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1 Abstract

As a promising alternative to conventional antilesdi antibody fragments have been
engineered in the recent years. Because of theall ssize, the production in different
microbial host formats is enabled, thus leadingdiiferent requirements in purification
processes, focusing on high purities while maimgrow costs. The present work was
focused on the purification of the domain antibodyy3, which is derived from the
camelidae family. M3 dimer is fused to HSA at the C-terminus, whicheiguired to extend
the half-life of the protein. First, a downstreamrification process had to be developed.
Different chromatography media were screened, thghfinal selection of the HSA-affinity
resin Blue Sepharose 6FF as capture step and Chafxse HP as intermediate step resin.
Determined binding capacities and kinetic paransedérthe tested affinity resins confirmed
the decision of Blue Sepharose 6FF as capture btegrder to test practicality, the entire
downstream process, including formulation was peréal with an overall yield of 39.0 %.
Purity varied between 78.1 to 98 %, depending oe #malytical methods applied.
Implementation of CM Sepharose HP made a desalitep necessary between the
purification steps, leading to an extend in timé ansts. Hence screening for an alternative
intermediate step resin was performed. Becauseusgonventional resins, including HIC,
CIEX and AIEX media, were already screened in pgsecgevelopment, a novel option of
chromatographic media - mixed-mode resins - wagdtigated. These mixed-mode resins
are designed with multi-modal operating ligandowihg the possibility that adsorption
takes place at high salt concentrations, makingtha ideal replacement of CM Sepharose
HP. Four different mixed-mode resins were testedp{€ MMC, PPA HyperCel, HEA
HyperCel and MEP HyperCel), applying Design of Expents (DoE), a statistical method,
in the development of Capto MMC. Mixed-mode mederavcomparable to CM Sepharose
HP with regard to yield and purity as analyzed DSEPAGE (Coomassie and silver stained)
and RP-HPLC. Only purity analyzed by CIEX-HPLC asver (64.7 to 79.4 % compared to
96.0 %), indicating protein isoforms which are geped on CM Sepharose HP, hence
optimization of mixed-mode resins is still necegsdhe yields obtained varied between 76.3
to 104.7 % compared to 84.0 % for CM SepharosendRating that these novel media are a

real alternative to the present purification preceVyy3.



2 Zusammenfassung

Als vielversprechende Alternative zu herkémmlichertikbrpern haben sich in den letzten
Jahren Antikorperfragmente etabliert. Wegen ihrerirgen Grol3e ist die Produktion in
verschiedensten mikrobiellen Wirtssystemen moglicks kommt dadurch zu
unterschiedlichen Anforderungen an den Reiniguragsges mit Fokus auf hohe Reinheiten
und geringe Kosten. Diese Arbeit konzentrierte salf die Reinigung des Doman-
Antikorpers yu3, der aus der Familie der Camilidae isoliert wundg,3 ist ein Dimer mit
HSA am C-Terminus, welches die Halbwertszeit degdirsin vivo verlangert. Als erstes
wurde ein Downstream Reinigungsprozess entwick&afir wurden verschiedene
Chromatographiemedien getestet. Ausgewahlt wurde KE&A-Affinitdtsmedium Blue
Sepharose 6FF fur den Capture Schritt und CM SephkatP fur den Intermediate Schritt.
Die ermittelten Bindungskapazitaten und kinetischdParameter der getesteten
Affinitaitsmedien bestatigten die Wahl von Blue Saplse 6FF als Capture Schritt. Der
Gesamtprozess inklusive Formulierung wurde daraufldurchgefihrt um dessen
Anwendbarkeit auszutesten. Es ergab sich eine Gagabeute von 39 % mit Reinheiten die
zwischen 78.1 und 98 % in Abhangigkeit der Analysethode schwankten. Die
Verwendung von CM Sepharose HP machte einen Entsgdschritt zwischen den
Reinigungsschritten notwendig, was zu einer langézessdauer und zu héheren Kosten
fuhrt. Es wurde daher nach einem Alternativen Medilr den Intermediate Schritt gesucht.
Weil verschiedenste konventionelle Medien wie HICIEX und AIEX schon in der
Prozessentwicklung getestet wurden, wurden neeaigxed-Mode Medien untersucht.
Diese Gele besitzen multi-modale Liganden mit deéighthkeit der Adsorption auch bei
hohen Salzkonzentrationen und stellen daher e@edeErsatz fir CM Sepharose HP dar.
Vier verschiede Mixed-Mode Medien wurden getestpto MMC, PPA HyperCel, HEA
HyperCel und MEP HyperCel) und fur die Entwickludgr Capto MMC Methode wurde
Design of Experiments (DoE), eine statistische Md&é angewendet. Mixed-Mode Gele
ergaben &hnliche Ergebnisse wie CM Sepharose HRidreAnalyse von Ausbeute und
Reinheit mittels LDS-PAGE (Coomassie- und Silbdaféinrg) und RP-HPLC. Nur die
Reinheit analysiert mit CIEX-HPLC war geringer (649.4 % zu 96.0 %), was auf
Isoformen hinweist die mittels CM Sepharose HP #@iegat wurden. Dies macht eine

weitere Optimierung der Mixed-Mode Medien notwenddge mit LDS-PAGE berechneten
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Ausbeuten schwankten zwischen 76.3 und 104.7 %420 ® bei CM Sepharose HP. Die
erhaltenen Ergebnisse machen diese neuartigen @tographiemedien zu einer sehr guten
Alternative im derzeitigen Reinigungsprozess vepd/



3 Introduction

3.1 Antibodies

Antibodies, belonging to the family of immunoglolu(lg), are glycoproteins that play a key

role in the immune response of all living organisimsthe humoral immune response they
bind to recognition elements, called epitopes, athpgens (antigens), such as bacteria,
viruses, larger parasites with high specificitye$d marked invaders are then killed by the

cellular immune response comprising of T cellsMJBerg et al., 2002].

There are five different immunoglobulin classe#,l¢gD, IgE, IgG and IgM. For describing
the antibodies structure immunoglobulin G (IgG)risst commonly referred to, as it is the
immunoglobulin that is present in highest concditnain the serum and mostly used as a
therapeutic agent [Joosten et al., 2003]. The Igékeaule is composed out of four chains:
two heavy (H-) chains, with each 50 kDa and twatlil-) chains with each 25 kDa (Figure
1).
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Figure 1. Composition of an IgG antibody [Joosten &al.]

The whole subunit composition isH, and the chains are linked together with disulfide
bridges and non-covalent bonds. The light chaiocomposed of one variable (and one
constant domain (§, whereas the heavy chain is made of one varidbfeain (M;) and
three constant domains G G2, and G3) [Alberts et al.2002].
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Figure 2: Structure of an IgG antibody with its three active fragments [http://www.secondary-
antibody.com]

Fc
fregment

1gG

IgG can be cleaved by proteolytic activity of papaito three 50 kDa fragments that still

remain active. In Figure 2 this cleavage is shol@avy and light chains are connected in
two so called Erfragments Fragmentantigen binding) that bind antigen. They are also
called “variable regions”, because they are diffeffeom antibody to antibody. These Fab-
domains are linked to the-Fegion Fragmentcrystallizing orconstant) that has no binding

activity but mediates the initiation of a cascalat tleads to the lysis of target cells [J. M.
Berg et al., 2002].

3.1.1 Antibody Fragments

In general there are two trends in developmentoekehantibody formats: reduction of size
and the improvement of antibody properties. An gxanfor size reduction is the camelide
heavy-chain antibody (M) which has a molecular weight of 15 kDa [Joosteal.e 2003].
The nomenclature of antibodies and its fragmentsaged on the domains that are included
(Figure 3).
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For pharmaceutical and biotechnological applicajoaactions initiated by the-Fegion are
not always important. Consequently, antibody fragimethat lack this region were
constructed: monovalent single chain fragmentsfsaftigen-binding fragments 4§ and
also engineered antibody fragments, such as diabpttiabodies, minibodies, and single-
domain antibodies [Holliger and Hudson, 2005]. Giengnprovements resulted in a high
diversity of antibody fragments with new charadkes such as enhanced specificity,
therapeutic efficiency, and stability [Schmitz &t 2000].

VhH domain ~ V-NAR domain V,, domain

{~15 kDa) (~15 kDa) {~15 kDa) Fab sckv
{~55 kDa) (~28 kDa)

V,_ domain & & -
5 (~15 kDa) 2 4 Bis-scFv Diabody
(bispecific) (bispecific)
= { (~55 kDa) {~50 kDa)
. & % i n
A oas Fab, @ @ % Triabody %
{bispecific) {trivalent)

AR

[~75 kDa)
Fah$. Minibody Tetrabody
{trispecific) (bivalent) (tetravalent)
Camel Ig lgNAR lgG {~165 kDa) (~75 kDa) (~100 kDa)

Figure 3: Variation of antibody fragments [P. Holliger et al., 2005]

3.1.2 Vyy Domain Antibodies

Camelidae, consisting of camels, dromedaries, alpaad llamas, feature unique antibodies
only consisting of heavy chains with a single Nyteral domain (V) shown in Figure 4.
Camelid heavy-chain antibodies have the completetionality and the Wy-domain alone is
able to bind antigen solely [Hamers-Casterman .et1893]. These heavy-chain antibodies
are missing both light chains and thglGlomain because of a splice site mutation [M. M.
Harmsen and H. J. DeHaard, 2007]. The remainingl@nains (G2 and G3) form an k&

equivalent constant domain framework [Holliger &heson, 2005].
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However, heavy-chain antibodies, as well as isdl&igy domains, exhibit a strong antigen-
binding capacity, suggesting that the antibody b @0 compensate for the lack of V
domains [S. Muyldermans, 2001].

Figure 4: Camelid heavy chain antibody and }y domain antibody [S. Muyldermans et al., 2009]

In fact, Vuy domains are encoded by a separate set of appri@tyn?® gene segments that
are responsible for modifications that compendagelack of \( and that show significant
differences compared with conventional Yene segments [V. K. Nguyen et al., 2000; S.
Muyldermans, 2001].

Vuu domain antibodies possess unique characteristiogpared to conventional antibody
fragments and therefore makes them highly intergstor the use in novel therapeutic
opportunities [F. van Bocksteale et al., 2009].

Vyu antibody fragments are usually well expressed icraorganisms such ds. coli [M.
Arbabi Ghahroudi et al., 1997] aglcerevisiae [L. G. Frenken et al., 2000]. In the last years
other hosts were also successfully used, includiaghmalian systems [M. R. Bazl et al.,
2007]P. pastoris [K. Omidfar et al., 2007; F. Rahbarizadeh et2006] and as well different
plant species [A. Ismalili et al., 2007; S. A. Joblet al., 2003].
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Vuy antibodies are able to penetrate cavities in taagggens like enzyme active sites and
are also able to recognize cryptic epitopes thatnat accessible to conventional antibodies
[B. Stijlemans et al., 2004; Stanfield et al., 2D0dheir small size - 15 kDa - reduces the
incidence of non-specific binding and moreover, eidnVyy domain antibodies share a high
sequence identity with their humanyVcounterparts, thus leading to a decreased
immunogenicity risk [K. B. Vu et al., 1997]. Becautheir size is below the renal filtration
threshold of about 60 kDa, they are rapidly cledrech the blood with a serum half-life of
approximately 1.5 h. With this short half-lifeqY domain antibodies are privileged for the
development of therapeutic agents for acute indioatin critical care medicine, including

acute coronary syndrome (ACS) [V. Cortez-Retamdzd.e2002].

On the other hand, they have to be adopted for cakdpplications that need a longer life
time in vivo. Different half-life extending strategies are uskxl example chemical addition

of PEG (PEGylation) [M. M. Harmsen et al., 200He tdirect fusion to serum albumin [H.

Revets et al., 2005] and also the linkage of danaatibodies, resulting in bi- or trispecific

antibody fragments. In addition to enhancing thdemwar weight these bi- or trispecific

antibody fragments can be used to target multiptgeans.

Table 1 shows examples of half-life extension, Withy 3 as the antibody fragment used in

this work.

Table 1: Examples for half-life extension

Dimer with albumin binding site between theV ,AIIIS
Vi 1 . o
domain antibodies
Vie: Dimer with Cystein linker between the;y domain "&
i antibodies

Vun 3 Dimer with HSA at C-terminus % HSA

Vuu's are highly stable, especially against heat [Vbabi Ghahroudi et al., 1997; R. H. van

der Linden et al., 1999] and, even when molecuégatlire at melting points of 60 to 80°C,

they have the unique ability to melt reversibly ESvert et al., 2002; J. M. Perez et al., 2001],
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compared to conventional antibody fragments, whadgregate irreversibly following
denaturation. Also My domain antibodies are resistant to other denauagents and
conditions, such as detergents, guanidine hydradelpurea and high pressure [E. Dolk et
al., 2005; M. Domoulin et al., 2002].

3.1.3 Yeast expression system: Pichia pastoris

In the last decade, the eukaryotic expression syBtgastoris has proven to be a prosperous
host for the high-level production of a varietyhsterologous proteins [Cregg et al., 2000].
More than 500 recombinant products have been peatlircthis host to this day. The many
advantages th&. pastoris shows in protein expression are well reviewed [Meey-Patrick

et al., 2005] and include the ability to grow tglincell-densities in minimal media and the

presence of strong and strictly regulated promoters

The most frequent used promoter for recombinanteproproduction is the methanol-
inducible AOX1 promoter. As an alternative promotetyceraldehyde phosphate
dehydrogenase promoter (GAP) can also provide &igiession levels and the potential of
large-scale processes [Hohenblum et al., 2004] thuthighest production yields are still
reported for the AOX1 promotor [Cos et al., 2006].

P. pastoris can compete with heterologous protein expressianammalian cells, because of
its capability of performing post-translational nifezhtions such as proteolytic processing,
protein folding, formation of disulfide bonds anlya@psylations, including N- and O-linked
glycoslyations. Although glycosylations iR. pastoris differ from the mammalian-type
pattern (the glycosylation structures are limitedhe high-mannose type), they are usually
less hindering to protein folding than the hypecglgylations ofS. cerevisiae [Tschopp et al.,
1987].

To overcome the glycosylation-disadvantage for potidn of pharmaceutical products, a lot
of research is done in this field of study and nédenprovements in the glycosylation-
engineering have generated strains that can expmssgenously glycosylated, humanized

proteins [Hamilton et al., 2003].
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3.2 Downstream Process

The design of a purification process depends on theaproduct is produced. Depending on
the source of the product there are more or lesprbogucts that have to be removed.
Intracellular products first have to be releasednfithe cells; mostly this is done with a high
pressure homogenizer. The next step comprisescértiaand refolding, or only extraction,
depending if the product already has its nativefmommation. Secreted products will be
centrifuged or filtrated, mainly both, as a firs#s In either cases, secreted or not the product
will undergo further purification steps that are sheommonly based on chromatographic
steps [R. Hahn, 2008].

3.2.1 Chromatography in General

For performing purification of proteins to a levelf pharmaceutical grade several
chromatographic steps with different principlescbemical interaction have to be carried

out.

Traditionally *“classic” chemical engineering metlBodike precipitation, extraction,

crystallization, centrifugation etc. were used parrification of biomolecules. The adoption
of preparative chromatography improved biosepematiespecially in respect to volume
throughput and purity of products [J. C. JansahlarRyden, 1998; R. K. Scopes, 1994 ].

The basic principle of chromatography is due togeparation of solute molecules between
two phases, most common for biotechnology a salid @ liquid phase [P. A. Bird et al.,
2002]. Principle methods of bioseparation are hgdobic interaction chromatography
(HIC), reversed phase chromatography (RPC) [J.tR@taal., 1973], both with hydrophobic
interaction as basic principle, affinity chromataginy which takes advantage of the specific
interaction of a biomolecule with its biologic cdarpart [P. Cuatrecasas et al., 1967] and
ion-exchange chromatography (IEX) that separatdecules by ionic binding depending on
their surface charge. For size exclusion chromagyy (SEC) separation is based on the
exclusion of molecules from the pore space dependim their size. No adsorption takes

place.
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Table 2 gives an overview of the main chromatogyappes:

Table 2: Overview of chromatography types

Type of chromatography

Adsorption principle

Separaton principle

lon exchange chromatography
(IEX)

lonic binding

Surface charge

Hydrophobic interaction
chromatography (HIC)

Hydrophobic complex

formation

Hydrophobicity

Affinity chromatography

Bio specific interaction

Nézular structure

Reversed phase chromatography
(RPC)

Hydrophobic complex

formation

Hydrophobicity

Metal chelate chromatography
(MCC)

Coordination complex

with transition metals

Efficiency of complex

formation

Gel filtration (GF) / Size exclusior

chromatography (SEC)

Size exclusion

Molecular size and

shape

Adsorption chromatography

Surface binding

Molecstancture

Mixed mode chromatography

Several

Several

3.2.2 Mixed Mode Chromatography

The term mixed-mode chromatography is used if @rolatographic sorbent utilizes more

than one form of interaction between the statioqdnrgse and the solutes in a feed stream [G.

Zhao et al., 2009].

Indeed mixed-mode mechanismsy rba involved

in every

chromatographic separation due to the fact thatepranteraction with ligand, linker and

matrix consists of more than one adsorption prieciphe term mixed-mode only is typically

used for resins designed with multi-modal operaliggnds [M. Rios, 2007; P. Gagnon et al.,

2009].
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Compared with other types of chromatography, theebts of mixed-mode chromatography
are its adsorption at high salt concentrations amdue selectivity. Usually these ligands
have an aliphatic or aromatic group as the hydrbghocomponent and an amino, carboxyl or
sulfonic group as the ionic moiety, also hydrogending groups have an influences on the
performance of mixed-mode adsorbents. These leadiset disadvantage of mixed- mode
resins: more often than not the development ofeesing method and its optimization needs
more effort in development also using statistiogheximental approaches — like Design of
Experiments [G. Zhao, 2009].

Table 3 gives a short overview of mixed-mode ligarmohd their resins. The underlined

sorbents have been used in this experimental work.

Table 3: Brief overview of mixed mode resins

Name Structure Resin
. HEA Hypercel(Pall
Alkylamine S (
N Lifescience, NY, USA).
n (n=8)

PPA Hypercel(Pall
Phenylalkylamine “\\ PPA Hyperce(
Lifescience, NY, USA)
(n=4)
/\/OH

N-Benzyl-N-methyl Captd" adhere (GE

ethanol amine | Healthcare, NJ, USA).

Ligands with positive charge

4- Z N MEP HypercelPall
Mercaptoethylpyridine | Lifescience, NY, USA).
\\S =

S | Aminoalkyl carboxyl S

S .

< | acid N ,COO

o

>

= | 2-Benzamido-4- COOH O Captd" MMC (GE

(@]

L mercaptobutanoic e N N, | Healthcare, NJ, USA).

£ , H

s acide A

g 2-Mercapto-5- ; SOsH | MBI Hypercel (Pall

S | benzimidazole sulfonic /L | Lifescience, NY, USA)

— | acid S o
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3.3 Design of Experiments - DoE

If there are more than one factor that has to bestigated, varying one while leaving the
other factor fixed can yield good results, butdptimization it is not the best way to success.
This “one factor at a time method” can lead to niesipretations if factors are not
independent from each other. For this, Design gieExnents (DoE) is a methodology for
planning experiments, analyzing the results andnohef the optimum. Its purpose is the
identification and understanding of correlationdween defined input variables and the
resulting responses to gain the maximum amounnfimation from the analysis of the

experiments while keeping complexity and effort I8v Soravia and A. Orth, 2006].

This statistical concept is based on the book “@esf Experiments” published by Sir
Ronald Aylmer Fisher in 1935 and his statisticgdenxmental design methods he established
in the 1920s [R. A. Fisher, 1966]. The principlesrev first used in agricultural science,
biology and medicine and essential innovations likecking, randomization, and replication
originate from his work. His methodology was furtlebaracterized by the implementation
of analysis of variance which enabled efficientqassing of obtained data. In the 1950s DoE
was integrated into Japanese industry, in partidajahe methods of Taguchi, and later on it

was promoted by the advances in electronic dateegsing [G. Taguchi, 1987].

Depending on the required resolution, the time effidrt that are available, different DoE
models are used. The full factorial design is thestrcomplex and extensive. When two
levels of settings (lower (-) and higher (+) levale measured, this design comprisés 2
experiments with n representing the number of fachovolved. It is the most used design
but over 2 this full factorial design leads to a dispropanabhigh expenditure of work with
more information than is generally needed. Thigddeto a reduction of the model to a
fractional factorial design, which reduces effodast and time but has to be considered
carefully since simplification is done on the experof resolution and significance [S.
Soravia and A. Orth, 2006; W. Kleppmann, 1998].
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Analysis of Variance (ANOVA) is used to assess djoality of calculated models and is

based on an estimation of the natural variabilibyol is achieved by replication of the center
point.

In the present experimental work a central compadétsign was processed (Figure 5). Such

a design consists of a full factorial approach edésl by centre points and star points.

/'
: of 41 Lo
// Ofﬂ

Figure 5: Scheme of a 2fractional factorial design plus centre point (lef) and a full central composite
design (right)
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4 Materials and Methods

4.1 Media

4.1.1 Chemicals

If not stated otherwise, chemicals were purchasech fiMerck (Darmstadt, Germany) and
Sigma-Aldrich (St. Louis, USA).

4.1.2 Water

The de-ionized water was obtained by an Ultra Cleater purification system (SG
Wasseraufbereitung und Regenerierstation GmbH,bBted, Germany) and used for all
chromatography tasks.

For analytical methods ultrapure water from Millis@ater purification system (Millipore,

Billerica, USA) was obtained.

4.1.3 Vectors and Organisms

The respective gene was cloned wkhol/ Notl restriction into the plasmid carrying
proprietary AOX1-promoters. The expression of Yhg domain antibody was obtained in
the hostPichia pastoris phenotypeCBS 7435 mut®,

4.1.4 Model Protein

Vuu 3 domain antibody, is a dimer featuring a humaoreealbumin at the C-terminus with a

molecular weight of 95.3 kDa and a theoretical ff.6.
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4.2 Analytical Methods

4.2.1 UV-VIS Spectroscopy

In batch adsorption experiments protein concemtnatvas measured using a Spectronic
Genesys6 spectrophotometer (Thermo Fisher Scienéfaltham, USA). After determining
the linear range, the final concentration coulatlleulated using the extinction coefficient of
84190 L/mol*cm.

4.2.2 LDS-PAGE

Lithium dodecyl sulfate polyacrylamide gel electnopesis (LDS-PAGE) was used as

routine analytical method for protein detection.

Protein Approx. Molecular
Weights (kDa)
MuPAGE® | Tris-Glycine
MES
= | Myosin 200 200
— | E-galactosidase | | 1163 162
Phosphaorylase B 974 974
| BSA e B2 66,3
Glutamic dehydrogenase B¢ 354 554
s | Lactate dehydrogenase = 65 385
Carbonic anhydrasa 30 3.0
=== Trypsin inhibitor = s 215
=== | Lysczyme 144 14.4
— | APTOLINGN - L LL
| \nsulin B chain a5 Unresolved
Insudin & chain 25 InsLin
MUPAGE" 4-12% Bis-Tris Gal with 4-20%% Tris-Ghycine Gel stained with
WVIES stained with Coomassie” stain. Coomassie” stain,

Figure 6: Approximate  molecular weight of the protén standard Mark 12
[http:/ltools.invitrogen.com/content/sfs/manuals/mek12_card.pdf]

-22 -



4x LDS sample buffer (Invitrogen, Carlsbad, USA)swaixed with 10%§3-mercaptoethanol
and diluted into 2x LDS and 1x LDS sample buffeaintples were diluted with the reduced
LDS sample buffer to a concentration of 0.1 pg/ielated 5 min at 80 °C in an Eppendorf
Thermomixer Compact and then centrifuged at 450 tipman Eppendorf Mini Spin
(Hamburg, Germany). 10 uL per lane were applieduBage 12 % Bis-Tris gels (1 mm) and
Mark 12 (Figure x) was used as molecular marketh(dovitrogen, Carlsbad, USA). The
electrophoresis was carried out in a Novex Minil@#amber filled with 1x MES running
buffer (both Invitrogen, Carlsbad, USA) for 50 mwith 200 V.

4.2.3 Coomassie Simply Blue Safe Staining

Staining was carried out using a slightly adaptedqzol published by Invitrogen.
The gels were fixed for 15 min using the fixatimyusion outlined in Table 4.

Table 4: Components fixating solution
500 mL | EtOH

70 mL HAcC
430 mL | HO

The gels were washed 3 times for 5 min with HEDHthen stained for 1 h with Simply Blue
Safe Stain (Invitrogen, Carlsbad, USA) and subsetyielestained for 1 h with HQ-®.
The stained gels were scanned using a Personal Dassitometer S| (Molecular Dynamics,
Sunnyvale, USA) and quantified with TotalLab TLI1gfftware.

4.2.4 Silver Staining

Silver staining was performed using SilverXpredse3iStaining Kit and SilverXpress Silver
Staining Protocol for Bis-Tris Gels (Invitrogen, iGdad, USA). Stained gels were scanned
using a Personal Laser Densitometer S| (Moleculanamics, Sunnyvale, USA) but not
quantified, because silver gels while appropriaie domparing the purity of a product,

cannot be used for quantification.
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4.2.5 Protein A - HPLC

Protein A-High Performance Liquid ChromatographyofBin A-HPLC) was performed
using a poros matrix which was operated on an AgiPLC station 1100 series (Agilent
Technologies, Santa Clara, USA). Elution was peréat using a conventional pH-gradient.
The absorbance was measured at 214 nm and quatidificvas performed using the;\8

working standard

4.2.6 IEX-HPLC

lon-exchange-HPLC (IEX-HPLC) was conducted on anlehy HPLC station 1100 series
(Agilent Technologies, Santa Clara, USA) using akveation exchanger column suitable for
biomolecules. Samples and standard were diluteahtinjection volume with an absolute
protein content of 15 pg. Buffer A was a 10 mM pgitete buffer and buffer B a 10 mM
phosphate buffer with 1 M NaCl The column was efrated for 1 min, 10 pL of sample
was injected and then eluted by gradient elutidre @bsorbance was measured at 214 nm.
All steps were performed at a constant flow rate JoimL/min. Protein concentration was

determined using they3 working standard.

4.2.7 SEC - HPLC

Size-exclusion-HPLC (SEC-HPLC) was performed usimgTosoh 2000 SW (Tosoh
Bioscience GmbH, Stuttgart, Germany) column whidcsvperated on an Agilent HPLC
station 1100 series (Agilent Technologies, Sant@a&’IUSA). Samples and standard were
diluted to an injection volume with an absolutetpno content of 3 pug. For equilibration and
elution phosphate buffered saline (PBS)-buffer,jp®iwith 5 % isopropyl alcohol (IPA) was
used. The column was equilibrated for 1 min, 10qgfikample was injected and then eluted.
All steps were performed at a constant flow rat®.8fmL/min. Absorbance was measured at

214 nm protein concentration was quantified usheg\ty43 working standard.
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4.2.8 RP - HPLC

Reversed-phase-HPLC (RP-HPLC) was conducted ongilerd HPLC station 1100 series
(Agilent Technologies, Santa Clara, USA). For atiedy separation a C3 reversed phase
matrix with a pore diameter of 300 A was used. Sempnd standard were diluted to an
injection volume with an absolute protein contehfid pg. As equilibration buffer A HQ-
H.O with 0.07 % trifluaroacetic acid (TFA) was usédution buffer B contained 0.17 %
TFA in acetonitrile (ACN). The column was equilibgd for 1 min, 10 pL of sample was
injected and then eluted with a conventional ACBdignt. The absorbance was measured at
214 nm. All steps were performed at a constant fl@ate of 0.8 mL/min. Protein

concentration was assessed using thg3Wvorking standard.

4.3 Fermentation
The fermentation of the secrete@dVdomain antibody irPichia pastoris was accomplished
by the fermentation unit of the BI RCV Process Bceeas follows:

The seed culture was incubated with YPG mediumlérapat 24 °C and 250 rpm for 30 h.

Table 5: YPG medium for P. pastoris

Component Amount
1 | bacto yeast extract 10 g/L
2 | soy peptone 20 g/L
3 | glycerol (100 %) 25.2 g/L
4 | biotin stock solution 0.1%

The 20 L main culture was then grown in a defirethpted basal salt medium with 40 g/L
glycerol concentration at pH 6.0 at 24 °C and tBe @f 25 % was maintained by increasing
the impeller speed from 400 rpm to 1000 rpm andsigyplying pure oxygen, as necessary.
After 24 h the initial glycerol in the batch mediuras exhausted (ppeak) and a short

glycerol feed was started to increase biomass.r Aie h of fermentation the feed was

switched to methanol to induce protein production.
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4.3.1 Dry Cell Weight (DCW)

The dry cell weight (DCW) was determined from 10 mof fermentation broth. The
suspension was centrifuged at 4000 rpm and 4 °Cl¥minutes (Eppendorf 5810R,
Germany), washed with deionised water, and agamiribtgged at the same conditions.
Before drying to a constant weight in an automatiger (HG 55 Halogen Moisture

Analyzer, Mettler Toledo, Switzerland), the pelis resuspended in deionised water.

4.3.2 Optical Density (OBso)

The optical density of the culture broth was meadwrith a spectral photometer (Spectronic
Genesis 5, Spectronic Instruments, USA) at 550 Tine samples were diluted with OD
buffer (Table 6) in order to obtain an absorbantehe linear range between 0.2 and 0.6

ODsso. For measuring the blank values, the samples sterge filtered.

Table 6: OD Buffer

Components Concentration
NapoHPO*12H,0 20,73 g/L
KH.PO, 5,7 g/L

NacCl 11,6 g/L

4.4 Primary recovery

At the end of fermentation the culture broth wastigiged at 7000 rpm for 30 min using an
JLA 10.500 rotor in an Avanti J-26 XP centrifugee(@mann Coulter, USA) The supernatant
was then filtrated with 1.2 pm and 0.65 pm usingidpaure 300filters (Sartorius Stedim
Biotech, Aubagne Cedex, France).
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4.5 Adsorption Isotherms

Equilibrium adsorption isotherms were determinedarrfinite bath conditions (batch uptake
experiments). The gel resins — Blue Sepharose &H- Healthcare, NJ, USA) and Mab
Select Xtra (GE Healthcare, NJ, USA) — were wastiede times with buffer (50 mM
NaAc/50 mM NaCl. pH 5.5) and were subsequently i@ a 50:50 (gel:buffer) slurry.
Protein solutions with various concentrations betw8.1 and 8 mg/ml at an absolute protein
content of 5 mg were prepared in 50 mL Greiner subefor the two smallest volumes into 2

mL reaction tubes (see Table 7). 0.1 ml well migetslurry was then added to each protein

solutions and incubated for 3 h on an Assistant Rider mixer (Karl Hecht KG,

Sondheim/Rhon, Germanyfter sedimentation of the gel slurries the proteamcentration

in the supernatants were determined by UV-VIS spscopy

Table 7: Pipette scheme of adsorption isotherms

m/mi] Content Sturry [mi] Stocl-< 50 mM NaAc/50 | Solution
Vyu 3 [mg] solution [ml] | mM NaCl [ml] [ml]

0.1 5.000 0.100 1471 48.429 50.000
0.2 5.000 0.100 1471 23.429 25.000
0.3 5.000 0.100 1.471 15.096 16.667
0.5 5.000 0.100 1471 8.429 10.000

1 5.000 0.100 1471 3.429 5.000

3 5.000 0.100 1.471 0.096 1.667

8* 5.000 0.100 0.319 0.206 0.625

Stock solution=3,4 mg/mL except for * were differstock solutions were used.

By fitting experimental data to the Langmuir moaéladsorption (Equation

binding capacitiegmaxand dissociation constaris were determined:

+ _ Oimax tc
Kp +C
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where ¢ is the molecule concentration adsorbedatmsary phase, c is the soluble molecule
concentration in mobile phasemnx is the maximum binding capacity of the resin and
Kp=kg/ka , the dissociation constant of the equilibriumctea. Superscript * represents the

values when equilibrium is reached.

4.6 Chromatography

4.6.1 Akta Chromatography Station

All experimental work including capture, intermeadiaand alternative purification steps of
purification and alternatives therefore were carait on an Akta explorer chromatography
station (Figure 7) which was controlled by the Wmic software 5.01 (both GE Healthcare,
Uppsala, Sweden). Table 8 shows the componentshystd Akta explorer chromatography
station.

Figure 7: Akta explorer chromatography station
[www.gelifesciences.com/aptrix/upp01077.nsf/Contefatktadesign_platform~akta_explorer]
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Table 8: Components of Akta explorer

Akta explorer

UV Detector Monitor UV900

pump P-901

UV-Monitor pH/C-900

Tools Module | box 900 (Controller CU-900)

Equation two and equation three represent yield@ndy calculations which were applied

for all downstream steps.

mpool
Yield = 0100% Eq. (2)

wheremyoq is the mass in mg of the pooled fractions amgy the mass in mg of the load.

PUF 1Y, anery D%Iane(l) + PUF 1Y ane(2) D%lane(z) + 4 PUF Y, ane(n) D%lane(n)

Eq. (3
10C 10C 10C a-G3)

Purity =

where%ane means the percentage of the fraction of the pdalees.

4.6.2 Column Packing

Columns were packed according to the manufacty&c&ing recommendations, except for
smaller columns with less then about 10 mL. Theseewpacked using a more general
procedure:

Column filters were flushed with 20 % EtOH to elirate air from the column. The bottom
adaptor was attached to the column and approxignatein of 20 % EtOH was filled into the

column through the bottom outlet. The gel was gentlxed to a homogenous slurry and
then poured carefully in a continuous flow into todumn. After sufficient sedimentation the

upper outlet was also flushed with 20 % EtOH areddblumn was carefully closed, making
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sure that no air bubbles were trapped in the colukfter connecting the column to the Akta
explorer system, it was flow packed with the reedirequilibrium buffer. The packing
procedure was performed by applying a defined pressr alternatively at ~ 120 % of the

maximum process flow rate.

4.6.3 Column Evaluation

In order to evaluate the column performance, thenso was equilibrated with 0.2 M NacCl.
Then 0.2 column volumes (CV) of 2 M NaCl were ingetand eluted with the equilibration
buffer. By measuring the retention time and thepshaf the salt peak (conductivity profile),
the theoretical number of plates per meter (N/nd) twe asymmetry factors were calculated
by the Unicorn software. The asymmetry factor dessr the peak shape and therefore
assesses the flow properties of the column. Ther¢hieal plates per meter is a
dimensionless number that correlates with the #te@ml numbers of equilibria of a
substance between the stationary and the mobilsepbased on the presumption of a

Gaussian peak shape [A. Talamona, 2005].
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5 Obijectives

The aim of the present work was to generate anopppte downstream process for the
purification of the domain antibodyM3, a dimer with HSA at the C-terminus, as well@s t
determine engineering parametedBC 10%, gmax, Kp) Of the different affinity media that
were considered for capture step. Based on thdHatthe target protein consists a HSA-tag
and a protein-A binding site, both affinity-bindirgpportunities will be tested with Blue
Sepharose 6FF and Mimetic Blue SA HL as HSA-affiniésin and MabSelect Xtra as
protein-A affinity resin. With this parameters ibuld be possible to compare the efficiency
of purification for the utilized antibody fragmenAnother objective is to study the
characteristics of mixed-mode resins for the pcation of \f;43, due to the fact that these
resins allow protein binding at high salt concetntres, opening the possibility to utilize this

alternative sorbents without prior desalting step.
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6 Results and Discussion

6.1 Clone Screening

The production strain was chosen after screeninglO0D0 clones in deep well plates. The
best 16 clones were selected for re-screening tatlity tests were accomplished. Table 9
shows the results of the best three clones witkymbtiters measured by protein-A-HPLC.
Clone A was chosen for protein production, becaokets high yield and even more

important its high stability.

Table 9: Sceening results
Clone number A B C

Titer [mg/L] 198 205 218

Product Stability [%]
(RT /4°C/-20°C)

100/100/100 95/100/87 50/100/100

6.2 Fermentation

The fermentation process of;¥3 domain antibody was conducted by the fermentatiun
of Bl RCV Process Science. A robust process with feeding rates was chosen for the
secreted expression ofy¥3 domain antibody irPichia pastoris exhibiting the following

characteristics:

After a phase of 24 h the initial glycerol in that¢h medium was exhausted (pO2 peak) and
a short glycerol feed was used to further incrdasenass. After 27 h of fermentation the
feed was switched to Methanol to induce proteirdpotion. The MeOH feed was performed
as a ramped linear feed, increasing the feed fiaies20 g/h to 110 g/h within a duration of
92 h. During the fermentation no critical eventswced. The p@could be maintained at 25
% until end of fermentation by increasing the ingre$peed up to 1000 rpm and the addition

of 0.1 vvm pure oxygen.
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Figure 8: Growth and product formation of V3 domain antibody

In Figure 8 the results for G, DCW, titer culture broth and titer supernatarg ahown.
The growth rates were in the expected range, aémldeof fermentation more than 110 g/L
dry cell weight were reached. The product titersl0f5 g/L in the supernatant were very
high. However, the high content of biomass in thikuce suspension reduces the whole broth
titer to ~ 6.5 g/L.
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6.3 Downstream Process Development

6.3.1 Capture Step

Based on the fact that the target protein conai$iSA-tag and a protein-A binding site, both
affinity-binding options were tested. The testesing were Cibaron Blue 3G media (known
as ideal affinity counterpart for aloumin) suchBlee Sepharose 6FF (GE Healthcare, NJ,
USA) and Mimetic Blue SA HL (ProMetic BioSciencesdl, Cambridge, UK) and as a

Protein-A resin MabSelect Xtra (GE Healthcare, NSA). For the capture step screening all

elution fractions were pooled in order to calculdue yield.

6.3.1.1 MabSelect Xtra

The clone chosen after fermentation evaluationngld) and also three others (clone B, C,
D) were tested using a 4 mL (51 x 10 mm and 115mn7 respectively) column. Table 10
outlines the method characteristics of the Mab$eléta runs with corresponding
chromatogram and LDS-PAGE in Figure 9 and FigureFlirated fermentation supernatant
(pH 5.5-6,6 11 — 20 mS/cm) was loaded in each trial. Eluticaswwerformed as gradient
elution from 0 to 100 % of elution buffer within I0V. Load, flow through (FT) and elution
fractions were analyzed by LDS-PAGE except theicapbn run of strain A, which was
analyzed by CIEX-HPLC (Table 11).

Table 10: Method characteristics of MabSelect Xtracapture step

Linear flow rate

Step Buffer Volume

[cm/h]
Equilibration | 50 mM NaAc / 50 mM NaCl, pH 5.5 10CvVv 200
Load pH5.5-60611-20 mS/cm 10/20 mL 100
Wash 50 mM NaAc / 50 mM NacCl, pH 5.5 10cCv 100
Elution 0.1 M Glycin, pH 2.5 10CvVv 150
Regeneration| 0.5 M NaOH 3CVv 50
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Figure 9: Representative chromatogram of MabSelexXtra run: Fractions pooled from A12-B1
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Figure 10: Corresponding LDS-PAGE (a) of MabSelecKtra run with label (b)

Table 11: Results of MabSelect Xtra runs

Clone | Purity [%] | Yield [%] Method
A 73.5 79.2 LDS-PAGE
A 56.2 49.4 CIEX-HPLC
B 70.8 38.7
C 39.2 16.6 LDS-PAGE
D 49.2 26.7
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Table 11 summarizes yield and purity values ofpaliformed MabSelect Xtra runs. The
values that were calculated on the basis of diffeemalytical methods show purities and
yields in a wide spreading range. This could besedlby analytical problems of the applied
analyzing methods. The methods are not optimizedsawewed particulary in the beginning
phase of the study variations. As well the measargnof product by LDS-PAGE in the
fermentation supernatant was not very accurateausec of the influencing fermentation
broth composition. Another reason possible was thattested clones possessed slightly
different properties as they were fermented aediifit pH values. The different fermentation
conditions maybe led to a different isoform patteith varying binding properties on the

resin.

6.3.1.2 Blue Sepharose 6FF

Clone A, B and D were tested using a 5.5 mL (70 mm) column. The method
characteristics are shown in Table 12. Filtratethéntation supernatant (pH 5.56611 — 20
mS/cm) was loaded in each run. Gradient elution pexformed, from 0 to 100 % elution
buffer within 10 CV. InFigure 11the chromatogram of the Blue Sepharose 6FF run is
displayed with corresponding LDS-PAGE in Figure L8ad, FT and elution fractions were
analyzed by LDS-PAGE (Table 13).

Table 12: Method characteristics of Blue SepharoseFF capture step

Linear flow rate

Step Buffer Volume

[cm/h]
Equilibration | 50 mM NaAc / 50 mM NaCl, pH 5.5 10Cv 200
Load pH5.5-66 11 - 20 mS/cm 10 mL 100
Wash 50 mM NaAc / 50 mM NacCl, pH 5.5 10cCcv 100
Elution 50 mM NaAc /2 M NaCl, pH 5.5 10Cv 150
Regeneration| 0.5 M NaOH 3CVv 50
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Figure 12: Corresponding LDS-PAGE (a) of Blue Sephase 6FF run with label (b)

Table 13: Results Blue Sepharose 6FF runs

Clone | Purity [%] | Yield [%] Method
A 83.7 95.2
B 83.7 75.0 LDS-PAGE
D 92.2 156.2
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Higher purities and yields were obtained with thieleBSepharose 6FF resins than with
MabSelect Xtra and there was minor variation betweesults, except one outlier.

Representing purification on Blue Sepharose 6Ffnase robust process. However both
resins showed a second main band (approximatef® &Da) in the elution fractions which

was defined as possible linker cleavage product. Blae Sepharose 6FF, experiments
demonstrated that this product can be separatedrpetitive elution (Figure 13 and Figure
14) by using the sodium-salt of caprylic acid (Bxample sodium octanoate or sodium

caprylate) in low concentrations.

Table 14: Method characteristics of competitive Ble Sepharose 6FF step

Linear flow rate
Step Buffer Volume
[cm/h]

Equilibration | 50 mM NaAc / 50 mM NaCl, pH 5.5 10 CV 200
Load pH5.5-66 11 - 20 mS/cm 10 mL 100
Wash 50 mM NaAc / 50 mM NaCl, pH 5.5 5CV 100

50 mM NaAc / 50 mM NacCl, / 25 mM
Elution 1 5Cv 100

NaCaprylat pH 5.7
Elution 2 50 mM NaAc / 2 M NaCl 1ocv 150
Regeneration| 0.5 M NaOH 3CVv 50
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Figure 13: Chromatogram of Blue Sepharose 6FF, congpitive elution using sodium caprylate:Fractions
pooled from L11-M12
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Figure 14: Corresponding LDS-PAGE (a) of competitie Blue Sepharose 6FF run with label (b)
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The method characteristics for competitive elut@wa shown in Table 14. By reason of the
mentioned advantages and because of the lower, &lsis Sepharose 6FF was chosen as

capture step resin.
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6.3.2 Evaluation of Affinity Media

For confirmation of the selected capture step rédsenprevious tested affinity media (Blue
Sepharose 6FF and MabSelect Xtra) and another Hf§Aasorbent (Mimetic Blue SA

HL) were compared with respect to binding capasitad kinetic parameters. For this
purpose dynamic binding capacities at 10 % breaktyin (DBC 10 %) were determined by
breakthrough curves. Additionally, adsorption igwths were performed in order to obtain

the maximum equilibrium binding capacitigsx and dissociation constarks.

6.3.2.1 Breakthrough Curves

All experiments were carried out using an Akta exgt 100 chromatography station. The
affinity media were flow packed at a velocity ofB0m/h to a size of 115 x 6.6 mm that
equates a column volume of 3.9 mL. The breakthraugiies were conducted with the same
method characteristics as used during capture Bvggeriments with Mimetic Blue SA HL
were performed identical to experiments with Blueplsarose 6FF, because this resins are
composed out of the same matrix - Sepharose -thélsame ligand - Cibaron Blue 3G. The
runs were accomplished at different flow velocii{e8, 124, 200, 350, 700 cm/h) with a load
concentration of 1 mg/mL M;3. The load used was already pre-purified by a Blepharose
6FF capture step. Breakthrough profiles of theeta#inity media are depicted in Figure 15,
Figure 16 and Figure 17. The value &y was obtained from the completed breakthrough
curves at 200 cm/h. Because of the limited prodtie, breakthrough curves were not
completed for the other tested velocities and \edscities were tested for MabSelect Xtra
and Mimetic Blue SA HL out of the same reason. bheakthrough curves gained for Blue
Sepharose 6FF and Mimetic Blue SA HL were verylsinand they reached almost the same
capacity (visible for 200 cm/h), in contrast to Megbect Xtra which exhibited a much lower

capacity.
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Breakthrough Curves Blue Sepharose 6FF
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Figure 15: Breakthrough Curves at different velocites of Blue Sepharose 6FFCurves were conducted
using pre-purified product

Breakthrough Curves Mimetic Blue SA HL
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Figure 16: Breakthrough Curves at different velocites of Mimetic Blue SA HL: Curves were conducted
using pre-purified product
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Breakthrough Curves Mab Select Xtra
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Figure 17: Breakthrough Curves at different velocites of MabSelect Xtra:Curves were conducted using
pre-purified product

6.3.2.2 Binding Capacities

The data obtained from the breakthrough curvesused to receive the values for DBC at 10

%. The dependency to residence time and velocitiugrated in Figure 18 and Figure 19.

Comparison DBC 10% vs. Residence Time
@ Blue Sepharose 6FF B Mimetic Blue SAHL A Mab Select Xtra
50,0 ~
L 2
45,0 4
L 4
40,0 4 |
L 4
— 35,0 1
E
> 30,0 - * u
E
< 25,0 ~ A A
= 200 b ¢
o 20
2 150
|
10,0 -
5,0 A
0,0 & T T T T T T
0 2 4 6 8 10 12
Residence Time r [min]

Figure 18: Dynamic binding capacity at 10 % breakthiough vs. residence time of Blue Sepharose 6FF,
Mimetic Blue SA HL and MabSelect Xtra

-42 -



Comparison DBC 10% vs. Flow Rate
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Figure 19: Dynamic binding capacity at 10 % breaktimough vs. flow rate of Blue Sepharose 6FF, Mimetic
Blue SA HL and MabSelect Xtra

Table 15: Comparison of the dynamic binding capacit at 10 % breakthrough

DBC 10 % [mg/mL]
Flow Rate Residence Blue Sepharose| Mimetic Blue MabSelect
[cm/h] Time [min] 6FF SA HL Xtra

700 1 20.4 12.0 19.3
350 2 30.8

200 3.5 38.2 30.3 23.7
125 5.5 43.3

60 11.5 46.8 39.9 24.9

The decrease of DBC 10 % was almost linear withitheease of the flow rate. For the two

HSA-affinity resins the slopes were similar, besidieat Mimetic Blue SA HL had a lower
DBC 10 % at all velocities. Blue Sepharose 6FF leixd with 38.2 mg/mL the highest
capacity at 200 cm/h compared to Mimetic Blue SA With 30.3 mg/mL and MabSelect

Xtra with 23.7 mg/mL. At residence times greatartlb.5 min the DBC 10 % reached the

equilibrium binding capacity. With an exceedingidesice time only marginal gain in

capacity would be achieved, resulting in a serioss of productivity. The decrease of DBC

10 % with increasing flow velocity for MabSelectrXtwas less steep than for the other two

resins indicating a faster mass transport. Alreadgsidence time of about 3.5 min gave
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reasonable values of DBC 10 % (23.7 mg/mL). Thssits were not much higher than DBC
10 % of Blue Sepharose 6FF at residence timesooinarl min (20.4 mg/mL). The obtained
data confirmed the decision of Blue Sepharose &Fsogbent for capture step. An overview
of the obtained values is presented in Table 15.data discussed was gained from
experiments with pre-purified product. Becauserdsns tested are used for capture step, it
was important to gain data also with non-purifiedduct. For this purpose breakthrough was
investigated with filtrated fermentation supernataat flow rates of 200 cm/h that
corresponded to a residence time of 3.5 min. THeulzdion of capacity was made for
purified and non-purified product by analyzing {h@led product peak with CIEX-HPLC.
Identical method characteristics like for breaktlgio curves with pre-purified product were
used. For determining the amount of load, the DBQ4dlvalues for each resin were used and

an amount of 15 % was added. In Table 16 a congadéthe results is shown.

Table 16: Comparison of capacities at 200 cm/h oésted affinity media

Blue Sepharose Mimetic Blue | MabSelect
6FF SA HL Xtra
Pre-purified | DBC 10 % [mg/mL] 38.2 30.3 23.7
product Capacity g * [mg/mL] 36.9 32.8 24.3
Fermentation _
Capacity q * [mg/mL] 29.2 18.5 20.2
supernatant

* calculated from elution peak

The values of DBC 10 % conformed to the ones fpacdy considering pre-purified 43

domain antibody. With fermentation supernatantdieacity was much lower, especially for
Mimetic Blue SA HL. Reason therefore could be ittt fermentation supernatant contains
product fragments and by-products. These forms tinthe sorbents and take the binding
sides of the resin, but are not calculated in fgacity. Pre-purified load contained almost
pure product, already separated from fragmentshefdaprylat elution and forms in the
regenerate, what led to the higher capacitiesedtrs that the Mimetic Blue SA HL resin,
although it has the same ligand as Blue Sepharé$e & not suitable for the 3

purification.
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6.3.2.3 Adsorption Isotherms

Adsorption isotherms measured for Blue Sepharosé @&Rd MabSelect Xtra were
accomplished using purifiedi¥3 domain antibody with the methods equilibratiofféu(50

mM NaAc/50 mM NaCl, pH 5.5) at room temperaturee Tgrevious experiments showed
that the equilibrium binding capacity is achievedtf therefore a mixing time of 3 h was
chosen to be sure to reach equilibrium conditionsth the data received by UV-VIS

spectroscopymax andKp were calculated by using the Langmuir isotherm eh@lq. (1)).

Isotherm: Blue Sepharose 6FF
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70 4 L
< 60 |
S
=, 50 1
£
) i LI et
@404 1 .
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230 ) 9
g 20 | Omax = 45.14 + 2.81 mg/mL e q1(mg/mL)
S Kp = 0.042 + 0.017 mg/mL = g2 (mg/mL)
O i

10 g3 (mg/mL)

0 T T T T T
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Figure 20: Adsorption Isotherm of Blue Sepharose 6
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Figure 21: Adsorption Isotherm of MabSelect Xtra
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The data gained for the isotherms fitted well t® tangmuir isotherm model (Figure 20 and
Figure 21), with both resins showing almost rectdagisotherms.

Table 17: Summarized engineering parameters of testl affinity media in comparison with data from
literature

Omax [Mg/mL] K p[mg/mL] Kp[M]

Blue Sepharose 6FF 45.14 +2.81 0.042 + 0.017 4.48% 1.79 E”
1.4E®+ 02 E®®
1.9E”®+04E®®
MabSelect Xtra 29.14 + 1.67 0.031 +0.016 3.256 1.68 E”
5.9 EY'+ 7.3 E®®”

(a) Data from Y. Cui et al., 2003 (Kvalue of HSA molecule on Blue Sepharose 6FF)

(b) Data from R. Hahn et al., 2005fKalue of polyclonal IgG on MabSelect Xtra)

The values fogmx (Table 17) obtained by batch uptake experimentg wemparable to the
values of DBC 10 % obtained with breakthrough csrae 60 cm/h for both resins. They
were 45.14 | 46.8 mg/mL for Blue Sepharose 6FF 2;hd4 / 24.9 mg/mL for MabSelect
Xtra which is an acceptable range. The variatiaméen the values could arise as well from
the fact thatgn.x was calculated from data measured by UV-VIS specbopy and that
perhaps for MabSelect Xtra equilibrium conditionsreznot completely reached at the tested
velocity of 60 cm/h (11.5 min residence time). Tomftrm this, uptake kinetic measurements
would be necessar¥(p value of ~0.042 mg/mL or ~ 4.4&°" M (M.W. of Vyu3: 95.000
Da) was one magnitude lower than published valfiésSA binding on Blue Sepharose 6FF
[Y. Cui et al., 2003]. In the referred publicatian equilibrium time of just 5 min was used,
therefore equilibrium conditions were not reach€te calculated K of MabSelect Xtra
resin had the same dimension as the published whlligs binding on MabSelect Xtra [R.
Hahn et al., 2005].

- 46 -



6.3.3 Intermediate Step

Different types of chromatography media were testedntermediate step (Table 18). As
starting material Blue Sepharose 6FF peoll{0-115 mS/cm) and MabSelect Xtra posl (
10 mS/cm) was used. The amount of product loadeshah run was between 4 and 10 mg
product/mL gel. For yield calculation only the ébut fractions with higher purities as the
loading material (LDS-PAGE) were considered. Logdoonditions were chosen in respect

to a applicable change from capture to intermeditgp.

Table 18: Gel resins used for intermediate screenin

Fractogel EMD TMAE (Merck, Darmstadt, Germany)
Strong anion exchanger (AIEX)

Q Sepharose FF (GE Healthcare, Uppsala, Sweden)

DEAE Sepharose FF (GE Healthcare, Uppsala,

Weak anion exchanger (AIEX)
Sweden)

Strong cation exchanger Fractogel EMD S@(Merck, Darmstadt, Germany)

(CIEX)

SP Sepharose HP (GE Healthcare, Uppsala, Sweden)

Weak cation exchanger (CIEX) | CM Sepharose HP (GE Healthcare, Uppsala, Sweden)

Phenyl Sepharose HP (GE Healthcare, Uppsala,

Hydrophobic interaction Sweden)

chromatography (HIC) Toyopearl Phenyl 600-M (Tosoh Bioscience GmbH,
Stuttgart, Germany)

6.3.3.1 HIC - Phenyl Sepharose HP

Method characteristics of Phenyl Sepharose HPraesin Table 19. Tests were performed
with a 4.8 mL (61 x 10 mm) column using Blue Sepkar6FF pool as loading material. The
resin was tested with 1.5 and 2 M NaCl Equilibmatiouffer with load adjusted to the
respective conductivity and a pH of 5.5. The eluigpadient was programmed from O to 100
% elution buffer in 10 CV, continued by 2 CV at 190
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Table 19: Method characteristics of Phenyl SepharesHP

Linear flow rate

Step Buffer Volume

[cm/h]
Equilibration 50 mM NaAc/1.5-2 M NaCl, pH5.5 10CvVv 300
Load pH 5.5,6 120 - 145 mS/cm 150
Wash 50 mM NaAc /2 M NaCl, pH 5.5 5CV 200
Elution 50 mM NaAc, pH 5.5 12 Ccv 200
Regeneration 0.5 M NaOH 3CVv 200

At 2 M NaCl most efficient binding with only littlgoroduct loss during wash could be
observed. Figure 22 and Figure 23 show that then rpeoduct elutes already at the
beginning of the gradient slope (~ 120 mS; corredpdo ~ 1.5 M NaCl). Therefore, loading

at 1.5 M NaCl ended up in too weak binding, resglin losing most of the product.

091110 PhenylSephHP 27F6 BlueSephPool001:10 UV1 280nm ~— 091110 PhenylSephHP 27F6 BlueSephPo0l001:10 Cond
—.091110 PhenylSephHP 27F6 BlueSephPo0l001:10 Fractions

7091110 PhenylSephHP 27F6 BlueSephP00l001:10 Logbook

mS/cm

160

e
‘AI‘AZ A3\A4§A5 AB A7|ABIA9ALID  A12  Al4 B1 B2 B3|B4 B5|B6|B7|B8\B9 11 B1l 20
60 80 100 120 140 160 ml

Figure 22: Chromatogram of Phenyl Sepharose HP rumvith 2 M NaCl equilibration: Fractions pooled
from A5-Al4

The Phenyl Sepharose HP resin exhibited low yi€lddble 20). At 1.5 M NaCl almost no
product could be bound on the resin and also at R&LI the results were quite poor.
Product was found in all fractions together witbfegms.
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Mark 12

Working Standard

97 e A K ] -—— e G G eay o

Load

FT

Al - A4
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A9 - A1l
10 | Al2-Al14
14 11 | A15-B2
12 | B3-B4

(@) (b)

22

Figure 23: Corresponding LDS-PAGE (a) with label (B

Table 20: Results Phenyl Sepharose HP runs

Run Purity [%] | Yield [%] Method
1-(2M) 99.3 40.6
2 — (1.5 M) 79.0 35 LDS-PAGE
3-(2 M) 82.4 14.2

Run 1 produced great purity with a yield possiblenhance with optimization of the applied
method, but run 3, conducted with the same conwitias run 1, could not confirm the
expectations and yielded in poor results. Puriftceby Phenyl Sepharose HP seems to be no

robust process.

6.3.3.2 HIC — Toyopearl Phenyl 600-M

Toyopearl Phenyl 600-M was tested due to charatiesisimilar to Phenyl Sepharose HP.
3.1 mL ( 39 x 10 mm) columns were tested using Bfepharose pool. They were
equilibrated with 1.5 M and 2 M NaCl and load wdsuated to the utilized conductivity and
pH 5.5. Also same method characteristics as fonjalgepharose HP were applied. Results
were comparable with yields around 50 % and psrisi®und 70 %. Also this resin showed

low binding at 1.5 M NaCl binding condition.
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6.3.3.3 AIEX - Fractogel EMD TMAE

In order to test Fractogel EMD TMAE resin, a 5.5 0 x 10 mm) column was used.
Different conductivity conditions of Blue SepharddeF load were investigated (Figure 24)
and a product amount of 4.5 mg/mL was loaded. lkisrgurpose the load was desalted using
Amicon Ultra 10k desalting tubes (Millipore, Billea, USA) or diluted with equilibration
buffer. Since the tested resin was an AIEX reshh,gb the load was adjusted to pH 8.0, in
order to be above the pl of 6.6. Table 21 showsafipied method. The elution gradient was
programmed from 0 to 100 % elution buffer in 10 CV.

Table 21: Method characteristics of Fractogel EMD MAE

Step Buffer Volume Hinear flow rate

[cm/h]
Equilibration 20 mM Tris-HCI, pH 8.0 10cCcv 300
Load pH 8.0,6 11 /26 / 38 mS/cm 150
Wash 20 mM Tris-HCI, pH 8.0 5CV 200
Elution 50 mM Tris-HCI /1 M NaCl, pH 8.0 10 CV 200
Regeneration 1 | 50 mM Tris-HCI / 2 M NaCl, pH 8.0 3CV 200
Regeneration 2 | 0.5 M NaOH 3CV 150

LOAD ELUTION

1400

N —~ ~
|

1200 ‘ \

|
v‘ ‘
1000 ||

|

i

800 \‘
l

‘\ |
|

600

400 ‘

200 \‘ |

50 100 150

Figure 24: Comparison of Fractogel EMD TMAE runs —blue: 11 mS/cm; green: 26 mS/cm; pink: 38
mS/cm
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Table 22: Results Fractogel EMD TMAE runs

Conductivity o ) )
Purity [%] | Yield [%0] Method
[mS/cm]
11 98 47.1
26 100 9.3 LDS-PAGE
38 89 1.2

The experiments showed that binding occurs onlsatliter low conductivities, even though
the yield was not very high (Table 22). Anyway,iopzation of the method conditions such
as even lower loading conductivity, could enhartee ¢gained yield of 47.1 %. At higher
conductivities, the main part of the product brafeugh during loading. Purities of almost
100 % also showed great potential for the use ef Rmactogel EMD TMAE resin in

purification process of ;3.

6.3.3.4 AIEX - Q Sepharose FF

In order to test Q Sepharose FF a 4.7 mL (60 x @@ and a 1.2 mL (62 x 5 mm) column
were used. MabSelect Xtra pool was taken as loadmagerial because of its low
conductivity (~10 mS/cm). The same method as usad Rractogel EMD TMAE

chromatography was used for testing the Q Sephdfbseesin, both being strong AIEX

sorbents. Figure 25 shows the chromatogram of oSegharose FF run.

run 004:101_UvV1_280nm
run 004:101__Logbook

run 004:101_Cond run 004:101_ Fractions

e hamsk dusl el ba bo b bdesh dabel g ko br chosk [

Figure 25: Chromatogram of Q Sepharose FF runFractions pooled from A13-B5
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Table 23: Result Q Sepharose FF runs

Run Purity [%] | Yield [%] Method
1 77.8 15.1
LDS-PAGE
2 80.2 54.0

Results (Table 23) ended up in low, fluctuatingldse and poor purities. The poor
reproducibility indicated that Q Sepharose FF sepibited no robustness and therefore it
was not suitable as intermediate purification step.

6.3.3.5 AIEX - DEAE Sepharose FF

DEAE Sepharose FF - a weak AIEX resin - was testi¢ll a 1.2 mL (65 x 5 mm) column.
As load MabSelect Xtra pool was usedlQ mS/cm). Again, the same method characteristics
as used for Fractogel EMD TMAE and Q Sepharose Efeapplied. Experiments showed
similar results as observed for all AIEX resinseTyeld of all AIEX resins was around 50 %
or lower and purity was not high enough to accostplispecifications needed for

intermediate step, except for Fractogel EMD TMAE.

6.3.3.6 CIEX - Fractogel EMD SO;

Experiments with Fractogel EMD S@ere conducted with a 5.5 mL (70 x 10 mm) column
and Blue Sepharose 6FF load with a product amduhbang/mL. The load was desalted or
diluted with equilibration buffer to test differefdading conditions regarding conductivity.
Method characteristics are displayed in Table ZktdBse the tested resin was a CIEX resin,
pH of the load was adjusted to pH 5.5, in orddsddoelow the pl of 6.6. The elution gradient
was accomplished from 0 to 50 % elution buffer QV (elution with 1 M NaCl) continued
by 100 % elution buffer for 2 CV (elution with 2 MaCl). Figure 26 shows the elution peak
of the three runs with the different conductivitesd corresponding LDS-PAGE (Figure 27,
Table 25).

-52 -



Table 24: Method characteristics of Fractogel EMD 93

Step Buffer Volume Hinear flow rate
[cm/h]

Equilibration 20 mM NaAc, pH 5.5 10cv 300

Load pH5.5,6 9.2/25/42 mS/cm 150

Wash 20 mM NaAc, pH 5.5 5CV 200

Elution 50 mM NaAc /2 M NaCl, pH 5.5 12 CvV 200

Regeneration 0.5 M NaOH 3CVv 200

LOAD ELUTION
( N

100

40

50 100 150 200 mi

Figure 26: Comparison of Fractogel EMD SQruns — blue: 9.2 mS/cm; green: 25 mS/cm; pink: 4thS/cm

- — S - e T s s

(@) ' (b) ()

Figure 27: Corresponding LDS-PAGE Fractogel EMD SO3
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Table 25: Label of Fractogel EMD SQ LDS-PAGE

6 Load 5 Load 5 Load
7 FT 6 FT 6 FT
8 7 7
9 8 8
] Elution fractions Elution fractions
10 | Elution fractions 9 9
11 10 10
12
Table 26: Results Fractogel EMD S@
Conductivity ¢ _ .
Purity [%] | Yield [%] Method
[mS/cm]
9.2 94.5 20.5
25 97.7 19.7 LDS-PAGE
42 95.1 7.0

Unlike AIEX, protein binding at higher conductivity up to 25 mS/cm - was observed,
nevertheless the product yield was quite low (T&8¢ Elution already occurred at 1 M
NacCl. Elution fractions were also analyzed by SERLB - results showed that aggregates
occurred in the fractions of the second part ofdahleion peak. Even high purities of around
95 % were reached, the low yields of around 20 &bveld poor potential in optimization, as

well as other already tested resins indicated betiportunities in the purification of domain
antibody ;3.

6.3.3.7 CIEX - SP Sepharose HP

In order to test SP Sepharose HP a 4.3 mL (55 mi) column was used. MabSelect Xtra
pool was applied as loading material. Fractogel EBID3 and SP Sepharose SP are both
strong CIEX resins, therefore a similar method wtiézed. The method characteristics are
shown in Table 27. Load was adjusted to pH 5.5tiéugradient was performed from O to
100 % elution buffer in 10 CV with a subsequendhgikep at 100 % elution buffer for 2 CV.
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Table 27: Method characteristics of SP Sepharose HP

Step Buffer Volume Hinear flow rate
[cm/h]
Equilibration 50 mM NaAc, pH 5.5 10Cv 150
Load pH 5.5,6 10 mS/cm 80
Wash 50 mM NaAc, pH 5.5 mocv 150
Elution 50 mM NaAc / 2 M NaCl, pH 5.5 12 CV 100
Regeneration 1 | 2 M NacCl 3CVv 100
Regeneration 2 | 0.5 M NaOH 3CVv 100

Elution occurred already at salt concentrations M NaCl. LDS-PAGE (Figure 28) shows
that o significant separation of the two main baadsurred An additional band at about 37

kDa was enriched on the SP Sepharose HP resin.

Working Standard

Lane 1 2 3 4 5 6 7 8 9 1 11 12 13 14 15

Mark 12
Load Q Seph FF
Pool Q Seph FF
Load
FT
10 | C7
11 | C8
14 12 | co
} 13 | C10
6 14 | C11

35, — (a) (b) 15 | C12

Figure 28: LDS-PAGE of SP Sepharose HP (a) with lad (b)

97 - e [— — . S e
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\
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Table 28: Results SP Sepharose HP runs

Run Purity [%] |Yield [%] Method
1 65.9 28.5

LDS-PAGE
2 65.5 35.0
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In both SP Sepharose HP runs just one fraction puas enough to achieve the pooling
criterion. Anyway there was almost no improvemamtpurity using SP Sepharose HP.
Almost no separation between by-products, prodwgrhents and product lane was
achieved. Hence the obtained yield was quite loth walues of 28.5 % and 35 % (Table 28).
The purity could probably be enhanced if Blue Sepdwa 6FF pool would be used as load,
but similar to the Fractogel EMD S@esin the yield would be still expected to be ery.

6.3.3.8 CIEX - CM Sepharose HP

CM Sepharose HP was tested because it is provalingaker binding than the previous
tested CIEX resins. A 1.6 mL (47 x 6.6 mm) columaswised for testing. Blue Sepharose
6FF load was desalted using Amicon Ultra 10k degplubes to a conductivity of about 10
mS/cm and adjusted to pH of 5.5. The elution gratdiegas accomplished from zero to 50 %
elution buffer in 10 CV (elution up to 1 M NaCl)éthen 100 % elution buffer for two CV
(elution with 2 M NaCl). Detailed method charactéds are shown in Table 29 and
chromatogram with LDS-PAGE in Figure 29 and FigBoe

Table 29: Method characteristics of CM Sepharose HP

Linear flow rate

Step Buffer Volume

[cm/h]
Equilibration 50 mM NaAc / 50 mM NacCl, pH 5.5 10Cv 200
Load pH 5.5,6 10 mS/cm 100
Wash 50 mM NaAc / 50 mM NacCl, pH 5.5 10CvVv 200
Elution 50 mM NaAc /2 M NaCl, pH 5.5 12 CvV 100
Regeneration 0.5 M NaOH 3CV 100
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Figure 29: Chromatogram of CM Sepharos HP run:Fractions pooled from G9-G11
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Figure 30: Corresponding LDS-PAGE (a) with label (B

Elution of product already occurred at about 30 anf/this is less than 0.5 M NaCl. The
experiment showed that the protein could be corapletluted and sufficient depletion of
impurity could be reached. The run resulted in @dyiof 84.9 % and purity of 97.8 %

analyzed by LDS-PAGE. On account of this good tsstlie method of CM Sepharose HP
was optimized concerning gradient slope.
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Table 30: Optimized method characteristics of CM Sgharose HP

Linear flow rate

Step Buffer Volume —
Equilibration 50 mM NaAc / 100 mM NacCl, pH 5.5 10Cv 200
Load pH 5.5,6 14 mS/cm 100
Wash 50 mM NaAc / 100 mM NaCl, pH 5.5 ocv 200
Elution 50 mM NaAc /1 M NaCl, pH 5.5 12 CV 100
Regeneration 1 | 2 M NacCl 3CVv 100
Regeneration 2 | 0.5 M NaOH 3CVv 100

The improved method is shown in Table 30 with cgpmding chromatogram and LDS-
PAGE in Figure 31 and Figure 32. Elution was pragraed from 0 to 60 % elution buffer in
10 CV (elution up to 0.6 M NaCl) with a subsequieolding step at 60 % elution buffer for 2
CV. Thus decreasing the gradient slope from 85.1omS/CV. The conductivity of the load
was slightly increased to 14 mS/cm and the condiytf the equilibration buffer was also

increased, allowing impurities to be depleted mwashing step.

LO3 CMHP 091116:10 _UV1 280nm

LO3 CMHP 091116:10_Cond

— LO3 CMHP 091116:10 Logbook
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Figure 31: Chromatogram of optimized CM Sepharose R run: Fractions pooled from G8-G9
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OO OOt 5 | Working Standard
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1B 7 Load
== 4 1 —2—4 -4 bt =1 8 Pool
55 N 9 |FT
37 10 | Wash
31 —

11 | G5
2 12 | g6
14 13 | G7
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6 15 | G9
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Figure 32: Corresponding LDS_PAGE (a) with label (B

In all three elution peaks product was found. Téeaining isoforms were separated with
CM Sepharose HP, with the main peak containingptmgfied product. The experiments
resulted up in yields between 84 % and 98 % andigsifrom 97-98 % measured by LDS-
PAGE. As well Fractogel EMD TMAE was considerediaermediate step resin, but to
obtain yields as high as with CM Sephaorose HRlitmaconductivity would have to be still

reduced. Hence Fractogel EMD TMAE has no advantage CM Sepharose HP. Due to this
results, CM Sepharose HP was selected as intertaesdep resin.
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6.3.4 Present Downstream Process

Filtration of Fer mentation super natant

A

Capturewith Blue Sepharose 6FF
(Affinity)

Buffer exchange via UF/DF

U

I nter mediate step with CM Sepharose HP |
(CIEX)

4

Formulation -> Drug substance

Figure 33: Flow chart of the current downstream praess

Due to the obtained results the present downstneaoess, displayed in Figure 33, was
chosen. After capture and intermediate step resare specified, the complete purification
process was tested. The aim was to produce 300#(/HH3 material. Fermentation,
capture and intermediate steps were processedseasls above in the process development
section. Desalting was made by ultra filtrationd filtration (UF/DF) using a Labscale TFF
system (Millipore, Billerica, USA) equipped withKvick Start 30 kDa UF membrane (GE
Healthcare, Uppsala, Sweden). CM Sepharose HPilmquibn buffer was used for the
diafiltration step. Also the formulation step waarreed out on a Labscale TFF system
equipped with a 30 kDa membrane in 100 mM NaAc drufpH 5.5. Process results are
shown in Table 31, calculated on the basis of LIA&P analysis. An overall yield of 39 %
or 314 mg could be achieved. In Figure 34 producity profiles obtained by RP-HPLC and
CIEX-HPLC are compared.
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Table 31: Outline over the complete downstream pufication process

. Volume | Concen- Product Purification Step Purity
Fraction (L] tration amount Ste yield (%]
[mg/mt] | [mg] P [%]
Fermentation 250 3,2 800 | Fermentatio)  100| 52
supernatant = Load
Eg‘; Sepharose 6FFf 55 1,58 506 | Capture 63 84
UF/DF retentate = 129 3.9 503 | Desalting 100 77
Load
g(';"olse"harose HP 1 g0 4,37 350 | Intermediate 69 94
Drug substance 45 6,98 314 Formulation 90 98
Overall Yield 39 %
RP-HPLC CIEX-HPLC
78.1 % purity 96 % purity

(b)

Figure 34: Purity of drug substance with RP-HPLC (8 and CIEX-HPLC (b)

The results of the complete purification processdisplayed in Table 31. An overall yield of
39 % with purities between 78.1-98 %, dependinghenused analytical method, could be
achieved. The present process obtained already gsudks, but still there is potential for
optimization. It would be an advantage if the bugchange would be possible to eliminate

in the process. Thus alternative media were tedestribed in the following section.
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6.4 Downstream Process - Alternatives

6.4.1 Intermediate Step — Mixed Mode Resins

Mixed-mode resins - Capto MMC, HEA HyperCel, PPApdyCel and MEP HyperCel -
were tested as alternative to the present medisl -SEpharose HP - for intermediate step.
This mixed-mode resins are designed with multi-nhagerating ligands with the possibility
that adsorption takes place at high salt conceotrsit Because the present downstream
process requires a desalting step between captdréntermediate step, the replacement of
CM Sepharose HP with a mixed-mode resin could niralp®rtant savings in time and cost.
On the other hand, the design of a well developedigation protocol is more complex by
reason of the various interactions that take pkowiltaneous and that can change due to

small changes in buffer composition.

6.4.1.1 Capto MMC

Experiments were carried out using Blue Sepharé$epdol diluted with 50 mM NaAc to a
conductivity between 75 - 80 mS/cm. Column volumesv8.2 mL (105 x 10 mm). In all
experiments a product amount of 3.6 mg/mL gel veasiéd. First experiments were made
according to the suggested purification protocarioel of Capto MMC, GE Healthcare, NJ,

USA,; see Table 32) to localize the conditions foeasonable DoE plan.

Table 32: Screening conditions of Capto MMC
Equilibration | Load and equilibration buffer 1 / 2 pH- units belpiof product

Elution 1 0.5/ 2/ 3 pH-units above pl of product

Elution 2 pH determined in Elution 1 + 0.5/1/1.5 M NacCl

The best results were maintained at high elutior{$B) and high salt concentration (1.5 M).
The pH of equilibration buffer seemed to havediitifluence. As next step a DoE concept
was created using a central composite design withfdctorial approach within the range

described in Table 33.
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Table 33: Condition boundaries for Capto MMC DoE cacept

Minima Maxima
pH Equilibration buffer 4.5 7
pH Elution buffer 7.5 10.5
NacCl Elution buffer [M] 0.7 2.1

Within the defined boundaries showed in Figure B& $oftware created an experimental
concept. All experiments were evaluated by LDS-PAGEIy elution fractions with yield

above 90 % (to be higher as the Blue Sepharosédidlf were pooled.

Factar 1 Factaor 2 Factar 3
Std | Run Type A pH equilibration buffer | BipH elution buffer C:Macl elution buffer
[

i 1 Fact .00 10.00 1.80
1 2 Fact .00 §.00 1.00
E 3 Fact .00 5.00 1.80

18 4 Center 5.00 9.00 1.40
2 5 Fact .00 §.00 1.00
4 E Fact .00 10.00 1.00

13 7 Center 5.00 9.00 1.40
S g Fact .00 5.00 1.80
El 9 Azl 4.50 9.00 1.40

12 10 Axial E.00 10.50 1.40

11 11 A il E.00 7.50 1.40

10 12 Axial 7.0 9.00 1.40

16 13 Center E.00 9.00 1.40

13 14 Azl 5.00 9.00 070
g 15 Fact .00 10.00 1.0

17 16 Center E.00 9.00 1.40

14 17 Axial 5.00 9.00 210
3 18 Fact 500 10.00 1.00

Figure 35: DoE experimental plan for Capto MMC

Results gained for yield and purity could be inteted in different ways. Runs containing no
fraction with product purity above the pooling eribn were not included in model

calculation.. One way was to set all results théindt achieve the criterion of 90 % purity to
zero (Figure 36 a) or to ignore all these reswtchlculation of the model (Figure 36 b).
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Response 1 Response 2 Responze 1 Response 2
Uity yield Uity wield
W s kS %

100.00 7294 100.00 7294

0.00 0.00 B-0a G048

91.30 266 91.30 2E6

0.0a 0.00 o0 G-aa

0.00 0.00 800 B-0a

9820 G 61 96.20 £ 61

0.00 0.00 o0 G-aa

0.00 0.00 B-0a [=oe)

0.0a 0.00 B-0a G048

97.00 105.84 97.00 10584

0.0a 0.0a o0 000

9114 8.32 M4 §.32

91 .81 7.43 91 .51 743

0.00 0.00 o0 000

98.57 B6.25 95.57 6625

9053 .01 90.53 .01

97 .93 2063 97 .83 2063
5867 w86 (@) 88 67 30| (b)

Figure 36: Results of completed DoE plan with diffeent interpretations for analysis - use of all data(a);
data that is not achieving pooling criterion is seto zero (b); data that is not achieving pooling dterion is
excluded from analysis (c)

Analysis of variance displays the significance e spproaches (see Table 34). All models

are significant. The p-value describes how muckuarfce a change of factor has to the

model, lower p-values show higher influence.

Table 34: Analysis of variance of Model a (a Yielda Purity) and Model b (b Yield; b Purity)

Source R-Squared Ifr-(;/k? I;j eF
Model 0.9485 0.0003 significant

A-pH Equilibration buffer 0.8550

B-pH Elution buffer <0.0001

C-NacCl Elution buffer 0.0030 )

(a Yield)

Source R-Squared FEr-c\)/g I;j eF
Model 0.6023 0.0040 significant

A-pH Equilibration buffer 0.0697

B-pH Elution buffer 0.0028

C-NaCl Elution buffer 0.0578 (a Purity)
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p-value

Source R-Squared Prob > F
Model 0.9213 0.0010 significant
A-pH Equilibration buffer 0.2129
B-pH Elution buffer 0.0004
C-NacCl Elution buffer 0.0067 )
(b Yield)
p-value
s R-Squared Prob > F
ource
Model 0.7799 0.0213 significant
A-pH Equilibration buffer 0.3271
B-pH Elution buffer 0.0099
C-NaCl Elution buffer 0.0719 )
(b Purity)

With these different evaluation approaches, theidde&xpert 7 software was used to
calculate the optimal buffer compositions to gaighhresults in yield and purity (Table 35).

In Figure 37 and Figure 38 the 3D surface evalnatb the different approaches are

displayed.

Table 35: Comparison of the optimized results fortie interpretation alternatives

Interpretation Interpretation
(@) (b)
pH Equilibration buffer 5.47 5
pH Elution buffer 10 10
NacCl Elution buffer [M] 1.8 1.8
Purity [%] 101.1 100.4
Yield [%] 75.8 91.0
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Design-Expert® Software Design-Expert® Software
Transformed Scale

Ln(purity + 1.00) purity
4.61512 @ Design points above predicted value
o
0

100
X1 = B: pH Elutionspuffer 90.53
X2 = C: NaCl Elutionspuffer
X1 = B: pH Elutionspuffer

Actual Factor X2 = C: NaCl Elutionspuffer 77

A: pH Equilibrationspuffer 5

1.00)

ol
~
5

4

Actual Factor 150
A: pH Equilibrationspuffers 5.00

Ln(purity

purit

9125

88.00

1000

B: pH Elutionspuffer
85 &0 C:NaClElutionspuffer
B: pH Elutionspuffer

200 180 C: NaCl Elutionspuffer (a) 800 180 (b)

Figure 37: Purity overview of the different interpretation alternatives by 3D surface

Design-Expert® Software

Design-Expert® Software
Transformed Scale 9-Exp

Transformed Scale

Sqrt(yield + 1.06) Ln(yield)
10.3392 @ Design points above predicted value
o
1.02879 4.66193
X1 = B: pH Elutionspuffer 870 0.976612

X2 = C: NaCl Elutionspuffer

X1 = B: pH Elutionspuffer

66 X2 = C: NaCl Elutionspuffer 3475

Actual Factor
A: pH Equilibrationspuffer = 5.47
Actual Factor a3
A: pH Equilibrationspuffef= 5.00

=1 1.225
3

450

Sqrt(yield + 1.06

01

100 1000

9.00

C: NaCl Elutionspuffer 160 C: NaCl Elutionspuffer
B: pH Elutionspuffer

050
B: pH Elutionspuffer 8007 180 (a) 8007 180 (b)

Figure 38: Yield overview of the different interpretation alternatives by 3D surface

Eight out of 18 runs did not achieve the poolingecion. A too wide range was chosen to
conduct the experiments. Both models give simitadjztions with the chosen parameters.
Yields of model b were higher, because the modsl evdy calculated in the optimum range.
Model b in comparison was calculated over the wiealgerimental space including all zero-
results. A confirmation run with the calculated toesffer composition (interpretation b) was
made, with method characteristics shown in Tablar®& chromatogram shown in Figure 39.
The yield achieved was 104.7 % and the purity agldaevas 99.4 % both measured by LDS-
PAGE. Yield was much higher than predicted by tlezleh, the purity was almost the same
as predicted. Values over 100 % can be ascribesdtytical errors. As well the differences

between predicted and reached values can happeto dbe fact that LDS-PAGE is not an
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exact analytical method with an error of around?20To gain more accurate predictions a
HPLC method should be applied in future with a nB@E plan within more narrow

boundaries. Also the addition of additives to theien buffer has to be considered, because
the current best condition (pH 10, 1.8 M NaCl) irady harsh and could affect the protein

stability.

Table 36: Method characteristics of Capto MMC confimation run

Linear flow rate
Step Buffer Volume
[cm/h]

Equilibration 50 mM NaAc / 50 mM NacCl, pH 5.0 10 Cv 200
Load pH 5.0, 75 mS/cm 150
Wash 50 mM NaAc / 50 mM NacCl, pH 5.0 10cCcv 200
Elution 50 mM Glycin-NaOH / 1.8 M NaCl, pH 10.0 10 CV 200
Regeneration 0.5 M NaOH 3CVv 100

—_100310 CaptoMMC DoE Verification001:10_Logbook

mAU |mS/cm

/ \
400 / \ 20
/ f100
300 /
{
/ N\
"—7 ] / \\ .
| L
\ o
/ IJ |
b
200 N w”/ I‘I \
/ \ / / \ l 60
/ / | \
[ / | \
. / P
| | \
| n
‘ / i \ L
100 ‘ | / / \ a0
| / \ 2
“ r‘/ // \ %
5 il | / J \ e
| / / \ i
E \ \ g / \ 2
3 \ F 20
) ‘ | \ 8 v N8
o ‘ |/ | | \H
[F3] [Z) Hz |A2|AS A4‘A5§A6‘A?§A8‘A91 1
o 50 100 150 200 250 300 ml

Figure 39: Chromatogram of Capto MMC confirmation run: Pooled fractions from A5-A10
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6.4.1.2 HEA HyperCel
Experiments were made with Blue Sepharose 6FFgmliad, once direct (conductivity 115

mS/cm) and once desalted by a Labscale TFF Systendictivity 25 mS/cm), always 10
mg product per mL gel were loaded. Method charesties are displayed in Table 37.

Table 37: Method characteristics of HEA HyperCel

Step Buffer Volume Hinear flow rate
[cm/h]
Equilibration 50 mM Tris-HCI, pH 8.0 10Cv 250
Load pH 8.0, 25/ 115 mS/cm 150
Wash 50 mM Tris-HCI, pH 8.0 10cv 250
Elution 1 50 mM NaAc / 50 mM NaCl, pH 4.5 4/5C 250
Elution 2 50 mM Glycin-NaOH /50 mM NaCl, pH 3.5 4/5Cy 250
Elution 3 * 50 mM Glycin-NaOH / 50 mM NacCl, pH 2.5 4 CV 250
Regeneration 0.5 M NaOH 5CvV 80

* was just performed with 25 mS/cm run

100310 HEA HyperCel 85x10mm Versuch 3001:10 UV1 280nm
~— 7100310 HEA HyperCel 85x10mm Versuch 3001:10 Logbook

mAU mAU

1400 “
‘ ‘

1200 {

1000

1000

800
600
500

400

200

80 100 120 140 160 180 200 220 mi ( b)

Figure 40: Comparison HEA HyperCel — (a) 25 mS/cm(b) 115 mS/cm
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Chromatograms (Figure 40) indicate that the dileatl of Blue Sepharose 6FF pool makes
no difference in product binding. Most of the protlis eluted at pH 4.5 and some product
along with by-products at pH 3.5. LDS-PAGE gaveueslof 78.5 % (25 mS/cm) and 74.0 %
(115 mS/cm) for yield and 98.2 % purity for botmdactivities. It appears that no desalting
is needed for appropriate product binding and kiglds.

6.4.1.3 PPA HyperCel

Experiments were conducted in the same way as iexgets for HEA HyperCel with the

same method characteristics (Table 37).

100310 PPA HyperCel 90x10mm Versuch 3001:10 UV1 280nm
—_100310 PPA HyperCel 90x10mm Versuch 3001:10 Logbook

mAU mAU

1500

N
1500 | ‘

|
1000

i
|
|

500 [ l 500

: . : ; | |
z g 2 | 2 2 £ = /I E { \
’ [ | i 0 o
100 150 200 ml (a) 100 150 200 ml (b)

Figure 41: Comparison PPA HyperCel — (a) 25 mS/cm(p) 115 mS/cm

Little of the product eluted at pH 4.5, most at 8 (Figure 41). By-products were separated
at pH 2.5. The product eluted later from PPA Hymrtban from HEA HyperCel because
the aromatic ligand of PPA HyperCel (phenylpropyiae) is more hydrophobic than the
aliphatic ligand of HEA HyperCel (hexylamine). Atcanductivity of 25 mS/cm a yield of
90.3 % and a purity of 97.5 % was achieved. Atrdoativity of 115 mS/cm a yield of 87.4
% and a purity of 98.1 % was determined. The salthe load seems to be required for

binding and good results, higher conductivities hadegative effect.

-69 -



6.4.1.4 MEP HyperCel

The experiments with MEP (4-Mercapto-Ethyl-PyridintdyperCel were conducted in the
same way as experiments for HEA HyperCel and PPAeHyel with the same method
characteristics (Table 37), except that the ruil Wigh conductivity (115 mS/cm) in the load
was only eluted at pH 4.5. Elution characteristigs shown in Figure 42.

100310 MEP HyperCel 95x10mm Versuch 3001:10 UV1 280nm
7100310 MEP HyperCel 95x10mm Versuch 3001:10 Logbook

mAU mAU

2000 [ \ 2000 200 - “

|
1500 | ‘ 1500 150 - [
1000

|
}‘ 1000
\
|

500 500

Mlj \\\\$
— @ ——— (b)

£ m B 0 B ) £

100 150 200 250

Figure 42: Comparison MEP HyperCel — (a) 25 mS/cm(b) 115 mS/cm

Table 38: Results of MEP HyperCel runs
Conductivity ¢ [mS/cm] | Yield [%] | Purity [%]

25 4.7 97.9
115 95.1 98.9

The product eluted at pH 4.5. At high loading castoity a small part of product was eluted
in the wash fraction probably due to the conduttichange. At low loading conductivity the
regeneration peak was much higher, possibly indigastronger binding. LDS-PAGE
displayed that yield and purity was higher withheg loading conductivity and lower with
lower loading conductivity (Table 38). Again, liker the other tested mixed-mode resins, it
is not necessary to desalt the load. For confimnafurther investigation by repeating

experiments would be needed.
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6.4.2 Mixed Mode vs. CM Sepharose HP

Besides LDS-PAGE pools of the mixed-mode resins @wl Sepharose HP pool were
compared by CIEX-HPLC (Figure 43), RP-HPLC (Figd# and LDS-PAGE silver staining
(Figure 45). An overview of the results by the aggblanalytical methods gives Table 39.

Purity: Purity: Purity: Purity:
| 6a.7% 77.5% \ 79.4% 78.7 %

i
I /\ / | /\\

| ! i

/\ 5)\\2 INIRY
AV , 71 N — —,_A_j\»,b—
@ —»"—"—(b) () (d)

Figure 43: Purity overview of mixed-mode media foICIEX-HPLC - Capto MMC (a) HEA HyperCel (b)
PPA HyperCel (c) MEP HyperCel (d)

7,253 3-7.208 3-7220 37238
2-7,

81.2 % 76.5 %

-.055

75.1 %

Purity: Purity: | Purity: Purity:

77.8 %

- 1,055

-i7,087
| / f
1‘ B /’ A jl’ GVKN'_\
30798358 /] 4589365 4-8343 4-8405
2= ) g gy AL (d)

Figure 44: Purity overview of mixed-mode media forRP-HPLC - Capto MMC (a) HEA HyperCel (b)
PPA HyperCel (c) MEP HyperCel (d)

The related RP-HPLC and CIEX-HPLC chromatogramsGdfl Sepharose HP (after
formulation) are depicted in Figure 34 (page 62).
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Table 39: Comparison of mixed-mode media to CM Serose HP

LDS-PAGE

Coomassie stained

CIEX-HPLC RP-HPLC

@ Yield [%] | @ Purity [%] | Purity [%] Purity [%]
Capto MMC 104.7 99.4 64.7 81.2
PPA HyperCel 90.3 97.5 77.5 76.5
HEA HyperCel 76.3 98.2 79.4 75.1
MEP HyperCel 84.9 98.9 78.7 77.8
CM Sepharose HP 84.0 96.2 96.0 78.1
kDa 1 2 3 4 5 6 7
116
97 ——
o A A A
55 1 B = b .
1 BSA Standard 2 pg
2 CM Sepharose HP Pool
37 —
31 - 3 | Capto MMC Pool
4 PPA HyperCel Pool
22 O 5 | HEA HyperCel Pool
6 MEP HyperCel Pool
" 7 | Mark 12
(a) (b)

Figure 45: Silver stained LDS-PAGE of mixed-mode m#ia and CM Sepharose HP (a) with label (b)

The results obtained for the mixed-mode resins wamilar to CM Sepharose HP

considering yield and purity. Values of purity ayrad by LDS-PAGE (Coomassie stained)
were in the range of 97.5 to 99.4 % compared t@ 96.0f CM Sepharose HP. Analysis by
RP-HPLC resulted in between 75.1 and 81.2 % comdpré’8.1 % of CM Sepharose HP.
Only purity analyzed by CIEX-HPLC still was lowef the mixed-mode resins (64.7-79.4 %
compared to 96.0 %). Remaining isoforms were mayilg possible to analyze by CIEX-

HPLC and not by RP-HPLC. This forms could be sepdrby CM Sepharose HP which is
also a CIEX resin. Therefore the purity of the pratdafter purification with CM Sepharose
HP was higher as for the mixed-mode resins. Thielyiebtained by LDS-PAGE Coomassie
stained varied between 76.3-104.7 % compared t0 8.for CM Sepharose HP. Silver

staining (Figure 45; product amount per lane: Qyiult) demonstrated similar band pattern,
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Capto MMC and MEP HyperCel revealed one addititwaald at about 20 kDa in comparison
to the band pattern of CM Sepharose HP. Strictetipg criteria and the optimization of

method characteristics are required before choosing of the mixed-mode media as
intermediate step. On all accounts there is theni@t to replace CM Sepharose HP by one
of the alternative sorbents and thereby eliminatthg desalting step of the present

purification process.
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7 Conclusions and Perspectives

The design and development of a viable downstreawoeps for the domain antibody;\3
was successfull. An overall yield of 39 % was acbéewith purities between 78.1 % (RP-
HPLC) and 98 % (LDS-PAGE). The high binding capasitconfirmed the choice of HSA-
affinity medium Blue Sepharose 6FF as the capttap sesin. Kinetic valuejtax, Kp) of
the tested capture resins MabSelect Xtra and Bleigh&ose 6FF were obtained from
adsorption isotherms and accorded to data fromatitee. Intermediate step screening led to
CM Sepharose HP as the intermediate step resinmde a desalting step necessary in
between the purification steps. Hence, an altereat the utilized CIEX resin that could
overcome the disadvantage of the present downstrpemoess was needed. Novel
chromatography resins, Capto MMC, PPA HyperCel, HiyperCel and MEP HyperCel
were evaluated. These so-called mixed-mode medisseps multi-modal operating ligands
allowing the possibility that adsorption takes plaat high salt concentrations. All four
chosen sorbents produced high vyields (76.3 to )0dnd purities (97.5 to 99.4 %) as
analyzed by LDS-PAGE. As expected adsorption oecuat high salt concentrations (115
mS/cm). Silver staining as well demonstrated tialarity of Vyu3 purification between all
resins. Combining all obtained data suggested dissibility of replacing CM Sepharose HP
by one of the novel mixed-mode resins. Further arpnts and optimization are required to
confirm these results and to be able to select @nthe resins as a replacement to CM
Sepharose HP. Furthermore, fluctuating analytiegults and non-conformity require
optimization of the applied analytical methods. &3ally the analysis of the fermentation
broth is posing a challenge to further experiments.

-74 -



8 Abbreviations

ACN Acetonitrile
AOX1 Aldehyde oxidase 1
Bl RCV Bohringer Ingelheim Regional Center Vienna

Bis-Tris Bis(2-hydroxyethyl)-amino-tris(hydroxynist)-methane

Cx Constant fragment, heavy chain

CL Constant fragmenr, light chain

Ccv Column volume

DBC Dynamic binding capacity

DCW Dry cell weight

DoE Design of experiments

EDTA 2,2',2",2"-(ethane-1,2-diyldinitrilo)tetxaetic acid
EtOH Ethanol

Fab Fragment antigen binding

Fc Fragment crystallizing / constant

FT Flow through

GAP Glyceraldehyde phosphate dehydrogenase peomo
HAC Hydrogen acetate

HIC Hydrophobic interaction chromatography
HPLC High performance liquid chromatography
HQ-HO High quality water

HSA Human serum albumin

Ig Immunoglobulin

IPA Isopropyl alcohol

kDa Kilodalton

LDS-PAGE Sodium dodecyl sulfate polyacrylamidéajectrophoresis

MCC Metal chelate chromatography
MES 2-(N-morpholino)ethanesulfonic acid
NaAc Sodium acetate

NaCl Sodium chloride

NaOH Sodium hydroxide
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oD
PBS
PEG

pl

RPC
IEX
RT
sck
ACS
SEC
TFA

Tris

VHH
Vi

Optical density

Phosphate buffered saline

Polyethylene glycol

Isoelectric point

Capacity

Reversed phase chromatography

lon exchange chromatography

Room temperature

Single chain fragment crystallizing / constant
Acute coronary syndrome

Size exclusion chromatography
Trifluaroacetic acid
Tris(hydroxymethyl)aminomethane

Variable fragment, heavy chain

Variable fragment, heavy chain only / camelidavy-chain antibody
Variable fragment, light chain

Conductivity
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