation, ante@ninal Lys processing.he PQAs and
theiramino acid sites were previously identified by peptide mapping analysis as reported in
Chapter 5 Section5.3.1 After data acquisition, an automated data analysis workflow was
implementedto ease theprocessing ofa large number of samples. The data analysis
workflow involved a first data screen by 3k MS softwarefor the visualisation othe
sampls TIC and the generation of a custom peak teflecessively e Skyline peak table

was imported in a PythedMP integrated script (py3) calculag 1) the peptides
guantifier/qualifier ion ratio CVs foeach sample replicate against the MAM control sample
and 2) the relative peak area of the modified peptidg¢be respective unmodified peptides.
Finally, the data were visualised in a bar chart reporting the replicates mean and standard
deviation of he relative peak area of the modified peptideshe respective unmodified
peptides across all the experimental conditidiie data shown ifrigure 6.4-Figure 6.7

show the data ahe BsAb-1 PQA monitored by MAM on both da&/9 and 14, namelg-

terminal Lys processingleamidationglycosylationandCys modifications
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Figure 6.4 Effect of the cell culture experimental conditions onBsAb-1 C-terminal
retention on days 9 and 14 of the overgrowanalysedby MAM .

Bar chart displaying the %-terminal Lys retention for the 18 experimental conditions testedhy
9 (blue) and day 14 (red) includirige CLD Control and MAM Control samples
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C-terminal Lys processingxhibited a similar trend on days 9 and 14 and the %Lys retention
was significantly different amongst the 18 conditioApfendixD, Figure12.4 andFigure

125, respectively). On day 9, the lowest %Lys retention was reported in condition 8 (10.8%)
followed by conditions 6 and 7 (15.4% and 14.5%, respectively) whilst conditions 3, 4, and
5 showed thénighest values (27.9%, 31%, and 25%spectively. The level of @rminal

Lys retention dropped significantly from day 9 to day 14 with average values falling from
~20% t0~13.5%, respectivelyAppendixD, Figure12.6). Conditions 6, 7 and 8 remained

the ones with the lowest (10.5%, 10.3%, and 8.8%, respégtiand conditions 3, 4, and 5
with the highest values of %Lys retention (25.3%, 25.1% and 24.6%, respectively).
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Figure 6.5 Effect of the cell culture experimental conditions on BsAHL deamidation on
days 9 and 14 of the overgrowanalysedby MAM .

Bar chart displaying the %beak area of the peptide bearing deamidation of A}, Asn365
(middle) and Asn662 (bottongcross e 18 experimental conditions testauday 9 (blue) and 14
(red)including the CLD Control and MAM Control samples
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No significant difference in deamidation of Asn54sn365 and Asn66Zesidueswas
observed as a consequence of the experimental condgioded herein Appendix D
Figure 12.11, Figure 12.12 Figure 12.14, Figure 12.15, Figure 12.17, and Figure 12.18,
respectively) However, a significant overall increaseAsn54 deamidation was observed
over timefrom day 9 to day 14AppendixD, Figure12.13) whilst deamidationin Asn662
decreasedAppendixD, Figurel2.19). Conversely, deamidation in Asn3@&ascomparable
on both dayslthoughthe spread of the data on dayvdssignificantly higher than on day
9 (AppendixD, Figure12.16).
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Figure 6.6 Effect of the ll culture experimental conditions on BsABbL glycosylation

on days 9 and 14 of the overgrowanalysedby MAM .

Bar chart displaying the comparison of the %peak area oAsn@0Qlycoforms Man3, Man5,
A1GOF, A1G0, A2GOF, and A1G1F across the 18 experimentaditionson day 9 (blue) and 14
(red)including the CLD Control and MAM Control samples

As shownin Figure6.6, on day 9 A1GOF (monoantennary) and A2GOF (biantennargje

the predominant glycofornisllowed by A1G1F, A1GO, Man5 and Man&spectivelyand

the trend was consistentacross the 18 expemnental conditions. On day 14, the
monoantennary A1GOF was the main species across all the glycoforms followed by the
biantennary speciesurthermorethe levels of ALIG1F, AlG@&ndMan5remained constant
across allthe sample conditionsvhilst Man 3 was tgher in conditions 9 and 16.his

underlineda slight change in the glycosylation profile over time
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Figure 6.7 Effect of the cell culture experimental conditions on BsAH Cys
modifications on days 9 and 14 of the overgrow analysed by MAM.

Bar chart illustrating the %ysteinylation on Cys442 (blue), Cys640 (red) and then¥hodified
scFv tripeptide (green) detected for the 18 experimental conditions tested including the CLD Control
and MAM Controlsamples on day 9 (top) and 14 (bottom).

As depicted irFigure6.7, the levels of Cys modifications remained consistent on both days
across the 18 expemental conditions with average values of cysteinylatioiCys442and
Cys640being~90% and~9%, respectivelywhilst the %scFv tripeptide remained < 2s
discussed inChapter 5 Section5.3.2.10of this thesis BsAb-1 Cys modifications were
correlated to thamount oHMWS. Figure6.8 showed the %HMW8stimated by th1AM
modelbased on th€ys modificationgargetedoy multiple reaction monitoringiIRM). No
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significant difference in the levels of HMWS was observed acrosd&hexperimental
conditions AppendixD, Figure 12.8 andFigure 12.8 for days 9 and 14, respectiygland
between the two day®\ppendixD, Figure 12.10). Figure 6.9 comparedthe quantitation
data of the HMWS obtained by HT SEC and MAMis evident that thguantitation data
were different between the two methotiswever, no significant difference thetrend of
%HMWS betweenhte two methods was observ@elgure6.9). Additionally, the HT SEC
method was more precise than the MAdg shown by thetandard deviation of the replicate
measurementdJnlike MAM, HT SEC analysis was able to detect small chamgebe
%HMWS. More detaiéd limitations of the MRMbased quantitation of HMWS were
discussed ilfChapter 5Section5.3.2.1
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Figure 6.8 HMWS quantitation by M RM.

Bar chart displaying the %HMW@$redictedby the MAM model based on the levels of Cys
modifications measurday MRM across the 18 experimental conditions on day 9 (blue) and 14 (red).
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Figure 6.9 Comparison of the HMWS quantitation data analysed byMAM and HT
SEC.

Comparison of thédT SEC (blue) and MAM (redHMWS quantitation dataf all the samples of
the 18 cell culture experimental conditioasalysed on day 9 (top) and day 14 (bottom) of the
overgrowth. Thesmooth curvehrough datavas depicted for eadajroup of sampleto visualisethe
trend across thedatapoints. Thevariability across theneasurement replicatesasrepresented by a
boxplot.

Overall, data from both HT SEC and MAiere able to detect small changesBBsAb-1
%HMWS amongst the samplellost importantly the PQ analysiby MAM demonstrated

that the cell culture conditions under investigation did not significantly impact PQ, rather
significant changes wexbservedverthe culture timeC-terminal Lysprocessingvas the

most variable PQA with conditions 3, 4, and 5 reportinghigbest and conditions 6, 7, and

8 the lowest valuesf Lys retention,both droppng significantly over time. Similarly,
deamidation of Asn54 increassiynificantly from day 9 to day 14 whilst deamidation of
Asn662 decreasedlhe glycosylation profile waalso different between the two days
although A1GOF and A2GOF remained the predominant species. An increase in Man3 was
observed on day 14 for conditions 9 and\W&th respecto aggregation, HT SEC analysis
reported a significant shift between days @ 44 which was not observed byRMI. This
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