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Summary

Over the last two decades, monoclonal antibodies improvetid treatment options
for various cancers signi cantly. However, the production cess for these protein-
based therapeutics is considerably more demanding than thior small molecule
drugs. This is particularly true for complex proteins such s1bispeci ¢ antibodies.
The purpose of this thesis was to develop a production prosesnd a preliminary for-
mulation bu er for the bispecic FLT3 CD3 antibody NF-CUy 2970, Which was de-
veloped for the treatment of acute myeloid leukemia (AML) ands intended to be ap-
plied in a clinical phase I/lla trial. Thus, the main challerges for the production- and
formulation development are to produce a su cient amount ofthe active pharma-
ceutical ingredient (API) with very high quality and to ensure long-term stability
of the product.

Good manufacturing practice (GMP)-compliant production pocesses are usually de-
veloped and performed by the pharmaceutical industry. Thepgcial aspect of this
thesis is the realization of GMP-compliant late-stage del@ment of a protein-based
pharmaceutical drug at a small spin-o company operating aan university campus.

As a rst step, speci cations for critical quality attribute s (CQA) were established
and justi ed. If mandatory requirements from regulatory auhorities existed for
certain CQAs, these speci cations were adopted for the dewegiment process. If no
speci ¢ requirements were demanded, commonly applied speations were adopted
from similar production processes. If commonly applied sgiecations were not feasi-
ble, speci cations were deducted from experimental chargeizations. One example
for this approach is the determination of the tolerable amau of product-related
impurities such as aggregates, light chain dimers and liglchains in the nal pro-
duct formulation. The required amount of the API for a clinicd phase I/lla trial
including all necessary validations was discussed and deténed theoretically.

The second task was to nd an economic approach for the devploent of a pro-
duction process which ful lls the previously developed specations and complies
with GMP requirements. At the beginning of process developent, a suitable Chi-
nese hamster ovary (CHO)-based expression cell line, a stiezhprimary seed bank
(PSB), was generated and a scalable standard fermentatioropocol was successfully
adopted. A variety of puri cation applications was tested or their suitability to
ful Il the previously determined speci cations. In conclwsion, a production process
consisting of a nity chromatography using KappaSelect fdbwed by anion exchange-
and hydrophobic interaction chromatography and nano ltrdion was developed. The
small-scale model (scale 1:100) of the process ful lls thequirements for product
quality and quantity and complies with GMP requirements.

A preliminary protein formulation bu er for the puri ed bis pecic antibody was
selected using thermodynamic and kinetic stability studeein carefully chosen test
formulations. The evaluation of the melting temperature ad the extent of aggrega-
tion of the API after a distinct time period of thermal stress esulted in a formulation
bu er consisting of Histidine, Trehalose and Tweeh 20. This bu er indicates sta-
bility and a long shelf-life of bispeci c antibody NF-CU\ 2970.



The performed process- and preliminary formulation devgdment are central prere-
quisites for GMP-compliant production. Bispeci ¢ antibod/ NF-CUy 297 produced

with this GMP-process and formulated in the developed bu ewill be suitable for

application in a clinical phase I/lla trial for the treatment of AML. This is an impor-

tant prerequisite for the successful proof of safety and eacy of this pharmaceutical
drug.



Zusammenfassung

In den letzten beiden Jahrzehnten hat die Anwendung von moniokalen Anti-
kerpern die Behandlungsmeglichkeiten von diversen Kredarten deutlich verbessert.
Verglichen mit niedermolekularen Wirksto en ist der Prodiktionsprozess fur diese
proteinbasierten Wirksto e allerdings sehr viel anspructvoller. Dies gilt insbeson-
dere far komplexe Proteine wie bispezi sche Antikerper.

Das Ziel dieser Arbeit bestand darin, einen Produktionspress und eine voriau ge
Proteinformulierung fur den bispezi schen FLT3 CD3 Antikerper NF-CU y 2979 ZU
entwickeln. Der Antikerper ist zur Behandlung der akuten mgloischen Leukamie
(AML) vorgesehen und soll in naher Zukunft in einer klinische Phase I/lla
Studie erprobt werden. Die Hauptherausforderung der Prozesund Formulierungs-
entwicklung ist somit die Produktion einer ausreichenden bhge von biologisch
aktivem Wirksto mit sehr hoher Reinheit, sowie die Sicherllung einer langen
Haltbarkeit.

Die Entwicklung und Durchfshrung von good manufacturing practice (GMP)-
konformen Produktionsprozessen wird wblicherweise durcdie pharmazeutische
Industrie durchgefahrt. Der besondere Aspekt dieser Arbeibestand darin, die
GMP-konforme Spatphasenentwicklung eines protein-basten Wirksto es in einem
kleinen Biotechnologieunternehmen auf einem universian Campus durchzufahren.

Zunachst wurden Spezi kationen fur kritische Qualilatsmerkmale ¢€ritical quality
attributes = CQA) festgelegt und begnandet. Wurden Spezi kationen fer bestimmte
CQA von regulatorischen Beherden vorgegeben, so wurderede ubernommen. Falls
keine verbindlichen Vorgaben existierten, so wurden ulghe Spezi kationen von ver-
gleichbaren Produktionsprozessen ubernommen. Falls dudie Ubernahme ublicher
Spezi kationen nicht praktikabel war, so wurden eigene Spekationen anhand
von experimentell erhobenen Daten gesetzt. Ein Beispielrfdiesen Ansatz ist die
Ermittlung der maximal zulassigen Konzentration von prodiktspezi schen Verun-
reinigungen wie Aggregaten, dem Dimer der leichten Kette under leichten Kette
im nalen Produkt. Die erforderliche Menge von biologisch ktivem Wirksto far
eine klinische Phase I/lla Studie inklusive aller notwendien Validierungen wurde
theoretisch ermittelt.

Die zweite Aufgabe bestand darin, einen gsanstigen und e zigen Ansatz far die
Entwicklung eines Produktionsprozesses zu nden, welchdamsberhinaus die zuvor
festgelegten Spezi kationen erfallt und GMP-konform duchfahrbar ist. Zu Beginn
der Prozessentwicklung wurde eine geeignéi@inese hamster ovarfCHO)-basierte
Expressions-Zelllinie, eine sogenannmimary seed bank(PSB), generiert und ein
Standard-Fermentationsprotokoll erfolgreich adaptiert Anschlie end wurde eine
Reihe von Aufreinigungsmethoden auf ihre Eignung hinsiclth des Erreichens der
zuvor festgelegten Spezi kationen getestet. Der resultende Aufreinigungsprozess
setzt sich aus den drei chromatographischen Methoden A né@tschromatographie
mittels KappaSelect, Anionenaustausch- und hydrophoberteraktionschromatogra-
phie, sowie einer Nano ltration zusammen. Eirsmall-scale modetes Produktions-



prozesses (Ma stab 1:100) wurde entwickelt und erfullt &i Anforderungen an die
Produktqualitat und -quantiat. Damsberhinaus ist der Produktionsprozess GMP-
konform durchfahrbar.

FRar den gereinigten bispezi schen Antikerper wurde ansclie end eine vorlau ge
Proteinformulierung entwickelt. Hierzu wurden thermodynanische und kinetische
Stabilitatsstudien in sorgfaltig ausgewahlten Testfamulierungen durchgefahrt. Die
Schmelzpunktbestimmung und die Bestimmung des Aggregataiis nach kontinuier-
licher thermischer Belastung fahrten zu einem Formuliemigspu er, welcher sich aus
Histidin, Trehalose und Tweef? 20 zusammensetzt. Dieser Pu er gewahrleistet Sta-
biliat und eine lange Haltbarkeit des bispezi schen Antilerpers NF-CU 2970.

Die durchgefahrte Prozessentwicklung und die vorlau gé=ormulierungsentwicklung
sind zentrale Vorraussetzungen far die GMP-konforme Pradktion des bispezi-
schen Antikerpers. Der mit dem entwickelten Prozess GMP-&nform hergestellte
formulierte bispezi sche Antikerper NF-CUy 297¢ ist zur Anwendung in einer Klini-
schen Phase I/lla Studie geeignet. Somit ist eine wesentiie Voraussetzung fur den
Nachweis der Sicherheit und Wirksamkeit dieses Wirksto esrallt.
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1.1 General introduction

1.1.1 Therapeutic monoclonal antibodies

Already in the late 19" century, Paul Ehrlich proposed the potential existence of
so-called \magic bullets" capable of selectively targeta disease-causing organism
and releasing a speci c toxin. With the development of hybdoma technology by
Kehler and Milstein in 1975, the generation of \magic bulles" comprising antibod-
les against de ned target antigens became tangible (Kehieand Milstein, 1975).
Nowadays, monoclonal antibodies (mAbs) play an important relin the treatment
of cancer, autoimmune and in ammatory diseases. With a remee of 75 billion
US-dollars in 2013, antibody-related therapeutics are regpsible for half of the sales
of all biological products (Ecker et al., 2015). Blockbuste with the highest revenue
include Adalimumab, Etanercept and In iximab directed aganst tumor necrosis fac-
tor (TNF ). Those drugs have been developed for the treatment of autanune
and in ammatory diseases. Rituximab directed against CD20lrastuzumab, which
binds to human epidermal growth factor receptor 2 (HER2/ney)and Bevacizumab
directed against the vascular epidermal growth factor (VEG}J contribute to the
treatment of various cancers types. In addition, numerousew products are cur-
rently evaluated in clinical trials and expect approval by egulatory authorities.

Human antibodies are globular proteins, which can be subdded into ve struc-
turally similar subclasses: IgA, IgD, IgE, IgG and IgM. Immuieglobulin G1 (IgG1)
is the most abundant subclass in serum and almost all monoohd antibody ther-
apeutics are based on this structure. Therefore, the follimg description refers to
the 1gG1-subclass.

The dierent functions of antibodies can be allocated to dierent parts of the
molecule. The antigen-binding site is located at the N-termus of each Fab-
fragment (fragment antigen binding), whereas the e ectorunctions are triggered
via the C-terminal Fc-fragment (fragment crystallizable)(see gure[1.1 A). When
the Fc-fragment binds to its receptors, antibody dependentell-mediated cytotox-
icity (ADCC) via the type Ill Fc -receptors (Fc RIll; CD16) on Natural killer
(NK)-cells or antibody-dependent cellular phagocytosis (ADP) via type | Fc -
receptors (Fc RI; CD64) on monocytes and macrophages or type |l Fereceptors
(Fc RII; CD32) on neutrophil granulocytes is induced. The Fc-pais also capable
of activating the complement system resulting in complemémependent cytotox-
icity (CDC). Two Fab- and one Fc-fragment are connected via dighly exible
hinge region to form the symmetrical \Y"-like shape of antibdies (see gure[lll
A). IgG1l-antibodies consist of two identical heavy chains ofbout 50kDa each
and two identical light chains of about 25kDa each (Fleischam et al., 1963). Di-
merization of two heavy chains is stabilized via two disul @ bonds in the hinge
region. Dimerization of heavy and light chain is stabilizedsia a disul de bond
between the hinge region and the C-terminus of the light chai Each chain can
be subdivided into immunogobulin domains consisting of abb 110 amino acids
arranged via seven or nine strands to a compactbarrel structure including one
intramolecular disul de bond (Edmundson et al., 1976). Theheavy chain is sub-
divided into four domains, whereas the light chain is subdided into two domains.
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Each chain comprises one variable domain at the N-terminus (Vfor the light
chain and \y for the heavy chain). Those domains consist of three hypenable
complementary determining regions (CDR) embedded into fodramework regions
(FR). The other immunoglobulin domains can be regarded as mstant (C_ for the
light chain and Cy 1, C, 2 and G, 3 for the heavy chain). G associates to G 1 and
stabilizes dimerization of heavy and light chain. ¢2 is the e ector domain, which
binds to Fc -receptors on immune cells and to complement factor C1q.4G stabi-
lizes dimerization of the heavy chains and binds to the neotad Fc-receptor (FCRn).

Monoclonal antibodies are usually of mouse origin, whichsal holds true for some of
the rst therapeutic antibodies. Due to immunogenic reactins of patients against
those murine antibodies, di erent molecule sections wereplaced by human 1gG1-
structures (see gure[11). In a rst approach, the variabledomains remain from
murine origin, whereas the constant domains are human-deed (Morrison et al.,

1984). One prominent example for these chimerized antibedi is Rituximab. A

further advancement was the generation of humanized antidies, which consist
of murine CDRs in human antibody framework regions| (Jones edl., 1986) (for

example Trastuzumab). Finally, the problems associated thi murine mAb sections

were completely circumvented by production of fully human r@ibodies. Those
antibodies are generated via phage-display or via immunizan of mice with human

antibody genes|(McCa erty et al., 1990| Marks et al., 1991)One example for this
approach is Adalimumab.

FYYY

Figure 1.1: IgG-Antibodies with decreasing murine part ratios for reduct ion of im-
munogenic reactions

A: fully murine IgG antibody; Fab = Fragment antigen binding ; Fc = Fragment crystallizable; B:
chimerized antibody with variable murine domains and consaint human domains; C: humanized
antibody with murine complementary determining regions in a human antibody framework; D:
human IgG antibody

1.1.2 Improvement strategies for monoclonal antibodies

Due to the fact that mAbs were exhibiting only limited success the treatment of
various diseases, di erent improvement strategies were gposed.

As originally suggested by the \magic bullet" concept, one Esibility for improve-
ment of e cacy is the generation of antibody-drug conjugate (ADC). For example
the -CD33-mAb Gemtuzumab-Ozogamicin (Mylotar§ ) for treatment of AML is
conjugated to the toxin Calicheamicin. However, this antibdy was never approved
by EMA (European medicines agency) and the approval by the Bal and drug ad-
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ministration (FDA) was withdrawn because of severe side e ézin 2010.

An alternative approach to improve e cacy of mAbs is via the optmization of the
Fc-part. A higher a nity towards Fc -receptors can be achieved by the exchange
of distinct amino acids in the G;2-domain (Shields et al., 2001; Lazar et al., 2006).
Another approach to increase a nity of the Fc-part to its receptors is to modify
antibody glycosylation (Umana et al., 1999).

A third possibility to improve antibody e cacy is to generate bispeci c antibodies.
The main rationale for this approach is to recruit T-cells ag ector cells; T-cells do
not express Fc-receptors and must therefore be recruitecavan antibody-fragment
directed against an activating T-cell epitope. Nowadays a lge repertoire of di er-
ent bispeci ¢ antibody formats is proposed|(Nufnez-Prado al., 2015). If T-cell
recruitment is intended, the integration of a functional Fepart in bispeci c anti-
bodies should be avoided due to the possibility of Fereceptor positive cells and
T-cells attacking each other via Fc-receptor/CD3-mediated activation. However,
the approved antibody Catumaxomab (Removab), a rat-mouse hybrid antibody
directed against the epithelial adhesion molecule (EpCanmand CD3, still comprises
a functional Fc-part. The high cytokine release induced byhis antibody might
be the result of this mechanism. The second bispeci c antildg approved to date
(11/2015) is Blinatumomab (Blincyto® ), a bispeci ¢ single-chain fragment variable
(scFv) antibody directed against CD19 on tumor cells and CD8n T-cells for the
treatment of B-ALL (Bargou et al., 2008; Ribera et al., 2015).The mode of action
of T-cell recruiting bispeci c antibodies is explained in gure[1.2.

1.1.3 Acute myeloid Leukemia and the target antigen FLT3

Leukemias are malignant diseases of the hematopoietic sst and were rst de-
scribed by Rudolf Ludwig Karl Virchow in 1845. Leukemic diseses can be charac-
terized by an accumulation of leukocyte precursor cells inobe marrow and blood.
All cell lineages of the hematopoietic system can be a ectedesulting in anemia,
leukopenia or thrombocytopenia (NCI, 2013). Leukemic diseas may have a variety
of di erent causes, which can be subdivided into endogeno(s.g. genetic predispo-
sition) and exogenous causes (e.g. radiation, smoking, cheals).

Leukemias can be subdivided into acute and chronic subtype&cute leukemias are
characterized by malignant proliferation of cells in earlyli erentiation stages. This
results in a severe lack or absence of mature white blood sellChronic leukemias
are characterized by malignant proliferation of cells in te di erentiation stages.
Furthermore, leukemias can be subdivided into myeloid angrhphoid subtypes ac-
cording to the origin of malignant cells. Myeloid leukemiaderive from granulocyte-,
macrophage- or monocyte precursors, whereas lymphoid leokas derive from B-
or T-cell precursors (Medicinenet, 2015).

Acute myeloid leukemia (AML) is a relatively rare disease wittd new cases per
100,000 people each year. The incidence increases with agedian age at diagnosis
is 67 and 5-year survival rate is 25.9% (NIH, 2015).

First-line treatment of AML usually consists of chemotherap and can be divided
into two phases: induction and consolidation therapy. Theaal of induction therapy
Is to achieve a complete remission by reducing the number eukemic cells to an
undetectable level; the goal of consolidation therapy is teliminate any residual
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T cells are not activated in
the absence of tumor cells.

tumor cells

tumor cell -

immediate death C
— _—
oo .
[ ]
WS S )

Activated T cells

In the presence of tumor cell induce tumor cell lysis.
bispecilc antibodies crosslink
S.

activating receptors on T cell

Cytokines activate
delayed other immune e"ectors.

‘ . . . (<] Jo
&E
8
Activated T cells

proliferate and enlarge
the pool of e"ector cells.

Figure 1.2: Mode of action of bispeci ¢ -CD3 antibodies

The bispeci ¢ antibody binds to target molecules on tumor cdls and at the same time to activating
receptors expressed on T-cells. The cross-linkage of theaeptors on the T-cell leads to T-cell
activation and, during the immediate response, to direct kiling of tumor cells by T-cells. During

the delayed response, the activation of T-cells leads to Tl proliferation and thereby to an

enlarged pool of T-e ector cells. In addition, activated T-cells secrete pro-in ammatory cytokines,
which recruit other immune cells. Both mechanisms boost then ammatory anti-tumor response

and strongly contribute to the killing of tumor cells. (© Synimmune GmbH)
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disease. Induction therapy starts with a treatment cycle ofCytarabine and an

Anthracycline (most often Daunorubicin). Consolidation trerapy starts with high-

dose Cytarabine. For patients with high risk of relapse, aotogous or allogeneic
stem cell transplantation is recommended (DGHO, 2015).

Experimental treatment options with biologicals included antibodies directed
against CD33 or the IL-3-receptor (CD123). The approval for -CD33-antibody
Gemtuzumab-Ozogamicin was withdrawn because of severeesilects, as stated
earlier. CD33 is a pan-myeloid marker, which is also expresson benign monocytes
(Grin et al., 1984). CD123 was also investigated as treatmmt option for AML
(Jin et al., 2009), but the antigen is also expressed on deritlr cells and mast cells
(Dahl et al., 2004).

Perhaps the most promising target for immunotherapy of AML ifms-like tyro-
sine kinase 3 (FLT3), a type Il receptor tyrosine kinase ats known as CD135.
FLT3 is almost exclusively expressed on the surface of myplatent hematopoietic
progenitors in the bone marrow|(Matthews et al., 1991). Exgssion of FLT3 was de-
tected on the surface of malignant cells in 70-100 % of AML cas@irg et al., 1992;
Drexler, 1996; Rosnet et al., 1996). The FLT3-molecule casts of ve extracellular
immunoglobulin-like domains, a short transmembrane domaiand a cytoplasmatic
region consisting of an ATP-binding domain and a phosphotrsferase domain.
After binding the natural FLT3 ligand, the receptor homodimeizes and the cell
receives signals for survival, proliferation and di erenation (Lyman and Williams,
1995; Gabbianelli et al., 1995). 30% of AML patients exhibitrainternal tandem
duplication mutation of FLT3 (ITD). This mutation results i n permanent activa-
tion and signal transduction of the receptor resulting in uregulated proliferation
of a ected cells (Yokota et al., 1997).

1.1.4 The bispeci c antibody NF-CU N 2970

Bispecic FLT3 CD3 antibody NF-CUy 2970 Was developed for the treatment of
AML at the Department of Immunology of the University of Tubingen (Durben,
2012; Durben et al., 2015). The format of the antibody is tered FabSc (see gure
[1.3). This notation addresses the fact that the molecule ceists of a Fab-fragment
and a single-chain fragment variable (scFv) antibody fragent. The Fab-fragment
is identical with the Fab-fragment of 4G8SDIEM, a chimeric rAb directed against
FLT3, which was previously developed at the Department of Imunology (Hof-
mann et al., 2012). The single chain fragment is derived frorthe humanized
-CD3-antibody UCHTL1 in V-V -orientation. The connection between Fab and
scFv-fragment consists of the hinge-region andy@-domain-backbone of IgG1. In
order to circumvent dimerization of two heavy chains, two &-directed mutagenesis'
were performed in the hinge region; C226S and C229S. In adlit, the C, 3 domain
was excluded from the molecule. For prevention of glycostitan, the site-directed
mutagenesis N297Q was performed in the;@ domain. In mAbs, the carbohydrates
at position N297 are covered between two heavy chains. In thal#Sc-format, heavy
chains are not paired and carbohydrates would be exposed; tagenesis N297Q
prevents glycosylation and therefore reduces the likelibd of immunological reac-
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tions. In order to prevent binding to Fc -receptors, the following modi cations were
performed in the G; 2 domain: E233P; L234V; L235A; G236; D265G; A327Q and
A330S. The G,;2 domain was extended by the rst three amino acids of the &3
domain (G341, Q342 and P343) to ensure a correct tertiary sicture. The notation
NF-CUp 2970 results from N-terminal FLT3-antigen, C-terminal single-chain derived
from UCHT-1 with site-directed mutagenesis N297QThe amino acid sequence of
NF-CUy 2970 can be found in appendix’5]2 at page 1B38.

The disadvantages of the FabSc-format compared to IgG-deeid mAbs are the
reduced productivity and the fact that Protein A is not suitable for initial puri ca-
tion. The last issue can be solved using other a nity media sth as KappaSelect.
The advantages of the FabSc-format compared to the bispeciscFv-format are the
somewhat longer serum half-life, a higher productivity ané reduced tendency to
aggregate ((Durben et al., 2015). The latter is very importarto prevent unspeci ¢
activation of T-cells due to cross-linkage of CD3.

Fab from |
4G8SDIEM
L C226S
r C229s
Cy2 from
lgG1 7 N297Q

C.3:
scFv from 3 amino acids
UCHT1 from IgG1

Figure 1.3: The bispeci ¢ antibody NF-CU N 207Q
red: murine part; green: human part; The X in the Cy 2 domain represents the site-directed
mutagenesis' E233P; L234V; L235A; G236; D265G; A327Q and A330S.

1.2 Background and context of the thesis

The monoclonal -FLT3 antibody 4G8 was generated at the Department of Inter-
nal Medicine (I) of the University clinic of Tubingen (Rappold et al., 1997). The
chimerized and Fc-optimized version 4G8SDIEM (WO0/2011/06922) and the bispe-
ci ¢ antibody NF-CU y 2970 (WO/2013/092001) were generated and initially char-
acterized at the Department of Immunology (University of Tibingen) (Hofmann
et al., 2012; Durben et al., 2015). 4G8SDIEM will be appliedhithe minimal resid-
ual disease (MRD) state of AML. In contrast to that, the bispetc antibody will
be applied in a progressive state of the disease.
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The spin-o company Synimmune GmbH was founded for good mafacturing prac-
tice (GMP)-compliant development, clinical evaluation ad commercialization of
these two promising antibodies. The company with ten full the employees was
funded by the German ministry of education and scienceB(ilndesministerium far
Bildung und Forschung; Grant number GO-Bio 03/6070.

Synimmune GmbH was responsible for process- and formulatidevelopment, GMP-
production, quality control and preparation of clinical trials. The development tasks
were performed in close collaboration with the Departmentfdmmunology (Uni-
versity of Tubingen). GMP-production was performed at theGMP-facility of the
university clinic in Tubingen.

The production process for 4G8SDIEM was adopted from a staadl production
protocol for monoclonal antibodies. The antibody was fornlated in a standard
formulation bu er for monoclonal antibodies.

Because of the di erent antibody format of NF-CU, 297 (FabSc-format), these ap-
proaches used for production of 4G8SDIEM were not feasibla the bispeci ¢ anti-
body. Thus, the challenge of this thesis was to de ne qualitgnd quantity objectives
(speci cations) for the bispeci ¢ antibody, which ful Il t he requirements for a clinical
phase I/lla trial. In addition, an economic approach for praess- and formulation
development had to be found and successfully performed.

The special aspect of this thesis is the realization of goodamufacturing practice
(GMP)-compliant late-stage development of a protein-basepharmaceutical drug
at an university-related setting. GMP-compliant producton processes are usually
developed and performed by the pharmaceutical industry.
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1.3 Process development objectives for clinical
phase l/lla trial

\The goal of manufacturing process development for the drugubstanc is to es-
tablish a commercial manufacturing process capable of c@stently producing drug
substance of the intended quality.” states ICB-Guideline Q11 \Development and
Manufacture of Drug Substances" (ICH-Q11, 2012). Not only focommercial pro-
cesses, but also for clinical application in a phase I/lla ial, quality objectives
for biotechnological products such as NF-Cikbe7zg must be de ned. Those quality
objectives (speci cations) play a major role in the conduabn of the development
process.

Regulatory authorities use the term \critical quality attributes” (CQA) to charac-
terize a product in terms of quality and therefore patient skety. ICH-Guideline
Q11 de nes CQAs in the following way: \A CQA is a physical, cheneal, biological,
or microbiological property or characteristic that shouldbe within an appropriate
limit, range, or distribution to ensure the desired productquality. Potential drug
substance CQAs are used to guide process development. Thedfgpotential CQAs
can be modi ed as drug substance knowledge and process umstiending increase.”
(ICH-Q11, 2012).

One of the main di culties of process development is to de neCQA-speci cations
for the future drug substance and drug produEt In most cases, regulatory autho-
rities do not dictate speci ed values, but demand high qualy and scienti ¢ and
risk-evaluated justi cation of speci cations (ICH-Q6B, 199). Thus, the task is to
develop a process capable of producing large amounts of haglality product after
developing justi ed speci cations for a scienti cally based product-release by the
quali ed person. ICH-Guideline Q11 subdivides CQAs in propées or characteris-
tics that a ect identity, purity, biological activity and s tability of the active pharma-
ceutical ingredient (API). The following description refes to biologicals which are
produced in chinese hamster ovary (CHO)-cells.

1.3.1 Product Identity

The identity of the product must be veri ed in order to minimize the risk of confusion
with similar products. Identity of biologicals can be veried with various methods. A
SDS-PAGE and isoelectric focusing electrophoresis may berfprmed and the results
should be compared to theoretical values. In addition, theitogical properties can
be used for identi cation. Binding of mAbs to their target antigen can be analyzed
via ow cytometric analysis.

1Bulk of formulated active pharmaceutical ingredient (API) in formulation bu er

2International Conference on Harmonisation of Technical Reguirements for Registration of
Pharmaceuticals for Human Use; a project which combines radatory requirements from Europe,
USA and Japan

3A nished dosage form of formulated active pharmaceutical ngredient (API) in formulation
bu er
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1.3.2 Product Purity

Product purity CQAs can be subdivided into product-related ad process-related
impurities.

Product-related impurities are aggregated or fragmentarparts of the molecule.
Due to their API-speci c properties, they should be charactézed elaborately. In
mADbs, aggregates, light chain dimers or monomeric light chrea might occur.

Due to the fact that biologicals are produced in living cellsuch as chinese hamster
ovary (CHO)-cells, process-related impurities such as hosgll proteins (HCP) and
host cell DNA (HCDNA) might be present in the nal product. If mAbs are pu-
ri ed via biospeci c interaction chromatography, leacheda nity ligands from the
puri cation process such as Protein A or KappaSelect can beund in the nal
product. Another example for process-related impurities ar endotoxins, which
are an indicator for contamination with gram-negative bactria. Other possible
contaminants include viruses or transmissible spongiforrancephalopathy (TSE)
proteins, so-called prions. In contrast to product-relat impurities, process-related
impurities do not need to be characterized because a CHO-bdstermentation
followed by biospeci c interaction chromatography can beegarded as well known.

1.3.2.1 Product-related impurities
Aggregates / Multimers

Protein aggregation is a common phenomenon during produati of biologicals, but
the mechanism of aggregation is still poorly understood (g, 2005). Aggregat&
can be subdivided into soluble/unsoluble, covalent/nonavalent, reversible/non-
reversible, native/denatured types [(Cromwell et al., 2006 At the beginning of
aggregate formation, antibodies may partially be unfoldedeading to exposure of
more hydrophobic regions of the molecule which promotes @mtnolecular interac-
tions leading to aggregation|(Kiese et al., 2008).

Aggregates increase immunogenicity of the API and might lead treduced e cacy
due to enhanced generation of neutralizing antibodies (Ahrdaet al., 2015).

Due to the fact that aggregates are more hydrophobic than momers, aggregate
removal can be achieved via implementation of hydrophobiateraction chromato-
graphy (HIC) (Lu et al., 2009; Suda et al., 2009).

Common speci cations for aggregates in biotechnologicatquucts range below 5%
(Chon and Zarbis-Papastoitsis, 2011), an aggregate contdrelow 1 % is more favor-
able due to possible immunogenic reactions and should be gpued.

Due to the fact that the biological properties of aggregatesight be API-speci c,
further characterization is advised. The aggregate contecan be monitored via size
exclusion chromatography (SEC) or eld ow fractionation (FFF). The performance
of ow cytometric analysis on cells presenting the target a&igens or potency assays
might be suitable methods for biological characterizatian

lthe term aggregate will be applied for multimers as well
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Fragments

The presence of the antibody fragments light chain dimer (L3) and light chain (LC)
in the cell culture supernatant of mAbs has long been known (Kitler et al., 1995).
This might be the result of a faster translation of the light bain gene compared
to the longer heavy chain gene (Schlatter et al., 2005). In ddion, the reducing
conditions inside the endoplasmatic reticulum may resulhiformation of light chain
dimers from free light chains|(Knittler et al., 1995). This ontamination is not criti-
cal, as long as the mAbs are puri ed via Protein A, which binds ta heavy chain of a
mAb. When using KappaSelect as a nity ligand for antibody fragments, LCD/LC
are puri ed along with the monomeric 1gG. There is not much kown about the
e ects of LCD/LC in patients except for the fact that they might have a negative
in uence on renal function (Matsuura et al., 1999).

For evaluation of theoretical properties on chromatograpb media such as ion-
exchange resins, the experimental determination of the mslectric point (IEP) might
be helpful.

Due to the fact that the biological properties of these mAb-aigments are API-
speci ¢, further characterization is highly recommendedThe LCD/LC content can
be monitored via size exclusion chromatography (SEC) or @l ow fractionation
(FFF). The performance of ow cytometric analysis on cells senting the target
antigens or potency assays might be suitable methods for lmgical characterization.
In contrast to light chains, the presence of free Heavy chaiis the cell culture su-
pernatant is not likely because heavy chains do not fold cautly in the absence of
light chains and remain bound to the immunoglobulin bindingprotein in the endo-
plasmatic reticulum (Schlatter et al., 2005 Vanhove et al.2001). Unfolded heavy
chain polypeptides are subjected to degradation by the preasome (Fagioli et al.,
2001).

1.3.2.2 Process-related impurities
Host cell proteins (HCP)

Potential risks associated with HCP-contamination are toxity, immunogenicity and
in uence on e cacy of the API. Induced -HCP-antibodies may also react to en-
dogenous human protein homologs. Furthermore, HCPs can act adjuvant to
increase the rate of formation of anti-API antibodies|(de Zah et al., 2015).

The following properties can be utilized for reduction of HCRontent: molecular
size can be exploited with ultra- and dia ltration (UF/DF) an d isoelectric point
(IEP)-distribution can be utilized for puri cation via ion -exchange chromatography.
10% of CHO host cell proteins are smaller than 25kDa, 40 % digtute from 25 to
50kDa, 35% can be found in the range of 50 to 75kDa and 10 % distite in the
range of 75 to 100 kDa. 30 % of proteins have an IEP lower than 35 % of the IEPs
distribute in the range of 5 to 6, 15% in the range of 6 to 7 and 26 of the HCPs
have an IEP greater than 7|(Jin et al., 2010).

Commonly accepted speci cations for CHO HCPs in biotechnolagal products are
below 100 parts per million (ppm) [(Chon and Zarbis-Papasttsis, 2011).
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Host cell DNA (HCDNA)

The FDA describes the risk of Host cell DNA as follows: \ResidudNA might be
a risk to your nal product because of oncogenic and/or inféwity potential. There
are several potential mechanisms by which residual DNA couilee oncogenic, includ-
ing the integration and expression of encoded oncogenesmsertional mutagenesis
following DNA integration. Residual DNA also might be capableof transmitting
viral infections if retroviral proviruses, integrated copes of DNA viruses, or extra-
chromosomal genomes are present/" (FDA-Guidance for Indugt 2010). Due to
the relatively low IEP with & 5, DNA can e ciently be removed from proteins with
high IEPs such as mAbs via ion-exchange chromatography. Coranly accepted
speci cations for CHO HCDNA in biotechnological products are blow 10 ng/dose
(Chon and Zarbis-Papastoitsis, 2011; WHO-Biologicals, 201

Leached a nity ligand

Biospeci c interaction chromatography (also known as a nty chromatography) is
usually performed as initial puri cation step for mAbs. The nost widely used a n-
ity ligands for mAb puri cation are Protein A and G, a potential alternative for
antibody fragments is Protein L or camel body-derived Kap@aelect. Despite the
fact that the protein ligand is covalently linked to its resn, leaching might occur
upon acidic elution of the API. The potential risk of a nity li gand contamination
in the nal product is the same as for HCPs.

For evaluation of theoretical properties on chromatograpb media such as ion-
exchange resins, the experimental determination of the slectric point (IEP) might
be helpful. Commonly accepted speci cations for proteindand in biotechnological
products are below 10 ppm|(Chon and Zarbis-Papastoitsis, P1).

Endotoxins

Endotoxins such as lipopolysaccharides (LPS) are releasaffler disruption of the
cell wall of gram-negative bacteria and can therefore be usas surrogate readout
for contamination of the product with gram-negative bacteg.

Endotoxins act as pyrogens and can induce in ammation or seke septic shocks
(Opal, 2010). Due to the relatively low IEP ofa 5, LPS can easily be removed
from proteins with high IEP such as mAbs via ion-exchange chmatography (see
HCDNA). Demanded speci cations are 51U/h/kg (Ph.Eur. 7.0 part 26.14. \Bacte-
rial endotoxins™).

Viral and TSE safety

Viral contamination of the API may be the result of contaminatel cell lines or raw
materials. One potentially hazardous virus is the Lymphodic Choriomeningitis

Virus (LCMV) which infects hamster and human cells. Envelopediruses are usu-
ally pH-sensitive and larger than 30 nm and can be inactivatedr removed via low
pH-values and nano ltration respectively. Non-enveloped wises exhibit isoelectric
points of 3 to 7 and can therefore be removed e ectively from Abs with high IEPs

by ion exchange chromatography (Michen and Graule, 2010).h& capacity to clear
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infectious viruses within a production process is assessed validation of virus
removal on a small-scale model (ICH-Q5A (R1), 1999).

The European medicines agency (EMA) states that a conversiari the demanded
sterility assurance level (SAL) of 10° for sterile products to viral safety is justi able
(EMA-CPMP/BWP/268/95, 1996)

Transmissible spongiform encephalopathy (TSE) might occuvia transmission

of prions of animal origin into the product. Prions are suspeed to be a possible
cause for Creutzfeldt{Jakob disease. All raw materials mugie produced animal-
component free. Analytical techniques for identi cation oforions do not exist so far
(10/2015) and therefore their absolute absence is demand@MA-2011/C-73/01,

2011).

1.3.3 Biological activity and stability of the product

The preservation of biological activity is a main issue dung production and puri ca-
tion of the API. Binding properties of mAbs can be monitored viaow cytometric
analysis on cells presenting the target antigens. In the @a®f CD3-speci c anti-
bodies such as NF-Cl.97q, T-cell proliferation can be monitored via specic cell
proliferation assays. E cacy can be monitored with potencyassays. In general, the
most e ective way to preserve the activity of the API is to avod harsh conditions
such as extreme pH-, conductivity- or temperature conditia

Stability studies for biologicals are essential to assegmsitivity to factors that might
cause aggregation and degradation. Those processes migiveha negative in uence
on biological activity and therefore product safety. A higtstability is directly linked
to a long shelf-life.

As stated in ICH-Guideline Q5C, determination of expiration dte should be based
on real-time/real-temperature studies [(ICH-Q5C, 1995). Neartheless, the use of
accelerated stability studies with increased temperaturss common. These studies
should be performed with carefully chosen test bu ers and nabe performed as part
of the formulation development.

1.3.4 Required amount of active pharmaceutical ingredient
(API)

The required amount of API for clinical application or marketdemands depends on
the e cacy and safety pro les of the APl and must be de ned.
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1.4 Strategies to achieve development objectives

1.4.1 Molecular biology and Cell banking

In order to address viral safety, the parental cell line musbe analyzed according
to ICH-Guideline Q5A to verify the absence of viral contaminats (ICH-Q5A (R1),
1999). The most commonly used parental cell line is a Chindsamster ovary (CHO)
cell line. In order to address TSE-safety, the plasmid usedrftransfection must be
produced animal-component free.

The generation of a primary seed bank (PSB) must be performathder controlled
conditions in an access-controlled laboratory. All activies related to the generation
of the PSB should be documented. The handling of other cell loure, bacteria or
viruses is prohibited. Storage temperature must be record@eriodically. The PSB
should be thawed periodically to verify the suitability forproduction (EU-GMP-Part
2, 2005). Origin, history and production of parental cell hes must be documented
(ICH-Q5D, 1997). The PSB is the direct precursor of the masterell bank (MCB)
and the working cell bank (WCB). The MCB/WCB must be producedunder GMP-
compliant conditions. Raw materials must be documented anchust be animal
component-free (EMA-2011/C-73/01, 2011).

1.4.2 Fermentation

In order to prevent microbial or viral contamination, proces scale fermentation
must be performed in a clean room (EU-GMP-Part 1, 2003). In osd to address
TSE-safety in process scale fermentation, cell culture mead must be animal compo-
nents free. The following parameters should be recorded matically and controlled

as appropriate in order to ensure a reproducible and robustgxress: cell density
and viability, temperature, gas composition, glucose, giamine and pH. Antibody

concentration should be monitored in the late-phase of feentation.

1.4.3 Chromatographic puri cation strategies

The classical approach for separation of biopharmaceutlgaroducts from impuri-
ties is to apply chromatographic techniques. The rst partion chromatography
was performed by Martin and Synge in 1952 and can be regardesl @recursor of
today's chromatographic techniques| (Martin, 1952). Nowaga, a typical puri ca-
tion protocol for mAbs starts with biospeci c interaction chromatography (a nity
chromatography) for puri cation of the API from the cell culture supernatant. The
degree of purity achieved after this puri cation step is usally not su cient for
biopharmaceuticals |(Tugcu et al., 2008). This initial purication is followed by
so-called polishing methods such as ion exchange chromaggdny or hydrophobic
interaction chromatography.

1.4.3.1 Biospeci c interaction chromatography (A nity ch romatography)

The most commonly used chromatography medium for initial pucation of mAbs
is Protein A. If this ligand is not applicable, several alteratives such as Protein
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G, Protein L or KappaSelect can be evaluated (Hnasko and McGaay, 2015). The
advantage of these a nity media is their high selectivity ard capacity for mAbs,
which makes them the ideal tool for initial puri cation from cell culture supernatant.
With the application of a nity chromatography, the HCP and HCD NA content can
be reduced very e ectively. This puri cation strategy has o direct in uence on the
aggregate content. Protein A and G can reduce the content afjht chain dimer
(LCD) and light chain (LC), whereas Protein L and KappaSelecpurify LCD/LC
along with the monomeric IgG. Elution is performed at low pH ad might have an
in uence on biological activity, this should be investigagd.

1.4.3.2 lon exchange chromatography (IEX)

lon-exchange chromatography is a very e ective polishingogroach for the removal
of process- and product-related impurities.

Anion exchange chromatography (AIEX) is characterized by a cationic ligand
on the chromatographic resin. When a protein sample is aped to an equilibrated

column with a certain pH, all impurities with IEPs below this pH exhibit a negative

net charge and therefore bind to the resin. All impurities wi higher IEPs than the

applied pH exhibit a positive net charge, do not bind and ow hrough the column.
Figure [1.4 shows a compendium of the distribution of IEPs ofrpcess-related im-
purities (or better: isoelectric areas for the sum of moletas) from chapter 1.3.2.2
starting at page[12.

Cation exchange chromatography (CIEX) is characterized by an anionic ligand
on the chromatographic resin. When a protein sample is aped to an equilibrated
column with a certain pH, all impurities with IEPs below this pH exhibit a negative
net charge, do not bind and therefore ow through the columnAll impurities with
higher IEPs than the applied pH exhibit a positive net chargand bind to the resin.

Most of the impurities exhibit acidic IEPs, thus a basic IEP 6the desired molecule
is favorable for ion-exchange chromatography. The IEPs ohe leached a nity
ligand or antibody fragments such as LCD or LC must be determéd experimentally
for a prediction of retention properties on ion-exchange sas. Aggregates can be
separated from the monomer as well; due to their larger sizbey carry more charged
residues than the monomer. In conclusion, in a bu er with a pHower than the IEP
of the monomer, the aggregate exhibits an IEP which is apparty higher. In
contrast, in a bu er with a pH higher than the IEP of the monome, the aggregate
exhibits an IEP which is apparently lower.

The conductivity should be low to maintain ionic interactions. The length of ionic
interactions (debye lengthk 1) depends on the electrolyte concentration according
to equation[1.].

c__
1 rORT

2F2Cy

(1.1)
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k 1 debye length

permittivity of free space

dielectric constant

universal gas constant

absolute temperature in kelvins

Faraday constant

0 concentration of the electrolyte (the conductivity dependnts di-
rectly on this concentration)

o

However, if conductivity is too low, the risk of aggregationncreases. As long as
no extreme pH- or conductivity-values are applied, the biotpcal activity should be
una ected in ion exchange chromatography.

HCP |
HCDNA |
Viruses |
Endotoxins |
pH 1 2 3 4 5 6 7 8 9

Figure 1.4: Isoelectric points (IEP) of process-related impurities

Process-related impurities exhibit di erent isoelectric points (or better: isoelectric areas for the sum
of molecules). These properties can be utilized for separ@n of these process-related impurities
from the active pharmaceutical ingredient (API) via ion-exchange chromatography. Especially
when the IEP of the API is high, the separation can be very e cient. HCP = Host cell proteins;
HCDNA = Host cell DNA

1.4.3.3 Hydrophobic interaction chromatography (HIC)

Hydrophobic interaction chromatography (HIC) is an attractve tool for removal
of aggregates and molecule fragments, which are usually mdrydrophobic than
the protein monomers and therefore bind stronger to the hydphobic ligand of
the resin (Suda et al., 2009; Lu et al., 2009). No predictiondaut the properties
of process-related impurities are possible. However, hygtwbicity decreases with
di erence of applied pH and IEP due to formation of charged s#dues, which are
hydrophilic. HIC is an entropy-dependent separation methadThus, this method
is very temperature-sensitive. When proteins bind to the gn, entropy increases
due to the release of water molecules from the hydration shelE ects on biological
activity must be evaluated, but in general HIC is not as harsh sareversed phase
chromatography due to the absence of organic solvents.
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1.4.3.4 Multimodal chromatography (MMC)

A combination of two di erent chromatographic techniques $ termed multimodal
chromatography (MMC). The most common combination is the wes of HIC and
clEXf. A prediction of retention properties of the API and the impuities is ex-
tremely di cult and should be evaluated experimentally. This method is demanding,
but e ective when su ciently controlled.

1.4.4 Viral and TSE safety

The most important guideline addressing viral safety is ICHsuideline (ICH-Q5A
(R1), 1999). The Guideline states: \Three principal, comgmentary approaches
have evolved to control the potential viral contamination ébiotechnology products:

A

selecting and testing cell lines and other raw materials, ¢luding media com-
ponents, for the absence of undesirable viruses which mayibkectious and/or
pathogenic for humans;

assessing the capacity of the production processes to cledectious viruses;

testing the product at appropriate steps of production for lbsence of contam-
inating infectious viruses."

Master and working cell banks (MCB/WCB) must be tested for vial contamination
according to this ICH-Guideline and a meaningful certi cateof origin is required for
raw materials. Testing of the drug product will be performedn the process valida-
tion phase of the clinical phase Il process. End product tesg is not required for
products of CHO-origin due to the fact that this cell line is rgarded as well-known
(ICH-Q5A (R1), 1999).

In order to ensure viral safety in the production process, deast two puri cation
techniques, pH-inactivation and nano ltration, are commoty used to remove en-
veloped viruses. pH-inactivation is usually performed aftea nity chromatography

at pH 3.5 for 1h and inactivates especially enveloped viruse ciently (Brorson
et al., 2003). Nano ltration is usually performed with a 20 nm Iter and reduces
viral load. A suitable technique for removal of non-envelaa viruses is ion exchange
chromatography (Michen and Graule, 2010); due to the acidi&EP of viruses (see
gure [L4) they can be separated from the API, especially whethe IEP of the API

is basic (see section 1.4.3.2).

The capacity to clear infectious viruses within a productio process is assessed via
validation of virus removal on a small-scale model at the eraf the process develop-
ment phase (viral clearance study) (ICH-Q5A (R1), 1999). Whiin this validation,
viruses are spiked to di erent steps of the process to veritjpe removal properties.
The validation of virus removal of a certain relevant model iwus must be justi ed.
Usually enveloped and non-enveloped viruses are includetbithe study.

No animal-derived raw material should be used in the processxgept for the
use of the CHO-based production cell line). Thus, no TSE prates would be
introduced into the process.

lwhen using the term MMC in this thesis, it refers to the combination of HIC and CIEX
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1.4.5 Formulation development

The choice of an appropriate storage bu er, i.e. formulatio bu er, is a critical as-
pect for protein stability and therefore shelf-life.

Storage forms can be subdivided into liquid, lyophilized @ahfrozen forms. The
liquid dosage form is the least stressful condition for the ARand the e ort of de-
velopment is relatively low. On the other hand, this is the sirage form with the
shortest shelf-life. The lyophilized storage form ensuresvery long shelf-life and the
storage conditions are not very stressful for the API. The e to develop such a
dosage form is very high. The frozen storage form has a veryndpshelf-life, but the
conditions might be stressful for the protein. The e ort to cevelop and store those
dosage forms is relatively high.

Diverse modi cations might occur during storage of the API; sidation and aggre-
gation is likely. The main challenge of formulation develapent is to develop a
bu er in which these kind of modi cations occur to a very low &tent and/or very
late. Suitable bu er components, pH, conductivity and osmallity are parameters
to consider. Sugars may be added as stabilizers and as prtdets against stress-
ful in uences. Surfactants such as Polysorbates (e.g. Twee 20) may be added
as stabilizers as well. Additional formulation components ay include amino acids,
inorganic salts and antioxidants.

As already mentioned earlier, ICH-Guideline Q5C states thatetermination of expi-
ration date should be based on real-time/real-temperaturstudies (ICH-Q5C, 1995).
Nevertheless, the use of accelerated stability studies foetdrmination of thermody-
namic and kinetic stability of a protein in certain formulaton bu ers is common
(Weiss et al., 2000). The thermodynamic stability of the priein should be inves-
tigated using thermal shift assays such as di erential scaing uorimetry. The
kinetic stability of the protein can be investigated by detemination of the aggre-
gate content after a distinct period of thermal stress.
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1.5 Aim and objective of the thesis

The purpose of this thesis was to develop a production proseand a preliminary
protein formulation bu er for bispeci c antibody NF-CU y297q. The subsequent
GMP-compliant production is a prerequisite for a clinical pase I/lla trial for the
treatment of AML.

The rst task was to develop justi able speci cations for critical quality attributes
(CQA), which had to be identi ed, evaluated and, if required,further characterized
to de ne quality objectives. In addition, the required amount of the Active phar-
maceutical ingredient (API) had to be de ned.

The second task was to nd an economic approach for the devptoent of a pro-
duction process which ful lls the previously determined sgci cations and complies
with GMP requirements. This task subdivides into developm# of a production
cell line, fermentation- and puri cation development.

The third task was to develop a preliminary protein formulaton bu er for the
bispeci ¢ antibody to ensure stability.

The special aspect of this thesis is the realization of lastage development of a
protein-based pharmaceutical drug at a small spin-o compwy operating at a uni-
versity campus for a First-in-man study. This developmentsi usually performed by
the pharmaceutical industry.

Bispeci c antibody NF-CUy 297 produced under GMP-conditions with the devel-
oped process must be suitable for application in a clinicahpse I/lla trial for the
treatment of AML.
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2.1. MATERIAL

2.1 Material

2.1.1 Equipment

7500 Fast Real-Time PCR system
AKTA puri er 100

CCD Camera Fusion SL

Cell harvester

Centifuge 5417 C

Centrifuge Labofuge 400R
Centrifuge Megafuge 1.0
CO,-Incubator Haereus
Criterion—Cell Electrophoresis
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Life technologies, Darmstadt

GE Healthcare, Manchen
Vilber Lourmat, Eberhardzell
Inotech Biosystems, Rockville, MD/USA
Eppendorf, Hamburg
Thermo Scienti ¢, Waltham, MA/USA
Thermo Scienti ¢, Waltham, MA/USA
Thermo Scienti ¢, Waltham, MA/USA
Bio-Rad, Manchen

Electrophoresis power supply power pacBio-Rad, Munchen

1000

ELISA reader Spectra Max 340
FACS Calibur

Freezer -20C

Freezer -80C

Gammacell 1000 elite

Gene Pulse?f 1

Incubator Cellstar

Laminar Air ow Cabinet

Liquid Nitrogen Tank Cryofreezer
Magnetic Stirrer MR 2002
Microbeta2 Counter

Microscope Axiovert 135
Mini-PROTEAN Tetra Electrophoresis
System

Multi Channel Pipette

Multistepper StepMate
Nanodrop—1000

Orbital Shaker Celltron
pH-/conductivity-meter Seven Multi
Pipetboy Pipetus

Pipettes 2, 10, 20, 200, 10QdL
Refrigerator

SevenMult—with pH- and Conductivity
Expansion Units

Scale AC 2115

Scale LC 821

Thermoblock

Thermocycler PTC-100
Thermoshaker ELISA Plates
UHPLC Dionex—UltiMate —3000 BioRS
Climate Cabinet Unichromat 3000
Water Bath Assistent WTE 3185

Molecular Devices, Ismaning
BD Biosciences, Heidelberg
Liebherr, Biberach an der Riss
Colora Messtechnik, Frankenthal

MDS Nordion, Ottawa, Can
Bio-Rad, Mdanchen
Nunc, Wiesbaden
Integra Biosciences, Biebertal
Cryo Anlagenbau, Wilnsdorf
Heidolph instruments, Schwabach
Perkin Elmer, Rodgau

Carl Zeiss Microscopy, Jena
Bio-Rad, Munchen

Abimed, Langenfeld

Abimed, Langenfeld

Thermo Fisher Scienti ¢, Schwerte
Infors HT, Bottmingen/Basel, CH
Mettler-Toledo, Giesen

Hirschmann Laborgerate, Eberstadt
Gilson, Middleton, WI/USA
Liebherr, Biberach an der Riss
Mettler Toledo, Giessen

Sartorius, Gettingen

Sartorius, Gettingen

Liebisch, Bielefeld

MJ Research, St.Bruno, CA
Biosan, Riga, LV

Thermo Scienti ¢, Waltham, USA
Uniequip Laborgeratebau, Rnegg
Karl Hecht, Sondheim v.d. Rhen
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Water Bath Memmert

Wave Reactor Biostat Cultibag RM 20

Optical
2.1.2 Glas and plastic supplies

Amicon Ultra-4 Centrifugal Filter Units
MWCO 30kDa

Beakers (glass)

Beakers (plastic)

Bottletop Filters (0.22 pm)

Cell Culture Flasks 75 cn?

Cell Culture Flasks 75 cn?

Cell Culture Plates 6, 24, 48, 96 well
Cell Culture Plates 96 well
Combination Cap (Luer Lock)
Combitips 1.25, 2.5, 5mL

Counting Chamber (Neubauer)

Cryo Vials 2mL

Cultibag RM 2, 20 L optical

Disco x C-3

Electroporation Cuvettes 4 mm
ELISA Plates Nunc F96 Maxisorp

Erlenmeyer Flasks (plastic) 125, 250, 500 mL

FACS Tubes 0.5mL

Fast Optical 96-well Reaction Plate
HPLC Vials 300 uL

Hypodermic Needles 18 G 1.5inch
Infusion Extender (0.3 x 4.1 mm)
Measuring Cylinders (glass)
Nalgene—Cryo 1°C Freezing Container
Pasteur Pipettes

PCR Softtubes 0.5mL

PE Tubes 50 mL

Pipette Tips with Filters 10, 20, 200, 1000pL
Pipette Tips with Filters 10, 20, 200, 1000uL

Polypropylene (PP) Tubes 15mL

Printet Filter Mats A

Reaction Tubes 1.5, 2mL

Round Bottom Plates, 96 well

Round Bottom Tubes 5mL

Serological Pipettes 1, 2, 5, 10, 25mL
Serological Pipettes 1, 2, 5, 10, 25, 50 mL
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Memmert, Schwabach
Sartorius, Gettingen

Millipore, Schwalbach

Schott, Mainz

Vitlab, Gro ostheim
Millipore, Schwalbach

Greiner Bio-One, Frickenhausen
TPP, Trasadingen, CH

TPP, Trasadingen, CH

Greiner Bio-One, Frickenhausen
Fresenius Kabi, Bad Homburg
Eppendorf, Hamburg

Brand, Weinheim
TPP, Trasadingen, CH
Sartorius, Gettingen
B-Braun, Melsungen

PEQLAB Biotechnologie, Erlangen
Nunc, Langenselbold

Thermo Fisher 8enti ¢, Schwerte
Sarstedt, Nambrecht

Applied Biosystems, Smgapore
Thermo Scienti ¢, Waltham, MA/USA
BD Biosciences, Heidelberg
Oriplast, Neunkirchen

Isolab Laborgerate, Werthein
Thermo Fisher Scienti ¢, Schwerte
Wilhelm Ulbrich, Bamberg

Biozym Scienti ¢, Hessisch Oldendorf
Greiner Bio-One, Frickenhausen
Biozym Scienti ¢, Hessisch Oldendorf
Starlab, Ahrensburg

TPP, Trasadingen, CH

PerkinElmer, Rodgau

Eppendorf, Hamburg
Greiner Bio-one, Frickenhausa
BD Falcon, Heidelberg

TPP, Trasadingen, CH

BD Falcon, Heide#rg

Sterile Filters 0.22um, diameters 4, 13, Millipore, Schwalbach

33mm
Syringes (plastic) 2, 5, 10, 20, 30, 50 mL
Tubespin Bioreactor 50, 600 mL

Tubing 0.125/0.25Inch (inner/outer diame-

ter)

BD Biosciences, Higlberg
TPP, Trasadingen, CH

Saint-Gobain Performance Plastics, Lindau
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Virus Filters Planova 15N, 20 N, BioEX

2.1.3 Chemicals and reagents

[*H-methyl]-Thymidine

10 x IEF Anode Bu er

10 x IEF Cathode Bu er

10 x Tris/Glycine/SDS Bu er

Acetic acid

Ammoniumsulfate
-Mercaptoethanol

Biocoll separating solution

Bovine Serum Albumin (BSA)

Calibration  buers for

12.88 mS/cm, 1413uS/cm

Calibration bu ers for pH 4.01, 7.00, 9.21

Criterion—Precast Gel IEF pH 3-10, 1.0 mm

CDM4PERMADb —

Citric Acid

ClonaCellF€HO ACF Supplement (40x)

Coomassie staining \Roti-blue 5x"

Coomassie R250 (Brilliant blue R)

Copper sulfate (CuSQy)

Dimethyl sulfoxide (DMSO)

conductivity

Dulbecco's Phosphate Buered
(DPBS)

E cient Feed A and B

Ethanol

FACS-Clean, FACS-Flow, FACS-Rinse
Fetal Calf Serum (FCS)

Gel ltration standard (151-1901)
Geneticin sulfate (G 418)

Glycine

HEPES

Histidine

Hydrochloric acid 36 %

IEF Sample Bu er
Iscove's Modied
(IMDM)

Isoelectric Focusing Calibration Kit High
Range pl (pH 5 - 10.5)

Isopropanol

Laemmli Sample Bu er

L-Glutamine 200 mM

MEM non-essential amino acids

Methanol

Mini-Protean TGX 10 %-Gels

Monosodium dihydrogenphosphate

Dulbecco's Medium
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Asahi Kasei, Keln

Hartmann Analytic, Braunschweig
Bio-Rad, Menchen

Bio-Rad, Munchen
Bio-Rad, Menchen

Carl Roth, Karlsruhe

Merck, Darmstadt

Carl Roth, Karlsruhe

Biochrom, Darmstadt

Carl Roth, Karlsruhe
Mettler-Toledo, Giessen

Mettler-Toledo, Giessen
Bio-Rad, Mdunchen

GE Healthcare, Mdanchen
Sigma-Aldrich Chemie, Manchen
Stemcell, Keln

Carl Roth, Karlsruhe

Life Technologies, Darmtadt
Carl Roth, Karlsruhe
Sigma-Aldrich Chemie, Munchen

Saline Life Technologies, Darmstadt

Life Technologies, Darmstadt
AppliChem, Darmstadt

BD Biosciences, Heidélerg
Perbio Science, Bonn
Bio-Rad, Munchen
Biochrom, Berlin

Carl Roth, Karlsruhe

Carl Roth, Karlsruhe

Carl Roth, Karlsruhe
Merck, Darmstadt
Bio-Rad, Mdanchen

Lonza, Verviers, BE

GE Healthcare, Manchen

Carl Roth, Karlsruhe
Bio-Rad, Menchen
Lonza, Verviers, BE
C.C.Pro, Neustadt
Merck, Darmstadt
Bio-Rad, Menchen
Merck, Darmstadt
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PageRuler—Prestained Protein Ladder

Penicillin
pH-gradient Bu er A (pH 5.6)
pH-gradient Bu er B (pH 10.2)
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Thermo Fisher Scienti ¢, Schwete
Cambrex, Verviers, BE
Thermo Fisher Scienti ¢, Schwe rte
Thermo Fisher Scienti c, Schw erte

Phosphoric acid 85%
Phytohemagglutinin

Roswell Park Memorial Institute Medium-
1640 (RPMI)

Sodium acetate

Sodium azide

Sodium chloride

Sodium pyruvate

Sodium succinate

Sodium hydroxide 40 %
Streptavidin-monoHRP
Streptavidin-polyHRP

Streptomycin

Sulfosalicylic acid

TMB Microwell Peroxidase System (2-C)
Trehalose 2H,0

Trichloroacetic Acid

Tris-Base

Tris-HCI

Trypan-Blue 0,4 %

Tween® 20 (Polysorbate 20)

Tween® 80 (Polysorbate 80)

Ultima Gold —High Flashpoint LSC-cocktail
Water for injection (Ampuwa ® )

AppliChem, Darmstadt
Life Technologies, Darmstadt
Life Technologies, Darmstadt

Carl Roth, Karlsruhe

Merck, Darmstadt

Merck, Darmstadt

C.C.pro, Neustadt

Fluka Chemie, Buchs

Carl Roth, Karlsruhe

BD Biosciences, Heidelberg
Immunotools, Friesoythe
Cambrex, Verviers, Belgien

Carl Roth, Karlsruhe

Medac, Wedel

Carl Roth, Karlsruhe
Carl Roth, Karlsruhe
Sigma-Aldrich Chemie, Manchen
Sigma-Aldrich Chemie, Munchen
Sigma-Aldrich Chemie, Manchen
Merck, Darmstadt

Merck, Darmstadt

PerkinElmer, Rodgau

Fresenius Kabi, Bad Homburg

2.1.4 Chromatography columns and media

Hiload—-16/60-Superdex—200 pg
Hiprep—-26/10-Desalting Column
Hiscreen—-4.7 mL-Capto MMC
Hiscreen—4.7 mL-Capto Q

Hiscreen—4.7 mL-Capto SP ImpRes
Hiscreen— -4.7 mL-Phenyl Sepharose High
Performance

HiTrap —1 mL-Butyl Sepharose 4 Fast Flow
HiTrap —1 mL-Butyl Sepharose High Perfor-
mance

HiTrap — -1 mL-Butyl-S Sepharose 6 Fast
Flow

HiTrap —1 mL-Capto MMC

HiTrap —1 mL-Capto Q

HiTrap —1 mL-Capto S

HiTrap —1 mL-Capto SP ImpRes

HiTrap —1 mL-KappaSelect

GE Healthcare, Mdanchen
GE Healthcare, Mdnchen
GE Healthcare, Manchen
GE Healthcare, Manchen
GE Healthcare, Manchen
GE Healthcare, Minchen

GE Healthcare, Manchen
GE Healthcare, Manchen

GE Healthcare, Mdnchen

GE Healthcare, Minchen
GE Healthcare, Manchen
GE Healthcare, Mdanchen
GE Healthcare, Manchen
GE Healthcare, Manchen
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HiTrap —1 mL-Octyl Sepharose 4 Fast Flow GE Healthcare, Manchen
HiTrap —1 mL-Phenyl Sepharose 6 Fast Flow GE Healthcare, Manchen
(high sub)

HiTrap —1 mL-Phenyl Sepharose 6 Fast Flow GE Healthcare, Manchen
(low sub)

HiTrap —-1 mL-Phenyl Sepharose High Per- GE Healthcare, Manchen
formance

HiTrap —1 mL-Protein L GE Healthcare, Manchen
HiTrap —1 mL-Protein G GE Healthcare, Manchen
KappaSelect, 25 mL GE Healthcare, Manchen
CaptureSelect 1IgG-G4 1 A nity Matrix Life Technologies, Darmstadt
MediaScouf® Columns 10 mL Atoll, Weingarten

Tricorn 5/20 columns GE Healthcare, Manchen

MAbPac— SCX-10 RS, 5um BioLC— Thermo Scienti c, Waltham, MA/USA
2.1x50 mm

Superdex—200 Increase 10/300 GL GE Healthcare, Mdanchen

TOSOH TSK-Gel® G3000 SWXL 7,8x300; Tosoh Biosciences, Darmstadt

5um

2.1.5 Buers and media
2.1.5.1 Caell culture

IMDM-complete medium IMDM
10% FCS (heat inactivated 1 h 56°C)
4mM L-Glutamine
100 U/ml Penicillin
100pg/ml Streptomycin
1x Sodium pyruvate
1x MEM-NEAA
50uM -Mercaptoethanol

RPMI-complete medium RPMI
10% FCS (heat inactivated 1 h 56°C)
4mM L-Glutamine
100 U/ml Penicillin
100ug/ml Streptomycin
1x Sodium pyruvate
1x MEM-NEAA
50uM  -Mercaptoethanol

Cryopreservation medium 4°C 45 % fresh cell culture medium
45% conditioned medium (supernatant of
centrifuged cells)
10% DMSO

CDM4PERMADb + 4 mM L-Glutamine CDM4PERMADb
4 mM L-Glutamine

E cient Feed B + 40 mM L-Glutamine E cient Feed B



28 CHAPTER 2. MATERIAL AND METHODS

40 mM L-Glutamine

Trypan blue solution 0.1% Trypan blue in DPBS

2.1.5.2 Chromatography
Bu er recipies adjusted to 20°C =~ 2°C

KappaSelect
0.1 M Gilycine 0.1 M Glycine
(pH 2.5) in water (bidest)

adjust pH with HCI (36 %)

Anion exchange chromatography (AIEX)

50 mM Tris 45mM Tris Base
(pH 9.3 Cond. 0.5mS/cm) 5mM Tris-HCI
in water (bidest)
50 mM Tris 5mM Tris Base
(pH 7.2 Cond. 4 mS/cm) 45 mM Tris-HCI
in water (bidest)
50 mM Tris 18.45mM Tris Base
(pH 8.0 Cond. 3mS/cm) 31.55mM Tris-HCI
in water (bidest)
50 mM Tris 18.45mM Tris Base
(pH 8.0 Cond. 80 mS/cm) 31.55mM Tris-HCI
1M NacCl

in water (bidest)
150 mM Tris 145mM Tris Base
(pH 9.60) 5mM Tris-HCI

in water (bidest)

Cation exchange chromatography (CIEX)

20mM Phosphate 20mM NahbPO4

(pH 6.22) adjust pH with NaOH (10 M)
in water (bidest)

20 mM Phosphate 20mM NakPO,4

(pH 8.5) adjust pH with NaOH (10 M)

in water (bidest)

20 mM Phosphate 20mM NahkPOg4
(pH 7.3 Cond. 3.0 mS/cm) adjust pH with NaOH (10 M)
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20 mM Phosphate
(pH 7.3 Cond. 80 mS/cm)

20 mM Phosphate
(pH 7.3 Cond. 150 mS/cm)

20 mM Phosphate
(pH 7.3 Cond. 15mS/cm)

150 mM HEPES
(pH 8.00)

adjust Cond. With NaCl (1 M)

in water (bidest)

20mM NaHPO4

adjust pH with NaOH (10 M)
1M NacCl

in water (bidest)

20mM NaHPO4

adjust pH with NaOH (10 M)
2M NacCl

in water (bidest)

20mM NahkPOg4

adjust pH with NaOH (10 M)
123 mM NacCl

in water (bidest)

150 mM HEPES
adjust pH with NaOH (10 M)
in water (bidest)

Hydrophobic interaction chromatography (HIC)

1M Ammonium sulfate / 50 mM Tris
(pH 8.00 Cond. 130 mS/cm)

50mM Tris
(pH 8.00 Cond. 3.0mS/cm)

50mM Tris
(pH 8.00 Cond. 18.5mS/cm)

1M Ammonium sulfate
(Cond. 130 mS/cm)

Multimodal chromatography (MMC)
100 mM Acetate / 50 mM Phosphate /

20 mM Succinate
(pH 5.0)

100 mM Acetate / 50 mM Phosphate /
20 mM Succinate

1M Ammonium sulfate
18.45mM Tris Base
31.55mM Tris-HCI

in water (bidest)

18.45mM Tris Base
31.55mM Tris-HCI
in water (bidest)

81.3 mM Ammonium sulfate
18.45mM Tris Base
31.55mM Tris-HCI

in water (bidest)

1M Ammonium sulfate

100 mM Sodium acetate
50 mM NahPOy4

20 mM Sodium succinate
adjust pH with HCI (36 %)

100 mM Sodium acetate
50 mM NabPO4

29
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(pH 8.5)

25mM Phosphate
(pH 7.00 Cond. 4.3 mS/cm)

25 mM Phosphate
(pH 7.00 Cond. 80 mS/cm)

25mM Phosphate
(pH 7.00 Cond. 20 mS/cm)

25mM Phosphate
(pH 7.00 Cond. 63 mS/cm)

2.1.5.3 SDS-PAGE

Coomassie staining solution

Destain solution
Laemmli Sample Bu er (non-reduced)

Laemmli Sample Bu er (reduced)

Electrophoresis bu er

2.1.5.4 ELISA

Wash bu er

Blocking solution

20 mM Sodium succinate
adjust pH with NaOH (10 M)

25mM NaHkPO4
adjust pH with NaOH (10 M)
in water (bidest)

25 mM NaHlPO4

adjust pH with NaOH (10 M)
1M NacCl

in water (bidest)

25mM NakPOy4

adjust pH with NaOH (10 M)
173 mM NacCl

in water (bidest)

25mM NakPO4

adjust pH with NaOH (10 M)
687 mM NacCl

in water (bidest)

20 % Roti Blue 5x
20 % Methanol

60 % water (bidest.)
water (bidest.)

Laemmli Sample Bu er

10% -Mercaptoethanol
in Laemmli Sample Bu er

10% 10x Tris/Glycine/SDS Bu er
in water (bidest.)

0.05% TweefR 20
in DPBS

0.05% Tweef 20
10% BSA
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in DPBS
Dilution bu er 2.5% BSA
in DPBS
Stop solution 1 M Phosphoric acid

2.1.5.5 Isoelectric focusing electrophoresis

Fixation solution 4% Sulfosalicylic acid
12.5% Trichloroacetic acid
30 % Methanol
in water (bidest.)

Conditioning solution 4% Sulfosalicylic acid
27 % lIsopropanol
30 % Acetic acid
in water (bidest.)

Staining solution 4% Sulfosalicylic acid
27 % Ethanol
10 % Acetic acid
0.04 % Coomassie R250 (Brilliant blue R)
0.5% CuSQ
in water (bidest.)

Destaining solution 4% Sulfosalicylic acid
40 % Methanol
10 % Acetic acid
in water (bidest.)

2.1.5.6 Flow cytometric analysis

FACS bu er 0.01% NaN3
1% FCS (heat inactivated)
in DPBS

2.1.6 Plasmids

Plasmid pGH2-1353 (see guré?Z]l1) was designed for transfiect of 25-CHO-S cells
to express antibody NF-CU .970. Design and synthesis of the plasmid was per-
formed by Dr. Ludger Grosse-Hovest, head of R&D at Synimmunen@®H and En-
telechon GmbH respectively. The DNA sequence coding for théspeci ¢ antibody
was codon-usage-optimized for hamster cells. The Plasmigsvproduced under
animal-component-free conditions.
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Shfl
BstZ171

6000

Figure 2.1: Plasmid chart of expression vector pGH2-1353 The plasmid backbone of the
11022 bp plasmid pGH2-1353 is based on the plasmid pUC-Neoahin as an black inner arch. pUC-
Neo carries a beta-lactamase operon (bla; Ampicillin restaince), an origin of replication (pUC-ori),
and a neomycin resistance cassette. The expression of theamycin resistance gene (APH(3")-11)
is controlled by the SV40 promoter and polyA-region. The expession of the light and heavy chain
of the bispeci c antibody fragment is independently controlled by the human Cytomegalovirus
Major Immediate-Early Promoter-Enhancer element (hCMV-M IE) and the termination signal of
the bovine growth horme (BGH). 4G8-light = cDNA for the varia ble and constant domain of the
light chain of antibody 4G8; 4G8-heavy = cDNA for the variabl e, constant G; 1, modi ed hinge
and modi ed Cy 2 domain of antibody 4G8; CD3-scFv = variable heavy and light chain domains
of antibody UCHT1 linked by a Glycin-Serine linker. Restriction enzyme sites for uniquely cut-
ting enzymes and the sites of the fusion of restriction enzym sites used for cloning, are indicated.
Design and synthesis of the plasmid was performed by Dr. Ludgr Grosse-Hovest, head of R&D at
Synimmune GmbH and Entelechon GmbH respectively. ©® Synimmune GmbH)

2.1.7 Antibodies
Antibodies used for this thesis are listed in tableE"2.11.



Table 2.11: Antibodies

Notation Speci city Species Conjugate Source of supply

GaH-Fc human Fc part goat (polyclonal) none Dianova, Hambuig
GaH-Fc-PE human Fc-part goat (polyclonal) R-Phycoerythrin Dianova, Hamburg
GaM-lgG-Biot mouse IgG goat (polyclonal) Biotin Dionova, Hamburg
NF-CU\ 2970 (SP2/0) FLT3 x CD3 mouse/human none M. Durben, Tubingen
NP-C16n 297q (SP2/0) PSMA x CD16 mouse/human none F. Vogt, Tubingen
NP-CUn 2079 (SP2/0) PSMA x CD3 mouse/human none F. Vogt, Tubingen
MaH- L-PE human light chain mouse (monoclonal) R-Phycoerythrin Biolegend San Diego, USA

IVIH3LVIN 'T°C

€e
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2.1.8 Cell lines

Table 2.12: Cell lines

Name Description Source of supply

25-CHO-S ovarian cancer cell line of chinese hamster (CHO-K) Celonic AG, Basel, CH

Jurkat human T-cell lymphoma D. Schendel, Manchen

NALM-16 human acute lymphoblastic leukemia DSMZ, Braunsctweig
2.1.9 Kits

Table 2.13: Kits

Kit Supplier

ADCC Reporter Bioassay, Core Kit Promega, Mannheim
CaptureSelect—Kappa Select Leakage ELISA Kit Life technologies, Darmstad
CHO HCP ELISA Kit, 3G (F550) Cygnus technologies,

Southport, NC/USA
PrepSEQ® Residual DNA Sample Preparation Kit  Life technologies, Damstadt
PROTEOSTAT ® Thermal Shift Stability Assay Kit Enzo Life Sciences, Larrach
ResDNASEQ® Quantitative CHO DNA Kit Life technologies, Darmstadt

2.1.10 Software

Table 2.14: Software

Software Supplier

CellQuestPro Becton-Dickinson, Heidelberg
Chromeleon 7.2 Thermo Scienti c, Braunschweig
Modde 10.0 Umetrics, Frankfurt

MS O ce Microsoft, Unterschlei heim
PLA-2.1 Stegmann Sytems, Rodgau

Sigma Plot V12.0 SPSS, Manchen
TeXnicCenter 2.02 ToolsCenter.org (Open Source Project)
Unicorn 5.11/5.31 GE Healthcare, Manchen
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2.2 Methods

2.2.1 Cell culture

All cell lines and human peripheral blood mononuclear cell#BMC) were culti-

vated at 37°C, 5% CQO, and 90 % rel. humidity. For cultivation of CHO cells basal
medium CDM4PERMADb supplemented with 4 mM L-Glutamine and feé medium

(E cient Feed B) supplemented with 40 mM L-Glutamine were uged. NALM-16

cell line and human PBMC were cultivated in IMDM-complete mdium; Jurkat cell

line was cultivated in RPMI-complete medium.

2.2.1.1 Thawing of cryopreserved cells

CHO cells: One cryo vial containing cryopreserved cells wasaived in a water bath
at 37°C. Subsequently, the cell suspension was transferred intold mL PP tube.
10 mL of cold (4°C) basal medium was added slowly (approximately 1 min.). The
suspension was centrifuged (210g for 5min.) and the supernatant was discarded.
The cells were resuspended in 25mL pre-warmed (&) basal medium and were
transferred into a 125 mL disposable Erlenmeyer ask. After£h of cultivation, cell
culture medium was exchanged by centrifugation (210g for 5min.) by 25mL of
new pre-warmed (37C) basal medium.

NALM-16 and Jurkat cells: One cryo vial containing cryopreseed cells was thawed
in a water bath at 37°C. The cell suspension was transferred into a 75 &roell culture
ask with 10 mL of pre-warmed (37°C) cell culture medium.

2.2.1.2 Isolation of human PMBC

PMBC were extracted from heparinized blood from human donsr(mandatory
premise: ethics approval). 12.5mL blood was diluted with 12mL DPBS and
carefully applied to 12.5 mL \biocoll separating solution.' The preparation was cen-
trifuged at 670 g for 30 min. without brake. PBMC were extracted with a 10 mL
serological pipette and the same volume of DPBS was added. eETRBMC solution
was centrifuged at 210 g for 10 min. and PBMC were resuspended in 25 mL DPBS.
The cells were washed two times with 25 mL DPBS via centrifugan at 210 g for
10 min. and were subsequently resuspended in IMDM-completeedium to obtain
desired cell density.

2.2.1.3 Viable Cell count

Viability of cells was assessed by trypan blue staining. Trgm blue solution was
added to cell suspension in a 96-well-plate in a ratio of 1:3ubsequently, the amount
of viable cells was determined with a Neubauer counting chamband an inverse
microscope. The amount of viable cells per large square mplted with 10* and the

dilution factor results in the viable cell density per mL célculture medium.



36 CHAPTER 2. MATERIAL AND METHODS

2.2.1.4 Cultivation and standard fermentation protocol fo r antibody
production

CHO cells were cultivated in suspension cell culture in dispable Erlenmeyer asks
on a shaker with 150 rpm (rotation diameter d = 2.5 cm). In expasion phase, viable
cell density was maintained between 0.5 and 3.0 x 0iable cells per mL. In late-
logarithmic phase at 3 - 6 x 10 viable cells per mL, 10 % (V/V) feed medium was
added to maintain a high cell density in stationary growth phase of 6 { 8 x 16
viable cells per mL. In intervals of 2 days, additional 10 % (W) feed medium was
added to the cell culture. Cells were harvested when cell bidity fell below 80 %
after three feed additions. Cells were cultivated in Erleneyer asks (V = 125mL,
250 mL and 500 mL) and Tubespin bioreactors (V = 600 mL).

NALM-16 and Jurkat cells were cultivated in cell culture asks(A =75cm?2). Viable
cell density was maintained between 0.5 and 2.0 x ®10iable cells per mL.

2.2.1.5 Fermentation in a 10 L wave-reactor

Cultivation of CHO-cells was performed in a Cultibag RM 2L and20L optical.
Inoculum for Cultibag RM 2 L optical was cultivated accordirg to standard fermen-
tation protocol for antibody production until expansion phase. 3 x 18 viable cells
In expansion phase were inoculated into 300 mL basal mediuma Cultibag RM 2 L
optical. Cultivation conditions were 37°C, 5% CQ,, rocking angle of 8 and rocking
rate of 20rpm. In expansion phase, cell viability was mainiaed between 0.5 and
3.0 x 1@ viable cells per mL. Expansion phases were 300 mL to 900 mL inltbag
RM 2L optical and 900 mL to 2000 mL to 3750 mL and to 6700 mL in Cubag RM
20 L optical. In late-logarithmic phase of 3 - 6 x 10viable cells per mL, 10 % (V/V)
feed medium was added to maintain a high cell density in stathary growth phase
of 6 { 8 x 1( viable cells per mL. In intervals of 2 days, additional 10% (W)
feed medium was added to cell culture. Cells were harvestetden cell viability fell
below 80 % after three feed additions.

2.2.1.6 Cell harvesting

Cell culture supernatant was centrifuged twice at 6000 g for 30 min. Subsequently,
the supernatant was Itered through a 0.22um Iter and sodium azide was added
to a nal concentration of 0.02%. pH was adjusted to 7 { 8 with 8 % NaOH.

2.2.1.7 Cryopreservation

Cell suspension containing 1Ocells was centrifuged (210 g for 5min.). Cells were

resuspended in 1 mL cold cryopreservation medium {@) and transferred to a 2mL

cryo vial. The cryo vial was transferred to a Nalgere-Cryo 1°C Freezing Container

and stored at -8C0°C. 2 days to 2 months later the cryo vial was transferred to the
vapor phase of liquid nitrogen (-146C).
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2.2.1.8 Stable Transfection of Chinese hamster ovary (CHO) cells for
antibody production

For stable transfection via electroporation 2 x 1025-CHO-S cells were washed three
times with 25mL of fresh, cold (£C) basal medium (centrifugation at 210 g for
5min.). Cells were resuspended in 2QQ fresh basal medium (4C) and transferred
to a cuvette for electroporation which was pre-cooled on icelOug of linearized
plasmid DNA was added to the suspension. Electroporation wagrformed with U
=230V and C = 975uF. Subsequently, the cell suspension was transferred to 12 m
pre-warmed cell culture medium and a 1:2 serial dilution uiit1:128 was performed.
50uL was pipetted into each well of 96-well-plates. 24 h later %L of cell culture
medium containing 2 mg/mL selection antibiotic G418 was adgtl to each well. Two
to four weeks later, the supernatant of growing cells was &ssed in an ELISA for
the presence and concentration of produced antibody. Highigmlucer clones were
expanded to 3mL in 6-well-plates and subsequently dilutedtl cell per well in a
96-well plate containing basal medium with 1 x ClonaCellcHO ACF Supplement.
Two to four weeks later, the supernatant of growing monoclahcells was assessed in
an ELISA for the presence and concentration of produced abhbdy. High-producer
clones were expanded to 3 mL in 6-well-plates and subsequemliluted to 1 cell per
well in a 96-well plate containing basal medium with 1 x Clor@ell-€HO ACF Sup-
plement. Two to four weeks later, the supernatant of growingells was assessed in
an ELISA for the presence and concentration of produced abtidy. High-producer
clones were expanded to 3mL in 6-well-plates and subsequerio 10 mL in TPP-
Bioreactors (V = 50 mL) until standard cultivation was perfarmed.

2.2.2 Puri cation
2.2.2.1 pH- and conductivity-measurement of bu ers

For pH and conductivity-measurement, a SevenMult~with pH and conductivity
expansion units was used. The device was used according tonfacturer's instruc-
tions.

2.2.2.2 Liquid chromatography system AKTA puri er 100

The Fast protein liquid chromatography (FPLC) systemAKTA puri er 100 was op-
erated with control software Unicorn 5.11 according to manatturer's instructions.
The operation temperature for the chromatography applicabns was set to 21+
1°C in a climate cabinet.

Prior to use, chromatography columns were equilibrated witat least three column
volumes of indicated bu er A. Standard detection methods werthe measurement of
optical absorbance at = 280 nm (OD,go) and conductivity as well as the measure-
ment of the system pressure before the column. The eluted jgsavere fractionated
by peak detection (ODg) and collected into 5 mL round bottom tubes.

Biospeci ¢ interaction chromatography (a nity chromatog raphy) for initial pu-
ri cation from cell culture supernatant (pH 7-8) included dirromatographic resins
such as Protein A, G and L, CaptureSelect IgG-£1 and KappaSelect. Polishing
applications included Anion exchange chromatography (AIEX)Cation exchange
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chromatography (CIEX), Hydrophobic interaction chromatogaphy (HIC) and Mul-
timodal chromatography (MMC). A detailed list of the applied columns and resins
can be found in table 2. T}4 at page 26.

Columns with a bed volume of V = 1 mL and bed height of h = 2.4cm we used
for Determination of dynamic binding capacity at 10 % breakthrou gh for

a nity media (DBC 194) and for Evaluation of polishing strategies . If not
stated di erently, the columns were operated with a ow rateof 1 mL/min. and
are referred as \Hitrap—1 mL columns". A 5mL sample loop was used for sample
application.

For characterization and separation of the monomer and thergpduct-related impu-
rities, a \Hiload—16/60-Superdex—200 pg" Size-exclusion chromatography (SEC)-
column was used. This column was operated with a ow rate of ZmL/min. A
5mL sample loop was used for sample application.

Two scalable models of the production process with processlistic ow rates
and protein loading capacity were used: théu er veri cation model and the
small-scale model . The bu er veri cation model was used to verify previously
evaluated chromatography conditions. The small-scale meldwas used to simulate
a scaled-down production process in the scale of 1:100. Thisans, that instead of
100 L cell culture supernatant only 1L is puri ed and the volune of the small-scale
columnsis 10mL instead of 1L. The column dimensions of the productiorr@cess
and the two process models are found in table2]15.

The linear ow rates in the production process are standardalues according to
manufacturer's instructions (see tablé 2.15). For abidaecof process-realistic ow
rates, the following premises must be applied for both prose models:

The chromatography columns of the bu er veri cation model ae equipped with the
half bed height of the process scale columns. Thus, in order keep residence time
constant, the linear ow rate must be decreased by the factasf two (see equations
21 and[2.2). The chromatography columns of the small-scaleodel are equipped
with the same bed height as the process scale columns. Theref the linear ow
rate must be kept constant to achieve the same residence time

bed height [cm]
linear ow rate [cm/h]

residence time [h] (2.1)

volumetric ow rate [mL/h]
cross sectional area of column [¢&h

linear ow rate [cm/h] (2.2)

The 1L KappaSelect column of the production process puriea maximum of
12950 mg KappaSelect binding protein (KSBP) per productiomatch (see discus-
sion part[4.2 at pagd_116). This results in 60.9 mg KSBP for theu er veri cation
model and 121.7 mg KSBP for the small-scale model when the o load is scaled
according to column volumes. After application of a securityactor, the applied
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amount of protein was 70.5mg for the bu er veri cation modeland 130 mg for the
small-scale model. Column dimensions, ow rates and protebinding properties
for process scale, bu er veri cation model and small-scalmodel are summarized
in table 2.15. The small-scale model was only applied for KpgSelect, AIEX and
HIC.

For the bu er veri cation model, a 150 mL superloop was usedof sample applica-
tion. For the small-scale model, a direct load via the systepumps was performed
for sample application.

Table 2.15: Column dimensions, ow rates and protein binding propertie s of Process
scale, Bu er veri cation model and Small-scale model; The small-scale model was only
applied for KappaSelect, AIEX and HIC; The applied amount of KappaSelect binding protein to
the process scale KappaSelect column will be discussed insdussion partf4.2 at pagé 116; AC =
A nity Chromatography; AIEX = Anion exchange chromatograp hy; CIEX = Cation exchange
chromatography; HIC = Hydrophobic interaction chromatogr aphy; MMC = Multimodal chroma-
tography

Process Bu er veri cation Small-scale

Characteristics scale model model
Column volume [mL] 1000 4.7 9.4
Bed height [cm] 20 10 20
Cross sectional area [cr 50 0.466 0.466
Appl. of KSBP

theory [mg] 12950 60.9 121.7
Appl. of KSBP

with security factor [mg] N/A 70.5 130

Lin. ow rate [cm/h]

AC: KappaSelect 400 200 400
AIEX/CIEX/IMMC 150 75 150 (only AIEX)
HIC: Phenyl HP 120 60 120
Vol. ow rate [mL/min.]

AC: KappaSelect 333.33 1.55 3.11
AIEX/CIEX/MMC 125 0.59 1.18 (only AIEX)
HIC: Phenyl HP 100 0.47 0.94

2.2.2.3 Nano ltration

Nano ltration was performed with the support of \Asahi Kasei" Corporation. Three

tangential ow Iters were tested: Planova—15N, Planova—20N and Planova—
BioEx with ltration surface of 0.001 m? each. A ltration device was set up accord-
ing to gure
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Figure 2.2: Filtration procedure - Nano Itration

A tangential ow ltration (TFF) was performed. Filtration liquid was placed into the pressure
vessel and was ltrated into the receiving vessel with 98 kPatrans-membrane pressure (TMP) for
Planova—15/20 N and with 330 kPa TMP for Planova—BioEXx.

Prior to use, all Iters were ushed with 20 mL water for injedion with a maxi-
mum of 98 kPa trans-membrane pressure (TMP) with compressettrogen and a
leakage test was performed (bubble point test, see below).utiSequently, Iters
were ushed with 20mL DPBS with a maximum of 98 kPa. Antibody stution was
placed into the pressure vessel and was Itrated with indidad maximum TMP of
Iters: Planova—15N and 20N with a maximum TMP of 98 kPa and Planova-
BioEx with a maximum TMP of 330kPa. Filtration was performedwith constant
pressure. The ltrated volume was assessed with a measuriaginder every 10 min.
for Planova—15/20 N and every 5min. for Planova—BioEx. The required Itration
volume was calculated for each Iter individually. After use all Iters were ushed
with 20 mL water for injection with a maximum of 98 kPa TMP and aleakage test
(bubble point test) was performed.

Bubble point test:

After ushing the test Iters with water for injection, the pr essure vessel was lled
with nitrogen gas and a pressure of 98 5kPa was applied to the Itration mem-

brane. For the next 20 sec., the Iter membrane was visuallyhwspected for emerging
nitrogen bubbles. The test is regarded as passed if no bubblemerge.
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2.2.3 Characterization of the active pharmaceutical ingredi-
ent and product-related impurities

2.2.3.1 Determination of antibody concentration

For determination of antibody concentration, the protein #sorbance at 280 nm was
used. According to the Beer-Lambert law, the concentrationan be calculated with

the equation for molar extinction (seé213). A useful conveion is equation” 2.4 for
speci ¢ extinction, which results in a concentration in [gL].

E g '|_° ¢ d (2.3)
E EX% ¢ d (2.4)
Efem  {M (2.5)
E molar extinction
lo reference intensity

I sample intensity
molar extinction coe cient [L/(mol*cm)]

c concentration [mol/L]

d path length [cm]

EQL% speci ¢ extinction [L/(g*cm)]
c concentration [g/L]

M molar mass [g/mol]

The speci ¢ extinction for antibody solutions of a concentation of 1 g/L and a path
length of 1cm is 1.37 L/(g*cm).

2.2.3.2 ELISA for antibody concentration

Coating reagent:
GaH-Fc; dilution 1:1000 in DPBS

Biotinylated reagent:
GaM-1gG-Biot; dilution 1:10.000 in dilution bu er

Standard solution:
NF-CUp 2970 (SP2/0); dilution according to work list in DPBS

50uL of diluted capture antibody was applied to each well of an BISA Plate \Nunc
F96 Maxisorp" and incubated over night at £C. The content of the wells was dis-
carded and 10QuL of blocking solution was added to each well. After an incubgin
period of 1 h at room temperature, the content of the wells wadiscarded and the
plate was washed three times with wash bu er. 5@L of standard or sample was
added to each well indicated on work list. After 1 h of incubatin at room temper-
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ature, the content of the wells was discarded and the plate wavashed four times
with wash bu er. Detection antibody was diluted in dilution bu er and 50 uL was
added per well. After 1 h of incubation at room temperature, ta content of the wells
was discarded and the plate was washed four times with wash éu Steptavidin-
polyHRP was diluted 1:10000 in dilution bu er and 10QuL was added to each well.
After 30 min. incubation at room temperature, the content of he wells was discarded
and the plate was washed six times with wash bu er. The 1:1-xiure of \TMB
Microwell Peroxidase System (2-C) solution" was preparecid 100uL was added to
each well. The plate was incubated for 5 min. in the dark and % of 1 M Phospho-
ric acid was added. ODRxso was measured with an ELISA plate reader. A standard
curve was calculated using 4-Parameter logistic- t-anasis.

2.2.3.3 Isoelectric focusing electrophoresis

Samples were diluted 1:2 in \IEF Sample Bu er". 1 to 5ug protein was applied to
each well of \Criterion—Precast Gel IEF pH 3-10, 1.0mm". 2QiL of reconstituted
\Isoelectric Focusing Calibration Kit High Range pl (pH 5 - 105)" was applied to the
gel as a IEP standard. Running bu er for the anode was 1:10 diled \10 x Anode
Bu er". Running bu er for the cathode was 1:10 diluted \10 x Cathode Bu er".

Operating conditions were U = 100V for 60 min., U = 250V for 60nm. and U =

500V for 30min. in an electrophoresis cell. Gel was xed witkixation solution

for 30 min. followed by conditioning with Conditioning soltion for 5min. Gel was
stained with “Staining solution for 2h and destained with D&taining solution for
1h. The gel was photographed using a CCD camera.

2.2.3.4 SEC/UHPLC

Size exclusion chromatography (SEC) was performed using a UHP-system
\Dionex— UltiMate — 3000 BioRS" equipped with two columns: \TOSOH TSK-
Gel G3000 SWXL 7,8x300; gm" or \Superdex 200 Increase 10/300 GL". The
Superdex column was introduced later and elicits better rekition of antibody
aggregates, monomers and fragments. A maximum of i@ or 50pL of sample was
applied per run. The system was operated at 5Q@./min. with DPBS. Proteins
were detected via OD at = 220 nm (OD,,0). Chromatograms were compared to
an external gel Itration standard (Bio-Rad). Data acquistion and analysis was
performed via control software Chromeleon 7.2.

2.2.3.5 CIEX/ UHPLC

Cation Exchange chromatography was performed using a UHPL@stem \Dionex—
UltiMate —3000 BioRS" equipped with column \MAbPac SCX-10 RS, gm". 10puL
sample containing 1Qug protein was diluted 1:2 in water and again 1:3 in \pH
gradient bu er A (pH 5.60)". A maximum of 60 pL of diluted sample was applied
per run. The system was operated at 5Qf./min with \pH gradient bu er A (pH
5.60) and B (pH 10.2)". Proteins were detected via OD at 280 nnData acquisition
and analysis was performed via control software Chromele@r2.
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2.2.3.6 SDS-PAGE

Samples were diluted 1:2 in \laemmli sample buer". When pdorming a SDS-
PAGE with reducing conditions, 10 % -mercaptoethanol was added. Samples were
incubated at 75°C for 5min. in a thermo cycler. 2ug of sample was applied to each
well of a \Mini-PROTEAN ® TGX—10%-Gel\. 5uL of \PageRuler—Prestained
Protein Ladder" was applied to the gel as protein standard. @erating conditions
were U = 200V for 30 min. in an electrophoresis cell with Trigblycine/SDS bu er.
Gels were stained in coomassie staining solution for 1 h @mlled by destain solution
for 2h.

2.2.4 Process-related impurities
2.2.4.1 Host cell protein ELISA for CHO cells

A commercially available ELISA kit was used: \CHO HCP ELISA kit 3G (F550)".
All required solutions were supplied with the kit. ELISA was prformed according
to the manufacturer's instructions.

Pre-coated 96-well plates were incubated with 1QQ. anti-CHO:HRP and 50uL
sample or standard for 2h at 180 rpm on a microtiter plate shak. The content of
the wells was discarded and the plate was washed ve times Wwitvashing solution.
100uL TMB substrate was added and after an incubation period of 3@in., 100uL
stop solution was added. Oy was measured with an ELISA plate reader. A
standard curve was calculated using 4-Parameter logisticanalysis.

2.2.4.2 ELISA for determination of leached KappaSelect lig and

A commercially available ELISA kit was used: \CaptureSelde—Kappa Select Leak-
age ELISA Kit". The manufacturer's instructions were modi ed (see below).

Coating reagent:
Goat IgG anti-KappaSelect a nity ligand; dilution 1:200 in DPBS

Biotinylated reagent:
Biotinylated Goat IgG anti-KappaSelect a nity ligand; dil ution 1:200 in dilution
bu er

Standard solution:
CaptureSelect—human Ig kappa a nity ligand, dilution according to work list in
protein-L puri ed NF-CU y2970 polished via AIEX-medium CaptoQ.

50uL of diluted coating reagent was applied to each well of an EEA Plate
\Nunc F96 Maxisorp" and incubated over night at 4°C. The content of the wells
was discarded and the wells were washed ve times with wash bu Subsequently
250uL of blocking solution was added to each well and the plate wascubated
at room temperature for 30 min. on a microtiter plate shaker.The content of the
wells was discarded and the plate was washed one time with Wwasu er. Standard
and samples were incubated at 9& for 15min. and centrifuged at 12,000 g for
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5min. 100uL of standard or samples was added to each well indicated onnkadist.
After 1 h of incubation at room temperature, the content of thewvells was discarded
and the plate was washed ve times with wash bu er. Detectionantibody was
diluted in dilution bu er and 100 pL was added per well. After 1 h of incubation
at room temperature, the content of the wells was discardednd the plate was
washed ve times with wash bu er. Steptavidin-monoHRP was duted 1:2500 in
dilution bu er and 100 pL was added to each well. After 30 min. of incubation at
room temperature, the content of the wells was discarded arlde plate was washed
ve times with wash bu er and two times with water (bidest.). The 1:1-mixture of
\TMB Microwell Peroxidase System (2-C) solution" was prepeed and 10QuL was
added to each well. The plate was incubated for 5min. in the daand 50uL of
1 M Phosphoric acid was added. OR, was measured with an ELISA plate reader.
A standard curve was calculated using 4-Parameter logisticanalysis.

2.2.4.3 Host cell DNA quantitative PCR for CHO cells

Two commercially available kits were used: \PrepSE® Residual DNA Sample
Preparation Kit" and \ResDNASEQ® Quantitative CHO DNA Kit"

DNA extraction:

DNA extraction was performed according to manufacturer's structions. Samples
were diluted according to work list in DPBS containing addibnal 0.35M NaCl.
Protein residues are lysed via Protein K. DNA is concentratedia magnetic parti-
cles and eluted for analysis.

QPCR:
Quantitative PCR (QPCR) and evaluation was performed accating to manufac-
turer's instructions. QPCR war performed on a 7500 Fast Redlime PCR system.

2.2.5 Biological activity
2.2.5.1 Flow cytometric analysis

Target cells NALM-16 or Jurkat were cultivated with high viablity. Cells were
washed three times in FACS bu er (centrifugation at 670 g for 3min.) and resus-
pended to a cell density of 19cells/mL in FACS bu er. 100 pL of suspension was
transferred to each well of a round bottom plate, centrifugk (670 g for 3min.)
and incubated with 50uL of antibody solution for 30 min. at 4°C. Cells were
washed three times with FACS bu er (see above) and incubatedith secondary
antibody linked to a chromophore for 30 min. at 4C. Cells were washed three times
(see above) and resuspended in 200 FACS bu er and transferred to FACS tubes
0.5mL.

Flow cytometry was performed on a \FACSCalibur ow cytomete"”. Data acqui-
sition and evaluation was performed using \CellQuestPro #ware". Binding of
NF-CUp 297 to FLT3 was investigated using NALM-16 cells and binding to CD3
was investigated using Jurkat cells. The bispecic antibog was detected using
GaH-Fc-PE or MaH- L-PE antibodies.
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2.2.5.2 Inactivation of target cells

Target cells were inactivated via radiation with 120 Gy usig a '*’Cs source in a
\Gammacell 1000 elite" irradiation chamber.

2.2.5.3 T-cell proliferation Assay

T-cell proliferation induced by the FLT3 CD3 antibody was measured using &HiJ-
Thymidine incorporation assay. 18 PBMC in 50 uL IMDM-complete medium were
seeded into each well of a 96-well plate. A @activated target cells NALM-16 in
50uL IMDM-complete medium were added to each well. Subsequentthe antibody
was diluted in IMDM-complete medium and 5QL of each dilution was added to
wells indicated on work list. The 96-well plate was incubatefor 72h and then
pulsed with 0.5uCi/well [ *H]-Thymidine. After 20 h cells were harvested on Printet
Filtermat A and precipitated radioactivity was determinedin a liquid scintillation
counter.

2.2.5.4 Potency Assay (Promega)

This Assay was performed to determine the potency of NF-Gldg7g and product-
related impurities. A commercially available kit was usedfADCC Reporter Bioas-
say, Core Kit". The Potency assay was performed according the manufacturer's
instruction with NALM-16-cells as target cells. The e ector b target ratio was 1:2
(30,000 NALM-16 and 60,000 e ector cells per assay).

The e ector cells of this kit are Jurkat cells transfected wth a Fc-receptor which
triggers the NFAT-activation path. A luciferase gene is linkd to the NFAT-gene
and is co-expressed with NFAT. When adding luciferin and Adesmtriphosphate
(ATP), activation can be measured via luminescence interigi

NF-CUp 2979 does not work via classical ADCC because it does not bind to Fc-
receptors. However, Jurkat cells are T-cell-derived cellsn@ therefore express a
T-cell-receptor and CD3, which also utilizes the NFAT-actiation pathway. Thus,
this assay can be used to assess NF-Gid/q activity.

Analysis and calculation of EGy-values was performed via \PLA-software 2.1".

2.2.6 Stability and formulation development

Experiments for optimization of product stability were plaaned, performed and eval-
uated in an Design of experiment-approach (Fisher, 1890).h& usual one factor at a
time-approach was not suitable due to the fact that the invagated factors in uence
each other and the responses. Data analysis was performed software \Modde
10.0".

2.2.6.1 Dierential scanning uorimetry

This assay is applied to determine the melting temperature .J;, or half-maximal
denaturation temperature, of NF-CU, 297 in a certain bu er. A commercially avail-
able kit was used for this assay: \ProteoSt& Thermal Shift Stability Assay Kit"
Fluorescence of the dye at 610 nm is induced when bound to hgghobic residues
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of a protein. Thus, the protein of interest is stressed by imeasing temperature
which induces unfolding and therefore presentation of hydphobic residues. Suit-
able formulation bu ers contribute to a higher resistance foa protein to temperature-
induced unfolding. The experiments were performed in a \7B0rast Real-Time PCR
system”. One part\10 x assay bu er" was diluted in 9 parts waer for injection. One
part \1000 x ProteoStat® TS Detection Reagent" was diluted in 99 parts \1 x Assay
bu er". For each reaction 22.5uL NF-CUy 2970 [1 mg/mL] in a certain bu er was
mixed with 2.5uL 10x ProteoStaf® TS Detection Reagent. The following reaction
plates were used: \Fast optical 96-well reaction plate". Taperature was increased
from 25°C to 100°C with 1 °C/min. Fluorescence was assessed at 610nm. Fluo-
rescence was plotted against temperature (see gure 2.3).h& maximum of the
rst derivative of this plot represents the temperature, wtere half of the protein is
unfolded and is referred to as melting temperature ;.

Fluorescence 15! Derivative of fluorescence
4.0x10°+ 5.0x10%=
25 30007 L 40410
o.?, Z
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Figure 2.3: Di erential scanning uorimetry - Example formulation bu er

Bu er composition: NF-CU y2979 [1mg/mL] in 20mM Histidine pH 6.2, 0.075% Tweerf 20,
50g/L Trehalose, 75mM NaCl; T,; = 70.1°C

2.2.6.2 Thermal stress test

This assay was used to determine the amount of aggregationafprotein in a cer-
tain bu er resulting from long-term constant thermal stres. Study temperature
was 40°C for a time period of one week for formulation screening exfraent and
for four weeks for formulation optimization experiment. Saples were stressed in
an incubator \cellstar" and determination of aggregate andnonomer content was
assessed via \Sec / UHPLC" with column \Superdex 200 Increas®/B00 GL".
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An expression cell line and a fermentation protocol were ddeped for the e cient
production of bispeci c antibody NF-CUy2970. Subsequently, product-related im-
purities were identi ed and characterized. Process-relatl impurities were not char-
acterized because the CHO-based production process folldvey biospeci c interac-
tion chromatography can be regarded as well-known. Di erépuri cation strategies
were evaluated for their suitability of e ectively separaing the active pharmaceuti-
cal ingredient (API) from product- and process-related imputies. A puri cation
process was developed and the puri cation was veri ed with ao-called small-scale
model (1:100) of the production process. The performancemdno lters was evalu-
ated to nd a suitable Iter for the production process. Findly, a suitable protein
formulation bu er was developed, which indicates high stabty and a long shelf-life
of bispeci ¢ antibody NF-CUy 2970.

3.1 Cell line - Primary seed bank

The parental cell line 25-CHO-S, a CHO-K1 cell line adapted tauspension cell cul-
ture, was stably transfected with plasmid pGH2-1353 and sekon was performed
using the aminoglycoside antibiotic G418. Plasmid pGH2-135was designed for
transfection of 25-CHO-S cells for expression of bispeci atétbody NF-CUy 297g.
High-producer clones were identi ed by ELISA for antibody cocentration at semi-
con uent growth in 96-well plates. After sequential subclomg and two single cell
cloning procedures, clone \T1/16/6-B5//E2/P2-G5/P1-A6" ( designated \L2A6")
was chosen for the generation of a primary seed bank (PSB). Aogluction titer
of 35mg/L KappaSelect binding protein (KSBP) was obtainedn the cell culture
supernatant of shaker asks. For characterization of KSBPe results par(3.3.11 at
page50.

Separate reports were generated for the plasmid construanti (by Dr. Ludger Gro e-
Hovest) and for the generation of a PSB (by Gregor Neumann). Thgresentation
of those reports would exceed the scope of this thesis. Th@oes are administered
by Dr. Ludger Gro e-Hovest, Head of R&D at Synimmune GmbH.

3.2 Fermentation

Basal cell culture medium CDM4PERMADb and a fed-batch protoddfor antibody
production was adopted from the fermentation process of 4SBIEM, the rst
product of Synimmune GmbH. In the late-logarithmic growth plase of PSB-clone
\L2A6", 10% (V/V) feed medium E cient feed B supplemented with 40mM L-
Glutamine was added to cell suspension. 2 and 4 days laterditcbnal 10 % (V/V)
E cient feed B supplemented with 40 mM L-Glutamine was added

This procedure resulted in a KSBP concentration of 165 mg/Lwith 55 % monomer
content) in cell culture supernatant produced in shaker alss. In addition, in a
10 L wave-reactor fermentation a KSBP-titer of 110 mg/L (wih 55 % monomer) was
achieved. This concentration is su cient for production ofthe bispeci c antibody
as discussed in chaptdr4.2 at page 116.
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3.3 Development of a puri cation procedure

3.3.1 Identi cation and Characterization of product-related
impurities

After puri cation of bispeci c antibody NF-CU y 297 from cell culture supernatant
with KappaSelect a nity chromatography medium, 4 Peaks apgar in an elution
pro le of size-exclusion chromatography (SEC)-separatio on \Hiload— -16/60-
Superdex—200pg™ (see gure[3.1). The proteins of the 4 Peaks were teed
KappaSelect binding protein (KSBP).

P1 as the rst peak is assumed to be an aggregate. P2 as the kesgpeak is assumed
to be the monomer and P3 and P4 seem to be light chain dimer (LGRnd light
chain (LC), respectively (Knittler et al., 1995;| Schlatteret al., 2005). In order to
verify these assumptions, SDS-PAGE and an isoelectric fatng electrophoresis was
performed. In addition, the proteins were further charactézed by ow cytometric
analysis on cells expressing the antigen of interest. Fihala T-cell proliferation
assay and a potency assay were performed to proof the abseatany biological
activity of the product-related impurities P1, P3 and P4.

UV
MAU 1 P2
200
150
100 P3
P4
50 P1
0 _/¥
40.0 50.0 60.0 70.0 80.0 90.0 ml

Figure 3.1: Product-related impurities - Preparative SEC-separation
AKTA Purier 100

Column: Hiload—-16/60-Superdex—200 pg;

Protein (KSBP): 5mg in 2mL,;

Bu er: DPBS

Flow rate: 1.20 mL/min

P1: Aggregate; P2: Monomer; P3: LCD; P4: LC

3.3.1.1 SDS-PAGE

The theoretical molecular weight of the monomer, LCD and LC as calculated with
the online bioinformatics resource portal \Expasy" (http//web.expasy.org/compute_
pi/ (date of request: 01.07.2015)). For amino acid sequencé NF-CUy297q See
chapter [5.2 at page138. For calculation of the molecular wgit (MW) of the


http://web.expasy.org/compute_pi/
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monomer, the heavy and light chain sequences were plotted saries. For calcula-
tion of the MW of LCD, the LC sequence was plotted twice. A caldation of the

MW of the aggregate is not possible. Theoretical and experantally determined

MW of KSBP are summarized in table"311

At the SDS-PAGE gel under unreduced condition (see gure_3.2), P1 is hardly

visible. This may be due to the fact that this aggregate is totarge to migrate into

the gel. The apparent molecular weight of P2 is 23 kDa heavidran the calculated

weight of the monomer, the MW for P3 and P4 are in the range for@D and for

LC.

At the SDS-PAGE gel under reduced condition (see gure_3.2 BP1 shows bands
at 70 and 30 kDa, which might represent heavy and light antibdy chains indicating

that the aggregate consists at least partly of aggregated momer. P2, P3 and P4
exhibit the correct sizes for heavy and light chains respeetly. Thus, the reduced
samples indicate that P1 is an aggregate, P2 is the monomer3 s LCD and P4

is LC. The reason why LC appears to be smaller under unreducednditions can

be explained by the presence of one intramolecular disulglki bond per antibody
domain. This results in an incomplete unfolding of the proia and therefore a
smaller apparent size. In conclusion, the nature of the prodt-related impurities

has been clearly de ned.

A)  Pre P1 P2 P3 P4 B) Pre P1 P2 P3 P4
170

170 130

128 - - 100

70 p— 70 -m et

55 - 5 w

A0 w— — - 40

35 .. 35

25 s 25 - o

15 - 15

kDa kDa

Figure 3.2: Product-related impurities - SDS-PAGE

SEC fractions of gure at pagel50 (P1-4) and puri ed KSBP (Pre); A = unreduced condition;
B = reduced condition; molecular weights of the samples are wummarized in table [3.1; marker:
\PageRuler—Prestained Protein Ladder"

3.3.1.2 Isoelectric focusing electrophoresis

Theoretical isoelectric points (IEPs) were calculated wit the online bioinformat-
ics resource portal \Expasy" (http://web.expasy.org/compute_pi/ (date of request:
01.07.2015)). For amino acid sequence of NF-GLb;q see appendix parf 512 at page
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Table 3.1: Product-related impurities - SDS-PAGE

Molecular weight of SEC fractions of gure 3.1 at page[5D (P14) in kDa; experimental and theo-
retical data of KappaSelect binding protein (KSBP)

Unreduced condition Reduced condition
Fraction Theoretical Experimental Theoretical Experimental
P1 = Aggregate N/A N/A N/A 70/30
P2 = Monomer 87 110 63.8/23.4 70/30
P3 =LCD 46.7 40 234 30
P4 =LC 23.4 20 23.4 30

[138. For calculation of the IEP of the monomer, the heavy andght chain sequences
were plotted in series. For calculation of the IEP of LCD, thé.C sequence was plot-
ted twice.

Experimental IEPs were determined using isoelectric fodng electrophoresis (see
gure B3). The IEP of the aggregate could not be determinedhis may be due
to the fact that the aggregate is too large to migrate into thegel. Experimentally
determined IEPs for the monomer, LCD and LC accord with the deulated IEPs
(see tabld_3R).

Those results con rm the nature of the product-related imputies. The knowledge
of the IEP of the monomer and the product-related impuritiess important for eval-
uation of puri cation strategies, especially for ion exchage chromatography (IEX).

PL P2 P3 P4

T R }—\.a'.\_,“-._, e el eane Tt
R 37 ’ Y 7

£ 9.30

S g 45
B

‘b o BEE

% 585
IEP R . BN U e |EP
Figure 3.3: Product-related impurities - Isoelectric focusing electro phoresis - deter-

mination of isoelectric points (IEP)

SEC fractions of gure B at page[5D (P1-4); IEPs of the sampds are summarized in tabld_312;
marker: \Isoelectric Focusing Calibration Kit High Range pl (pH 5 - 10.5)"
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Table 3.2: Product-related impurities - Isoelectric focusing electro phoresis - calcu-
lated IEP

IEPs of SEC fractions of gure [3.1 at page[50; experimental ad theoretical data of KappaSelect
binding protein (KSBP)

Theoretical Experimental

Fraction IEP IEP
P1 = Aggregate N/A N/A
P2 = Monomer 8.5 8.5
P3 =LCD 6.2 6.2
P4 =LC 6.2 6.2

3.3.1.3 Flow cytometric analysis

Flow cytometric analysis of the aggregate, monomer, LCD andC was performed
on NALM-16 cells for the FLT3 speci city and on Jurkat cells forthe CD3 speci-
city.

Figure 3.4 A and B show that only the monomer binds to FLT3 and O3 at low

concentrations (starting at 100 ng/mL). Aggregates, LCD and.C only bind at high

concentrations (starting at 10ug/mL). At very high concentrations, the aggregate
exhibits enhanced binding to CD3 and especially to FLT3. LCLCbinds with a

slightly higher a nity to FLT3 and CD3 than LC.



54 CHAPTER 3. RESULTS

A
) NALM-16 (FLT3 ") Controls
30- 30+
25+ ] 25
— / .
& 201 / & 204
I / T
E™] / £ 157
L 104 / - L 104
= e o S
o A e 2
0+ 0-
10° 10? 102 108 104 10%
conc. ng/mL NS
RS
P&
<
B) Jurkat (CD3 ) Controls
30+ 30+
254
B S 20- —
5 e,
: 2 1]
L iL 104
= g 10
5
A1
] ] ]
$ Y @
conc. ng/mL S g <
pOENSN
P&
¥

Figure 3.4: Product-related impurities - Flow cytometric analysis

Titration of SEC fractions of gure 3Ilat page on A) NALM-16 (FLT3 ) and B) Jurkat
(CD3 ) cells; Aggregate ( ); Monomer ( ); LCD (O LC (®); Isotype 1 = NP-CU y 297 (SP2/0)
50pg/mL; Isotype 2 = NP-C16 n297¢ (SP2/0) 50 pg/mL; Reference = NF-CUy 2970 (SP2/0)
50ug/mL; Detection: MaH- L-PE

3.3.1.4 T-cell proliferation assay

The T-cell proliferation assay was performed with the agggate, monomer, LCD
and LC and was divided into two experiments. The rst experinent was performed
with freshly isolated PBMC of a healthy donor and target ce NALM-16 (see gure
3.5 A). This experiment was performed to see if and to what exteproduct-related
impurities induce proliferation of T-cells in the presencef target cells expressing
FLT3. The second experiment was performed with PBMC to see #&nd to what
extent product-related impurities induce proliferation & T-cells in the absence of
target cells (see gure.3.b B). No activation should be deteable in the absence of
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target cells.

In the rst experiment, it can be seen that only the monomer iduces a strong dose-
dependent proliferation of PBMC at lower concentrations ¢arting at 1 ng/mL).
Aggregates, LCD and LC only induce proliferation of PBMC at hgher concentra-
tions (starting at 100 ng/mL). In the second experiment, aga only the monomer
induces proliferation of PBMC (starting at 4 ng/mL). Aggregdes, LCD and LC only
induce proliferation of PBMC at higher concentrations (steting at 400 ng/mL); they
exhibits only very weak biological activity.
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Figure 3.5: Product-related impurities - T-cell proliferation assay

Titration of SEC fractions of gure 3 1Jat page b0l with 100,000 target cells / 100,000 PBMC per
well (A) and without target cells / 100,000 PBMC per well (B); Aggregate ( ); Monomer ( );
LCD (Og LC (®); N = NALM-16; P = PBMC; PHA = 10 pg/mL phytohemagglutinin

3.3.1.5 Potency Assay (Promega)

The aggregate, monomer, LCD and LC were titrated in a poten@ssay to determine
the potency compared to a reference standard (NF-GlJg7q (SP2/0)). In gure 8.6]
A and B it can be seen that the aggregate, LCD and LC are two to tke log-values
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less potent than the monomer and the reference. Eg£values were calculated and
compared to the potency of an appropriate reference (see af8.3). The aggregate
exhibits a EGsg of 99.4 ng/mL, which corresponds to a potency of 0.8% compdre
to reference. The monomer exhibits almost the same E{as the reference which
corresponds to a relative potency of 90%. Eg of LCD and LC could not be

calculated because no plateau-phase was reached. Thus, #ggregate, LCD and

LC exhibit only weak biological activity.
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Figure 3.6: Product-related impurities - Potency assay (Promega)
Titration of SEC fractions of gure 3Tlat page Aggregate ( ); Monomer ( ); LCD (O LC
(®); Reference { ) = NF-CU n 2970 (SP2/0); E:T = 2:1; E = modif. Jurkat; T = NALM-16
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Table 3.3: Product-related impurities - Potency Assay - EC so-values of KSBP ; Ref 1
corresponds to Aggregate and Monomer experiment, whereasdR 2 corresponds to LCD and LC
experiment

ECs5 [ng/mL] % of Ref

Aggregate 99.3 0.8
Monomer 0.9 90
LCD N/A N/A
LC N/A N/A
Ref 1 0.8 100
Ref 2 0.8 100

3.3.1.6 Summary and Conclusion

The product-related impurities of bispeci ¢ antibody NF-CU 297 can be subdivided
into multimers and fragmentary parts of the antibody. Thoseimpurities are puri-
ed along with the monomer when using KappaSelect as a nity bromatography
medium. The four KappaSelect binding proteins (KSBP) -agggate, monomer,
light chain dimer (LCD) and light chain (LC)- were identi ed via SDS-PAGE and
isoelectric focusing electrophoresis. The product-rett impurities exhibit almost
no biological activity, whereas the monomer binds towardslH3 and CD3, activates
T-cells in a cell-proliferation assay and exhibits almosthie same potency as a suit-
able reference standard. In addition, the monomer activasePBMC in the absence
of target cells to a small extent.

Despite the fact that a contamination with product-relatedimpurities seems to be
uncritical due to their minimal biological activity, they should be removed from the
monomer for safety reasons and to minimize unintended immalogical reactions.
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3.3.2 Evaluation of puri cation strategies

A variety of di erent puri cation strategies was evaluated for their suitability of sepa-
rating the active pharmaceutical ingredient (API) from product- and process-related
impurities. Di erent chromatographic techniques were apled and intensively dis-
cribed in the following part:

A

Biospeci ¢ interaction chromatography - A nity chromatogr aphy (AC) in
chapter[3.3.2.1 at pagé 59 f.

" Anion exchange chromatography (AIEX) in chaptei3.3.2]12 at pagj6l .
" Cation exchange chromatography (CIEX) in chapter 3.3.2.3 gtagel66 .
" Hydrophobic interaction chromatography (HIC) in chapter3.3.4 at pagd 711

" Multimodal chromatography (MMC) in chapter 3.3.2.5 at pagé/g .

In order to ful ll regulatory requirements, only chromatogaphic media with a so-
called regulatory support le were used. Those media are ¢eed to be used under
Process development- and GMP-conditions.

The performance of a nity media was assessed in pilot expenients. A character-
ization of binding properties of bispeci ¢ antibody NF-CW, 2970 towards di erent
a nity media was performed.

For the development of suitable polishing applications, # performance of the four
methods AIEX, CIEX, HIC, MMC was evaluated. Hitrap—columns (V = 1mL)
were used for evaluation of conditions such as pH, conductwiand binding prop-
erties on anAKTA system. Analysis of the removal of product-related impuities
light chain dimer (LCD) and light chain (LC) was performed va SEC (Tosoh) /
UHPLC.

The next step was to verify the determined conditions in a scalled bu er ver-

i cation model on Hiscreer—columns (V = 4.7mL). At this step, criteria for
process realistic ow rates and protein-loading capacitsewere met (see discussion
part 2.2.2.2 at pagd_37).

Extended analysis of the polishing methods was performeddhapter[3.3.2.6 at page
. The analysis by size exclusion chromatography was imgved by the use of a
column with better resolution than the Tosoh column; SEC (Sperdex) / UHPLC.
With this method, the evaluation of aggregate-, LCD- and LCzontent was possible.
Further analytical techniques included the evaluation oftie monomer yield, SDS-
PAGE, ow cytometric analysis and a T-cell proliferation asay. The required e ort
for performance of the methods was also included in the evation.
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3.3.2.1 Biospecic interaction chromatography - Anity ch romato-
graphy (AC)

A variety of di erent a nity chromatography media were eval uated for their binding
properties towards NF-Cl 2970. Protein A or Protein G did not allow binding at all
and other media such as \CaptureSelect IgG-CH, which binds to the CH;-domain
of antibodies, were exhibiting very low binding capacitiesKappaSelect and Protein
L showed very good binding properties. Protein L binds to thé&ramework regions
of the variable domain of the light chain. Therefore, an in @nce on the tertiary
structure of the complementary determining regions mightépossible. KappaSelect
binds towards the constant domain of the light chain. Thus, EppaSelect was chosen
for further investigation.
An established method for determination of the binding capay of a certain protein
to an a nity medium is the determination of the dynamic binding capacity at 10 %
breakthrough (DBC,¢,). DBC 19 is determined with previously puri ed protein in
DPBS with the same residence time as for the performance ottproduction process
scale. A linear ow rate of 400cm/h is recommended for a nity chromatography
process applications with KappaSelect. For a column with aolume of 1L and a
bed height of 20cm, this linear ow rate results in a residemctime of 3min. (see
equations[2Z.2 and_Zl1 at page B8). Thus, this residence timeasvapplied on a
Hitrap—column; a CV of 1 mL and a bed height of 2.4 cm results in a volurtne
ow rate of 0.33mL/min. Previously puried KSBP containing 6% aggregates,
55% monomer, 22% LCD and 17%LC was applied onto the column (see
gure B.7).
Marker M1 marks the condition where KSBP is applied onto theaumn. The ODsg,
at the marker M1 is 498 mAU, the ODgy at marker M2 is 49.8 mAU (10 % of marker
M1). The volume between the two markers M1 and M2 multiplied #h the feed
concentration represents the amount of KSBP where a 10 % bkthrough through
the column can be observed. This amount is termed DBg,. The volume between
the two markers is 11.8 mL, the feed concentration was 1.57 frgd.. This results in
a DBCygq, Of 18.5mg KSBP per mL chromatography medium.
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Figure 3.7: Anity Chromatography - DBC 109 Of KappaSelect binding protein

(KSBP) on KappaSelect; DBC 109% = 18.5mg/mL resin
AKTA Purier 100

Column: HiTrap —-1 mL-KappaSelect;

Protein (KSBP) conc.: 1.57 mg/mL;

Bu er: DPBS

Flow rate: 0.33mL/min

Marker M1: OD ,go of bypass mode = 498 mAU; V = 2.4 mL
Marker M2: OD ,gp at DBC 190, = 49.8 MAU; V = 14.2mL
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3.3.2.2 Anion Exchange Chromatography (AIEX)

A modern and commonly applied chromatography medium from GHealthcare
was used for anion exchange chromatography. Capto Q is a stgoanion exchange
resin based on quaternary ammonia structure (see gufe 8.8)

CH
o
o
Figure 3.8: Capto Q - ligand

In order to remove as many HCPs, HCDNAs, Viruses and Endotoxins fro the
active pharmaceutical ingredient (API) as possible, a sligly lower pH than the
isoelectric point (IEP) of the API should be applied. With this condition, the
mentioned impurities exhibit a negative net charge and bintb the resin, whereas
the monomer ows through the column without binding; the scealled ow-through
mode (FT mode). However, as a rst step, a bind-elute mode witlpH-gradient
elution was performed for assessment of a suitable pH-valwe the FT mode. The
conductivity of the applied bu er should be as low as possiélto increase the bind-
ing capacity of the resin. However, conductivity was not lowed below 2mS/cm to
avoid protein precipitation.

Bind-elute mode with pH-gradient Elution:

(see gure[3.9 at page 63)

The IEP of the monomeric antibody is 8.5, the IEP of LCD/LC is 62. Thus, a
slightly higher pH than the IEP of the monomer was used to bindhe monomer
and LCD/LC. Binding-pH was 9.3. Subsequently, pH was decrsad to 7.2 with a
gradient of 20 column volumes (CV). A suitable bu er ion for ths pH-value is Tris
due to its pKa-value of 8.2. In addition, it is a cationic bu & ion and therefore
does not interfere with the AIEX-matrix.

The rst peak of gure 8.9]A marks the monomer, the second peatarks LCD and
LC (veri ed via SEC Tosoh in gure B). pH and conductivity right in between
the two peaks were determined (marker M) in order to apply tls condition as
starting condition for the next experiment.

Condition: 50 mM Tris pH 8.00, conductivity 3mS/cm

Flow-through mode:

(see gure[3.10 at pagé 64)

With the selected conditions (see above), the monomer shdulow through the

column without binding and LCD/LC should bind. In order to verify the binding

of LCD/LC to the resin, bu er A containing 1 M NaCl was used to elute LCD/LC.

This elution step will not be performed in process scale.

In contrast to theoretical assumptions, almost the whole KBP passed through
in ow-through mode (FT mode) (Peak 1). Peak 2 consists of LCCand LC as
expected. Despite the fact that this method seems to be notisable for removal of
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LCD and LC on a Hitrap—column, is has to be taken into account that separation
properties are also dependent on ow rate and protein condeation. The sepa-
ration property can di er enormously under process-reali ow rate and protein
load on a Hiscreen-column. Due to the fact that the determined conditions are
very favorable for removal of process-related impuritiesdlatively high pH and low
conductivity), this method was applied in the bu er veri cation model.

Bu er veri cation model  [i

(see gure[3.11 at pagé 85)

For the bu er veri cation model of AIEX, 11 mL KappaSelect eluae in 0.1 M
Glycine pH 2.5 containing the required 70.5 mg KappaSelediing protein (KSBP)
was used. This solution was shifted to the required conditis of pH 8.00 and con-
ductivity of 3mS/cm using 5mL 150 mM Tris pH 9.60 and 4 mL watefor injection.
Thus, 20mL pH- and conductivity-adapted solution containig 70.5mg of KSBP
was applied onto a Hiscreer-column with a ow rate of 0.59 mL/min.

The rst peak contains almost pure monomer, whereas the semband third peak
consist only of LCD and LC. The second peak probably occursdaise of a change
of the bu er properties. Note that the bu er at Peak 1 consistsof Glycine (which
does not buer pH at the pH-value of 8), the monomer and the bu e ion Tris.
Bu er conditions at Peak 2 exhibits the same conductivity, It the bu er consists
only of Tris as bu er ion and LCD/LC. Thus, the bu er at Peak 2 has a higher
bu er capacity than bu er at Peak 1. Those little di erences in bu er composition
probably lead to an elution of LCD/LC. In addition, due to the fact that a superloop
was used for sample application, pressure increases up tb lfar after application
of the protein solution and ushing of the superloop. Thus, his may lead to a
premature elution property of LCD/LC as well.

Regardless of these considerations, the procedure is cdpaij clearly separating the
monomer from the contaminants. In addition, the premature lation of LCD/LC
does not matter, because only Peak 1 is fractionated, Peak ada3 will not be
processed further during the production process. The thirgeak occurs because
of reduced binding capacity resulting from increased saltoncentration and was
only applied to verify the binding of LCD/LC to the resin. This step will not be
performed in the production process.

LFor explanation of ow rate and amount of KSBP see part[Z.2.22 at page[3T
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Figure 3.9: AIEX - Evaluation of buer conditions - Bind-elute mode with pH
gradient Elution

A: AKTA Puri er 100

Column: HiTrap—-1 mL-Capto Q; Protein amount: 1 mg;

Bu er A: 50mM Tris pH 9.3; Bu er B: 50mM Tris pH 7.2;

Gradient: 20 CV; Flow rate: 1 mL/min

Marker M: pH 8.00 Cond. 3.0mS/cm

B: UHPLC BioRS 3000

Column: SEC TOSOH TSK-Gel® G3000SWXL 7.8x300; 5um

Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light
chain
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Figure 3.10: AIEX - Evaluation of buer conditions - ow-through mode and sa It
gradient

A: AKTA Purier 100

Column: HiTrap—-1 mL-Capto Q; Protein amount: 1 mg;
Bu er A: 50mM Tris pH 8.0 Cond. 3.0 mS/cm; Bu er B: 50mM Tris pH 8.0 Cond. 80 mS/cm ;

Gradient: 20 CV; Flow rate: 1 mL/min
B: UHPLC BioRS 3000

Column: SEC TOSOH TSK-Gel® G3000SWXL 7.8x300; 5um
Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light

chain
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Figure 3.11: AIEX - Bu er veri cation model
A: AKTA Purier 100

Column: Hiscreen—-4.7 mL-Capto Q;

Protein amount: 70.5mg in 20 mL;

Bu er A: 50mM Tris pH 8.0 Cond. 3.0 mS/cm; Bu er B: 50mM Tris pH 8.0 Cond. 80 mS/cm ;

Gradient: -; Flow rate: 0.59 mL/min
B: UHPLC BioRS 3000
Column: SEC TOSOH TSK-Gel® G3000SWXL 7.8x300; 5um

Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light

chain
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3.3.2.3 Cation exchange chromatography (CIEX)

A modern and commonly applied chromatography medium from GHealthcare
was used for cation exchange chromatography. Capto SP ImpRis a strong cation
exchange resin based on sulfopropyl structure (see gurel3).

OH
O\)\/O\/\/ SO

Figure 3.12: Capto SP ImpRes - ligand

As in AIEX, in order to remove as many HCPs, HCDNAs, Viruses and Endotixs
from the API as possible, a pH slightly below the IEP of the API sbuld be applied.
With this condition, the mentioned impurities exhibit an anionic net charge and do
not bind to the resin, whereas the antibody binds to the resjnthe so-called bind-
elute mode (BE mode). For conductivity, the same rules as f&lEX can be applied.

Bind-elute mode with pH-gradient Elution:

(see gure[3.18 at pagé 68)

The IEP of the monomeric antibody is 8.5, the IEP of LCD/LC is 62. Thus, a

slightly lower pH than the IEP of LCD/LC was used to bind the mawomer and

LCD/LC. Binding-pH was 6.22. Subsequently, pH-value was imeased to 8.5 with
a gradient of 20 column volumes (CV). A suitable bu er is Phodpate due to its

pKa-value of 7.2. In addition, it is an anionic bu er ion and therefore does not
interfere with the CIEX-matrix.

LCD/LC ow through the column. pH and conductivity were determined immedi-

ately before Peak 2 (see marker M), which represents the moner. The determined
condition was applied as starting condition for the next exgriment.

Condition: pH 7.3, conductivity 3mS/cm

Bind-elute mode with salt-gradient Elution:

(see gure[3.14 at pagé 69)

With the selected conditions (see above), LCD/LC ow throudp the column while
the monomer binds to the resin. For elution of the monomer, aimcrease of con-
ductivity is more favorable than an increase of pH becauseit less stressful for the
monomer and easier to control in process scale.

After binding of the monomer to the resin with bu er A, conductivity was slowly
increased by a gradient of 20 CV to an elution bu er containig buer A and 1M
NaCl. The following suitable elution condition was determiad (marker M):
Condition: 20 mM Phosphate pH 7.3, conductivity 15mS/cm (agisted with NaCl)

Bu er veri cation model [

(see gure[3.I5 at pagé 10)

As in the AIEX-experiment, KappaSelect eluate in 0.1 M Glycineld 2.5 was used as
starting material. 11 mL of this eluate contained the requad 70.5 mg KappaSelect

LFor explanation of ow rate and amount of KSBP see part[Z.2.22 at page[3T
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binding protein (KSBP).

This solution was shifted to the desired conditions of pH 708and conductivity of
3mS/cm using 7mL 150 mM HEPES pH 8.0 and 12 mL water for injectio Thus,
30 mL pH- and conductivity-adapted solution containing 70.5hg KSBP was applied
onto a Hiscreer—column with a ow rate of 0.59 mL/min.

The veri cation of bu er conditions worked out well. Peak 1 represents LCD/LC,
Peak 2 is the monomer. Peak 3 is not veri able via SEC.
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Figure 3.13: CIEX - Evaluation of buer conditions - Bind-elute mode with p H-

gradient Elution

A: AKTA Puri er 100

Column: HiTrap —-1 mL-Capto SP ImpRes; Protein amount: 1 mg;
Bu er A: 20 mM Phosphate pH 6.22;

Bu er B: 20 mM Phosphate pH 8.5;

Gradient: 20 CV; Flow rate: 1 mL/min

Marker M: pH 7.4 Cond. 3.5mS/cm

B: UHPLC BioRS 3000

Column: SEC TOSOH TSK-Gel® G3000SWXL 7.8x300; 5um

Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light

chain
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Figure 3.14: CIEX - Evaluation of buer conditions - Bind-elute mode with s
gradient Elution

A: AKTA Purier 100

Column: HiTrap —-1 mL-Capto SP ImpRes; Protein amount: 1 mg;
Bu er A: 20 mM Phosphate pH 7.3 Cond. 3.0 mS/cm;

Bu er B: 20 mM Phosphate pH 7.3 Cond. 80 mS/cm ;

Gradient: 20 CV; Flow rate: 1 mL/min

Marker M: pH 7.3 Cond. 15mS/cm

B: UHPLC BioRS 3000

Column: SEC TOSOH TSK-Gel® G3000SWXL 7.8x300; 5um
Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light

chain

alt-
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Figure 3.15: CIEX - Bu er veri cation model

A: AKTA Purier 100

Column: Hiscreen—-4.7 mL-Capto SP ImpRes;

Protein amount: 70.5mg in 30 mL;

Bu er A: 20 mM Phosphate pH 7.30 Cond. 3mS/cm;

Bu er B: 20 mM Phosphate pH 7.30 Cond. 15 mS/cm;

Bu er C: 20mM Phosphate pH 7.30 Cond. 150 mS/cm ;
Gradient: -; Flow rate: 0.59 mL/min

B: UHPLC BioRS 3000

Column: SEC TOSOH TSK-Gel® G3000SWXL 7.8x300; 5um
Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light
chain
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3.3.2.4 Hydrophobic interaction chromatography (HIC)

A prediction of suitability of a certain hydrophobic chromdography medium for
a distinct application is not possible. Thus, a variety of derent chromatography
media was evaluated for their suitability to separate the nmmomer from product-
related impurities. Figure[3.16 arranges di erent media aording to their relative
hydrophobicity and average resolution. The following mediwere applied: \Butyl
Sepharose 4 fast ow", \Butyl Sepharose High performance”,Butyl-S Sepharose 6
fast ow", \Octyl Sepharose 4 fast ow", \Phenyl Sepharose 6fast ow (high sub)",
\Phenyl Sepharose 6 fast ow (low sub)" and \Phenyl Sepharashigh performance”.

1.6,
J Bead size HIC media
c 1.4 Butyl Sepharose High Performance
o Phenyl Sepharose High Performance
§ J
9 1.2 Capto Octyl
g ' 75'm Capto Butyl
o 1 Capto Phenyl (high sub)
=2}
g 1.04 Octyl Sepharose 4 Fast Flow
5: i Butyl Sepharose 4 Fast Flow
0.8+ Q\O\ © Butyl-S-Sepharose 6 Fast Flow
| 90 'm © Phenyl Sepharose 6 Fast Flow (low s
@® Phenyl Sepharose 6 Fast Flow (high «
0.61

10 11 12 13 14 15 16 17 18
Average retention (CV)

Figure 3.16: HIC ligands and media

Resolving power and hydrophobicity of various HIC media baed on elution studies of the six model
proteins: ovalbumin, -chymotrypsinogen, ribonuclease, lactoferrin, lysozym, -amylase.

(© GE Healthcare)

Bind-elute mode with salt-gradient Elution:

(see gure[3.17 at pag€_1B-T5)

On HIC media, proteins bind at high-salt conditions and eluteat low-salt condi-
tions. Hydrophobic proteins bind tighter than hydrophilic proteins. Thus, KSBP
were bound by application of high salt bu er A. Conductivity was decreased by
application a gradient (20 CV) to low salt bu er B resulting in an individual elution
pro le. Peaks were not assessed in SEC-analysis.

For the column with the best resolution, Phenyl Sepharose HigPerformance
(Phenyl HP), the conductivity between the two peaks was deterined (marker M)
and used as starting condition for an experiment in ow-thragh mode.

Condition: 50 mM Tris pH 8.00 conductivity 18.5 mS/cm.

Flow-through mode:

(see gure[3.18 at pagé 16)

With the selected conditions (see above), the monomer ows$rough the column
while LCD/LC bind to the resin. The elution with decreased sk concentration at
the end of the experiment was applied to verify the binding dfCD/LC to the resin,
this elution step will not be performed in the production preaess.
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Bu er veri cation model [

(see gure[3.19 at pagé 17)

As in the AIEX-experiment, KappaSelect eluate in 0.1 M Glycine Id 2.5 was ap-
plied as starting material. 11 mL of this eluate contained té required 70.5mg
KappaSelect binding protein (KSBP). This solution was shiéd to the required
conditions of pH 8.00 and conductivity of 18.5mS/cm using 8mL 150 mM Tris
pH 9.60 and 1.5mL 1M (NH),SO,. Thus, 17mL pH- and conductivity adapted
solution containing 70.5 mg KSBP was applied onto a Hiscreercolumn with a ow
rate of 0.47 mL/min.

The rst peak represents almost pure monomer, whereas thecead and third peak
consist of only LCD and LC. The second peak probably occursdsise of a change
of the bu er properties similar to the AIEX-experiment. In addition, the same
pressure condition was occurring. This might be the reasorhwthe larger molecule
LCD leaches (Peak 2) and the smaller molecule LC still sticke the column. Those
complex interactions were avoided in further experimentsybusing a sample pump
instead of a superloop for sample application.

Nevertheless, these interactions do not impact the procedself. Only Peak 1 is
fractionated, Peaks 2 and 3 will not be processed further inrgduction process. The
third peak occurs because of reduced binding capacity retsud) from decreased salt
concentration and was only applied to verify the binding of CD/LC to the resin.
This elution step will not be performed in production proces

1For explanation of ow rate and amount of KSBP see part[Z.2.22 at page[3T
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HIC - Media screening - Bind-elute mode with salt-gradient Elu tion 1/3
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HIC - Media screening - Bind-elute mode with salt-gradient Elu tion 2/3
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Figure 3.17:HIC - Media screening - Bind-elute mode with salt-gradient Elu tion 3/3

AKTA Puri er 100

Column: see A) to G);

Protein amount: 1 mg;

Bu er A: 1M Ammonium sulfate/ 50 mM Tris pH 8.00 Cond. 130 mS/c m;
Bu er B: 50 mM Tris pH 8.00 Cond. 3.0 mS/cm ;

Gradient: 20 CV; Flow rate: 1 mL/min

Marker M: pH 8.00 Cond. 18.5mS/cm
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Figure 3.18: HIC - Evaluation of bu er conditions - Flow-through mode

A: AKTA Puri er 100

Column: HiTrap —-1 mL-Phenyl Sepharose High Performance; Protein amount: fng;

Bu er A: 50 mM Tris pH 8.00 Cond. 18.5mS/cm ;

Bu er B: 50 mM Tris pH 8.00 Cond. 3.0mS/cm ;

Gradient: 20 CV; Flow rate: 1 mL/min

B: UHPLC BioRS 3000

Column: SEC TOSOH TSK-Gel® G3000SWXL 7,8x300; 5um

Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light
chain
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Figure 3.19: HIC - Bu er veri cation model

A: AKTA Purier 100

Column: Hiscreen—-4.7 mL-Phenyl Sepharose High Performance;
Protein amount: 70.5mg in 17 mL;

Bu er A: 50mM Tris pH 8.00 Cond. 18.5 mS/cm

Bu er B: water (bidest.)

Gradient: -; Flow rate: 0.47 mL/min

B: UHPLC BioRS 3000

Column: SEC TOSOH TSK-Gel® G3000SWXL 7.8x300; 5um
Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light

chain
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3.3.2.5 Multimodal Chromatography (MMC)

A modern and commonly applied chromatography medium from GHealthcare was
used for multimodal chromatography. Capto MMC is a chromatgraphy resin with

a multimodal CIEX/HIC-ligand (see gure B.20).
C
OH OH
/O\)\/O\/\/SVIH
0

o

Figure 3.20: Capto MMC - ligand

As in AIEX and CIEX, in order to remove as many HCPs, HCDNAs, Viruses and
Endotoxins from the API as possible, a pH slightly below the IE of the API
should be applied. With this condition, the mentioned impuities exhibit an anionic
net charge and do not bind to the resin, whereas the antibodyirigs to the resin;
the so-called bind-elute mode (BE mode). Due to their hydrdmbic properties,
multimodal media are much more salt tolerant than CIEX-media

Bind-elute mode with pH-gradient Elution:

(see gure[3.Z21 at pagé 80)

The IEP of the monomeric antibody is 8.5, the IEP of LCD/LC is 62. Thus, a
slightly lower pH than the IEP of LCD/LC was used to bind the maomer and
LCD/LC. Binding-pH was 5.0. Subsequently, pH-value was ineased to 8.5 with
a gradient of 20 column volumes (CV). The following bu ers wer recommended
by manufacturer GE Healthcare: 100 mM Acetate / 50 MM Phosphaté 20 mM
Succinate pH 5.0 (bu er A) and pH 8.5 (bu er B).

The rst peak marks the LCD and LC, the second peak representhe monomer.
pH and conductivity right in between the two peaks were detenined (marker M)
in order to apply this condition as starting condition for the next experiment.
Condition: pH 7.0 conductivity 17 mS/cm.

Bind-elute mode with salt-gradient Elution:

(see gure[3.22 at pagé 81)

The selected condition (see above) was slightly altered. Bw ion was Phosphate
in order to simplify the bu er and conductivity was decreasd to 4.3mS/cm to in-
crease the binding capacity of the monomer. With these conidins, LCD/LC ow
through the column while the monomer binds to the resin. As in [EX, the increase
of conductivity is more favorable for elution of the monomethan an increase of
pH because this condition is less stressful for the monomardaeasier to control in
process scale.

After binding of the monomer to the resin with bu er A, conductivity was increased
by a gradient of 20 CV to an elution bu er containing bu er A and 1 M NaCl. The
following suitable application and elution conditions wex determined (markers M1
an M2):
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Application: 25 mM Phosphate pH 7.00, conductivity 17 mS/cm

Elution: 25 mM Phosphate pH 7.00, conductivity 63 mS/cm

Because of the high conductivity required for elution, it ca be concluded that the
monomer exhibits a high binding a nity towards the resin.

Bu er veri cation model [

(see gure[3.ZB at pagé 82)

As in the AIEX-, CIEX- and HIC-experiments, KappaSelect eluate ir.1 M Glycine
pH 2.5 was used. 21 mL of this eluate contained the required.3tng KappaSelect
binding protein (KSBP). This solution was shifted to the reqired condition of
pH 7.00 and conductivity 20 mS/cm using 24mL 75mM PhosphateH 8.0 and
18 mL 0.2M NaCl. Thus, 65mL of pH- and conductivity adapted solion con-
taining 70.5mg of KSBP was applied onto a Hiscreencolumn with a ow rate of
0.59 mL/min.

The veri cation of bu er conditions did not show the expectal results. Peak 1 rep-
resents LCD/LC and to some extent the monomer, Peak 2 reprege the monomer.
As already mentioned, the binding a nity of the monomer towards the resin is
very high. However, because of the huge amount of monomer irettow-through
fraction, the binding capacity is low at the same time. Thiss a disadvantage of this
method. Further optimization would be required, if this mehod would be applied.

LFor explanation of ow rate and amount of KSBP see part[2Z.2.22 at page[3T
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Figure 3.21: MMC - Evaluation of buer conditions - Bind-elute mode with pH
gradient Elution

A: AKTA Puri er 100

Column: HiTrap —-1 mL-Capto MMC; Protein amount: 1 mg;

Bu er A: 100 mM Acetate / 50 mM phosphate / 20 mM Succinate pH 5. 0;

Bu er B: 100 mM Acetate / 50 mM phosphate / 20 mM Succinate pH 8.5;

Gradient: 20 CV; Flow rate: 1 mL/min

Marker M: pH 7.0 Cond. 17.0mS/cm

B: UHPLC BioRS 3000

Column: SEC TOSOH TSK-Gel® G3000SWXL 7.8x300; 5um

Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light

chain; Peak at 23.75 min. results from intrinsic absorptionof Succinate at 220 nm
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Figure 3.22: MMC - Evaluation of buer conditions - Bind-elute mode with sa It-
gradient Elution

A: AKTA Puri er 100

Column: HiTrap —-1 mL-Capto MMC; Protein amount: 1 mg;

Bu er A: 25mM Phosphate pH 6.98 Cond. 4.3 mS/cm;

Bu er B: 25 mM Phosphate pH 6.98 Cond. 80 mS/cm ;

Gradient: 20 CV; Flow rate: 1 mL/min

Marker M1: pH 7.00 Cond. 20mS/cm

Marker M2: pH 7.00 Cond. 63 mS/cm

B: UHPLC BioRS 3000

Column: SEC TOSOH TSK-Gel® G3000SWXL 7.8x300; 5um

Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light
chain
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Figure 3.23: MMC - Bu er veri cation model

A: AKTA Purier 100

Column: Hiscreen—-4.7 mL-Capto MMC;

Protein amount: 70.5mg in 65mL;

Bu er A: 25 mM Phosphate pH 7.3 Cond. 20 mS/cm;

Bu er B: 25 mM Phosphate pH 7.3 Cond. 63 mS/cm,;
Gradient: -; Flow rate: 0.59 mL/min

B: UHPLC BioRS 3000

Column: SEC TOSOH TSK-Gel® G3000SWXL 7.8x300; 5um

Analysis of load (Pre) and fractions of A; Mon = Monomer, LCD = Light chain dimer, LC = Light

chain
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3.3.2.6 Extended analysis

In the following, the bu er veri cation models of the 4 methads (AIEX, CIEX, HIC
and MMC) were compared according to the following criteriakappaSelect binding
protein (KSBP) was analyzed before and after each polishingethod.

Purity, yield and process e ort:

SEC Superdex (improved SEC analysis) for evaluation of th@wtent of aggre-
gates, monomer, LCD and LC in KSBP

" Evaluation of monomer yield
SDS-PAGE for characterization of KSBP

" Evaluation of the required e ort to perform the polishing mehod
Biological activity

" Flow cytometric analysis on FLT3- and CD3-positive cell lins

" T-cell proliferation assay
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Purity, Monomer yield and required e ort to perform the meth od

SEC Superdex (improved SEC analysis):

The four polishing methods were compared with SEC (Superdemnalysis (see
gures to[3.2T) . The peak evaluation results from Chroeteon 7.2 software
are summarized in tablé"3}4

AIEX is an e ective method for reduction of the aggregate comint. The enrichment
of the monomer and LCD/LC removal is not very e ective.

CIEX is enriching aggregates. The enrichment of monomer amemoval of LCD/LC
IS very e ective.

HIC is a very e ective method for reduction of the aggregate ewent. In addition,
the enrichment of monomer and the removal of LCD/LC is e cien.

MMC is also an e ective method for reduction of the aggregateontent, enrichment
of monomer and removal of LCD/LC.

Thus, in regard to this analytical evaluation, AIEX, HIC and MMC are suitable for
polishing of the active pharmaceutical ingredient (API). CEX is not suitable due
to its aggregate-enriching properties.

180 ,
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= P Mon LCD LC
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Ll I [ | L1] |/ N\min
-20 | | | 1 |
L L L L L L L T L L L L L L L D L
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300 |
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[ : :l :'A : I | | L i
_50' L T T T L S B B
12,0 15,0 20,0 25,0 30,0 35,0 40,0 42,0

Figure 3.24: Bu er veri cation model - SEC (Superdex) - AIEX

UHPLC BioRS 3000

Column: Superdex—200 Increase 10/300 GL

Analysis of load (Pre) and polishing application (Post); Mon = Monomer, LCD = Light chain
dimer, LC = Light chain



3.3. DEVELOPMENT OF A PURIFICATION PROCEDURE 85
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Figure 3.25: Bu er veri cation model - SEC (Superdex) - CIEX

UHPLC BioRS 3000

Column: Superdex—200 Increase 10/300 GL

Analysis of load (Pre) and polishing application (Post); Mon = Monomer, LCD = Light chain
dimer, LC = Light chain
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Figure 3.26: Bu er veri cation model - SEC (Superdex) - HIC

UHPLC BioRS 3000

Column: Superdex—200 Increase 10/300 GL

Analysis of load (Pre) and polishing application (Post); Mon = Monomer, LCD = Light chain
dimer, LC = Light chain
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Figure 3.27: Bu er veri cation model - SEC (Superdex) - MMC
UHPLC BioRS 3000

Column: Superdex—200 Increase 10/300 GL

Analysis of load (Pre) and polishing application (Post); Mon = Monomer, LCD = Light chain
dimer, LC = Light chain

Table 3.4: Bu er veri cation model - Extended analysis - SEC Superdex
KSBP analysis pre and post each polishing application

Sample  Aggregate [%] Monomer [%] LCD [%] LC [%]

Pre AIEX 4.4 55.5 23.7 16.0
Post AIEX 0.8 91.3 4.2 3.0
Pre CIEX 1.3 51.5 22.1 24.7
Post CIEX 3.8 93.1 1.2 1.0
Pre HIC 3.7 56.3 24.5 14.8
Post HIC 0.6 94.7 2.2 15
Pre MMC 3.2 56.7 23.5 16.2
Post MMC 0.8 98.6 0.3 0.3

Monomer Yield:

Yield was determined by multiplying protein concentration vith the monomer
content (determined via SEC Superdex) before and after appation of a chromato-
graphic technique. The monomer yield is 89 % for AIEX, 98-100 %rfCIEX, 90 %
for HIC and only 75 % for MMC. The low yield for MMC was already sen in the

puri cation chromatogram B3.23 at page 8R; relevant amountfanonomer was found
in the ow-through fraction.

SDS-PAGE:

SDS-PAGE shows analogue bands compared to SEC-analysise(sgure [3.28). No
additional or missing bands are visible (except for the facthat the aggregate
fraction is missing on SDS-PAGE because of the heat-treatmteof the samples in

SDS-PAGE preparation). In regard to this analytical evaluion, all techniques are
suitable for polishing of the API.
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A) AIEX CIEX HIC MMC B) AIEX CIEX HIC' MMC
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Figure 3.28: Bu er veri cation model - SDS-PAGE
Analysis of load (Pre) and polishing application (Post); A = unreduced condition; B = reduced
condition; marker: \PageRuler—Prestained Protein Ladder"

Required e ort to perform the method:

Method e ort is low for AIEX and HIC, because these methods canéperformed
in ow-through mode (FT mode). MMC requires a medium method @rt due to
the application of a bind-elute mode (BE mode). The e ort forCIEX is very high
due to the application of a BE mode and relatively high back mssure due to a
small bead size (4im), this results in a low ow rate.
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Biological activity:

Flow cytometric analysis on FLT3- and CD3-positive cell line s:
Flow cytometric analysis of monomer-normalized KSBP beferand after each
polishing method was almost identical for all four polishig methods compared
to reference NF-CU, 2979 (SP2/0) (see gures[3.29 and_3.30). In regard to this
analytical evaluation, all techniques are suitable for pahing of the API.

Controls
AIEX CIEX
1504
150+ 150
S 1004 < 1004 5 1004
S 5 8
() (]
S E E
L 504 T - L 50
= = 0 =
0+ O+ (O S B |
10°  10* 102  10®  10*  10° 10° 10* 102  10® 104  10° e &
conc. ng/mL conc. ng/mL 5{\“7’ 0\\8 Nt
° @
O
«
Controls
HIC MMC
150+
150+ 150+
— —_ = 100
3 1007 5 1004 ks 100
B 8 2
E 13 =
L 504 T 504 L 504
L so g 5 =
0 0 O e
10° 10* 10?2  10® 104  10° 10 10' 102  10° 104  10° G e &
conc. ng/mL conc. ng/mL \;(\Q‘ on e
5° @
O
Q?‘
Figure 3.29: Bu er veri cation model - Flow cytometric analysis - NALM-16 ¢ ells

Titration of monomer-normalized samples pre ( ) and post ( ) polishing application on NALM-16
cells; Isotype = NP-CUy 2970 (SP2/0) 10 pg/mL; Ref = NF-CU y297¢ (SP2/0) 10 pg/mL; Detec-
tion: GaH-Fc-PE
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Figure 3.30: Bu er veri cation model - Flow cytometric analysis - Jurkat cells

Titration of monomer-normalized samples pre ( ) and post ( ) polishing application on Jurkat
cells; Isotype = NP-C16y 2970 (SP2/0) 10 pg/mL; Ref = NF-CU y 2970 (SP2/0) 10 pg/mL; Detec-
tion: GaH-Fc-PE

T-cell proliferation assay:

Titration of monomer-normalized KSBP obtained in the T-cdl proliferation assay
before and after each polishing method was almost identicr all four polishing
methods compared to reference NF-Glg7o (SP2/0) (see gure[3.31). In regard to
this analytical evaluation, all techniques are suitable fopolishing of the API.
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Figure 3.31:Bu er veri cation model - T-cell proliferation assay

Titration of monomer-normalized samples pre () and post ( ) polishing application; Reference
(™= NF-cu n297g (SP2/0); ET = 1:1; N = NALM-16; P = PBMC; PHA = 10  pg/mL phyto-
hemagglutinin
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3.3.2.7 Summary and Conclusion

The results for the extended analysis are summarized in ta&iB.5.

AIEX is an e ective method for the enrichment of monomer, redts in high monomer
yield and no loss of biological activity is observed. Furthenore, this technique
promises good theoretical properties for the removal of press-related impurities;
the relatively high pH-value of 8 and the low conductivity of 3nS/cm are very

favorable for this application (see parf1.4]13 at padel5).

CIEX is not a suitable method due to the aggregate-enrichingroperties.

HIC is a very e ective method for the enrichment of monomer andeduction of

LCDI/LC content and especially for the reduction of aggrega&t content. Monomer
yield is high and no loss of biological activity can be obsezd.

MMC is not a suitable method due to a very low monomer yield.

The combination of AIEX and HIC is suitable because of the dieznt separa-
tion mechanisms of these methods. The advantage of this comdttion is the
e ective removal of process-related impurities via AIEX andhe e ective removal
of product-related impurities (especially aggregates) &iHIC. Those methods were
applied for the development of a small-scale model, a 1:18€ale model of the
planned production process scale.

Table 3.5: Summary of extended analysis for bu er veri cation model of AIEX, CIEX,
HIC and MMC

AIEX CIEX HIC MMC

Aggregate [%] (SEC) 0.8 3.8 0.6 0.8
Monomer [%)] (SEC) 91.3 93.1 94.7 98.6
LCD/LC [%] (SEC) 7.2 2.2 3.7 0.6
Monomer Yield [%] 89 98-100 90 75
SDS-PAGE Analogue bands to SEC
Method e ort Low Very high Low Medium

Flow cytometric analysis Same binding pre and post method
T-cell proliferation assay Same proliferation pre and postmethod
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3.3.3 Development of a small-scale model of the production
process

At the end of chapter[3.3.2, it was concluded that the combirieon of polishing
methods AIEX (Capto Q) and HIC (Phenyl HP) is reasonable and sudble. For
simulation of a production process, a small-scale model 100) must be developed.
The theoretical background for performance of the methodsush as scaling of
columns and ow rates is explained in parf2.2.212 at pade137.

In order to verify the suitability of the combination of KappaSelect, AIEX (Capto

Q) and HIC (Phenyl HP), three puri cations with two di erent ba tches of super-
natant were performed. For veri cation of process limitatbns, one puri cation was

performed with 90%, one with 110% and one with 135% load of thetended

130 mg of KSBP (seé 2.2.2.2 at pagel37).

In the bu er veri cation models of chapter 3.3.2, AIEX was peformed in FT mode
with a 50 mM Tris bu er pH 8.00 conductivity 3mS/cm, HIC was performed in FT
mode with a 50mM Tris bu er pH 8.00 conductivity 18.5mS/cm (aljusted with
(NH4)>S0O,). Thus, the easiest way to combine these two polishing apgéitions is to
perform the AIEX method rst, then add the required amount of IM (NH4),SO,
to increase conductivity to 18.5mS/cm and then perform the HI method.

The three veri cation batches were named AH1.1, AH1.2 and AH1.3. \AH1repre-
sents the rst possible combination of AIEX and HIC (see above)The ennumeration
behind this abbreviation represents the batch number. Foraeh batch, samples were
collected after each column to perform analytical evaluain (in-process controls 1-3
(IPC-1-3)).

The following analytical evaluation was performed for IPCsf the three veri cation
batches:

" SEC (Superdex) / UHPLC and monomer yield

" SDS-PAGE

" Analytical CIEX / UHPLC

Flow cytometric analysis on FLT3- and CD3-positive cell lies
T-cell proliferation assay

Potency Assay (Promega)

" Process related impurities (HCP-, HCDNA-, LKS-removal)

For puri cation chromatograms and parameters see appendpart 5.3.7 at pagd 139
. and table at page[139. A compendium of results for IPCsan be found in
the appendix (see tabl€ 513 at page 143).
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3.3.3.1 SEC (Superdex) / UHPLC and Monomer vyield

(see appendix gure[5.4 at page 144, table 5.4 at page 145 anonsnarizing gure
[3.32 at pagd_93)

With process AH1, it was possible to reduce the aggregate comtdérom 6.6 % via
4.4% to 0.3%. The main aggregate clearance was achieved vi&CHMonomer
content rises from 53.9% to 97.2% and LCD/LC content declisefrom 39.3% to
1.8%. The main LCD/LC clearance was achieved via AIEX.

Monomer yield was calculated from tablelS 5.2 at page 139 and @t page14B with
the following equation (amount in [mg]):

Monomer yield [%] IPC-2 amount Monomer IPC-3 amount Monomer
0

Y AIEX appl. amount Monomer HIC appl. amount Monomer

(3.1)

Monomer yield declines with rising KSBP-load. 100% KSBP lobcorresponds to
130 mg KSBP (see chapter 2.2.2.2 at pagel37). Monomer yield9&.5% at 90 %
maximum load to 77 % at 135 % maximum load (see gufe-3132 D).
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Figure 3.32: Small-scale model - (SEC Superdex)
A-C: Content of product-related impurities detected via SEC Superdex; D: calculation of monomer
yield; 100% KSBP load corresponds to 130 mg KSBP; veri catim batches AH1.1-3
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3.3.3.2 SDS-PAGE

(see appendix gure[5.7 at page_146)

SDS-PAGE analysis exhibits analogue bands compared to SE@Galysis for all three
veri cation batches. No additional or missing bands are vibie (except for the fact
that the aggregate fraction is missing on SDS-PAGE becaustthe heat-treatment
in SDS-PAGE preparation).

3.3.3.3 Analytical CIEX / UHPLC

(see appendix gure[5.B at page_146)

All three chromatograms of veri cation batches exhibits almst the same elution
pro le consisting of one main peak, two acidic variants, onacidic shoulder of the
main peak and two basic variants.

3.3.3.4 Process related impurities

(see gure[3.3B)

With small-scale process AH1, it was possible to reduce the HCPntent from
almost 6000 ppm via 52 ppm to 20.8 ppm and HCDNA content from 67@p to less
than 1.5 ppm. The main HCP- and HCDNA-clearance post a nity chromatography
was achieved via AIEX.

The removal of process-related impurity \leached KappaSatt" (LKS) could not be
evaluated due to a very high background and a false-low sidred the ELISA. After
incubation at 95°C, LCD/LC are not denatured and still bind to the KappaSelect
ligand resulting in a false low signal of the ELISA. In IPC-3,lhte LCD/LC content is
still 1.8 % and might therefore still result in a false-low ginal of the ELISA. Solely a
theoretical consideration on removal e ciency of the procgs could be performed; an
isoelectric focusing electrophoresis of the KappaSeleigfand (from ELISA kit) was
performed to predict the property of the KappaSelect liganadn AIEX (see gure
[3.34 at pagd 95). IEP of KappaSelect-ligand is lower than B.&nd can therefore in
theory be removed very e ectively via AIEX.
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Figure 3.33: Small-scale model - Removal of Process-related impurities
Concentration of process-related impurities detected viaELISA (HCP) and QPCR (HCDNA);
concentrations normalized to monomer; veri cation batches AH1.1-3
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Figure 3.34: Isoelectric focusing electrophoresis - KappaSelect ligan d

Ligand from KappaSelect ELISA kit; marker: \Isoelectric Fo cusing Calibration Kit High Range
pl (pH 5 - 10.5)"

3.3.3.5 Flow cytometric analysis

(see appendix gure[5.P at pageé 147 aid 5]10 at page1148)

All titration curves of monomer-normalized KSBP of IPC-1 to 3exhibit the same
progression for all veri cation batches on NALM-16 (FLT3) and on Jurkat cells
(CD3 ) and are comparable to reference standard (NF-Gldo7q (SP2/0)).

3.3.3.6 T-cell proliferation assay

(see appendix gure[5.11 at page T#9)

All titration curves of monomer-normalized KSBP of IPC-1 to 3xhibit the same pro-
gression for all veri cation batches. The reference stantdh (NF-CU y 297 (SP2/0))

exhibits a slightly weaker cell-proliferation inducing poperty. This may be due to
the fact that the reference standard was already two yearscbhnd stored in DPBS
instead of a suitable formulation bu er.

3.3.3.7 Potency Assay (Promega)

(see appendix gure[5.IR at page 150 and takle 8.6 at pdge 96)

For this experiment, only IPC-3 of batches AH1.1 to AH1.3 were cqgpared to ref-
erence NF-Cl, 2979 (SP2/0). Overall ECs of the three batches is 3.0 0.2ng/mL,
which corresponds to only 33.3% 0.8% relative potency compared to reference.
NF-CUy 2970 S€EMS tO lose potency during puri cation via process AH1.
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Table 3.6: Small-scale model - Potency Assay (Promega) - Calculation of E Cso-values
of IPC-3 for batches AH1.1-3

ECso [ng/mL] % of Ref

Experiment 1

AH1.1 2.8 32

AH1.2 2.7 33

Ref 0.9 100
Mean AH1.1/2 275 005 325 05

Experiment 2

AH1.1 3.2 34

AH1.3 3.2 34
Ref 1.1 100
Mean AH1.1/3 3.2 0 34 0

Experiment 1 and 2

mean AH1.1/2/3 3.0 0.2 33.3 0.8

3.3.3.8  Summary and Conclusion

Aggregates and LCD/LC are very e ectively removed via proceasAH1 resulting in a
monomer yield of 90 %. For all three batches puri ed, SDS-PAB, SEC (Superdex),
analytical CIEX / UHPLC were almost identical. HCP and HCDNA are vay ef-
fectively removed especially via AIEX. LKS is theoretically emoved very e ciently

via AIEX as well. Biological activity decreases during purication, this can only be
observed in the potency assay (Promega).

Despite some loss of potency and incomplete analytical evation, the small-scale
model AH1 exhibits excellent results and is suitable for up-aling.
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3.3.4 Nano ltration

The purpose of this test was to nd a suitable Iter for the reduction of potential
viral contamination for a production process. Because of gvious experience with
\Asahi Kasei"-Nano lters in the production process of the rst product of Syn-
immune GmbH, 4G8SDIEM, ltration performance was solely evaated on \Asahi
Kasei"- Iters. For performance of a process realistic smagcale-experiment, the
technical objectives for the production process must rst & de ned. As discussed
in £.2.2 at page 117, maximum monomer content per batch is @&%Hg with a con-
centration of 1 mg/mL. With addition of a safety factor of 5%, 6300 mg antibody
monomer with a concentration of 1 mg/mL are to be lItrated. The formulation
bu er for this experiment was DPBS.

The following lters were tested: Planova—15N, Planova—20N and Planova—
BioEXx.

Process development scientists of \Asahi Kasei" proposed @20 small-scale model
for Planova—15N and Planova—20N and a 1:100 small-scale model for Planeva
BioEx. Parameters for ltration are listed in table 3.4

Experimental procedure:

As rst step, each lIter was ushed with 20 mL water for injection. A leakage test
was performed and was negative for all three Iters. Subsegntly, the Iters were
ushed with 20 mL DPBS and lItration was performed accordingto the parameters
in table 374 and[3.8. A post-use-leakage test was performeautlavas negative for all
three lters.

Table 3.7: Nano ltration - Parameters for ltration

Filtration volume in process 6.3L
Filter area process lters 0.120n* (15N,20N) 0.100 n? (BioEX)

Filtration volume downscale model 52.5mL (15N, 20N), 63 mL BioEXx)

Filter area downscale lters 0.001 n?
Maximal TMP 98kPa (15N, 20N), 330 kPa (BioEXx)
Mode of lItration isobar

Concentration of antibody solution 1.03mg/mL
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Table 3.8: Nano ltration - Filtration procedure

Filter Planova — 15N 20N BioEX
Filtrated volume - 45 49.4 49.8
void volume [mL]

Filtrated Monomer [mg] 46.35 50.88 51.29

% of required ltration volume 88.3% 97% 81.4%
according to setpoint

Table 3.9: Nano ltration - Results of ltration

Filter Planova — 15N 20N BioEX

Filtration time [h] 125 0.75 0.42
Average ux [L/h/m 2] 44 73.33 132
Product recovery [mg] 44 51.15 45.1
Product recovery (rel) 95% 100% 88%
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Figure 3.35: Nano Itration

Results:

Filtration can be performed in less than 1.5h with all three Iters. Thus, all I-
ters would be suitable for nano Itration in production process. However, product
recovery is an issue for Planova BioEx with only 88 %. Recoyeof Planova 20N is
slightly higher than in Planova 15N (100 % instead of 95 %) antthe Itration time

is much shorter (0.75h instead of 1.25h). In conclusion, these of the following
nano lter will be recommended for production process:

Planova —20 N; area: 0.120m 2
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3.4 Formulation development

A suitable protein formulation bu er increases thermodynanic and kinetic stability
as well as shelf-life of the active pharmaceutical ingredie(API). The following
parameters were predetermined for formulation developmen

" Development of a liquid dosage form
" Antibody concentration of 1 mg/mL

In 2011, Warne et al. stated that the e ort for the developmen of protein for-
mulations for Phase-I-biopharmaceuticals can be reducedadtically by using a
platform approach (Warne, 20111). Based on formulations ofparoved drugs, those
investigators tried narrowing down reasonable combinatie of bu er compositions
and properties.

When analyzing pH of formulations of approved antibody thepeutics (see ex-
amples in table[3.1D), it can be seen that a mild acidic pH is gonon and the main
bu er ions are Histidine or Phosphate. Histidine was used as lmr component
for NF-CUy 297¢ due to its pKa-value of 5.97 (instead of 7.2 for Phosphate). ilis,
Histidine exhibits a higher bu er capacity in mild acidic envronment; it is also
recommended as starting bu er by Warne et al. in bu ers from pl 5.60 to 6.80.
The addition of a protectant against the in uence of severastress factors such as
ultra-/dia Itration or freeze-thaw-cycles is recommendéd. Saccharose is quite com-
mon in lyophilized dosage forms. When using an acidic pH irgliid dosage forms,
Saccharose is an unfavorable choice due to glycolysis. Thsgradation reaction
can especially be observed in the presence of Imidazole (FRand Heitz, 1974). A
reasonable alternative is Trehalose because of a more séabl -1,1-glycosidic bond
between the monosaccharides. Concentrations up to 100 g/ltehalose are common
in formulations for monoclonal antibodies.

In order to maintain a physiological osmolality of roughly 80 mOsm/kg, sodium
chloride is added to each test bu er if required. Usually, sdiactants are added to
the protein formulation to reduce the risk of aggregate foration. The addition
of Tweer? 20 or Tweer® 80 is common in concentrations ranging from 0.01 to 0.2 %.

The formulation development experiments were performed ing a statistical strat-

egy termed \Design of experiments" (DoE) [(Fisher, 1990). Wh this approach,
multiple factors (parameters) of an experiment are alteregdimultaneously and a
correlation to multiple responses (results) can be deductend veri ed. This is an

established approach for process- and formulation devefopnt of biopharmaceuti-
cals.

Di erential scanning uorimetry (DSF) was used for determnation of thermody-
namic stability of the API in a certain buer. The half-maximal denaturation

temperature (melting temperature) of the monomer was deterined with this

method. The thermal stress test was used for determinationf &inetic stability

of the API. After incubation of the antibody solution at 40°C for 1 or 4 weeks,
SEC (Superdex) / UHPLC analysis of the antibody in the respecie bu er was

performed. The amount of aggregates and the amount of monomeormalized to
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the whole peak area were determined.



Table 3.10: Formulation composition of selected monoclonal antibodie

s in liquid dosage form (FDA-Accessdata, 2015)

Drug Approval Conc. pH Buer Isotonisation Sugar Surfactant
Rituximab 1997 10 mg/mi 6.5 25mM Citrate 150 mM NacCl none 0.07% Tweerf® 80
Daclizumab 1997 5mg/mL 6.9 70mM Phosphate 80 mM NacCl none 0D% Tweer® 80
Palivizumab 1999 100 mg/mL 6.0 25mM Histidine 10 mM NacCl none none
1.5mM Glycine
Adalimumab 2002 50 mg/mL 5.2 15mM Phosphate 100 mM NacCl 12 g/LMannitol 0.1% Tween® 80
10 mM Citrate
Tositumomab 2003 2.5mg/mL 7.2 10 mM Phosphate 150 mM NacCl 10Q/L Maltose none
18 mM KOH
Cetuximab 2003 2mg/mL 7-7.4 15mM Phosphate 150 mM NacCl none one
Natalizumab 2004 20 mg/mL 6.1 15mM Phosphate 150 mM NacCl none 0.02% Tweer® 80
Bevacizumab 2005 25mg/mL 6.2 50 mM Phosphate none 60g/L Trei2H,O  0.04% Tweef® 20
Ranibizumab 2006 10 mg/ml 55 10 mM Histidine none 100g/L Trn.*2H,0 0.01% Tweer® 20
Panitumumab 2006 20mg/mL  5.6-6.0 80 mM NaOAc 100 mM NacCl none none
Eculizumab 2007 10 mg/mL 7.0 15mM Posphate 150 mM NacCl none 022 % Tweer? 80
Golimumab 2009 100 mg/mL 55 5.6 mM Histidine none 41 g/L Sorlitol 0.015% TweerP 80
Ipilimumab 2011 5mg/mL 7.0 100uM DTPA 100 mM NacCl 10 g/L Mannitol 0.01 % Tween ® 20
20mM Tris
Tocilizumab 2011 20 mg/mL 6.5 15mM Phosphate none 50 g/L Sadwarose 0.05% Tweefi 80
Nivolumab 2014 10 mg/mL 6.0 20uM DTPA 50mM NacCl 30 g/L Mannitol 0.02% Tween ® 80

ININJOTIAIA NOILVININEOS ¥'E

TOT
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3.4.1 Formulation screening

In the formulation screening experiment, the screening bers comprised the follow-
ing constant properties:

" 20mM Histidine
" Osmolality 300 mOsm/kg
" Antibody concentration 1 mg/mL

The experiment was performed with the following factors (pameters or variables)
as full factorial analysis (see guré-3.36):

~ pH 5.60 to 6.80
~ Tweer® 20 or Tweer® 80 from 0% to 0.15 %
" Trehalose from 0 to 100 g/@

Trehalose [g/ }
o

0,15

100 C 100

50
50 ©

0

56 Tween 20/80 [%
pH [unit]  ° ¢ W %l
0,05

@ 64
0,1

0,15 6.8

Figure 3.36: Formulation screening: Design region
Performed experiments are marked in the corners and in the ceer of design region

The following responses (results) were investigated:

A

Melting temperature determined via di erential scanning uorimetry (DSF)
Tml

" Aggregate content after 1 week at 4% determined via SEC (Superdex) on
UHPLC

" Monomer content after 1 week at 46C determined via SEC (Superdex) on
UHPLC

INaCl was added to maintain osmolality of 300 mOsm/kg rangingfrom 150 mM NaCl for 0 g/L
Trehalose to 0 mM NacCl for 100 g/L Trehalose
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For evaluation of connections between factors and respossehe tting method
\partial least squares” (PLS) was performed by software \Mdde 10.0". Results
are presented in heat maps, green is a favorable conditioredris an unfavorable
condition. The R?, Q? and residual standard deviation (RSD) of each plot are noted
in the caption of the gures.

To evaluate the informative value of a model, the followingtatistical parameters
were considered:

A

R? (Coe cient of correlation) shows the model t; 0.5 is a modelwith rather
low signi cance.

the sum of squares of Y corrected for the mean, explained byetimodel

the total sum of squares of Y corrected for the mean
(3.2)

R2

" Q2 shows an estimate of the future prediction precision. <Bhould be greater
than 0.1 for a signi cant model and greater than 0.5 for a goothodel.

the prediction residual sum of squares
the total sum of squares of Y corrected for the mean

Q° (3.3)

A

RSD (residual standard deviation)

3.4.1.1 Results for Tween ® 20 buers

The results are presented in table"3.11 and gurés3]37,"3.88d[3.39. For response
Tm1, R? and @ are both higher than 0.5. RSD is with 0.32 relatively low.

For response \Aggregate content [%] at 4@ for 1 week" R is higher than 0.5. G
is lower than 0.5. RSD is with 1.58 relatively low.

For response \Monomer content [%)] at 46C for 1 week" R is higher than 0.5. G
is lower than 0.5. RSD is with 2.30 relatively low.

The calculated models are not tted perfectly. Due to the facthat this experiment
is only the screening for a preliminary formulation, the radts are evaluated anyway.

For response T,1, the most favorable conditions are found at pH 5.6, Twe&n20-
concentration of 0.15% and 100 g/L Trehalose with a meltingemperature of T,

= 73°C. The worst conditions are pH 5.6, no Tweéh 20 and no Trehalose with
Tm1 =67 °C.

For responses \Aggregate content [%] at 4C for 1 week" and \Monomer con-
tent [%] at 40°C for 1 week" the most favorable conditions are found at pH 6.80

Tweer® 20 and 100 g/L Trehalose with down to 0 % aggregation and 98 % namer.
The worst conditions are found at high concentrations of Tvee®® 20 from pH 5.6
to 6.8. Trehalose has a positive e ect on aggregation profgrespecially at lower
pH-values. The highest determined amount of aggregation wa®o and the lowest
amount of monomer was 93 %.
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Table 3.11: Formulation screening - Bu er composition and responses fo r Tween ©® 20
bu ers
Parameters | Responses
pH Tween ® 20 Trehalose Tm1  Aggregate Monomer
[%0] [g/L] [°C] content [%]  content [%)]
40°C 1 week 40 °C 1 week
5.6 0 0 66.8 4.04 93.53
6.8 0 0 67.2 0.21 98.06
5.6 0.150 0 69.0 5.15 91.92
6.8 0.150 0 68.0 6.32 91.75
5.6 0 100 71.8 1.01 95.17
6.8 0 100 70.4 0.20 97.32
5.6 0.150 100 73.2 3.45 91.43
6.8 0.150 100 71.0 5.33 92.00
6.2 0.075 50 70.0 0.61 97.47
6.2 0.075 50 70.1 1.38 96.77
6.2 0.075 50 70.1 1.65 96.38
Trehalose [g/L] =0 Trehalose [g/L] = 50 Trehalose [g/L] = 100

56 58 6 62 64 66 56 58 6 62 64 66 56 58 6 62 64 66 68
pH [unit] pH [unit] pH [unit]

Figure 3.37: Formulation screening - Tween  ©® 20 - Melting temperature T~ 1
Numbers and heat lines in the plot represent T,1; R? = 0.99; Q? = 0.62; RSD = 0.32
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Figure 3.38: Formulation screening - Tween  ® 20 - Aggregate content [%)] after 1 week
at 40 °C Numbers and heat lines in the plot represent the aggregate eent in % of protein;
R? = 0.80; Q%2 = 0.23; RSD = 1.58

—

N B
58 6 62 64 6,
pH [unit]

Figure 3.39: Formulation screening - Tween ~ © 20 - Monomer content [%] after 1 week
at 40 °C Numbers and heat lines in the plot represent the monomer comnt in % of protein;
R? = 0.69; Q2 = 0.12; RSD = 2.30

3.4.1.2 Results for Tween ® 80 bu ers

The results are presented in table"3.12 and guife 340. Forgponse \Aggregate con-
tent [%] at 40°C for 1 week", R and @ are both higher than 0.5. RSD is with 1.20
relatively low. The statistical signi cance of this model s very high and is evaluated.

A direct signi cant correlation of Tween® 80-concentration and the aggregation
property can be observed. As a consequence, all further expents with bu ers
containing Tweer 80 were omitted because this compound seems to induce aggre-
gation.
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Table 3.12: Formulation screening - Bu er composition and responses fo

bu ers

CHAPTER 3. RESULTS

r Tween ® 80

Parameters Responses
pH Tween ® 80 Trehalose Tm1  Aggregate Monomer

[%0] [g/L] [°C] content [%]  content [%]

40°C 1 week 40 °C 1 week

5.6 0 0 66.8 4.04 93.53
6.8 0 0 67.2 0.21 98.06
5.6 0.150 0 69.2 23.51 71.70
6.8 0.150 0 68.8 21.86 76.54
5.6 0 100 71.8 1.01 95.17
6.8 0 100 70.4 0.20 97.32
5.6 0.150 100 74.4 22.82 73.72
6.8 0.150 100 71.8 23.34 74.53
6.2 0.075 50 70.3 10.99 87.45
6.2 0.075 50 70.4 10.10 88.32
6.2 0.075 50 70.6 11.84 86.53

Figure 3.40: Formulation screening - Tween

® 80 - Aggregate content [%] after 1 week
at 40 °C Numbers and heat lines in the plot represent the aggregate ctient in % of protein;
R? =0.99; Q2 =0.73; RSD = 1.20
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3.4.1.3 Sweet spot analysis

The sweet spot analysis tool allows the combination and viaupresentation of ac-
ceptance criteria for various responses. In order to deteime a sweet spot area for
the Tweer 20 experiment, the following speci cations were set for eacesponse:

" Tmi: > 70°C
” Aggregate content after 1 week at 4%C: 0-1 % of whole peak area
" Monomer content after 1 week at 46C: > 95 % of whole peak area

The sweet spot area is located in the area of pH 5.6 to 6.8 and @af 20-
concentration of 0 to 0.075 % with 100 g/L Trehalose (see ger3.41). The so-called
sweet spot is marked in green, two criteria met is marked in f@blue, one criterion
met is marked in dark blue and no criteria met is marked in whd.

Figure 3.41: Formulation screening - Sweet spot analysis
The so-called sweet spot is marked in green, two criteria meis marked in pale blue, one criterion
met is marked in dark blue and no criteria met is marked in white
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3.4.2 Formulation optimization

Due to the fact that the sweet spot area of the formulation seening experiment
Is still very large, an optimization experiment was performd with the following
constant properties for each optimization bu er:

" 20mM Histidine

" Osmolality 300 mOsm/kg

~ Antibody concentration 1 mg/mL
" 100g/L Trehalose

The experiment was performed with the following factors (pameters) as full fac-
torial analysis including star points in the central compase design face-centered
(CCF-design):

" pH 5.60 to 6.80
~ Tweer 20 from 0% to 0.075%

The bu ers investigated are marked on the sweet spot plot oht formulation screen-
ing experiment (see gure 3.42).

[ ) [ [ )

[ ) [ [ )

[ ) [ [ )
Figure 3.42: Formulation optimization - Design region deducted from the sweet spot

analysis of the formulation screening experiment

The following responses were investigated:
" Melting temperature determined via DSF (T, 1)

" Aggregate content after four weeks at 4 determined via SEC (Superdex)
on UHPLC!

1The assessment of aggregate and monomer content was perfaethafter 4 weeks instead of 1
week because no di erence in SEC-pro les was detectable.
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" Monomer content after four weeks at 40C determined via SEC (Superdex) on
UHPLC

For evaluation of connections between factors and resposse¢he tting method
\partial least squares" (PLS) was performed by software \Mdde 10.0". Results are
depicted in heat maps. The R, Q? and residual standard deviation (RSD) of each
plot are noted in the caption of gure 3.43.

3.4.2.1 Results for Tween ® 20 buers

For calculation of the models, all relationships that were at statistically signi cant
were omitted from model tting. This was done to increase thenformative value
of the models.

For response T,: the omitted relationships were T20*T20 and T20*pH. For re-
sponses \Aggregate content [%] at 4T for 1 week" and \Monomer content [%] at
40°C for 1 week" the omitted relationships included T20, T20*TR and T20*pH.
For all responses the statistical parameters@RRQ? meet their speci cations and RSD
is relatively low. Despite of some weaknesses in the modetinty, the statistical
signi cance of these models is high enough for preliminargrinulation studies.

For response T,:, the best conditions were found at pH 5.8 and Tweé&n20-
concentration of 0.075%. The melting temperature at theseonditions was Tn1
= 73.5°C (see table 3.13 and gure 3.43). The worst condition was pH.&/ no
Tweer® 20; the melting temperature was less than 7C.

For responses Aggregates [%] and Monomer [%] the best cormafis are found at
pH-values higher than 6.2. The Tweéeh 20-concentration is irrelevant. Best values
for aggregation were less than 0.5% and more than 95% monomeérhe worst
conditions are found at pH 5.6 with an aggregate content of m® than 1.5% and
less than 90 % monomer.

Table 3.13: Formulation optimization - Bu er composition and response S
Parameters \ Responses

pH Trehalose Tm1 Aggregate Monomer

[g/L] [°C] content [%)] content [%]

40 °C 4 weeks 40 °C 4 weeks

5.6 0 72.2 0.97 90.70
6.8 0 70.2 0.32 96.29
5.6 0.0750 73.6 1.66 89.85
6.8 0.0750 714 0.39 95.71
5.6 0.0375 73.3 2.68 85.80
6.8 0.0375 714 0.38 95.76
6.2 0 72.8 0.28 94.69
6.2 0.0750 73.0 0.24 94.57
6.2 0.0375 72.8 0.34 94.36
6.2 0.0375 72.7 0.31 94.24
6.2 0.0375 72.9 0.24 94.52




6,8

Figure 3.43: Formulation optimization - Melting temperature T
Tml: R? =0.92; Q2 = 0.77; RSD = 0.34

Aggregates [%]: R = 0.76; Q2 = 0.57; RSD = 0.43

Monomer [%]: R? = 0.86; Q2 = 0.76; RSD = 1.33

6,8

m1, Aggregate and monomer content [%] after 4 weeks at 40

6,8

°C
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3.4.2.2 Sweet spot analysis

In order to determine a sweet spot area for the formulation @jmnization experiment,
the following speci cations were set for each response:

" T >72C
" Aggregate content after 4 weeks at 4€C: 0-1 % of whole peak area
" Monomer content after 4 weeks at 4%C: > 95 % of whole peak area

The sweet spot for these conditions is a narrow area in the rga of pH 6.3 to 6.6
from 0 to 0.075% Tweefi 20 (see gure 3.44).

6,8

Figure 3.44: Formulation optimization - Sweet spot analysis
The so-called sweet spot is marked in green, two criteria meis marked in pale blue, one criterion
met is marked in dark blue and no criteria met is marked in white

The analysis of the sweet spot plot results in a preliminaryofmulation bu er with
the following properties:

" 20mM Histidine pH 6.4
" 100g/L Trehalose
"~ 0.05% Tweef! 20
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The purpose of this thesis was to develop a production proseand a preliminary
protein formulation bu er for the bispeci ¢ antibody NF-CU y297g. The GMP-grade
active pharmaceutical ingredient (API) obtained from the poduction process is in-
dented for application in a clinical phase I/lla trial for the treatment of AML.

A main issue of biopharmaceutical process development is develope a process,
which is capable of producing an API with the required purity. In most cases,
regulatory authorities do not demand speci ed quality objetives but rather high
guality and scienti ¢ and risk-based justi cation of specications for critical qual-
ity attributes (CQA) (ICH-Q6B, 1999). Another fact to consider is the required
amount of the API for a clinical phase I/lla trial and for validation of all necessary
production steps and assays. The outcome of these qualitydaquantity objectives
is the prerequisite for process development.

The achievements of process development for bispeci ¢ gmidy NF-CUy 2970 Will
be evaluated in terms of these objectives.

4.1 Determination of quality objectives

ICH-Guideline Q11 subdivides critical quality attributes (CQAS) in properties or
characteristics that a ect identity, purity, biological activity and stability of the
active pharmaceutical ingredient (API) (ICH-Q11, 2012).

In the following part, the determined speci cations for idetity, biological activity
and stability of the API are discussed. Subsequently, specations for product- and
process-related impurities as well as for viral- and TSE{&dy are discussed.

Speci cations for CQAs were adopted from mandatory authordtive requirements,
if existing. If no specic values are demanded, commonly afipd speci cations
were adopted. If commonly applied speci cations were notdsible (e.g. for product-
related impurities), the determination of speci cations vas based on characterization
experiments. All determined speci cations for the processnd formulation devel-
opment are summarized in table 5.5 at page 151.

4.1.1 Active pharmaceutical ingredient (API)

The monomeric bispeci c antibody NF-Cl, 2979 can be identi ed via SDS-PAGE,
isoelectric focusing electrophoresis and ow cytometrigttation. The results must
accord with theoretical values.

The puri cation process may in uence the biological activiy of the API. Thus, the
speci cations for biological activity were set as follows.

Flow cytometric analysis: a comparable binding property to cells presenting the
antigens of interest compared to an appropriate referenca&éhno loss of binding
activity during puri cation.

T-cell proliferation assay: a comparable proliferation-inducing property of T-
cells compared to an appropriate reference and no loss of igation properties
during puri cation.

Potency assay (Promega): a comparable activity of the puri ed API of three
batches.
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The unspeci c activation of T-cells in the absence of targetells was already ob-
served in initial characterization experiments at the Depament of Immunology
(Durben, 2012; Durben et al., 2015). The assumption that tkiactivation could be
assigned to aggregates was not correct. The unspeci c aetivn is triggered by
the monomer which may bind to FLT3 on monocytes and thereby #eates T-cells
(Gabbianelli et al., 1995; Durben et al., 2015). This uninteded biological activity
is an immanent property of the monomeric bispeci ¢ antibodyand can therefore
not be reduced or removed.

Stability of an API must be ensured in all phases of clinical delopment and
shelf-life of the product should be at least one year. No retine/real-temperature
studies in an appropriate formulation bu er were performedso far. However, sur-
rogate speci cations for thermodynamic and kinetic stabity can be deducted from
performed experiments and can be applied for formulation delopment: Melting
temperature T, | 72°C, aggregate content 1% after four weeks at 40C and
monomer contentj 95% after four weeks at 46C. If and to what extent these
speci cations correlate to a high stability and long shelfife must be veried in
real-time/real-temperature studies. Those studies are h@art of this thesis. If a
preliminary formulation bu er indicates su cient stabili ty, it should be suitable for
application in clinical phase I/lla trials. A profound formulation development and
stability study should be performed for a clinical phase lltrial.

4.1.2 Impurities

Speci cations for the critical concentration of protein-tased impurities such as ag-
gregates, light chain dimers (LCD), light chains (LC), Host ell proteins (HCP) and
Leached a nity ligands (LKS) were de ned. These impurities are immunogenic
and might therefore lead to the generation of -API antibodies in patients (de
Zafra et al., 2015; Romer et al., 2007). This might have a sigrant impact on
e cacy. Thus, the speci cations for these protein-based irpurities should be very
low in all phases of clinical development as well as for appeal drugs (Chon and
Zarbis-Papastoitsis, 2011).
Because of their API-specic properties, the biological astity of the product-
related impurities aggregate, LCD and LC was characterizeith order to develop
scienti ¢ and risk-based purity specications. These imptities exhibited only
minimal biological activity. However, in order to increase afety and to minimize
unintended immunological or renal reactions, the acceptibaggregate and LCD
level was lowered to 1% and to 2% for LC (determined via SEC Superdex).
Speci cations of process-related impurities were adoptefilom similar processes
with monoclonal antibodies, because the CHO-based produani process followed
by biospeci c interaction chromatography can be regardedsawell-known. The
speci cation for HCP was set to 100 ppm, for Host cell DNA (HCDNAY to
10 ppm and for leached a nity ligand to 10ppm. Those threshold values are
generally regarded as safe (Chon and Zarbis-Papastoits)11; WHO-Biologicals,

1a commonly accepted speci cation for HCDNA content is 10 ngose; assuming a maximum
dose of 1 mg/day, which is already overestimated (see 4.2 atgge 116), a speci cation of 10 hg/mg
(10 ppm) was set. Because of the dose-overestimation, this ia safe speci cation.
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2010). The speci cation for the critical concentration of HONA was set very low
because of the possibility to transmit oncogenes or provsas along with the DNA.
Despite the fact that a clinical con rmation of this mechansm has not been shown
so far (11/2015), the speci cations for this impurity shoull be low in all phases of
clinical development because of the potential severe e scof a gene transmission.
In contrast to most other impurities, the in uence of endotains on patients is very
well described. Thus, regulatory authorities issued mantiy speci cations for this
impurity: 51U/h/kg (Ph.Eur. 7.0, 2015).

4.1.3 Viral and TSE safety

Another critical aspect is to ensure viral safety. Speci cabns for viral safety were
adopted from the European medicines agency (EMA): This regbry authority
states that a conversion of the demanded sterility assuramdevel (SAL) of 10°
for sterile products to viral safety is justi able; the asswance level is the likelihood
of contamination risk per vial (EMA-CPMP/BWP/268/95, 1996). However, the
con rmation of this assurance level can only be obtained ininal clearance studies
with a small-scale model of the production process. That sly is not part of this
thesis.

The risk of transmissible spongiform encephalopathy (TSEproteins is still not
completely understood and therefore the speci cation frorEMA is: \the absence
of any TSE-proteins" (EMA-2011/C-73/01, 2011). The presere of these proteins
should be completely avoided in all phases of clinical despment as well as in drug
approval. No animal-derived raw material will be used in thepcess (except for the
use of the CHO-based production cell line). Thus, this speaation will be ful lled.

4.2 Determination of quantity objectives

4.2.1 Estimated dose, nal product concentration and batch
size requirements

A realistic dose estimation for an active pharmaceutical gredient (API) is impor-

tant for reliable process development. The batch size regements for a planned
clinical trial can only be deducted from this estimation. Beause of the fact that
no safety study with animals was conducted so far, the estineal dose can only
crucially be derived from similar drugs in clinical developent. The most recently
FDA-approved bispeci ¢ antibody is Blinatumomab (FDA-Accesdata, 2015). In a

clinical phase Il trial, patients received 1pg/m2/day for 28 days, which is about
30ug per day and 84Qug in 28 days (Clinicaltrials.gov, 2015).

The minimal reliable lling volume for the intended liquid dosage form is 0.5mL
per vial and concentration is to be set to 1 mg/mL because primus observations
indicated that the protein is stable at this concentration. In conclusion, 50Qug of

NF-CUy 2970 is available per vial.

Assuming a medication cycle of at most 28 days, one patient mse28 vials and
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therefore 14 mg API. Assuming a maximum of 50 patients per trialrf00 mg API
will be required for a clinical phase I/lla trial.

However, 94 % of the vial content will be discarded with thisdjuid dosage form. The
development of a lyophilized dosage form would be more ecomo; Blinatumomab
contains 35ug of lyophilized API per vial (BlinCyto, 2015). The developmast of
a lyophilized dosage form will not be performed for the clical phase I/lla trial
because of the higher development e ort compared to a liquidosage form. That
development could be pursued for a clinical phase Il trialrdor drug approval.
Calculation of the required API for additional regulatory requirements such as
safety studies, stability studies, a viral clearance studgnd validation of parts of
production and quality control is di cult to predict at this stage of process devel-
opment.

4.2.2 Technical limitations of the production process

KappaSelect binding proteins (KSBP) exhibit a DBGgq, of 18.5mg/mL towards
the KappaSelect a nity resin. A range of 30 to 70 % of this capaity will be applied
in production process in order to avoid a shift of the propoivn of monomer to
LCD/LC,; the latter residues exhibit a higher a nity towards the KappaSelect resin
due to their smaller molecular weight and same (LC) or twicesamany binding sites
(LCD) compared to the monomer.

The smallest KappaSelect column connectable to a&KTA ready puri cation sys-
tem is a 1L column (GE-Healthcare, 2015) which can bind 5550 mig 12950 mg
KSBP at 30 - 70% of DBGg .

In a test fermentation run, productivity in a 10 L-wave-reator was 110 mg/L KSBP
consisting of approximately 55 % NF-CW97g-monomer, 40 % LCD/LC and 5 % ag-
gregates. A 100L wave-reactor will be used in the productigorocess. Therefore,
approximately 11,000 mg KSBP comprising 6050 mg NF-Gldgzo-monomer will be
produced. Thus, a puri cation process with a polishing rea@ry of at least 80 %
produces 5000 mg of polished NF-Gl4g7g-monomer. In conclusion, two to three
batches should be su cient for a clinical phase I/lla trial including all regulatory
requirements.

4.3 Achievement of quality objectives

4.3.1 Molecular biology and Cell banking

A stably transfected Chinese hamster ovary (CHO)-based clerwas generated for
permanent and reliable production of bispeci ¢ antibody NFEUy 2970 under serum-
free conditions. This primary seed bank (PSB)-clone is saible for the generation of
a Master cell bank (MCB) and a Working cell bank (WCB) under GMP-conditions.
The MCB and WCB must be generated and tested according to ICH@delines
Q5D and Q5A (ICH-Q5D, 1997) (ICH-Q5A (R1), 1999). This task is at part of
this thesis.

Quality objectives for the absence of microbial contaminain, viral safety and
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Transmissible spongiform encephalopathy (TSE)-proteingere met. Separate re-
ports were generated for the plasmid construction (by Dr. Ldger Gro e-Hovest)
and for the generation of a PSB (by Gregor Neumann).

4.3.2 Fermentation

Fermentation in a university-related setting was only possle because disposable
fermentation equipment was available for lab- and veri cabn scale of the fermen-
tation. Veri cation scale was a 10 L-wave reactor. Developant with stainless steel
equipment would not have been feasible.

As already discussed in 4.2.2 at page 117, the achieved pradurctiter of 110 mg/L
KappaSelect binding protein (KSBP) is su cient for the intended production pro-
cess. Quality objectives for the absence of microbial contégnants and viral safety
will be ful lled when the production process is performed uter GMP-conditions
in a clean room. The fermentation will be performed with animl-component free
fermentation media and equipment. Therefore, the qualitylgectives for TSE-safety
will be ful lled as well.

4.3.3 Purication
4.3.3.1 A nity chromatography

KappaSelect binding proteins (KSBP) exhibit a DBGgo, of 18.5mg/mL towards
KappaSelect a nity resin. This is an average capacity compad to manufacturers
data sheet (GE-Healthcare, 2012). GE Healthcare states thalhé DBC,q4, for Fab-
fragments is 15 mg/mL. NF-CU, 2970 has 1.75-times the weight of one Fab-fragment.
Thus, KappaSelect should theoretically bind 26.25 mg NF-Glbe7qo per mL Kappa-
Select resin. This capacity is propably reduced due to steal reasons and therefore
the value of 18.5mg/mL is an average capacity. This DBfgq iS Su cient as already
discussed in 4.2.2 at page 117.

The anity chromatography was not further optimized in terms of removal of
product- and process-related impurities. A modi cation ofwashing conditions or
ow rates was not evaluated because the polishing processsmall-scale model AH1
was su ciently e ective to allow removal of product- and process-related impurities.

4.3.3.2 Polishing applications

Usually, the purity achieved after initial puri cation is not su cient for application

in a clinical phase I/lla trial. Thus, additional chromatographic techniques were
evaluated for their suitability to purify the active pharmaceutical ingredient (API)
without a ecting its biological activity. Those methods are termed \polishing ap-
plications". This discussion part refers to the bu er veri cation models (see results
part 3.3.2.2 at page 61 .).

Anion exchange chromatography (AIEX):
When comparing the isoelectric points (IEPs) of the monomeand LCD/LC to
the IEPs of process-related impurities, it can be seen that lsigh pH (but lower
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than the IEP of the monomer) is favorable. In that way, all components with IEPs
below the applied pH bind to the positively charged resin, wdreas the components
with higher IEPs such as the monomer and the aggregate ow tbugh the column
(see gure 4.1). A pH-value of 8.00 and conductivity of 3.0 m®&m is therefore very
suitable for removal of product- and process-related impites.

The reduction of the aggregate-, LCD and LC content is e ciehwith this method.
However, a second, at best orthogonal chromatography stepchuas Hydrophobic
interaction chromatography (HIC) or Multimodal chromatography (MMC) would
be necessary for a more e cient removal of these impuritiesYield is average at
89%. The method e ort is low due to the application of a ow-tlrough mode
(FT mode). The theoretical properties for removing proces®lated impurities and
viruses are very promising. The removal of product- and press-related impurities
was veri ed in the small-scale model (see chapter 4.3.3.3 pige 121).

Cation exchange chromatography (CIEX):

In gure 4.1 can be seen that the application of a high pH (butdwer than the IEP of
the monomer) is favorable. In that way, only the monomer andhte aggregate bind
to the negatively charged resin, whereas all the other impities ow through the
column. A pH-value of 7.30 and conductivity of 3.5mS/cm is thvefore a suitable
application bu er for the removal of impurities.

Unfortunately, aggregation is induced by this method. This &y be caused by a
fast conductivity shift from 3 to 15mS/cm (binding to elution), which might induce
aggregate formation. The method e ort is very high due to theperformance of a
bind-elute (BE) mode and due to the small bead size of #n, which results in a
low ow rate.

Comparison of AIEX and CIEX for puri cation of NF-CU N 297Q

The most signi cant disadvantage of CIEX compared to AIEX is he aggregate-
inducing property. A signi cant advantage of AIEX compared b CIEX is, that the
DBC1p¢ Of impurities towards the AIEX resin will not be reached in pratice due
to their low concentration compared to the monomer. In conast, the DBC,qq, Of
the monomer on a CIEX resin can very easily be reached and must evaluated.
Another advantage of AIEX is the applicability of a higher pH conpared to CIEX
resulting in better impurity removal (see gure 4.1). AIEX ersures a faster process
step, because the FT mode is faster than the BE mode. Furtheore, a FT mode
requires less development e ort, because no elution bu erust be developed. The
elution bu er of the BE mode has a higher conductivity than tre FT-bu er and
therefore co-elutes more impurities than the FT-bu er.

One advantage of CIEX is the enrichment of the monomer, whexre AIEX dilutes
the monomer.

In conclusion, AIEX exhibits more advantages than CIEX for pu cation of NF-
CUn2970 and should be applied. In addition, CIEX is not suitable, esgcially
because of the aggregate-enriching properties.
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M2 M1

Figure 4.1: Isoelectric points/areas (IEP) of process- and product-rel ated impurities
Marker M1: pH-conditions for Anion exchange chromatograply

Marker M1: pH-conditions for Cation exchange chromatograjy

LCD = Light chain dimer; LC = Light chain; HCP = Host cell prote ins; HCDNA = Host cell
DNA

Hydrophobic interaction chromatography (HIC):

Due to the fact that the performance of a protein on a HIC chrontagraphy medium
is di cult to predict, seven di erent media were evaluated for their suitablity to
separate the monomer from LCD/LC with the same bu er conditons. Because
of the relatively low aggregate content, this KSBP could nobe evaluated in the
puri cation chromatograms. LCD/LC on the other hand, represent almost 50 % of
KSBP and can therefore be used as \reporter impurities". Theesin with the best
peak separation was chosen for further investigation; Ph@drHP. LCD and LC elute
at a lower conductivity than the monomer and are therefore mie hydrophobic than
the monomer. This was an expected behavior, because in mAbgakty and light
chain heterodimerize not only via disul de bonds, but alsohrough hydrophobic
interaction in the molecule parts directed to the complemeary chain. If one of
these chains is not paired, it exposes a huge hydrophobic lanesulting in increased
hydrophobicity compared to a mAb-monomer. The aggregate ids@ more hydro-
phobic than the monomer; when the monomer is exposed to sts&d conditions
such as low pH, the tertiary structure partially unfolds and &poses hydrophobic
anks resulting in aggregation. Some of these anks are dtiéxposed on the surface
of the aggregate and result in higher hydrophobicity compead to the monomer.

In conclusion, the method is suitable for the removal of agggates and LCD/LC.
Yield is average at 90%. An advantage of this HIC-process is thegsibility to
perform the process in FT mode (see AIEX). The conductivity, wich is required for
separation is not very high (18 mS/cm) and did not show any iruence on biological
activity.

In contrast to that, it is not possible to predict the propertes of process-related
impurities on HIC. Those properties were veri ed in the smalkcale model (see
chapter 4.3.3.3 at page 121).
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Multimodal chromatography (MMC):

The properties of KSBP and process-related impurities on alIC chromatography
medium are almost impossible to predict. Because of the HIGgqperties of MMC
chromatography media, processes are much more salt tolaréman classical CIEX
applications. Required load and elution conductivities & usually much higher and
were determined with 20 and 63 mS/cm respectively. The higlodd conductivity
resulted in reduced binding capacity for the monomer. The ew higher elution
conductivity might have an in uence on biological activity of the monomer and
might lead to co-elution of previously bound impurities. Tle application of a BE
mode is a disadvantage in later production process.

Removal of aggregates and LCD/LC is very e cient with this MMC method. Un-
fortunately, the yield is too low with only 75%. This might bethe consequence of
the high binding conductivity as already assumed earlier g above). The MMC
process would be suitable for further optimization. Howevethe process was not
developed further because the results of AIEX and HIC were mopgomising and
were veri ed with a small-scale model.

Summary and conclusion:

Biological activity does not decrease after application dhe polishing methods; no
di erence in binding properties and T-cell proliferation nduced by the APl was
observed.

In conclusion, a very reasonable arrangement for polishimg the use of AIEX and
HIC. The methods utilize di erent chemical properties of theAPI and the impurities
and therefore ensure high purity. Despite the fact that no thoretical predictions
about removal properties for process-related impuritiesra feasible for HIC, those
predictions are very promising for AIEX and were veri ed witha small-scale model.
The intended application of AIEX would therefore be the remal of LCD/LC, some
aggregates, process-related impurities and viruses, wbas HIC removes LCD/LC
and especially aggregates.

When a polishing process is performed with the AIEX method rsand then the
HIC method, no bu er exchange would be required. Subsequeynthfter performance
of AIEX in FT mode, (NH,4),SO, is added to increase conductivity and a second
FT-mode is performed with HIC. Thus, because of two FT modeshé process can
be performed very fast and no elution bu ers must be develope

4.3.3.3 Process veri cation

Process veri cation refers to the small-scale model AH1 (seesults part 3.3.3 at
page 92 . and appendix chapter 5.3 at page 139).

Process AH1 combines the initial puri cation using KappaSet# and the polishing
applications anion exchange and hydrophobic interactionhoomatography. The
process exhibits very e ective removal properties for agggates and LCD/LC. This
correlates to previous results (see above).

Monomer yield decreases with increasing load of KSBP ontodlprocess columns.
Process AH1.2 with 131 % KSBP load exhibits a higher concentrah than process
AH1.3 with 90% KSBP load. This might result in more unintended etention of
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the monomer to the AIEX or HIC resins. Thus, 100 % load, which e@ls 130 mg
KSBP for the small-scale model should be pursued.

For all three produced batches, SDS-PAGE, SEC (Superdex)JEX / UHPLC were
nearly identical. CIEX / UHPLC shows three acidic variants, two basic variants and
one main peak of the API in all three batches with similar peakraas. Thus, this
pattern indicates a stable, robust and reproducible proces Usually, glycosylation
is responsible for this phenomenon. NF-Glbe7q is not N-glycosylated. The acidic
variants may be the result of posttranslational modi catios such as asparagine
deamidation. Basic variants may be the result of pyroglutaate formation from
N-terminal glutamine (Brorson and Jia, 2014; Rehder et al.,a6).

HCP and HCDNA are e ciently removed especially during AIEX puri cation and
meet their speci cations. This correlates to earlier predtions (see above). The
removal of leached KappaSelect (LKS) could not be veri ed lzause of an in uence
of LCD/LC on the ELISA readout. LCD and especially LC did not mmpletely
denature at 95°C for 15min. and seemed to bind to KappaSelect ligand with tire
binding sites resulting in a false-low signal. The theoretal properties of AIEX for
removal of LKS-Ligand are very promising due to its low IEP 05.

Determination of endotoxin-level has no informative value since the research-
equipment might be contaminated. The endotoxin concentrain will be determined
when process AHL1 is performed in process scale under GMP-ctinds. The risk
of contamination will be very low, because no gram-negativeacteria such asks-
cherichia coli will be used for production. However, removal properties of &X for
endotoxins are very promising because of the low IEP of Lipolysaccharides.

All titration curves of ow cytometric analysis of IPCs are canparable, no loss of
a nity is observed during puri cation. All titration curves of the T-cell proliferation
assay of the IPCs are comparable, no loss in proliferationducing properties during
puri cation can be observed. Potency assay (Promega) is aryesensitive assay. A
minor reduction of potency compared to the reference can bbeserved in all three
batches. Perhaps the polishing resins alter the secondanyd/ or tertiary structure
of the monomer to a small extent, which cannot be observed irow cytometric
analysis or T-cell proliferation assays. This loss of potew is not critical as long as
it is reproducible. All three batches show almost the same exit of potency loss
and the EG5p=3.0ng/mL still indicates a high potency. Thus, this phenonenon
can be considered as not critical.

In conclusion, the developed small-scale model AH1 is suitakfor up-scaling to a
production process. The API produced with a process based amall-scale model
AHL1 is suitable for application in a clinical phase I/lla trial. A summary of the
achievement of quality objectives can be found in table 5.5 page 151.

4.3.4 Viral and TSE safety

The three orthogonal virus reduction steps pH-inactivationanion exchange chroma-
tography and nano Itration combined with the profound testing of the parental cell
line and production under GMP-conditions reduce the risk ofiral contamination of
the nal product tremendously. The e ects of the virus redution steps can only be
discussed theoretically because the required viral cleace study was not performed
so far.
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pH-inactivation is a commonly applied method to reduce viraload and usually ex-
hibits a logarithmic10 reduction value (LRV) of 4 for viruses The isoelectric points
of viruses are mostly acidic (see gure 4.1) and thereforedk bind to the positively
charged anion exchange resin at pH 8.00. In the applied owMtough mode, the
viral load gets reduced as previously discussed for producind process-related im-
purities. This methods usually exhibits a LRV of 5 for viruss.

Nano ltration can be performed in less than 1.5h with all thre selected Iters
Planova—15N, 20 N and BioEx. Thus, all lters would be suitable for nandtration

in the production process. Nano ltration usually exhibits LRVs of 4 to 6 for viruses.
Nevertheless, product recovery is an issue for Planev8ioEx with only 88 %. This
may be due to the fact that the Itration bers consist of hydrophilic modied
polyvinylidene uoride instead of cuprammonium regenera&d cellulose in Planova-
15N and 20N. This might lead to enhanced adsorption of the API. bhomer re-
covery is slightly better in Planova—20N and lItration time is much shorter than
in Planova—15N. The su x 15N does not mean that the actual pore diameter of
the lter is smaller and therefore holds back more viruses. rBcess development
scientists of \Asahi Kasei" asserted that a statement abouthte comparability of
virus removal between 15N and 20N can only be made after rerabwalidation
of spiked viruses from the API (viral clearance study). Theseesults and the fact
that Synimmune GmbH has the most experience with Planova20 N resulted in the
decision to apply this lter.

The con rmation of the viral safety assurance level of 16 can only be obtained in
viral clearance studies with a small-scale model of the prss. This study is not
part of this thesis. However, the theoretical LRVs for viruseare very promising for
this process.

TSE safety is achieved by completely avoiding the use of araderived raw mate-
rial.

4.3.5 Preliminary formulation development

The development of the antibody formulation is regarded ag@liminary. The tested
bu ers were suggestions by Warne et al. for antibody formuteons for a clinical
phase | trial (Warne, 2011). Despite a lack of t for some matbmatical models,
the results of the formulation development were evaluatedHowever, formulation
bu er development for a clinical phase Il trial should incude evaluation of more
potential bu er components.

The suitability of a test formulation was assessed in thernttynamic and kinetic
stability studies of the bispeci c antibody in the respectve bu er.

In the formulation screening experiment, three factors (pameters) which might
in uence each other were altered simultaneously. The threfactors were pH-value,
concentration of Trehalose and concentration of Twe&n20 or 80. The responses
were the melting temperature T,1, the aggregate- and the monomer content after
1 week at 40C of thermal stress. Evaluation and illustration of the conaction of
factors and responses was performed with an DoE approach.

For formulation screening of Tweef 20-bu ers, the responses have their optimum
in di erent parts of the evaluated bu er composition area (cesign region). However,
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a high Trehalose concentration and a certain amount of Twe®n20 is necessary for
optimal thermodynamic and kinetic stability of the protein. The e ects of these
two responses are pH-dependent.

The relevance of the responses for evaluation can be balathedth the sweet-spot
analysis tool. Cuto for T ,; was set not as strict as for responses aggregate and
monomer content after 1 week at 48C. The reason for this is that the latter re-
sponses represent kinetic stability, which correlates mmto the shelf-life of a protein.
In addition, T ,,; is already very high even in unfavorable bu ers compared tctloer
proteins (Menzen and Friess, 2013). The sweet-spot area wagher investigated
in the formulation optimization experiment.

In the formulation screening experiment of Tweéeh 80-bu ers, only response \Ag-
gregate content [%] at 40C after 1 week" was evaluated. A direct correlation
of Tweerf 80-concentration and aggregation can be seen. This obsé¢iva was
completely surprising; Tweefi 80 is a common surfactant to prevent protein aggre-
gation, not to induce it. All subsequent experiments with Twer® 80-bu ers were
omitted.

For formulation optimization, the sweet spot area of the Twen® 20-bu ers from
the formulation screening experiment was further investajed.

Trehalose concentration was kept constant at 100g/L and tmefore only two
factors were altered during the experimental setting; pH-Vae and Tweef® 20-
concentration. A standard optimization design includes soalled star-points. The
central composite design face centered (CFF)-design wasosbn. The assessment
of aggregate and monomer content was performed after 4 wedéhstead of 1 week
because no di erence in SEC-pro les was detectable after leek. This indicates
a high kinetic stability of the protein. Due to the fact that more experiments
were performed in the design region, the optimization desigesulted in a better
mathematical model tting than for the screening experimets. All non-signi cant
connections between factors and responses were omittedrirtne model tting, this
IS an accepted convention.

For evaluation of the formulation optimization experimens, T, was rated more
important. The sweet spot analysis results in a relativelyarge area of suitable
bu er compositions. The following bu er was chosen as pretinary formulation
bu er:

" 20mM Histidine pH 6.4
" 100g/L Trehalose
"~ 0.05% Tweeff 20

ICH-Guideline Q5C states that the determination of the expiation date should be
based on real-time/real-temperature studies (ICH-Q5C, 199. Nevertheless, the
use of accelerated stability studies for determination ohermodynamic and kinetic
stability of a protein in certain formulation bu ers is common (Weiss et al., 2009).
However, it has been shown that promising results in accelégd stability studies
do not always correlate to a longer shelf-life (Wang et al.097). Thus, these results
must be veri ed with real-time/real-temperature studies.
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In conclusion, API formulated in the developed preliminary drmulation bu er
should be suitable for application in a clinical phase I/llarial. A summary of the
achievement of quality objectives can be found in table 5.3 page 151.

4.4 Review of the development process

The special aspect of this thesis was the realization of goathnufacturing practice
(GMP)-compliant late-stage development of a protein-basepharmaceutical drug
at an university-related setting. This section evaluateshe technical feasibility to
achieve previously de ned quality and quantity objectivesat a small spin-o com-
pany operating at an university campus.

The profound characterization of biological activity of poduct-related impurities
was performed with standard equipment of the Department ohdimunology. Process
development is possible with quali ed personal and minimalesources. However,
the development process requires a profound overview ovearieus technical and
legal requirements. Nevertheless, a viral clearance studyust be entrusted to a
specialized company. In addition, the success of the prelimary formulation devel-
opment can only be assessed in real time/real temperaturepetiments. However,
the formulation development approach performed in this thes should be applicable
for a wide range of antibody therapeutics.

The development process was performed in a period of 1.5 yeafhe investment
costs were about 150,00® and include a UHPLC, an AKTA-FPLC, a Q-PCR-
device, an orbital shaker and a 10L wave reactor. These exges do not include
standard university equipment such as scales, centrifugasd gel chambers. Person-
nel costs were 55,0080 and the expenses for chemicals, reagents, chromatography
columns, cell culture media, kits and plastic supply were alit 24,000e. This cal-
culation of costs does not include expenses for the trangfen plasmid, the cell line
or the viral clearance study. Those development expense® aery low compared to
the development costs at a contract manufacturing organiaan.

In conclusion, a small spin-o company operating at an univsity campus is capable
of developing a production process and formulation bu er foa biopharmaceutical
drug for application in a clinical phase I/lla trial. This fundamental work lowers
the expenses for GMP-development and -production at a coatt manufacturing
organization. The consecutive process development for anaal phase Il trial
should be performed by a pharmaceutical company with deve@iment experience.

4.5 OQOutlook

The next step towards a clinical phase I/lla trial is to up-sale process AH1 and to
perform a veri cation run under GMP-conditions. The proces data should be uti-
lized to verify the up-scaling and to verify or adapt speci ations for critical quality

attributes (CQAs). The department of quality control must develop an ELISA for

leached KappaSelect and validate all required assays. Tharhulated API can be
used for safety studies (ICH-Guidelines S1-S11). The mastard working cell banks
must be developed and characterized.
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Subsequently, a viral clearance study can be performed. Thieus removal of the fol-
lowing process steps should be validated: viral inactivain via pH, AIEX-polishing
and nano ltration. In addition, a validation of the nal ste rile Iter and of the
lling of drug product is requested. After validating the sakty assays of the quality
control department, the production and quality parts of an mvestigator medicinal
product dossier (IMPD) can be written. The IMPD is a direct prerequisite for a
clinical trial.
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5.1 List of abbreviations

°C Degree Celsius

AC A nity chromatography

ACF Animal component-free

ADC antibody-drug conjugate

ADCC Antibody-dependent cellular cytotoxicity
AIEX Anion exchange chromatography

AH1 Polishing process combination AIEX, HIC number 1
ALL Acute lymphoid leukemia

AML Acute myeloid leukemia

API Active pharmaceutical ingredient

Appl. Application

AU Absorption units

BE mode Bind-elute mode

CCF central composite design face-centered
CDC Complement dependent cytolysis

CDR Complementary determining region
CHO Chinese hamster ovary

CIEX Cation exchange chromatography

CD Cluster of di erentiation

Conc. Concentration

Cond. Conductivity

CQA Critical quality attribute

Cs Caesium

Ccv Column volume

Da Dalton

DBC g4 Dynamic binding capacity at 10% ow through
DNA Deoxyribonucleic acid

DPBS Dulbecco's Phosphate bu ered saline
DSF Di erential scanning uorimetry

ECso E ective concentration for 50 %

ELISA Enzyme-linked immunosorbent Assay
ET E ector : target ratio

FACS Fluorescence-activated cell sorting
FCS Fetal calf serum

FDA Food and drug administration

FF Fast ow

FFF Field ow fractionation

FPLC Fast protein liquid chromatography

FT mode Flow-through mode

g Gram

GMP Good manufacturing practice

Gy Gray

h Hour

HCDNA Host cell deoxyribonucleic acid

HCP Host cell protein

HIC Hydrophobic interaction chromatography

HP High performance
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ICH International Conference on Harmonisation of Technicd Requirements
for Registration of Pharmaceuticals for Human Use

IEP Isoelectric point

IEX lon exchange chromatography

IMDM Iscove's modi ed Dulbecco's medium

IMPD Investigator medicinal product dossier

IPC In process control

U International units

KS KappaSelect

KSBP KappaSelect binding protein = Aggregates, Monomer, LCD and LC of
NF-CUn 2970

L Litre

LC Light chain

LCD Light chain dimer

LKS Leached KappaSelect

LPS Lipopolysaccharides

LRV Logarithmic10 reduction value

m Meter

M Molar

mAb monoclonal antibody

MEM-NEAA Minimum essential Medium - Non-essential Amino Acid Solution

MCB/WCB Master cell bank / Working cell bank

MDS Myelodysplastic syndrome

MFI Mean uorescence intensity

min. Minute

MMC Multimodal chromatograpy

Mon Monomer

MRD Minimal residual disease

MW molecular weight

NFAT Nuclear factor of activated T-cells

OD2gg Optical density at = 280nm

Osm Osmol

Pa Pascal

PBMC Peripheral blood mononuclear cell

pH pondus Hydrogenii

Ph.Eur. Pharmacopoeia europea = european pharmacopoeia

PHA Phythemaglutinine

pKa Negative log of acid dissociation constant

PLS Partial least squares

ppm Parts per million

PSB Primary seed bank

QPCR Quantitative polymerase chain reaction

R&D Research and development

Ref Reference

RLU Relative luminescence units

RPMI Roswell Park Memorial Institute medium

RSD Residual standard deviation

S Siemens

scFv Single chain Fragment variable (antibody fragment)

SDS-PAGE Sodiumdodecylsulfate - Polyacrylamide gel elecbphoresis
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SEC Size exclusion chromatography

TFF Tangential ow ltration

TMP Trans membrane pressure

TSE Transmissible spongiform encephalopathy
(UHPLC (Ultra) high performance liquid chromatography
Vv Volume

5.2 Amino acid sequence of NF-CU  n29710

Heavy chain:
QVQLQQPGAELVKPGASLKLSCKSSGYTFTSYWMHWVRQRPGHGLEWIGE
IDPSDSYKDYNQKFKDKATLTVDRSSNTAYMHLSSLTSDDSAVYYCARAIT T
TPFDFWGQGTTLTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPE
PVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVN H
KPSNTKVDKKVEPKSCDKTHTSPPSPAPPVAGPSVFLFPPKPKDTLMISRT
PEVTCVVVGVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYQSTYRVVSV
LTVLHQDWLNGKEYKCKVSNKQLPSPIEKTISKAKGQPSGDIQMTQSPSSL S
ASVGDRVTITCRASQDIRNYLNWYQQKPGKAPKLLIYYTSRLESGVPSRFS G
SGSGTDYTLTISSLQPEDFATYYCQQGNTLPWTFGQGTKVEIKGGGGSGGG
GSGGGGSEVQLVESGGGLVQPGGSLRLSCAASGYSFTGYTMNWVRQAPGK
GLEWVALINPYKGVSTYNQKFKDRFTISVDKSKNTAYLQMNSLRAEDTAV
YYCARSGYYGDSDWYFDVWGQGTLVTVSS

Light chain:
DIVLTQSPATLSVTPGDSVSLSCRASQSISNNLHWYQQKSHESPRLLIKYA SQ
SISGIPSRFSGSGSGTDFTLSINSVETEDFGVYFCQQSNTWPYTFGGGTKL EI
KRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSG
NSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKS F
NRGEC
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5.3 Small-scale model

5.3.1 Purication

Table 5.2: Small-scale model - Process Parameters for AH1.1-3 ; IPC = In process control
AH1.1 AH1.2 AH1.3
KappaSelect V = 10mL; h = 20cm; v = 400 cm/h
Application Name Supernatant Spin150128-A Spin150512-E
Volume Supernatant [mL] 1064 1060 790
Amount KSBP [mg] 143 (110%) 178 (135%) 119 (90%)
Wash with PBS until OD 250 20 mAU 20mAU 20mAU
Elution Frac from to 100 mAU to 100 mAU
Volume Elution [mL] 12.8 13.9 12.3
pH 2.86 2.86 2.78
Preparation for AIEX (Capto Q)
Add. 150 mM Tris pH 9.60 [mL] 5.40 5.45 5.45
pH 7.994 7.999 7.997
Cond. [mS/cm] 4.65 5.02 4.32
Add. water [mL] 10.5 14 9
Cond. [mS/cm] 2.98 3.02 3.01
Volume (sum) [mL] 28.7 33.35 26.75
i IPC-1

AIEX (Capto Q): V = 9.4mL; h = 20cm; v = 150 cm/h

Application Volume [mL] 26 30 21,7
Amount Monomer [mg] 71.70 85.85 50.71
Elution Frac from to 50 mAU to 100 mAU
Volume Elution [mL] 335 37.6 28.8
w IPC-2

Preparation for HIC (Phenyl HP)

Add. 1M (NH 4)2804 [mL] 2.8 3.4 2.2
Cond. [mS/cm] 18,6 18.5 18.75

Conc. [mg/mL] 2.05 2 1.72

HIC (Phenyl HP) V = 9.4mL; h = 20cm; v = 120cm/h

Application Volume [mL] 31.6 37 27

Amount Monomer [mg] 60.39 66.96 43.15
Elution Frac from to 50 mAU to 100 mAU
Elution volume 37 42 32

i IPC-3
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A)
uwv —-—-—--- Cond
mAU 'mS/cm
+14.0
2000
+12.0
1500 10.0
1000 8.0
500 6.0
0 4.0
70.0 75.0 80.0 85.0 90.0 ml
B)
uw -~-———-—- Cond
mAU mS/cm
8.0
600 5.0
400 4.0
200 2.0
0 0.0
C)
uwv -——-—- Cond
mAU mS/cm
400 4 _ -20.0
300 - +15.0
200 1 +10.0
100 - 5.0
0 i 0.0

0.0 . . . . ml

Figure 5.1: Small-scale model for production process - Process AH1.1

Column dimensions: 2 x Hiscreear—(V = 9.4 mL; h = 20cm) for each puri cation step
Amount KSBP: 142.5mg (110 %)

A: KappaSelect; v = 400 cm/h; BE mode DPBS and 0.1 M Glycine pH 25

B: AIEX; Capto Q; v = 150cm/h; FT mode 50 mM Tris pH 8.00 / Cond. 3 mS/cm

C: HIC; Phenyl HP; v = 120cm/h; FT mode 50 mM Tris pH 8.00 / Cond. 18.5mS/cm
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A)
uwv -——-—-—- Cond
mAU -
2000 -
1500 -
1000 -
500
0 Ne Y 4.0
1150.0 1155.0 1160.0 1165.0 1170.0 1175.0 ml
B)
uwv -——--—- Cond
mAU mS/cm
8.0
600
6.0
4
00 4.0
200 2.0
0 0.0
C)
mAU | mS/cm
400 -20.0
300 15.0
200 0.0
100 5.0
0 0.0

0.0 10.0 20.0 30.0 40.0 500 ml

Figure 5.2: Small-scale model for production process - Process AH1.2

Column dimensions: 2 x Hiscreea—(V = 9.4mL; h = 20cm) for each puri cation step
Amount KSBP: 178 mg (135 %)

A: KappaSelect; v = 400 cm/h; BE mode DPBS and 0.1 M Glycine pH 25

B: AIEX; Capto Q; v = 150 cm/h; FT mode 50 mM Tris pH 8.00 / Cond. 3 mS/cm

C: HIC; Phenyl HP; v = 120cm/h; FT mode 50 mM Tris pH 8.00 / Cond. 18.5mS/cm
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A)
uwv —-—-—--- Cond
mAU mS/cm
+15.0
2000
1500
+10.0
1000
500
5.0
0
840.0 845.0 850.0 855.0 860.0 865.0 ml
B)
uw ———--—- Cond
mAU mS/cm
8.0
600
6.0
400
4.0
200 2.0
0 0.0
C)
mAU mS/cm
400
20.0
300
+15.0
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0 0.0

0.0 10.0 20.0 30.0 40.0 ml

Figure 5.3: Small-scale model for production process - Process AH1.3

Column dimensions: 2 x Hiscreear—(V = 9.4 mL; h = 20cm) for each puri cation step
Amount KSBP: 119 mg (90 %)

A: KappaSelect; v = 400 cm/h; BE mode DPBS and 0.1 M Glycine pH 25

B: AIEX; Capto Q; v = 150cm/h; FT mode 50 mM Tris pH 8.00 / Cond. 3 mS/cm

C: HIC; Phenyl HP; v = 120cm/h; FT mode 50 mM Tris pH 8.00 / Cond. 18.5mS/cm



5.3. SMALL-SCALE MODEL 143

5.3.2 Analysis
5.3.2.1 Compendium of Analysis

Table 5.3: Small-scale model - Compendium - Results for IPC

Concentration was determined via ODygo-measurement; Aggregate-, monomer- and LCD/LC-
content was determined via SEC Superdex; HCP-content was dermined via ELISA; HCDNA-
content was determined via QPCR; Note: results for SDS-PAGE Flow cytometric analysis, T-cell
proliferation assay and potency assay (Promega) are not ifaded in this compendium; IPC = In
process control; KSBP = KappaSelect binding protein; HCP = Host cell proteins; HCDNA = Host
cell DNA, QPCR = Quantitative PCR; LCD = Light chain dimer; LC = Light chain

AH1.1 AH1.2 AH1.3

IPC-1 conc. [mg/mL] 4.97 5.34 4.44
Amount KSBP [mg] 142.64 178 119
Aggregates [%] 6.88 5.84 7.2

Monomer [%]  55.49 53.59 52.63

LCD/LC [%] 37.63 40.56 39.58

Amount Monomer [mg]  79.15 95.39 62.51

HCP [ppm] 5584 4591 7569
HCDNA [ppm] 629 497 884

IPC-2 conc. [mg/mL] 2.1 2.2 1.87
Amount KSBP [mg]  70.35 82.72 53.86
Aggregates [%] 3.61 5.56 3.96
Monomer [%]  93.22 90.48 92.91

LCD/LC [%)] 2.63 3.29 2,51
Amount Monomer [mg]  65.58 74.85 50.04

HCP [ppm]  46.0 52.8 57.2

HCDNA [ppm] 15 15 15

IPC-3 conc. [mg/mL] 1.59 1.45 1.29
Amount KSBP [mg] 58.83 60.9 41.28
Aggregates [%] 0.28 0.32 0.33
Monomer [%]  97.69 97.15 96.88

LCD/LC [%)] 1.47 1.87 2.05
Amount Monomer [mg]  57.47 59.16 39.99

HCP [ppm] 20.6 20.0 21.8

HCDNA [ppm] 15 15 15
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5.3.2.2 SEC analysis via Superdex —200 Increase 10/300 GL
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Figure 5.4: Small-scale model - SEC (Superdex) - Process AH1.1
UHPLC BioRS 3000
Column: Superdex—200 Increase 10/300 GL

Analysis of In-process controls (IPC1-3); Mon = Monomer, LCD = Light chain dimer, LC = Light

chain
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Figure 5.5: Small-scale model - SEC (Superdex) - Process AH1.2
UHPLC BioRS 3000
Column; Superdex—200 Increase 10/300 GL

Analysis of In-process controls (IPC1-3); Mon = Monomer, LCD = Light chain dimer, LC = Light

chain
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Figure 5.6: Small-scale model - SEC (Superdex) - Process AH1.3

UHPLC BioRS 3000

Column: Superdex—200 Increase 10/300 GL

Analysis of In-process controls (IPC1-3); Mon = Monomer, LCD = Light chain dimer, LC = Light
chain

Table 5.4: Small-scale model - SEC (Superdex)
Peak detection and quanti cation via software \Chromeleon 7.2"; Analysis of In-process controls
(IPC1-3) of process AH1

Aggregate [%] Monomer [%] LCD [%] LC [%]

IPC-1 6.9 55.5 22.1 15.6
AH1.1 IPC-2 3.6 93.2 11 1.6
IPC-3 0.3 97.7 0.4 1.1
IPC-1 5.8 53.6 22.4 18.2
AH1.2 IPC-2 5.5 90.5 15 1.8
IPC-3 0.3 97.2 0.9 0.9
IPC-1 7.2 52.6 22.2 17.4
AH1.3 IPC-2 4.0 92.9 1.1 14

IPC-3 0.3 96.9 0.9 1.2
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5.3.2.3 SDS-PAGE

AH1.1 AH1.2 AH1.3 AH1.1 AH1.2 AH1.3
[ . LI . | . ! [ . [ . 1 . !
170 170
130 130
100 100
70
70
55
55
40 40
35 35
15 15
kDa kDa

Figure 5.7: Small-scale model - SDS-PAGE
IPC-1-3 for veri cation batches AH1.1 to AH1.3; A = unreduce d condition; B = reduced condition;
marker: \PageRuler—Prestained Protein Ladder"

5.3.24 CIEX / UHPLC
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Figure 5.8: Small-scale model - CIEX / UHPLC
UHPLC BioRS 3000

Column: MAbPac—SCX-10 RS, 5um BioLC—2.1x50 mm
Analysis of In-process control 3 (IPC-3) of process AH1
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5.3.2.5 Flow cytometric analysis

Figure 5.9: Small-scale model - Flow cytometric analysis - NALM-16 cells

Titration of monomer-normalized IPC-1 ( ), IPC-2 ( ) and IPC-3 ( ) of process AH1 on NALM-16
cells; Isotype = NP-C16y 297q (SP2/0) 50 ug/mL; Reference ( ) = NF-CU y 297 (SP2/0); Detec-
tion: GaH-Fc-PE
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Figure 5.10: Small-scale model - Flow cytometric analysis - Jurkat cells

Titration of monomer-normalized IPC-1 ( ), IPC-2 ( ) and IPC-3 ( ) of process AH1 on Ju-
rkat cells; Isotype = NP-C16y297¢ (SP2/0) 50 pg/mL; Reference ( ) = NF-CU y 2970 (SP2/0);
Detection: GaH-Fc-PE
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5.3.2.6 T-Cell proliferation assay

Figure 5.11: Small-scale model - T-cell proliferation assay

Titration of monomer-normalized IPC-1 ( ), IPC-2 ( ) and IPC-3 ( ) of process AH1; Refer-
ence () = NF-CU y2970 (SP2/0); E:T = 1:1; N = NALM-16; P = PBMC; PHA =10 pg/mL
phytohemagglutinin
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5.3.2.7 Potency assay (Promega)

Figure 5.12: Small-scale model - Potency assay (Promega)
Titration of monomer-normalized IPC-3 of batches AH1.1 ( ), AH1.2 (®) and AH1.3 ( ); Overall
ECsp of the three batches is 3.0 0.2 ng/mL, which corresponds to 33.3% 0.8 % relative potency

compared to reference.
Reference | ) = NF-CU y 2970 (SP2/0); RLU = relative luminescence units; E:T = 2:1; E = mod if.

Jurkat; T = NALM-16

5.3.3 Speci cations and Achievements for the Small-Scale
model



Table 5.5: De nition and achievement of quality objectives - Speci ca

tions and results for critical quality attributes

CQA Speci cation Achievement
Identity
Distinctive Identi cation of Aggregates, Monomer, LCD and LC identi ed
Purity
Aggregates 1% (SEC Superdex) 0.3%
LCD 1% (SEC Superdex) 0.7%
LC 2% (SEC Superdex) 1.1%
HCP 100 ppm (ELISA) 20.8 ppm
HCDNA 10 ppm (QPCR) 1.5ppm
LKS 10 ppm (ELISA) theoretical
Endotoxins 51U/h/kg (Ph.Eur. 7.0 part 2.6.14) theoretical
Viral safety Assurance level of 10° theoretical
TSE safety Absence of TSE proteins achieved
Biological activity
FACS comparable binding properties to cells presenting theantigens veri ed
of interest compared to an appropriate reference and
no loss of binding activity during puri cation
T-Cell comparable proliferation-inducing properties of T-cells compared veri ed
proliferation to an appropriate reference and no loss of advation
properties during puri cation
Potency Assay comparable activity of the puri ed API of thre e batches veri ed
(Promega)
Stability
Melting temperature Tm1i 72°C (DSF) veri ed
40°C 4 weeks 1% Aggregate (SEC Superdex) veri ed

i 95% Monomer (SEC Superdex) veri ed

13AON FTVIOS-TIVINS ‘€'S
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5.4 Contributions

Figure 1.2 at page 6
Figure 2.1 at page 32
Figure 3.16 at page 71
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Synimmune GmbH, Tubingen
Synimmune GmbH, Tabingen
GE Healthcare, Manchen
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