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Historical overview concerning methods for antibody production

Antigen

Animal

> Based on animal immunization:

¢ Monoclonal antibody technology

» Recombinant binders:

JusWwade|

s Immunoglobulin derivatives: Fab/scFv libraries

* Non immunoglobulin binders: DARPIns

4

Derived from in vitro selection techniques



Immunoglobulin structure
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Naturally produced immunoglobulins or antibodies are

macromolecular Y-shaped proteins of approximately 150 kDa. . :
Peap PP Y  Diagnostic

In the animal, antibodies are produced primarily by plasma

cells, a type of terminally differentiated B lymphocyte upon e Research

activation of the immune system.

They can be generated to selectively target a specific antigen * Therapy
binding partner and are universal weapons against
pathogenic threats.



Polyclonal antibodies
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Polyclonal antibodies
from different B cells are
produced.

Serum contains mixed population of different types of antibodies (polyclonal) targeting the antigen in different
epitopes.

* Prone to batch-to-batch variability.

 Produce large amounts of non-specific antibodies, which can create background signal in some
applications.

« Multiple epitopes make it important to check immunogen sequence for cross-reactivity.

* Not useful for probing specific domains of antigen because antiserum will usually recognize many
domains

As antibodies producing plasma cells from animals cannot be grown in tissue culture, they cannot be used as
an in vitro source of antibodies.



Mouse monoclonal technology:
From immunization to Hybridoma generation

Generating Monoclonal Antibodies

Edward A. Greenfield
Dana-Farber Cancer Institute, Boston, Massachusetts 02115
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Mouse monoclonal technology
From Hybridoma screening to antibody production
n

Generating Monoclonal Antibodies
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Myeloma cell lines used as fusion partners

BALB/c Mouse
l Mineral oil injection’
MOPC 21 (carried as tumor)

l Established as cell line?

P3K

Select for
HGPRT?

Select for nonsecretion
and HGPRT®”

P3-X63Ag8 NSI/1-Ag4-1
Select for _ Fuse to Select for
nonexpression* spleen cells® Select for nonexpression®
Subclone® APRT®®
X63-Ag8.653 Sp2/0-Agi4d FOX-NY NSO/1

l Fuse with self®
FO

TABLE 2. Myeloma cell lines used as fusion parents

Chains
Cell line Reference(s) Derived from  expressed  Secreting  Comments
Mouse lines
P3-X63Ag8 Kéhler and Milstein 1975 P3 K Y1, Kk 1gG1 Not recommended
X63Ag8.653  Kearneyetal. 1979 P3-X63Ag8 None No Recommended
Sp2/0-Ag14  Kohler and Milstein 1976; Shulman ~ P3-X63Ag8 None No Recommended
etal. 1978 BALB/c
FO de St. Groth and Scheidegger 1980  Sp2/0-Ag14 None No Recommended
NSI/1-Ag4-1  Kohleretal. 1976 P3-X63Ag8 Kappa No Recommended
NSO/1 Galfre and Milstein 1981 NSI/T-Aga-1 None No Recommended
FOX-NY Taggart and Samloff 1983 NSI/T-Aga-1 Kappa(?) No
Rat lines
Y3-Agl.2.3 Galfre etal. 1979 Y3 Kappa No Not recommended
YB2/0 Kilmartin et al. 1982 YB2 /3HL None No Recommended

IR983F Bazin 1982 LOU/c rats None No Recommended




Rabbit monoclonal technology (1):
plasmacytoma cell lines

Proc. Natl. Acad. Sci. USA
Vol. 92, 1pp. 9348-9352, September 1995
Immunology

Rabbit monoclonal antibodies: Generating a fusion partner to
produce rabbit-rabbit hybridomas

(mye /abl/transgenic rabbits/plasmacytoma /B cells)

HELGA SPIEKER-POLET, PERIANNAN SETHUPATHI, PI-CHEN YAM, AND KATHERINE L. KNIGHT*

myc/abl double-transgenic rabbits developed plasmacytomas

Establishement of plasmacytoma cell lines 240E-1 able to develop into a usable fusion partner
with spleen cells from hyperimmunized rabbits

produce mAbs specific for mouse antigens and also for antigens or epitopes that are not
immunogenic in mice

stability problems with the fusion cell line 240E-1



Rabbit monoclonal technology (1):
plasmacytoma cell lines

« After multiple rounds of subcloning and
selection, a new cell line 240E-W, was
identified which expressed better fusion
efficiency and stability
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Rabbit monoclonal technology (2):

scFV or Fab library from immunized rabbit selection by in vitro display screening

Antigen Immunization Library Construction Antibody Isolation Recombinant Antibody
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[ 2.3 Months 0.5-1 Month 1 Months 1 Month

* Polysera ELISA * Fab Antibody PCR * Fab Antibody ELISA * |gG Antibody ELISA
¢ Fab Antibody Diversity * Fab Antibody Sequencing * 3mg / Purified Full-Length
Sequencing e Supermatant Fab Antibody Antibody




Rabbit monoclonal technology (3):

Rabbit B cell from peripheral blood

OPEN a ACCESS Freely available online @PLOS | GNE

A Robust High Throughput Platform to Generate
Functional Recombinant Monoclonal Antibodies Using
Rabbit B Cells from Peripheral Blood

Stefan Seeber, Francesca Ros, Irmgard Thorey, Georg Tiefenthaler, Klaus Kaluza, Valeria Lifke,
Jens André Alexander Fischer, Stefan Klostermann, Josef Endl, Erhard Kopetzki, Achal Pashine™,
Basile Siewe"®, Brigitte Kaluza, Josef Platzer, Sonja Offner*

Large Molecule Research, Pharma Research and Early Development, Roche Diagnostics GmbH, Penzberg, Germany

Peripheral B cells could be a preferred source for very good
antibodies in terms of affinity maturation, since the emigration of
the matured ASCs/plasma blasts from the spleen is an affinity
driven process

Method based on a combination of B-Cell Cloning and B-Cell
PCR technology which is highly effective in isolating a large
number of rabbit B-cell clones secreting sufficient monoclonal
antigen specific 1gG.
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Types of mAbs

Murine

Chimeric

Humanized

Human

regions
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 Fc binding
Entirely murine amino acids

Human constant (C)
+ murine variable (V) regions

Murine complementarity
determining regions (CDRs)

Entirely human amino acids

Framework

Going for therapy:
Humanization and and modulation of the Fc effector function

Antigen
binding

‘0’ = mouse

e.g. muromonab
‘i’ = chimeric
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When developing therapeutic mAbs, the choice of IgG
subclass is important, especially in oncology




Disadvantages of mammalian cell systems for mAb production

At present, he majority of mAbs approved for therapeutic applications are produced in:

* Chinese hamster ovary cells (12 out of 28),
« SP2/0 (7/28) and NSO (5/28) mouse cell lines,
* hybridomas (2/28).

The remaining two are antigen-binding fragments (Fabs) that are produced periplasmically
in Escherichia coli.

Advantages of mammalian cell expression systems:

endotoxin-free

high-level expression and stability,

Recently developed for the display of functional glycosylated immunoglobulin on the cell
surface.

However, the selection of stable antibody-producing cell lines is very time consuming and
results in higher costs relative to microbial expression systems that involve much faster
growth rates and thus lower capital investment.



Procaryotic systems for mAb production?

ARTICLE

Received 15 Dec 2014 | Accepted 15 Jul 2015 | Published 27 Aug 2015

Efficient expression of full-length antibodies
in the cytoplasm of engineered bacteria

Michael-Paul Robinson!, Na Ke2, Julie Lobstein?®, Cristen Peterson!, Alana Szkodny', Thomas J. Mansell,
Corinna Tuckeyz, Paul D. R\‘ggsz, Paul A. Colussi®®, Christopher J. Noren?, Christopher H. Taron?,
Matthew P. DeLisa' & Mehmet Berkmen?

A major challenge facing the use of E. coli as an antibody expression platform is the production of mAbs
with the correct disulfide bonds.

The formation of disulfide bonds in E. coli can be catalysed in either the naturally oxidative periplasmic
compartment.

However, periplasmic expression limited by the smaller volume, the lack of ATP-dependent molecular
chaperones and by inefficiently secretion of both the IgG HC and LC across the cytoplasmic membrane.

Biologically active IgGs can be obtained in engineered oxidative cytoplasm of the E. coli strain SHuffle.

Significantly higher titres of cytoplasmic IgGs named ‘cyclonals’ were obtained compared with periplasmic
IgG expression.



Cytoplasmic expression of mouse anti-MBP cyclonals in SHuffle
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The genes encoding HC (VH-CH1-CH2-CH3) and LC (VL-CL)
of anti-MBP were assembled into a synthetic, bicistronic operon
under the control of a T7/lac promoter in plasmid pET21b.

Test wild-type (Reducing) E. coli B strain vs the isogenic
suppressor strain MB1731 (Oxi), whose cytoplasmic reductive
pathways have been diminished, allowing the formation of
disulfide bonds in the cytoplasm.

Cyclonal production is enhanced in Shuffle strain (Oxi + cDsbC)
by expression of DsbC, an oxidoreductase chaperone capable
of enhancing oxidative protein folding both in its native
periplasmic compartment and when expressed cytoplasmically.



Redirecting cyclonals to new antigens with swapped variable regions
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This involved first replacing the VH and VL genes of the anti-MBP cyclonal with the same genes from a
variety of existing antibodies and antibody fragments.
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Remodelling the Fc domain of cyclonals for binding to FcyRs.

lgGs lacking glycosylation in their Fc domain, such as those produced in E. coli, are completely
unable to bind to FcgRs, and do not induce FcyR-mediated effector functions.

Aglycosylated Fc with E382V/M4281 mutation binds to FcyRI and is efficiently produced by
cyclonals
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Antigen-binding activity of chimeric anti-PA-63 cyclonal with either Wt or
mutated Fc domain (cyclonal Fc(E382V/M428I)). Glycosylated IgGs with WT
Fc were purified from hybridoma cultures and included as positive control
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Comparison of cytoplasmic versus periplasmic IgG expression
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Shortcomings of monoclonal antibody technology

» Relies on animal immunization
* The antigen needs to be immunogenic but must be not lethal when injected

» The specificity and affinity of the selected antibody can be checked but not improved in
hybridoma technology.



Generating recombinant antibodies and antibody mimetics
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A large library of potentially interesting
1*""96 repertoire of binder genes (>108) antibodies/mimetics is created, from which binders

with desirable specificity and affinity can be selected
against a specific antigen.

Prerequisite for in vitro selection process:
Link between the genotype (DNA sequence) and
the phenotype (protein)
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Construction of antibodies libraries

Antibody libraries

Natural

Naive Immune

The repertoire of antibody light and heavy chain
MRNA from B cells is amplified via PCR using a
set of specific primers covering all the V gene
families.

The antibody fragments are generated by
random combination of VL and VH chain genes.

Most commonly Fab and scFv can be cloned
and displayed on phage/ribosome libraries.

Gene library

—
B cell o Vyand V, au
8 G isolation . ',. ¥ genes isolation +

.

£ 00 |

Synthetic

Modular Consensus Frameworks and
randomized CDRs:
All the sequences are exactly known

I1G kappa Light Chain
Variable Domain
* Reduction in solvent accessible surtace

1G Heavy Chain
Variable Domain
CDR3

Cterm Crerm

Knappik A. Et al., J. Mol. Biol. (2000) 296, 57-86

The diversity of the library is crucial for successful isolation of specific binders.



Phage display derived antibodies:
The bacteriophage bio-technology
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Stop allows the fusion between the two proteins.



Phage selection: biopanning
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The use of phage display to generate conformation-
sensor recombinant antibodies

Aftabul Haque!—3 & Nicholas K Tonks!

1Cold Spring Harbor Laboratory, Cold Spring Harbor, New York, USA. 2Molecular and Cellular Biology Graduate Program, Stony Brook University, Stony Brook, New York,
USA. 3Present address: Whitehead Institute for Biomedical Research, Cambridge, Massachusetts, USA. Correspondence should be addressed to N.K.T. (fonks@cshl.edu).

Published online 15 November 2012; doi:10.1038/nprot.2012.132



Generation of scFv for protein tyrosine phosphatase 1B (PTP1B)

PTP1B plays a pivotal role in insulin and leptin signaling.

PTP1B is oxidized by ROS in response to stimuli (insulin).

Elements of the catalytic cleft are exposed on the surface and the enzyme is inactive
(the substrate binding is inhibited).

This reversible oxidation presents new unigue binding surface.

The goal was to generate scFV targeting oxidation-specific epitopes of PTP1B that
could be expressed in cells as intrabodies to block PTP1B function.
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PTP1B-CASA: VHAAAGIGRSG

CASA mutation mimicking the
conformation of oxidized PTP1B



Site specific biotinylation of PTP1B WT and CASA mutant
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Schematic representation of the panning steps:
In-solution panning to enrich PTP1B-OX-specific scFvs

scFv + Phagemid vector (pComb3XSS) scFv phage library derived
from PTP1B-CASA immunized
chickens

E. coli (with F” pili)

r Helper phage (VCSM13)

a ScFv
library

Biotinylated PTP1B-WT

Streptavidin-coated . : ; ,
PTP1B-CASA Enriched library expressing

" magnetic bead PTP1B-CASA-specific scFvs

Solution-based in vitro selection strategy crucial
to preserve specific interaction with a particular
conformation of the antigen



Phage output/input ratio and library diversity
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Screening of scFvs specific to PTP1B-OX

Standard screening such as ELISA are not sufficient to assess the function of selected

scFV to inhibit PTP1B-OX reactivation.

Screening based on phosphatase assay in solution
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Screening of scFvs specific to PTP1B-OX
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Limitations of the phage display techonology

Selection in the context of host environment cannot be avoided
Loos of potential candidates due to growth disadvantage /toxicity
Risk to lose the best binders (with picomolar affinity) if elution is not efficient
Diversification step to evolve the antibody is possible but laborious:
» mutator strains: it can create unwanted mutations in the plasmid and host
genome
> switch to diversification step in vitro (maturation libraries or mutagenesis by

PCR) and subsequent new selection by phage display (laborious)

Phage display is relatively demanding and time consuming technology



Principle of ribosome display:
Entirely in vitro cell free transcription, translation and selection system

Library

\ / No stop codons

— In vitro transcription 3 M ———3
DNA > mRNA

Co-translational

During PCR, the folding of proteins

promoter  and . Mutations * :
the RBS are Reverse lranscriplion by PCR In vitro translation can be improved by
reintroduced and PCR y errors supplementing PDI
5 M ~—~— 5 Native protein,
mRNA ’ 3 tethered to
/ the ribosome
Isolation of MRNA Selection on surface-
bound target Low temperature
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3 Dissociation of 3
O the mMRNA-
ribosome-protein

complexes Selection in solution is

better. Bound ribosomal
complex are then

Immobilized target captured  via  tagged
antigen

Selection of very large libraries which do not need to be transformed into cells.



Characteristic of the constructs for ribosome display

A. Construct for E. coli ribosome display

| 1 X (no stop codon)
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LS T T T [
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B. Construct for eukaryotic ARM display
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RESEARCH ARTICLES

Picomolar affinity antibodies from a fully
synthetic naive library selected and
evolved by ribosome display

Jozef Hanes'21, Christiane Schaffitzel'f, Achim Knappik?, and Andreas Plickthun'

Ribosome display to in vitro selection and evolution of scFvs from a large
synthetic library (Human Combinatorial Antibody Library; HUCAL) against bovine insulin



Selection of scFV binding to insulin from a synthetic library

EcoRl
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Experiment

b (B8

Radioimmunoassays of the pools after
the fifth and sixth rounds of ribosome
display.

Pooled RNAs from three independent
ribosome display experiments A, B,
and C were translated in vitro in the
presence of [35S]methionine, and
translation mixtures (labelled scFV)
containing 0 and 1 pM bovine insulin
(competition) were analyzed by RIA at
room temperature.



Alignment of the amino acid sequences of VH and VL of the scFvs binders:
All binders have mutation compared to the original HUCAL sequences
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Immunoglobulins and their derivatives

-

A Immunoglobulins

Ve

IgG

Y

scFv

B

VH VL

hcAb
VHH / Nanobody (3G9A)

\

s

The necessity of noncovalent interdomain interactions for functional
domain assembly impairs the thermodynamic stability of Fabs and scFvs

J. Cell Biol. Vol. 209 No. 5 633-644

Naturally evolved heavy chain antibodies (hcAbs) from
camels: the functional antigen-binding unit of hcAbs
consists of one single variable domain (VHH domain;
nanobody).

VHHs have a size of ~13-14 kD and have evolved
biochemical features:

the substitution of hydrophobic with hydrophilic residues
in framework regions increases stability and solubility
This allows robust, heterologous expression in bacterial
hosts and functional expression in eukaryotic cells.

Nanobodies and recombinant binders in cell biology

Jonas Helma,' M. Cristina Cardoso,? Serge Muyldermans,” and Heinrich Leenhardt'



Antibody mimetics: alternatives to animal sourced antibodies

B Non-Immunoglobulin Binder Scaffolds 1
( N

Natural Binder Scaffolds Designed Repeat Binder Scaffolds

C

DARPin (3HGO)

¥ _C
Monobody (3QWQ) Anticalin (4GH7) Affibody (2KZI)

Antibody drawbacks:

* Many antibodies have relatively low expression yields
» tendency to aggregate

« dependence on disulfide bonds for stability.

Antibody mimetics based on alternative protein scaffold would have none of these
drawbacks while still exhibiting the same affinity and specificity

Nanobodies and recombinant binders in cell biology

J. Cell Biol. Vol. 209 No. 5 633-644

Jonas Helma,' M. Cristina Cardoso,? Serge Muyldermans,” and Heinrich Leenhardt'



DARPINS

namre
biotechnology

High-affinity binders selected from designed ankyrin
repeat protein libraries

H Kaspar Binz"?, Patrick Amstutz'?, Andreas Kohl!2, Michael T Stumpp!, Christophe Briand!, Patrik Forrer!,
Markus G Griitter! & Andreas Pliickthun'!

replicate the virtues of antibodies and address their shortcomings

DARPIn
Constant framework (blue)

R

Randomized interaction interface
(red)



Ankyrin repeat proteins

Repeat proteins: consecutive homologous structural units (repeats), which stack to form an
elongated protein domain with a continuous hydrophobic core

They occur throughout all phyla and mediate protein-protein interactions in the nucleus or
cytoplasm, or while anchored to the membrane or when secreted into the extracellular space

AR are built from stacked, 33 amino acid repeats, each forming a B-turn that is followed
by two antiparallel a-helices and a loop reaching the B-turn of the next repeat.

The B-turn and the first a-helix mediate the interactions with the target, and different numbers
of adjacent repeats are involved in binding.

The reported target binding affinities of natural AR proteins are in the low nanomolar range



Design of the DARPIns library

Based on a consensus strategy:

Underlying assumption: residues important for maintaining the fold will be more conserved
and thus show up prominently in an alignment.

A consensus framework was built and surface residues were identified that might
potentially interact with the target—based on analogy of complexes of natural ankyrin
repeat proteins with their targets.

These residues were randomized, avoiding the residues Cys (to eliminate disulfide
formation), Pro, and Gly (as some of the residues are located in a helix). This restriction was
achieved by using trinucleotide building blocks during library generation.

(DARPIN) library thus comprises fixed and variable positions

The fixed positions reflect structurally important framework positions, whereas the six
variable positions per repeat module reflect non-conserved, surface-exposed residues that
can be potentially engaged in interactions with the target.

The theoretical diversities of the DARPIN libraries are 5.2 x 10 or 3.8 x 1023 for two-module
or three-module binders, respectively.



N-terminal capping AR

R ¢ R .V “S—
MRGSHHHHHHGSDLGKKLLEAARAGQDDEVRILMANGADVNAx
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Designed AR module
_Bt ol

C-terminal cappitng AR

DxxGxTPLHLAAxxGHLEIVEVLLKZGADVNAx
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Properties of the DARPIns

o2

o2
QDRFGKTAFDISIDNGNEDLAEILQ

DARPIns proteins use both B-turns and a randomized surface
and, because of their modular architecture, the interaction
surface can be adapted by adding more repeat modules

Concave shape of the binding site which binds structural
epitopes on the target protein surface

Next generation of DARPins (Loop DARPins) with extended
epitope-binding properties: introduction of an elongated loop
mimicking convex paratope

With LoopDARPIn library, binders with an affinity of 30 pM
could be isolated with only a single round of ribosome display
directly from the original library.

N- and C-capping repeat flanking the binding modules are
essential for DARPIns to fold in E. Coli.

High stability, no aggregation even at high concentration,
expressed at very high yield in soluble form in the cytoplasm of
E. coli (up to 200 mg per liter of shake-flask culture).

Purified by IMAC



Expression, purification and SPR analysis of selected AR proteins

—Ind. +Ind. Insol. Sol. Purif.
Mr123123Mr1 2312 3Mr12 3Mr

& - expressed in high amounts in soluble
60 kDa - —

45kDa « DB BERE " = - form and free of cysteines
30 kDa - 4+ . -
15 kDa o> - -

Table 1 Kinetic binding data of selected clones determined by
surface plasmon resonance

Resonance units (RU)
F N
o

20 A Target Clone name (length) kg, [M~1571] Kofr [s71] Kp[M]
MBP off7 (N3C) 4,210 1.9.10°3 4.410°
0 1 mbp3_5 (N3C) 2.0.10% 4.4.1073 22107
mbp3_16 (N2C) 6.0-105 1.0-102 1710°
JNK2 JNK2_2_3 (N2C) 9.7.10% 2.0.1073 2.1.10°

p38 p38_2_3 (N2C) 9.5:10° 3.51073 3.7:10°°




ELISAs with selected AR proteins
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Crystal structure of the designed AR protein off7 in complex with MBP

To validate our AR randomization scheme and to analyze the selected interaction at the atomic level
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An interaction interface that is comparable to that
found in natural heterodimer and antibody-antigen
complexes.

AR protein binds its target with the randomized
amino acids (hence validating our randomization
scheme

aromatic amino acids are involved in MBP binding,
including four prominent tyrosines



Structural and functional analysis of
phosphorylation-specific binders of the kinase ERK
from designed ankyrin repeat protein libraries

Lutz Kummer?, Petra Parizek? Peter Rube®, Bastian Millgramm®, Anke Prinz®, Peer R. E. Mittl?, Melanie Kaufholz®,
Bastian Zimmermann®, Friedrich W. Herberg®, and Andreas Pliickthun®"

3Department of Biochemistry, University of Zurich, 8057 Zurich, Switzerland; "Department of Biochemistry, University of Kassel, 34132 Kassel, Germany;
and “Biaffin GmbH and Co. KG, 34132 Kassel, Germany

Ribosome display selected DARPIns against either the unphosphorylated or the phosphorylated form
of the MAPK ERK2 (ERK2 or pERK?2).

Selections were carried out with N2C and N3C libraries consisting of two or three randomized ankyrin
repeat modules between an N- terminal and a C-terminal capping repeat, respectively.

To be able to select for phosphorylation-specific DARPIns, the selection pressure was increased by
introducing a prepanning step, using the non desired ERK2 form.

Antigens: fusion proteins with an N-term avi tag for in vivo biotinylation followed by the respective
MAPK and a C- terminal His tag for purification (avi-MAPK-His6).

Activated MAPKSs required the coexpression of upstream kinases:
pLK1 ERK1+MEKI1R4F and pLK1 ERK2+MEK1RA4F in pAT222 vector.

pBirAcm (Avidity) was used for in vivo biotinylation of MAPKs
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Binding specificity analysis of selected DARPins by ELISA
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DARPIn

Test MAPK family members with marked
sequence homologies (sequence identity of
>40% over the highly conserved catalytic core).

All tested DARPIns were highly specific for their
cognate antigens ERK2 and pERK2 and did not
interact with the inactive or active form of any
other MAPK

Binding of the selected DARPIns to ERK2 was
compared with that to ERK1, (85% sequence
identity).

Tested DARPIns did not discriminate between
ERK1 and ERK2, but retained the
phosphorylation status specificity observed for
ERK?2 and also for ERK1.



Crystal structures of phosphorylation status-specific DARPins E40 and pES59 in
complex with ERK2 and phosphorylated ERK?2

To Validate the selection strategy and explain the binding specificity on the atomic level

MAPK insertion MAPK insertion

The binding region of DARPIns includes the activation loop, the MAPK insertion, a-helix G, and partially a-helix 1L12.

The interaction of pE59 with pERK2 relies on contact formation with identical regions and residues as identified for the
E40/ERK2 complex.

Thus, specificity of DARPins E40 and pES59 results from binding to discriminating structural elements, which have
changed in spatial conformation, but not from interaction with different amino acid residues on the target.



Affinity precipitation

Table 1. Affinity and selectivity of DARPins E40 and pE59

DARPIn Kp, M: ERK2 Kp, M: pERK2 Selectivity
E40 6.6 x 107° 12x10° 182
pE59 >8.7 x 107° 117 x 107° >74
ERK/pERK
ERK binders pPERK binders binders
© Feo
) N
8 38 39 40 55 57 59 63 82 89 ¥ <& &

Anti-ERK2 > D D GED e -
— .°";
Anti- Wi :
nti-RGS-His — —
—

The differences in band
intensities seen with ERK2
and pERK2 antibodies did
not correlate with the
amounts of captured
DARPIns, but may result
from  different  binding
affinities of the individual
DARPins under the given

experimental conditions

Cell lysates from HEK293T cells were incubated with His-tagged DARPIns, which
were subsequently captured by Ni-NTA beads. Affinity-precipitated ERK and pERK

were detected on Western blots with ERK2- and pERK1/2-specific antibodies.



Specificity comparison of selected DARPIns in living cells by
Bioluminescence resonance energy transfer (BRET2) assays

El Riuc-ERK2 Rluc-JNK1 [ Rluc-JNK2
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Functionality of selected DARPIns in living cells

Bl Riuc-ERK2/GFP?-pE59
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To determine whether the —-
BRET2 DARPin reporters /97 -
GFP2-E40 and -pE59 retain
their specificity for ERK or
PERK, ERK phosphorylation | .-.
in COS-7 cells was either
stimulated by addition of OepERK
FBS or diminished by the
ERK pathway inhibitor ——
PD98509, which inhibits the 707
upstream kinase MEK. 0-Rluc
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Both sensors and intracellular inhibitors can be
obtained by selecting DARPIns to the native targets.



DARPins are suited for functional studies as intracellular protein-specific
reagents (intrabodies), because they do not require stabilizing disulfide bonds and
because they can thus fold in the cytoplasm, where they neither aggregate nor are
degraded.

Chemistry & Biology @

Knowledge-Based Design of a Biosensor
to Quantify Localized ERK Activation
in Living Cells

Lutz Kummer,! Chia-Wen Hsu,2 Onur Dagliyan,® Christopher MacNevin,2 Melanie Kaufholz,* Bastian Zimmermann,*
Nikolay V. Dokholyan,® Klaus M. Hahn,? and Andreas Pluckthun®-*

Biosensor based on the DARPIn scaffold that responds specifically to
active doubly phosphorylated ERK (pERK)



Sites for Dye Labeling in the Structure of DARPIn pE59

R %
‘\‘; - &\ Glyl24 Gly91
' ,\J - ] ﬁ Functional pE59 mutants were
/ : - Asnl23 Th covalently derivatized with a
\ * & \ diverse set of merocyanine dyes.

= a8 L 5 lIe11\9 V) % " ! 5 pE59-C123m87 was selected and
AL Ny X~ , A7y, N \ 9\ it is referred to as pE59RFD

& & Ve = B Gly113 \;/; ( =¥ \\ k biosensor

\ WAV

DARPIn binding to the target is detected by attachment of a bright solvatochromatic
fluorophore, which has emissive properties that are dependent on the solvent environment.

When positioned appropriately in the binding protein, the exposure of the dye to a
hydrophobic environment, which forms upon target binding within the new protein-protein
interaction interface, causes a change in fluorescence intensity and/or Imax.

The dyes can be excited at long wavelengths (>580 nm) to avoid cell damage and diminish
cellular autofluorescence.



Quantifying Activation of Endogenous ERK in Living Cells

A

The pE59RFD biosensor was tested in
NIH 3T3 mouse embryo fibroblasts
(MEFs) stably expressing YPet, a yellow
fluorescent  protein  derivative  for
ratiometric imaging.

B 40
untreated — +U0126

1.0

Only the altered conformation of the
active kinase is detected, pointing to a
concept applicable to many molecular 8.0
species  undergoing conformational 7.0
changes in the cell.

(01)

BpESORFD in 2% FBS

&6 BpES9RFD pretreated with U0126

50 4 B Control DARPIn
Useful chemical tools in studying
subtle changes of protein dynamics in 56

living cells. 20 1

4.0 4

Average ratio

1.0 4

0.0 -
Nucleolus Nucleus Cytoplasm

Kummer L. et al., Chemistry & Biology 20, 847-856, June 20, 2013



Bispecific DARPIns to induce apoptosis in HER2-addicted tumor cells.

Bispecific DARPin

Human epidermal growth factor

receptor-2 (HER2/ErbB2): a Anti-HER2 DARPIns create a

trap for HER2 in which the
receptor is bent over and
kinases are unable to interact.

receptor tyrosine kinase without
a known natural ligand, directly
linked to the growth of
malignancies  from  various
tissues.

HER2 monomer HER2 dimer Pivoting of HER2 extracellular region
around membrane insertion point allows
cross-linking by bispecific DARPins

"~ Dimerization loop
points to membrane

v

Kinase domains _f.&

aot within reach
—

HER2 homodimer HER2 cross-linked
with bispecific DARPin

All signaling from HER2 complexes is obstructed, leading to a pan-HER inhibition.

Jost C. et al., Structure 2013 Nov 5;21(11):1979-91



Advantages of Therapeutic DARPIn

Monovalent DARPIns

>

>

>

>

High tissue penetration: easier reaching of targets outside the blood circulation.

Absence of effector function: ideally suited for neutralization of soluble targets and
undesirable side-effects emerging from binding membrane-associated variants of the target
are minimized

Adjustable pharmacokinetics (PK): Unmodified DARPIns offer fast PK with predicted half-lives
in the range of hours, which can be used to rapidly remove unwanted molecules from the
blood stream. The half-life can be prolonged by fusion to PEG or serum protein binding
molecules.

Allosteric Inhibition as they bind their target proteins on a conformational epitope.

New administration routes: routes in which very large amounts of drug is needed.

Conjugated DARPIns

> Deliver active moieties to sites of disease tissue (in oncology DARPins are used to deliver

toxins to tumors or in inflammation where DARPIns inhibit cytokines in inflamed sites).

» Multispecificity: DARPins with different specificities can be fused allowing the combination

of various functions in one molecule (to hijack a transcytosis receptor, binding a target in a
disease tissue and recruit effector molecules in that tissue etc).



Therapeutic DARPIns

Preclinical development | Clinical development

Description Area Target Partner Discovery Preclinics Phase | Phasell  Phaselll

. Expected Phase I

Abicipar wet AMD vesr @ auercan [ o
. s . Phasellstud* .

Abicipar DME vk @ auercan [ ... i .ty 2014 |

%
8
o
E multi-DARPIn®
5 wetAMD  VeGF/poGF € Auceonn D
- VEGF/PDGF / €
£
o
Sl 3 programs n.d. nd. @ auercan 77722
2 programs n.d. n.d. S T 1 m

? [ phase 1 study started |
MP0250 soidtumors  veer/mar @ FER - O
MP0274 solid tumors verz @ D

[
9
S . ;
M > Programs e n.d. Oy 722
oncology
Multiple . i m
DARPIn®-T .d. 2
s in®-Toxins n
@ Multiple % RA, asthma n.d. JoB3Eh f W
programs
*Janssen contract subject to renewal in December 2014 V77, Ughter shading indicates research program

Immunogenicity?
High stability and no aggregation tendency: prerequisites for low immunogenicity.

Possible immunological tolerance: the abundance of the anykrin protein itself in the
erythrocytes suggests that ankyrin protein fragments are constantly in the circulation.



Thank you for your attention!



