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Abbreviations

Abbreviations

aa Amino acid(s)

ABD Albumin-binding domain

ADCC Antibody dependent cellular cytotoxicity
AUC Area under the curve

BIiTE Bispecific T-cell engager

CD Cluster of differentiation

CDC Complement dependent cytotoxicity
CDR Complementarity determining region
CEA Carcinoembryonic antigen

CTLA-4 Cytotoxic T-lymphocyte antigen 4

dAbs Human domain antibodies

Db Diabody

EGCso Half-maximal effective concentration
ECM Extracellular matrix

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

ELISA Enzyme-linked immunosorbent assay
Ep-CAM Epithelial cell adhesion molecule

EPO Erythropoietin

EPR Enhanced permeability and retention effect
Fab Fragment antigen-binding

Fc Fragment crystallizable

FcRn Neonatal Fc-receptor

FcRn hc Heavy chain of the neonatal Fc-receptor
FDA US Food and Drug Administration

Fv Variable fragment

G-CSF Granulocyte colony-stimulating factor
GM-CSF Granulocyte macrophage colony-stimulating factor
HAMA Human anti-mouse antibody

HAP Homo-amino-acid polymer

HSA Human serum albumin

ICs0 Half-maximal inhibitory concentration

lg Immunoglobulin

IL Interleukin

Kp Dissociation constant

KO Knockout

mAb Monoclonal antibody

MALDI-MS Matrix-assisted laser desorption/ionization mass spe&tgm
MHC Major histocompatibility complex
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Abbreviations

MSA Mouse serum albumin

MW Molecular weight

NHL Non-Hodgkin Lymphoma

PBMC Peripheral blood mononuclear cells

PEG Polyethylene glycol

PEO Polyethylene oxide

PSA Polysialic acid

RSA Rat serum albumin

scDb Single-chain Diabody

scDb-ABD scDb fused to the ABD3 of streptococcal protein G
ScFv Single-chain variable fragment

SEC Size exclusion chromatography

TAA Tumor-associated antigen

taFv Tandem scFv

TNF Tumor necrosis factor

TNF-R Tumor necrosis factor receptor

Vy Heavy chain of the variable domain

Viu Single V-like domain of camelid single domain antibodies
Vi Light chain of the variable domain

V-NAR Single V-like domain of shark single domain antibodies




Summary

Summary

The progress in protein engineering of the last two decastksol the development of a
variety of small recombinant antibody formats for tumor therdjmese small formats show
improved properties compared to the conventional monoclonal antibodies wtach
commonly IgGs. Small recombinant antibodies penetrate solid tumorshooregenously,
cause less side effects for lacking the Fc-region and canodegad more economically in
bacteria. However, they exhibit a shorter circulation halfdifan 1gGs. They are rapidly
cleared by renal filtration because of their small size their lack of the Fc-region, which
mediates the recycling after cellular uptake by the neomatakceptor (FCRn). The short
circulation half-life of small antibody formats reduces thenmti-tumor efficacy and
necessitates frequent infusions, leading to high costs and patient iniemoee The present
study aims at the improvement of pharmacokinetics of a bispesiiigie-chain diabody
(scDb) directed against the tumor-associated antigen CEA ant-dbk receptor complex
molecule CD3. Therefore, it is able to retarget cytotoxic ’dael CEA tumor cells. Three
basically different strategies are compared in this stadynprove the pharmacokinetics of
scDbCEACD3: N-glycosylation, PEGylation and fusion to a bactealblmin-binding
domain (ABD). N-glycosylation and PEGylation of the scDb aim at iacreased
hydrodynamic radius and thereby reduced renal clearance. The fusiensoDb to ABD has
an additional effect: As well as IgG, albumin is recycledtliy FCRn. Bound to albumin,
scDb-ABD can exploit this mechanism and be recycled after cellular uptake.

For the N-glycosylation three different derivatives with 3, 6 oN-@lycosylation sites
(sequons) were engineered, resulting in a moderate enlargemensobtiewhich translated
in a moderately prolonged serum half-life. In contrast, PEGylatiche scDb with a large,
branched PEG 40 kDa led to a ~ 3-fold enlargement of the hydrodynaais, resulting in
a drastically increase of the circulation time. The longesulation time with a ~ 14-fold
increased area under the curve (AUC) was observed for scDb-ABDoBgaring its half-
life in FcRn heavy chain knockout and in wild-type mice, the contobutf the FcRn-
mediated recycling on the prolonged serum half-live of scDb-ABD could be confirmed.
Titration of scDb and its derivatives in flow cytometry on CEA CD3 cells revealed no or
only marginal influence of the modifications on antigen-binding. Howexe8- to 12-fold
decrease was observed in their ability to activate T-cedlsn@asured by IL-2 release. For
scDb-ABD, the reduced potential for T-cell activation was @aflg@bserved in presence of

albumin, implicating that the large scDb-ABD-albumin complex carap#s the target cell -
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effector cell interaction. A cytotoxicity assay using CEArget cells and preactivated PBMC
revealed that the ability of scDb-ABD to mediate cytotoxieys also reduced especially in
presence of albumin.

Finally, biodistribution studies in tumor bearing nude mice showed hikaprblonged half-
lives of scDb-ABD and the PEGylated scDb translate in imguoaccumulation in CEA
tumors. Although the serum half-lives of both constructs were similtris mouse model,
tumor accumulation of scDb-ABD was ~ 2-fold higher than tumowumcdation of the
PEGylated scDb, making the fusion with ABD a promising appréarcthe improvement of
pharmacokinetics of small recombinant bispecific antibodies. Furstdies have to
investigate how the improved tumor accumulation translates into anti-tuntaocgfin vivo.
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Zusammenfassung

Der Fortschritt im Protein-Engineering der letzten zwdirdehnte fuhrte zur Entwicklung
einer Vielzahl von kleinen rekombinanten Antikdrperkonstrukten fir die Tin@@pie. Die
herkdbmmlichen therapeutisch eingesetzten Antikorper sind meist vomIdgiyp Kleine
Antikorperformate haben gegentber diesen IgGs verbesserte Eigenmscliafteh ihre
geringe GrolRRe verteilen sie sich schneller und gleichmaRigaliden Tumoren. Aul3erdem
haben sie keinen Fc-Teil und verursachen daher auch keine Fc-veemielbenwirkungen.
Zudem lassen sie sich bakteriell und damit 6konomischer herstelleNaEhteil der kleinen
Antikorperformate ist, dass sie nur eine kurze ZirkulationsdaneDiganismus aufweisen.
Durch ihren geringen hydrodynamischen Radius werden sie schnell dibeNiere
ausgeschieden. AuRerdem werden kleine Antikérperformate schnelleabgidd ihnen der
Fc-Teil fehlt, Gber den IgGs nach der Endozytose wieder in dest®m recycelt werden.
Die kurze Zirkulationsdauer der kleinen Antikdrperformate reduzineet Wirksamkeit und
macht haufige Infusionen nétig. Das fuhrt zu hohen Kosten und schrankt diesielalitat
der Patienten ein. Die vorliegende Studie hatte das Ziel, die Ptaametik eines
bispezifischen single-chain Diabodys (scDb) zu verbessern, den gl tumorassoziierte
Antigen CEA und das T-Zellrezeptormolekil CD3 gerichtet ist. 8t Fahigkeit beide
Antigene zu binden, ist der scDb in der Lage, zytotoxische BZetu CEApositiven
Tumorzellen zu rekrutieren. Drei unterschiedliche Strategien zarbegserung der
Pharmakokinetik werden in dieser Studie verglichen: N-GlykosylgrBEGylierung und die
Fusion mit einer bakteriellen albuminbindenden Domé&ne (ABD). N-Glyleysylg und
PEGylierung haben zum Ziel, den hydrodynamischen Radius deszc®érgréiern und
damit die renale Ausscheidung zu verringern. Die Fusion mit dé» @l zusatzlich das
FcRn vermittelte Recycling des scDb-ABD-Albumin-Komplexesmdaglichen, denn
entsprechend den IgGs, wird auch Albumin nach der Endozytose Uber den neodfretale
Rezeptor (FCRn) recycelt.

Fur die N-Glykosylierungsstrategie wurden drei Derivate dé&bsmit 3, 6 oder 9 N-
Glycosylierungsstellen (Sequons) produziert. Die N-Glycosylieminfjégrten zu einer
manRigen Vergrélierung des hydrodynamischen Radius. Die Vetoggskar Zirkulationszeit
fiel mit einer 2- bis 3-fach vergroRerten Abl&zrymoderat aus. Im Gegensatz dazu fuhrte die
Konjugation des scDb mit PEG 40kDa zu einer ~ 3-fachen Vergm@erdes
hydrodynamischen Radius und resultierte in einer drastisch gertén Zirkulationsdauer.

Die langste Zirkualtionsdauer mit einer 14-fach vergrol3erten o&kl@vurde fir den scDb-
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ABD beobachtet. Durch den Vergleich seiner Halbwertszeit in tWitldund in FcRn-
Knockout-Mausen konnte der Einfluss des FCRn vermittelten Recydirfgdie verlangerte
Zirkulationsdauer des scDb-ABD nachgewiesen werden.

Durchflusszytometrische Messungen von titriertem scDb und seiodifinerten Derivate

auf CEA" oder CD3 Zellen zeigten, dass die Antigenbindung des scDbCEACD3 nicht oder
nur marginal durch die Modifikationen beeinflusst wurde. Allerdings kergm T-Zell-
Aktivierungs-Assay, dass das Potential der Derivate T-Zelleakiawieren 3- bis 12-fach
reduziert war. Im Fall des scDb-ABD zeigte sich diese Renluktesonders in Anwesenheit
von Albumin, was darauf hinweist, dass der grol3e scDb-ABD-Albunoimyidex sterisch die
Effektorzell-Zielzell-Interaktion behindert. Der negative Einfldes Albouminbindung auf die
Bioaktivitat des scDb-ABD spiegelte sich auch in Zytotoxizitats-pssader.

Die Analyse der Organverteilung des scDb und seiner Derieidgez dass die verlangerte
Zirkulationsdauer des scDb-ABD und des PEGylierten scDb zu einestasiden
Akkumulation der Antikdperkonstrukte in CEAumoren fiihrt. Dabei weist scDb-ABD eine

~ 2-fach héhere Tumorakkumulation als der PEGylierte scDb auf, obdiehSerum-
Halbwertszeiten der beiden Konstrukte in diesem Mausmodell &hnlich sind.

Die vorliegende Studie zeigt, dass die Fusion mit der ABD eilvesisprechender Ansatz ist,
um die Pharmakokinetik von kleinen rekombinanten Antikdrperkonstrukten zu verbesser
Weitere Studien muissen zeigen, inwiefern die verbesserte Tumorakitiomuldie

antitumorale Wirksamkeit der modifizierten Antiképer in vivo verbessert.
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Antibodies in cancer therapy

The search for an efficient treatment of cancer is burdensontleefdact that this illness has
many different phenotypes. A classical approach is to elimifet proliferating cells with
chemotherapeutics. But this treatment lacks of specificitytdumor often develops drug
resistance. Higher specificity is provided by the use of monoclonal antibodids)mA

A century ago Paul Ehrlich described the potential of antibodietarget cancer cells
specifically, but it was not possible to produce mAbs in a sufficerantity until the
development of the hypridoma technology in the year 1975 (Kohler arsteMil 1975). The
first mAbs were produced in mice and therefore showed a stromginggenic profile. To
avoid the formation of human anti-mouse antibodies (HAMA) novel antibodegeshameric,
humanised or completely human.

Since the first mAb has been approved for therapeutic use BDAen 1986 (Emmons and
Hunsicker, 1987) the availability of mAbs for clinical use is cambfagrowing. After
intravenous (i.v.) injection mADbs distribute fast in the blood streamasmdherefore ideal
candidates to treat haematological malignancies. Rituximabxample is a FDA approved
chimeric antibody for the treatment of Non-Hodgkin’s Lymphoma whiclgeta the
hematopoietic differentiation marker CD20 on B-cells (James and Dubs, 1997).

The treatment of solid tumors is unequally more complicated.sltttvdbe considered that
tumors differ from normal tissue in vasculature, interstitialspuee, cell density, tissue
structure and composition and in the composition of the extracellaxnfECM) (Jang et
al., 2003). Blood vessels in tumors differ from normal vasculature & grmeability,
distribution and enhanced tortuosity leading to a slower blood flow (Ta&rarat Steel, 1969;
Heuser and Miller, 1986; Jain, 1990). Large particles as tuma cait enter lymphatic
capillaries in tumors and impair lymphatic drainages (Jarad.,e2003). That leads, together
with an enhanced leakiness of the microvasculature, to a prolongetiaetof molecules >
45 kDa. The phenomenon is known as “enhanced permeability and retentiori EPR)
(Maeda et al.,, 2000). But for the further penetration of the tumor tibsyend the
vasculature, a large size is adverse. The ECM in tumor tissugféen richer of collagen,
which leads to an increased resistance to macromolecular trafNptti et al., 2000). An
important factor for the speed of distribution is the moleculaghtgNugent and Jain, 1984,
Clauss and Jain, 1990; Pluen et al., 2001). For example it could be shoarbivelent anti-
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EGFR antibody construct with a molecular weight of ~ 50 kDa bétdd a more
homogeneous distribution in a solid tumor than an anti-EGFR-IgG (kD& The total
accumulation of antibody in the tumor was similar for both antibodyndits, but the IgG
remained in the outer layer of the tumor tissue near the vasaul@ijink et al., 2008).
Several attempts have been made to improve tumor penetration psopédigibodies. One
possibility is to inject the antibody directly into the tumor (Yo&ouet al., 2008). Another
attempt is to make the vasculature leakier by the use of apepidssng agents (Au et al.,
2001). But the most promising approach seems to be the use of small antibody formats.
A simple approach to reduce the size of an IgG is the digdsthétprotease papain, leading
to an antigen-binding fragment (Fab) with a MW of ~50 kDa (FigMbyxeover, the progress
in protein engineering of the last two decades provided the opporturikgvedop various
different small recombinant antibody formats. The smallesgamibinding unit of a human
IgG is the variable fragment (Fv), a combination of the variable domain of akg () and
the light chain (Y). Each of these fragments is stabilized by a disulfide bond. Heor t
generation of small recombinant antibody formatgs,avid \{ are fused by a linker resulting

in a single-chain Fv (scFv, ~ 28 kDa). If the linker betwegrakd \{ is long, a mixture of

b)  Fab scFv

28 kDa
dAbs
150 kDa 11-13 kDa
c) taFv scDb

55 kDa 50 kDa 55 kDa

Figure 1. Antibody formats derived from immunoglobulins. A) IgG. B) Monospecific formats: Fab, scFv
and human domain antibodies (dAbs). C) Potentially bispecific formats: Tandem scFv (taFv), Diabody
(Db) and single-chain Diabody (scDb).
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monomeric and dimeric scFvs will be formed. The reduction of the lio&ew 12-8 amino
acids leads to the formation of dimers — so called Diabodies tDitlider et al., 1993; Kortt
et al., 1994, Alfthan et al., 1995). The search for even smaller antiggmdpiscaffolds led to
the development of single domain antibodies derived from singlabkardomains (V, Vy).
The original human domain antibodies (dAbs) exhibit a poor solubility usecaf their
hydrophobic interaction site for the corresponding variable domain. Buprtbiblem could be
solved by directed mutations in the interface region or by phapagti (Colby et al., 2004;
Dottorini et al., 2004; Jespers et al., 2004). Single V-like domain antgadéealso derived
from heavy chain antibodies of camels or sharksy(W-NAR). The small size and an
extended CDR3 of shark and camelid single domain antibodies enabilectmnition of
difficult accessible epitopes, for example antigens in narrawties of the surface of
pathogenic viruses (Holliger and Hudson, 2005).

A growing number of publications deals with alternative scaffoldsmtalled antibody
mimetics (Nygren and Skerra, 2004; Binz and Pluckthun, 2005; Hey et al., 2005).
example for an antibody mimetic in development is the affibadgndt, a 58 amino acid
protein domain derived from one of the IgG binding domains of streptococu@irpiA
(Tolmachev et al., 2007b). Affibodies, which can be selected with hightiak, are very
stable and have a rapid blood clearance in vivo. Therefore, th@ycameésing candidates for
cancer imaging (Orlova et al., 2007; Tolmachev et al., 2007a). A disadeaot the affibody
format is its bacterial origin that has a high potential fmmunogenicity. Other groups are
working with scaffolds derived from fibronectin (Parker et al., 200Bdcalin (Schlehuber
and Skerra, 2005) or ankyrin (Zahnd et al., 2006), which have potentially a lowe
immunogenicity due to their human origin.

Despite the diversity of antibody mimetics, the immunoglobulins aed tlerivatives are

presently the biggest and the best developed family of binding molecules.

Retargeting of effector cells by bispecific antibod ies

Monoclonal antibodies (mAb) mediate complement-dependent cytotoxi@BC) and
antibody-dependent cellular cytotoxicity (ADCC) by their Fgioe. For ADCC the Fc-
region of IgG molecules can recruit effector cells by bindmdrc Rl (CD64) and FdRIII
(CD16). FcRIIl is expressed constitutively on the surface of NK cellonbtytes and
macrophages bear BRI and in neutrophiles the expression of Rccan be induced by

interferon- and granulocyte colony-stimulating factor (G-CSF) (van Spetehl., 2000).
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However, normal CDC and ADCC mediated by a therapeutic mAlftes not sufficient to
induce a satisfactory effect (Booy et al., 2006). Some efftat® been done to improve
ADCC by engineering the Fc-region (Carter, 2006), however eitraitment of effector cells
remains restricted to Fc-receptor expressing cells. The effesitive effector cells of the
immune system are cytotoxic T-cells. They are very powenfuhe elimination of virus-
infected cells by releasing granules filled with pore-foxgnperforin and cell death-inducing
granzymes. Cytotoxic T-cells need only to recognize three pemidescell to identify it as
target cell and to induce its elimination. The formation of a siairf@unologic synapse is not
necessary (Purbhoo et al., 2004). But T-cells can only identify at teefleif it presents
target-specific peptides on the major histocompatibility compl@HC ). To receive an
effective T-cell response, T-cells, which express the recémptdhe MHC I/peptide complex,
have to be costimulated by peptide-bearing dentritic cells. Thig#on leads to the clonal
expansion of the specific T-cells. The complexity of the T-ce#diated cytotoxicity
facilitates tumor cells to develop immune evasion mechanismdirthafl-cell response to
cancer cells (Rabinovich et al., 2007). The aim of many bispeaifitodies is to retarget
these powerful cytotoxic T-cells to tumor cells. With one antigieding site they bind to a
tumor-associated antigen (TAA) and with the other site they bil@D®, a molecule of the
T-cell receptor complex. The direct cross-linking has two majiwamatages: First, T-cell
recruitment is not restricted to the subpopulation of T-cellsdkptess the T-cell receptor
recognizing the MHC I/peptide complex. Second, T-cell targasngdependent of MHC |
which is often down regulated in tumor cells. It was shown, thatpeobific antibody directed
against Ep-CAM and CD3 is able to induce T-cell mediated cytotgxat MHC I-negative,
Ep-CAM transfected cells (Offner et al., 2006). Besideell-cecruitment via CD3, it is
possible to retarget T-cells by using one antibody binding aitéhe costimulatory receptor
CD28. A bispecific antibody against melanoma-associated protewglgned CD28 clearly
inhibited the growth of antigen bearing cells in mice (Grosse-Hovest 20a5b).

The first bispecific antibody was produced in 1985 by the fusion @fhtybbridoma cell lines,
leading to a hybrid-hybridoma cell line (Staerz et al., 1985). ddilidine produced bispecific
antibodies for T-cell retargeting in the IgG format. Clinidaldées using whole IgGs mostly
provided disappointing results because the Fc-mediated side asffiebtsas cytokine-release
syndrome or thrombocytopenia limited the maximal applicable dosal(8egl., 1999; van
Spriel et al., 2000). Furthermore, the hybrid-hybridoma cell line prodadarye quantity of
homodimers and inactive heterodimers which had to be extensively rernefard usage.

Not least, the antibodies were murine and thereby highly immuanogghe ideal clinically
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useful bispecific antibody should be non-immunogenic, it should not have egiéc-rfor
avoiding side effects, it should be small for an efficient tigser@etration, it should have a
long circulation time and must be monovalent for effector cellsdalasystemic effector cell
activation (Segal et al., 1999).

A large variety of bispecific formats have been developed amdacterized in vitro, in
animal models and in clinical trails (Baeuerle et al., 2003; Korgen, 2005). By the use of
human scaffolds the generation of human anti-mouse antibodies could bedawoatdeast
reduced (Ritter et al., 2001). Common recombinant bispecific antibodyat®rane tandem
scFvs (taFv) and Diabodies, which lacks the Fc-region and canoodeced in bacteria
(Kontermann, 2005). The use of bispecific taFvs circumvents theeonobf homodimer
formation because they are expressed in one single chain. The ngorkfieromet is
developing bispecific taFvs with one binding site directed against €®8alled bispecific
T-cell engager (BIiTE). For BIiTEs it was shown that the medid-cell activity is strictly
target cell-dependent as demonstrated in mice (Brischwein, &08l7) and in non-human
primates (Baeuerle et al., 2009). A recently published study Hesdtie mode of action of
such a BIiTE directed against the epithelial cell adhesion mol¢EplCAM) (Haas et al.,
2009). It was shown that it is able to convert the potential of Gidd CD8 T-cells for serial
lysis from basal into a highly accelerated state within re¢Veurs. Therefore, the presence
of costimulatory molecules is not necessary even if the usetie€B28 was able to further
increase the potential of the BITE. The killing of targetsced predominantly mediated by
pore forming and pro-apoptotic components released by the granulesTet¢lis. Presently,
this antibody is in phase | clinical trail with patients witimd) or gastrointestinal cancer. The
most advanced BIiTE Blinatumomab targets the B-cell marker CDiB is currently
undergoing a phase Il clinical trail with patients sufferimgnf acute B-cell lymphoblastic
leukemia who have shown minimal residual disease after conventieatthent (Micromet,
2008). In another indication for Non-Hodgkin Lymphoma (NHL) treatmentliobRBimomab
led to partial and complete tumor regression (Bargou et al., 2008gnByeRituximab, an
IgG directed against CD20, is the leading antibody for the tesdtof NHL. For the fact that
Rituximab and Blinatumomab bind to different target moleculespmbination of both
antibodies is thinkable. First in vitro results showed, that the condmngteatly enhanced
the activity of Rituximab, in particular at low effector toget cell ratios (d'Argouges et al.,
2009).

Bispecific diabodies consist of two different non-covalently dased chains. M of one

chain forms an active antigen binding-site with &f the other chain. It could be shown that
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an anti-lysozyme/anti-C1q diabody was able to mediate lysisotyme-coated erythrocytes
by recruiting complement (Kontermann et al., 1997b). A shortcoming ofbig@ecific
diabody format is the fractional formation of inactive homodinveingch can be drastically
reduced by the knob-in-hole method. In case of a diabody directed aggiR&tahd CD3 a
knob was introduced in the anti-HERZ:¥y mutating Val37 to Phe and Leu45 to Trp. The
corresponding hole in anti-HER2-Was created by the mutation of Phe98 to Met and Tyr87
to Ala. With this change in the W y-interface the yield of heterodimers was > 90% (Zhu et
al., 1997).

For total prevention of homodimer formation the two chains of a diabody can be teshbgc

a linker (Brusselbach et al., 1999). These single-chain diabodies (saDlje expressed in
bacteria in a soluble and active form (Kipriyanov et al., 1999; Voékal.e2001; Korn et al.,
2004a). A scDb directed against endoglin and the adenovirus fiber knopndeasable to
redirect the adenovirus infection to endoglin-positive HUVEC d8listelbeck et al., 2001).
The ability to retarget effector cells to target cells dobke demonstrated for an anti-
endoglin/anti-CD3 scDb. This scDb mediated the killing of endoghkpressing cells by
cytotoxic T-cells in the picomolar range (Korn et al., 2004a). In comparison ethsstaFvs
are often poorly soluble and hence, have to be expressed in eukaryistiordehve to be
refolded (McCall et al., 1999; Kipriyanov, 2003; Grosse-Hovest et al., X0 et al.,
2004b). Furthermore, a direct comparison between a bispecific scDlisacmriesponding
taFv revealed a higher plasma stability for the scDb format (Korn et @4p20

Meanwhile many animal studies with small recombinant bispeaifttoodies are published,
in which even curative effects have been demonstrated (De Joael®98; Cochlovius et
al., 2000a; Cochlovius et al., 2000b; Blanco et al., 2003; Dreier et al., 2008jeérdanreich

et al., 2004).

Improvement of the circulation half-life of small r ecombinant
antibodies

The number and variety of small recombinant antibody formatscaastantly rising in the
past decade (Holliger and Hudson, 2005; Kim et al., 2005; Kontermann, 2005; Kamterm
2009a). But small antibodies are rapidly cleared from circulatiogir(®@f al., 2002; Muller et
al., 2007). This can be a benefit for the use in imaging applicatiordebrgases therapeutic
efficacy of these molecules. For an efficient cancerrtreat with small antibodies patients

have to receive infusions in frequent dosing schedules, resulting hincbgjs and patient
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inconvenience. The reason for the short circulation half-life is maemnal clearance and
degradation (Tang et al., 2004). Molecules with a size beneath themessddold of about 60
kDa are rapidly filtered out by the kidney. But there is no ssime — half-life correlation.
Human IgG1, IgG2 and IgG4 exhibit a half-life of 12-21 d whereas murine lgGsahayeh
shorter half-life of 2-3 days in humans (Lobo et al., 2004) even if jlbsgess the same size
and structure as human IgGs. The reason for this phenomenon is that,Ig@= are
pinocytosed by endothelial cells, they are recycled by the reddRatreceptor (FcRn) and
thereby rescued from degradation in the lysosome (Chaudhury et al., 2003). Agtorttis,
proteins which do not or only weakly bind to the human FcRn such as IgAimararigGs,
are degraded clearly faster (Chaudhury et al., 2003; Lobo et al., 2004).

In principal there are two strategies to improve the halfdifemall antibody molecules: a)
enlargement of the molecule above the renal threshold and b) mediitiecycling by the
FcRn.

small recombinant

antibody

fusion fusion -b’inding/
conjugation ‘cohjugation ;
IgG-Fc-binding

polymer

i.e. PEG, PSA, HAP binding

moiety

L | ]
Reduction of renal clearance
by increasing the
hydrodynamic radius

Recycling from endosome by the neonatal Fc-receptor
after cellular uptake

Figure 2. lllustration of different strategies to improve the circulation half-life of small recombinant
antibodies. Basically, two different approaches are possible: a) enlargement of the size over the
threshold for renal clearance (left) or b) mediation of recycling by the neonatal Fc-receptor via covalent
or non-covalent attachment to IgG-Fc or albumin.
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Several possibilities are known to increase the size of protecis & conjugation with
polyethylene glycol (PEG), polysialic acid (PSA), hydroxyétsiarch, the insertion of N-
glycosylation sites or the fusion to homo-amino-acid polymers (HAP) (Kontern2809b).
For the exploitation of the FCRn-mediated recycling mechanismpriftein can be fused or
non-covalently bound to the Fc-region of IgG1 or to serum albumin, which lairide FcRn,
too (Fig. 2). Following, the mentioned strategies are described in detail.

PEGylation

Polyethylene glyocol (PEG) is a polymer consisting of ethyl@ide monomers. Polymers
with a molecular mass > 100 kDa are usually called polyethydeite (PEO) because in
these molecules the influence of the terminal hydroxyl group mgin@. PEG chains are
very flexible and their dipole character enables every monomewoordinate 2-3 water
molecules resulting in a large hydrodynamic volume. For the coumirdjug molecules,
there are different functionalized PEGs available such as aewotve PEGs (e.g.
succinimidyl esters and p-nitro-phenol carbonates), thiol-reack&sHKe.g. maleimide, vinyl
sulphone, iodoacetamide), aldehyde-reactive and alcohol-reactive @EGpman, 2002).
Commercial available functionalized PEGs are linear or betheimd range in size from 1
kDa up to 50 kDa. An inert methyl-group is often attached to the enldeoPEG chain
(mPEG), in opposite to the functional group.

The conjugation of drugs with PEG leads to a drastic enlargemettteofiydrodynamic
diameter, clearly above the threshold for renal clearanadtingsin a prolonged circulation
half-life ranging from 4-fold for PEGylated G-CSF to 960-fadd PEGylated IL-6 (Fishburn,
2008). Although, PEGylation influences polarity, structure and surface riesgpesolubility,
stability, immunogenicity, cellular uptake, elimination and tissoealization of the
PEGylated drug. PEG is approved by the FDA for clinical usk @nsidered to be safe
(Webster et al., 2007). Presently, PEGylation is the most commontavapprove the
circulation time of protein drugs. Pegasys, interferon alpha-2a coegugath a branched
PEG 40 kDa, is approved by the FDA for the treatment of hep@tiggce 2002 (lafolla,
2002). Due to the prolonged circulation half-life compared to the non-REg8yinterferon,
the dosing schedule could be reduced from thrice- to once-weeklyn(iRRajReddy et al.,
2002).

Pedfilgrastim is a PEGylated granulocyte colony-stimagatactor (G-CSF), which is also in
clinical use. In patients receiving chemotherapy this agehices the duration of severe
neutropenia and facilitates on-time delivery of scheduled dodeeaf@herapy. Compared to
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the non-PEGylated G-CSF, which has to be administered daily, g?agfim has to be used
only once per cycle (Gabrilove, 2006). Certulizumab pegol is a TNFfaleing Fab
conjugated to PEG 40 kDa which is approved for the treatment of Crdisease. Currently
it is in development for rheumatoid arthritis and psoriasis (Melmed et al., 2008).

Initially, non-directed PEGylation was performed with short PEGnshand often more than
one PEG molecule was coupled to the protein of interest. That freglettto sterical
hindrance for the interaction between the PEGylated drug and ¢jet¢ taolecule, resulting in
a dramatic loss in bioactivity (Chapman, 2002). Nowadays sitefgp&iEGylation with
larger PEGs in an 1:1 stoichiometry is common, mainly through coutdiagfree cysteine,
which is often inserted by mutagenesis. By carefully choosingP#@ylation site in the
protein, the loss in bioactivity can be decreased and the efficartbe PEGylation reaction
can be optimized (Xiong et al., 2006). But even with a loss in bioagtiviey impressive
increase in circulation half-life and stability often leadsatsuperiority of the PEGylated
drug. Site-directed PEGylation with PEG 20 kDa of a scFv direagathst HER2 led to a 5-
fold loss in affinity. Nevertheless, the PEGylated scFv showed -fol8.5mproved tumor
accumulation compared to the native scFv (Kubetzko et al., 2006). &taaigPEGylated an
anti-TNF scFv site-specific with PEG 5, 20 and 40 kDa at diffepositions in the C-
terminus or in the linker. Even if the PEGylated scFv lost up to 2rerdf magnitude in
affinity as measured by surface plasmon resonance, it hadlarsaimiity to neutralize TNF-
alpha in a cellular cytotoxicity assay. The circulation hakd of these constructs were
prolonged in the range of 16- to 144-fold. Therefore, this study demiasstrat PEGylation
Is a possible strategy for tailoring a favored half-life rfyaet al., 2003). A disadvantage of
the PEGylation strategy is that PEG is not biodegradable anefdreraccumulates in the
body. If high doses of PEGylated drugs are administered fregue®G accumulation leads
to risks such as renal tubular vacuolation (Bendele et al., 1998). Thgeneation of anti-
PEG antibodies was observed after multiple injections of PE€lyldtugs (Cheng et al.,
1999; Sroda et al., 2005). Moreover, the production of high-quality PE@yfabteins is
expensive and requires additional processing and separation stépsc{Barekar et al.,
2008).

N-glycosylation
All 1gGs are N-glycosylated in theg2 domain (Asn 297). This N-glycosylation influences
the stability and the pharmacokinetic properties of an antibodiei3ef2005). Furthermore,
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the glycosylation has a strong impact on the antibodies effectmtidn (Wright and
Morrison, 1997). An antibody which was mutated at position 297 and acdgrdag
aglycosylated lost its ability to bind to the Heceptor | and to activate the complement
system (Tao and Morrison, 1989). The carbohydrate composition plaggpartant role for
the effector function, too. The Fc-associated N-glycans arkeofliantenarry complex type
and contain one fucose residue. It could be shown that a humanized antigER 2vhich
lacks fucose in its Fc-associated N-glycan, exhibits an impro@d@\by enhanced binding
to Fc -receptor Il (Shields et al., 2002). Beside the Fc-associatdgiddgylation 20-25 % of
the immunglobulins bear an additional N-glycosylation site in theabig domains. It has
been reported that these glycosylations have an effect on the patiobgdy of the
antibodies (Wright and Morrison, 1993).

Artificial N-glycosylation sites can be created by itisgy the sequon GIn-X-Thr/Ser in
which X stands for a random amino acid except Pro. The efficiehtlye glycosylation is
depending on the position of the sequon in the protein, the expressinineedind its
physiological status.

A famous example for the beneficial effect of N-glycosylation on the HalBfiprotein drugs
is erythropoietin which supports the generation of erythrocytesnd&rting 2 additional N-
glycosylation sites (5 in total) the half-life of erythropoietin in @ald be prolonged 2- to 3-
fold (Egrie and Browne, 2001). The hyperglycosylated erythropoietiledcdbarbepoetin,
was approved by the FDA in 2001 for the treatment of patients suffering from anzersed
by chronic renal failure (Macdougall, 2002).

Furthermore, the half-life of the follicle-stimulating hormofSH) could be prolonged by
the insertion of additional N-glycosylation sites. Exogenous adnraedtESH is used in
reproduction protocols to stimulate the development and maturation okeodyte half-life
of FSH in rats could be prolonged from 3.9 h to 7.9 h after i.v. injectidhéintroduction of
two N-glycosylation sites (Weenen et al., 2004).

A contrary effect of N-glycosylation on the circulation halélitvas observed for a scFv
directed against a melanoma associated proteoglycan that whsdsylated at various
positions in the linker or at the C-terminus. The N-glycosylatgels were produced in
Pichia pastoris, leading to N-glycans of the high-mannose type-litgéatif the modified
scFvs was reduced ~2-fold. Likely they were eliminated bynth@nose-receptor bearing
cells as e.g. macrophages (Wang et al., 1998). It was also destwthdy other groups that
high mannose glycoforms are fast eliminated from circulat®right and Morrison, 1994;
Wright et al., 2000).
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To receive an improvement in circulation half-life by N-glycasigin, the glycan pattern has
to be similar to that of mammalian cells. Furthermore, it cbeldbserved that the degree of
terminal sialic acid residues plays an important role (Coheml.et2004). Molecules
displaying multiple terminal N-acetylglucosamine residues raore rapidly cleared by the
asialoglycoprotein receptor (Meier et al., 1995; Stockert, 1995; Joraes 2007). To avoid
this mechanism some groups engineered cell lines for the prodoétmgigcoproteins with
maximal sialic acid content e.g. by high-level expressionb-sialyltransferase resulting in
N-glycans which are more than 90 % sialylated (Weikert et al., 1999; Bragohzi2€08).

Exploitation of the Fc-mediated recycling by the ne onatal Fc-receptor

As mentioned above IgG1 antibodies have a long circulation haléfipproximately 23 d
in human. This is caused by the pH-dependent recycling of the antiteothe Fc-region by
the neonatal Fc-receptor (FCRn). The FcRn consists of the M&#S trelated heavy chain
non-covalently associated with-2-microglobulin. In addition to protect IgGs from
degradation, FcRn is also involved in transplacental transport of malg@®mto the fetus
(Roopenian and Akilesh, 2007). The Fc-region of IgGs can bind two FcRn anmolisly
(West and Bjorkman, 2000). In surface plasmon resonance measurengoiis 6.0 an
affinity of ~2 uM could be found for the monovalent binding of FcRn tollgthereas no
binding occurs at neutral pH (Firan et al., 2001; Dall'Acqua et al., 2006).

The interaction site between the IgG-Fc and the FcRn has beerfiedebyi crystallography
and mutational analysis (Vaughn et al., 1997; Matrtin et al., 2001). Id é@udemonstrated
that the histidines located at the junction betwee2 @nd G3 contribute to the pH-
dependent affinity transition of the binding (Raghavan et al., 1995).

The influence of FcRn-mediated recycling on the half-lives of Iggesd be demonstrated by
means of FCRn heavy chain knockout mice. The half-life of an mgkhockout mice was 5-
fold shorter (19 h) as its half-life in wild-type mice (95 h) (Chaudhury et al., 2003).
Kenanove et al. mutated the Fc-region of an IgG1 directed agali#sh aresulting in a loss
of affinity for the FcRn. This led to a drastic reduction in hi&ffrom 12 d to 8 h (Kenanova
et al., 2005). Reciprocally, the mutational improvement of the affafian IgG for the FcRn
at pH 6.0 led to an 2-fold prolonged circulation half-life withodeeting CDC or ADCC
(Hinton et al., 2004; Hinton et al., 2006). Thereby it is importanet@n the pH-dependency
of the binding. An improved affinity of the Fc-FcRn binding at neutral rpbllted in a
reduced half-life of the antibody (Dall'Acqua et al., 2002). Bethdeundisputable influence
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of the FcRn binding for the half-life, it must be remarked thaktlaee other parameters that
have also a notable impact on pharmacokinetics. Studies analyzirsg W@ varying
affinities for the FcRn showed that biophysical properties ageamniffinity, glycosylation,
proteolytic stability and antigen type contribute also to theiedition rate (Gurbaxani et al.,
2006; Datta-Mannan et al., 2007).

The positive pharmacokinetic properties of IgGs have been exploitesing the Fc-region
to protein drugs. For example, this strategy has been appleedraxellular receptor regions
(TNF-R2, etanercept; Enbrel; CTLA-4, abatacept, Orenica), grdadtors (EPO, FSH,
EGF), cytokines (IL-4, IL-15) coagulation factors (FVI, FD&hd also to recombinant
antibody fragments such as scFv, domain antibodies and antibodyicesirtdztzayeri and
Carroll, 2008). In an intact IgG, the two heavy chains are dimerizethe Fc-region,
therefore the Fc-fusion leads to dimerization of the fused protemeXample, an scFv-Fc
dimerizes to a molecular weight (MW) of 105-110 kDa and a singleadefc fusion protein
to a MW of 80-85 kDa. Due to their bivalency these constructs hawalarsavidity as IgGs
but show better tumor penetration because of their smaller sskeh@C et al., 1998; Holliger
and Hudson, 2005).

Instead of the direct Fc-fusion, it is also possible to fuse thteiprof interest to an antibody
fragment binding to plasma IgGs. The circulation half-life dfigpecific diabody could be

prolonged 5-fold by directing one binding site against IgG (Holliger et al., 1997).

Exploitation of HSA recycling by the neonatal Fc-re ceptor

As IgG, albumin is recycled by the neonatal Fc-receptor. Wiy af ~ 5 uM at pH 6.0
human serum albumin (HSA) exhibits a similar affinity for BoeiRn as IgG1 that is also pH-
dependent (Andersen et al., 2006; Chaudhury et al., 2006). But compared to 1¢dsndS
to the FcRn in a 1:1 stoichiometry (Chaudhury et al., 2006). IgGs dhsied two FcRn
molecules and therefore, binding is increased. HSA consists of 586 aeids and has a
molecular weight of ~ 67 kD. The non-glycosylated protein is stralty divided into three
domains, each consisting of two subdomains. With 35-50 g/l it is the tmastiant plasma
protein. Its physiological function is to maintain the osmotic pmesdo buffer the vascular
system and the transport of small molecules such as ions, hornfettyescids or bilirubin.
The influence of the FcRn-mediated recycling on its half-ldfeld be demonstrated in FCRn
heavy chain knockout mice. Here, albumin showed a clearly reducedifdna|®4 h)
compared to its half-life in wild-type mice (39 h) (Chaudhurylet2003). By mutational
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analysis it was found that histidine 166 of the FcRn is involved imlthenin-FcRn-binding
(Andersen et al., 2006), indicating that the FcRn binding site lbanah is distinct from the
binding site for IgGs. This was confirmed by surface plasmon rasenexperiments with
immobilized FcRn. In these experiments the mixture of albumin g@désulted in a higher
signal as a saturating concentration of IgG alone, proving thabititeng sites for both
species are different (Chaudhury et al., 2006). The binding site in absmocated in
domain Il which contains several conserved histidines. His464 undeesgpesdependent
protonation between pH 5.0 and pH 7.0 and may play a major role in the pH depeatle
the FcRn-albumin binding (Chaudhury et al., 2006).

The direct fusion of albumin has successfully been applied tosagesttiding interferons,
interleukins, insulin, human growth hormone and antibody fragments (Sméh, &001;
Chuang et al., 2002; Muller et al., 2007). For example, the fusion ahailo interleukin-2
(albuleukin) led to a prolongation of the plasma half-life to 6&€bmpared to 19-57 min for
the unmodified recombinant interleukin-2. In a mouse tumor model albuleukitmaet
resulted in an improved survival rate compared to the controls (Melder et al., 2005).
Furthermore, HSA has been fused to a taFv and a scDb (Muder 2007). These molecules
were created for the retargeting of cytotoxic T-cells aedevdirected against CD3 and CEA,
a tumor-associated antigen. The fusion to HSA led to a 4- to 5-foldngation of the
circulation half-life. In their ability to activate T-cellsgDb-ABD was superior over the taFv-
ABD and scFv-ABD-scFv formats but less active than the native scDb.

Even if some of the albumin fusion proteins exhibit a reduced bidgcésifor example in
the cases of albuferon and albuleukin, the greatly improved half-kfés l®ften to an
improved therapeutic efficacy (Sung et al., 2003; Melder et al., 2005).

Instead of directly fusing the protein of interest to albumin sgverethods have been
developed for a non-covalent association. A bispecific k(diogcted against TNF and rat
serum albumin revealed a half-life of 43 h in rats compared tb i@ the control F(ab)
(Smith et al., 2001). As an alternative for using an anti-albumitadhti fragment it is also
possible to use an albumin-binding domain. The best analyzed albumin-bindingh dema
ABD3 derived from protein G of Streptococcus strain G148. The ciggtaphic structure
(Kraulis et al., 1996) showed a left handed 3-helix bundle consisting aihgo acids.
Surface plasmon resonance experiments and competition assayedeueaffinity of 1-4
nM for HSA (Johansson et al., 2002; Linhult et al., 2002; Jonsson et al., 2008)sidreof
ABD to an anti-HER2 Fab led to a ~10-fold increased half{8ehlapschy et al., 2007).
Furthermore, ABD was fused to an anti-HER2 affibody. Affibodies small (~7 kDa)
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antibody mimetics derived from the Z-domain of streptococcal prdtevith very short half-
lives. In a radiotherapy approach in mice the ABD-fused affibody alde to completely
prevent tumor formation (Tolmachev et al., 2007b).

Due to its bacterial origin the ABD is potentially immunogehibdn et al., 1999). However,
it was reported for one case that the fusion with ABD is abledoce the immunogenicity of
the fusion partner (Kontermann, 2009b). The affinity of ABD to albumin cbelthcreased
to a range of 50-500 fM (Jonsson et al., 2008). It could be shown thatfithigy aiff an
albumin-binding moiety is positively correlated with its hal&lifNguyen et al. produced
short albumin-binding peptides with affinities between 36 and 110 nM bgepteplay
(Nguyen et al., 2006). These peptides were fused to an anti-HER2d&¢hbd to increased
half-lives in the range between 12 and 69 h compared to 6 hdarrtimodified Fab. The
group found out that the higher the affinity of the peptide for albumirnotinger is the half-
life of the fusion protein. These findings were confirmed in alamaipproach with selected
albumin-binding human domain antibodies derived frommavid \{ by phage display from a
synthetic library (Holt et al., 2003). One of these antibodies withfeinity of 1 uM for rat
serum albumin (RSA) showed a half-life of 43 h in rat whereashanone with an affinity of
13 nM reached the half-life of RSA with 53 h. The fusion of an dhtimain human domain
antibody to IL-1 receptor antagonist, which is approved for the treatoferheumatoid
arthritis, led to an improved half-life of 4.3 h compared to 2 mintler unmodified IL-1
receptor antagonist. Furthermore, it could be demonstrated, that ttwgaol half-life
translates in an improved efficacy in a collagen-induced aghribuse model (Holt et al.,
2008).

The enormous work that has been done to develop the described diversigy différent
approaches emphasizes the importance of finding strategies fqoralmngation of the
circulation half-lives of protein based drugs. Prolonged half-liead to less frequent dosing
schedules and a smaller amount of drug is needed, resulting in sasiaged more comfort
for patients.

Aim of this study

Many studies have been published in the last years that dealtheitimprovement of
pharmacokinetics of small protein-based drugs. One of the biggekngfea in this field is
to improve the pharmacokinetics of small antibody formats for gerirent of solid tumors.

On the one hand, these molecules should be large enough to preventeamaicel but on
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the other hand, they should be small enough to exhibit a preferablgnidshomogeneous
tumor penetration. Several studies have been performed to invesiifatent approaches to
overcome this challenge, but these studies have been done witerdiff@tibody formats,
different affinities, different antigens and in different tumor nieddherefore, a direct
comparison between the different approaches is difficult. Theeptestudy aims to compare
directly three basically different strategies to improve gharmacokinetics of one certain
antibody. In our group, expertise with the scDb and the taFv fornsataitable. The scDb
format was chosen for the present study, because it showedrmisapkibility and a better
stability in human plasma than the taFv format (McCall et al., 189&iyanov, 2003;
Grosse-Hovest et al., 2004; Korn et al., 2004b). Furthermore, previoussstdichar group
compared directly anti-CEA/anti-CD3 scDb and taFv (Tiegs, 2005;eMéti al., 2007). This
comparison revealed, that T-cell activation by scDbCEACD3 wadly target cell-specific
whereas a loss in target cell specificity was observed fmQBACD3. Even after the fusion
with HSA, scDbCEACD3-HSA was still able to activate T-selfhese positive properties of
the scDbCEACD3 led to the decision to use this antibody for therpretedy (the scDb
format is shown in Fig. 3). Moreover soluble CEA, CEA expressaiglines and a tumor

mouse model were available.

antigen A

Q / N-terminus

VIA—s — VA
C-terminus
= linker B (5 aa)
linker A (5 aa) , ' (VB-V, A)
(V4A-V, B) W

linker M (15 aa)

P (V,B-V,B)

antigen B

Figure. 3. Model structure of a scDb using the structure of a bivalent diabody (PDB entry 1LMK,
(Perisic et al., 1994)). In case of scDbCEACDS, antigen A corresponds to CEA and antigen B to CD3.
Visualized with PyMOL Molecular Graphic System (DeLano Scientific, San Carlos, CA, USA).

The carcinoembryonic antigen (CEA) is a 180 kDa GPI-linkedccagyotein which is
expressed on the fetal gut or on the luminal surface of the adah.ddlring colorectal
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oncogenesis CEA is overexpressed and loses its polarity, thus se@moessible for
circulating antibodies. High CEA expression levels were alsoreddeon epithelial, lung,
ovarian, breast and thyroid tumors (Hammarstrom, 1999). For its higir spacificity, CEA
has been used successfully as target antigen in severahgreui therapeutic approaches
(Alt et al., 1999; Wegener et al., 2000; Korn et al., 2004b; Sharma 08b, Kraeber-
Bodere et al., 2006; Cai et al., 2007; Muller et al., 2007). With itsdifferent binding sites
scDbCEACD3 is able to retarget cytotoxic T-cells to CBAmor cells. The ability of
bispecific diabodies for T-cell retargeting was shown befordlifferent targets such as CEA
and CD19 (Holliger et al., 1999; Cochlovius et al., 2000a; Blanco et al., 206i&r @t al.,
2003). 4,CEA and \(CEA of scDbCEACDS3 are derived from anti-CEA scFv MFE-23.
Chester et al. selected scFv MFE-23 from a murine phage ylitaad determined a
dissociation constant @ of 2.5 nM for its affinity for CEA (Chester et al., 1994). Sitlven
scFv MFE-23 was used in various different applications as e.g. addnaxgeting (Korn et
al., 2004b), antibody-directed enzyme prodrug therapy (Brusselbadh #929), enzyme
immunoassays (Kontermann et al., 1997a) and radioimaging (Verhalar ¥196). The anti-
CD3 binding-site of scDbCEACD3 is derived from variant 9 of humanized UCHT é7d
Carter, 1995). This anti-CD3 binding site binds specific human but not murine CD3.

First studies have been made by our group to improve the half-l§eDIfCEACDS3 (Tiegs,
2005; Mller et al., 2007). It could be shown that fusion of sScDbCEACD3K&A led to a
drastic increase of the AUC from 61 + 4 to 433 + 163 h*%. In the pretay the influence
of N-glycosylation, PEGylation and fusion with an albumin-binding domaBO)Aon the
pharmacokinetics and bioactivity of scDbCEACD3 is analysed (F)g.Fér the N-
glycosylation three different variants of scDbCEACD3 with 3, 6 &-§lycosylation sites
scDb-ABG, scDb-ABG, scDb-ABG) were produced. The second strategy was a site-
directed conjugation of the scDb with a branched mPEG 40 kDa ¥{,(bEA-V CD3-linker

A (scDb-A’-PEGqpy or at the C-terminus (scDb-C’-PE&zpy). Both strategies aim to
decrease the renal clearance of the scDb by increasisigatsThe third strategy is the fusion
of a small streptococcal albumin-binding domain (ABD) to the scDb.spkeeial feature of
this strategy is that it aims additionally at the recycling of the s&Bb-albumin complex by
the neonatal Fc receptor (FCcRn).

In vitro characterisations showed that both antigen-binding sitdssaib variants remained
functional. Furthermore, it could be shown that all constructs wdlrald# to activate T-cells
target cell-specific and the cytotoxic potential of scDbCEACDd acDb-ABD could be

verified. The examination of the circulation time of the constrircimice revealed that the
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AUC.24n Of the N-glycosylated constructs were increased 2- to 3-foldpamd to the
unmodified scDb. A 10- and 14-fold increase of the (AW could be observed for the
PEGylated and the scDb-ABD construct. By comparing the terrhialélives of the scDb-
ABD in FcRn heavy chain knockout and in wild-type mice, it could beotstnated that the
improved half-life of scDb-ABD is partly caused by the réicygrvia the FcRn. Furthermore,
the comparison of the biodistribution of the scDb and its variar@sume-mice tumor model

revealed a superior tumor accumulation of the scDb-ABD.

scDb-A’-PEG,,,p. scDb-ABC, scDb-ABD

Figure 4. Strategies to improve the pharmacokinetics of a single-chain Diabody (scDb) realized in the
present study. A) PEGylation (pink intermitted line symolizes PEG,upa), b) N-glycosylation (green dots
symolize N-glycosylation sites), b) scDb fused to albumin-binding domain 3 of streptococcal protein G.
Structures of a bivalent diabody (PDB entry 1LMK, (Perisic et al.,, 1994)) and ABD3 (PDB
1GJT,(Kraulis et al., 1996)) were used. Visualized with PyMOL Molecular Graphic System (DelLano
Scientific, San Carlos, CA, USA).
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Short summaries of the manuscripts

Publication |

“A novel tri-functional antibody fusion protein with improved pharacokinetic properties
by fusing a bispecific single-chain diabody with an albumin-binding ndain from

streptococcal protein G”

Roland Stork, Dafne Miller and Roland E. Kontermann

Protein Engineering, Design & Selection, VOL. 20, NO. 11, pp. 569-576, 2007.

This publication describes the construction and characterization st tHECEACD3 fused to
the albumin-binding domain 3 of streptococcal protein G (scDb-ABD). penspective of
this approach is that scDb-ABD binds to albumin that is abundant ibldbd, leading to a
scDb-ABD-albumin complex that exceeds the threshold for renabdea and is recycled by
the neonatal Fc-receptor (FCRn) after endocytosis. Size extlasromatography (SEC) and
ELISA confirmed that the binding of ABD to albumin is not affected the fusion to
scDbCEACD3 and remains stable at acidic pH that is tygmalthe endosome. Flow
cytometry on CEA or CD3 cells as well as ELISA on immobilized CEA revealed thattsc
ABD is able to bind both antigens in presence and absence of albuminvetptie ability
of scDb-ABD to activate T-cells, as measured by IL-2asé, was 3-fold decreased
compared to scDbCEACDS3 and further decreased 4-fold in presendminfial ScDb-ABD
showed a strongly improved circulation time with a 5- to 6-foldaased terminal half-life,
comparable to a scDbCEACD3 fused to HSA. This study shows thaisibe with ABD is a

promising approach for the improvement of serum half-life of small recomkanéibbdies.
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Publication I

“N-glycosylation as novel strategy to improve pharmacokinetic projgsrtof bispecific

single-chain diabodies”

Roland Stork, Kirstin A. Zettlitz, Dafne Mduller, Miriam Retherakz-Georg Hanisch &
Roland E. Kontermann

The Journal of Biological Chemistry, VOL. 283, NO. 12, pp. 7804-7812, 2008.

In this publication the construction and characterization of N-glyatsyland PEGylated
variants of sScDbCEACD3 is described. Both approaches aim atadewehe renal clearance
of the antibody by increasing its size. Three N-glycosylat®b€EACD3 derivatives with 3,
6 and 9 N-glycosylation sites were produced in HEK-293 cells, beglhytgns comparable
to other glycoproteins produced in HEK-293 cells as determined by MALDI-MS.

Even though the antigen-binding of the modified scDbCEACD3 deriatnas similar to
that of the parental scDb, their ability to activate T-cellssweduced 3- to 5-fold. The
somewhat enlarged hydrodynamic radii of the N-glycosylatedtants translated in a
moderately improved circulation half-life. In contrast, PEGyglatied to a 3-fold increased
hydrodynamic radius, resulting in a 10-fold increase of the A#CThe direct comparison
of the different constructs with a chimeric IgG1 and scDbCEA@B&d to HSA or ABD
revealed that the chimeric IgG1 showed the longest half-life felblay scDb-ABD, scDb-
HSA and the PEGylated scDb. N-glycosylation emerged as abpibgsio moderately

improve the circulation time of scDbCEACDS.
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Publication Il

“Biodistribution of a bispecific single-chain diabody and its half-life extendedidatives”

Roland Stork, Emmanuelle Campigna, BruRobert, Dafne Miuller and Roland E.

Kontermann

The Journal of Biological Chemistry, in press, 2009

In this study the influence of N-glycosylation, PEGylation and ABElon on the
biodistribution of sScDbCEACD3 was examined. It was observed thairthenged half-lives
of scDb-ABD and the PEGylated antibody translate in an improwewbrt accumulation in
CEA" tumors. Although both constructs showed a similar circulation tirdesimilar binding
to CEA, a 2-fold increased tumor accumulation was observed forA8Dbcompared to the
PEGylated scDb. The hypothesis that the long circulation halédis=Db-ABD is caused by
FcRn interaction could be confirmed by the use of FcRn heavy khaakout mice. In these
knockout mice the half-life of scDb-ABD was halved, whereas no rdiffees could be
observed for the PEGylated scDb. Quartz crystal microbalancasumements with
immobilized albumin revealed that the ABD-albumin interaction is dextreased by the
fusion with scDbCEACD3 or by acidic pH, confirming the ELISA rés@lom publication I.
Antibody titration in flow cytometry showed similar binding of DdeABD and the
unmodified scDb on CEALS174T and CD3 Jurkat cells. However, cytotoxicity assays
revealed a reduced cytotoxic effect of scDb-ABD, which was furiuced in presence of
albumin.

In conclusion the long circulating constructs showed an improved tumor accumuratitdrea
contribution of the FcRn interaction to the improved half-life of scE@bAcould be
confirmed. Furthermore, scDb-ABD was able to mediate targéspetific cytotoxicity,

although this activity was influenced by binding to albumin.
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Abstract

The therapeutic application of small recombinant antibody molegsilefien limited by a
short serum half-life. In order to improve the pharmacokinetic propevedsave investigated
a strategy utilizing fusion with an albumin-binding domain (AB@m streptococcal protein
G. This strategy was applied to a bispecific single-chain diatsxDb CEACD3) developed
for the retargeting of cytotoxic T cells to CEA-expressimgior cells. This novel tri-
functional fusion protein (scDb-ABD) was expressed in mammalian cellseognized both
antigens as well as human and mouse serum albumin. ScDb-ABDapalsie to retarget T
cells to CEA-expressing target cells in vitro and to actitta¢eeffector cells as measured by
stimulation of IL-2 release. Although activity was reduced 3-fmdhpared with scDb and
further reduced 4-fold in the presences of human serum albumingsiaig demonstrated that
scDb-ABD is active when exposed to all three antigens. Compatikdebb, the circulation
time of scDb-ABD in mice was prolonged 5- to 6-fold similar fareviously described scDb-
HSA fusion protein. This strategy, which adds only a small proteirado(d6 amino acids)
and which utilizes high-affinity, non-covalent albumin interaction, should bbeadly

applicable to improve serum half-lives of small recombinant antibody molecules.

Introduction

Recombinant antibodies have found broad applications in therapy. Whileeerggd whole
antibodies, such as chimeric and humanized immunoglobulins, show pharmacokine
properties similar to that of human antibodies, small recombinariioaytimolecules, e.g.
single-chain Fv (scFv) or bispecific molecules such as tanddfa aad single-chain
diabodies (Muller & Kontermann, 2007), are rapidly cleared from ctmr (Weir et al.,
2002; Miller et al., 2007). This is mainly due to their small sizglitg to rapid renal
clearance and the lack of recycling processes mediatedebgeionatal Fc receptor (FCcRn)
(Lencer and Blumberg, 2005). Thus, high doses and repeated injections @nsfase
necessary to maintain therapeutically effective serum concentratidiierédie et al., 2005).
Several strategies have been developed in recent yearsetw evitculation time of small
antibody molecules. One approach utilizes attachment of polyethglycol (PEG) chains.
PEGylation has been shown to increase serum half-life of anf other molecules and to
improve diagnostic or therapeutic efficacy (Chapman, 2002). Howéngisttategy involves

a chemical coupling step and can lead to reduced binding and activibe ??EGylated
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protein (Kubetzko et al., 2005; Bailon et al., 2001). We have recepglyed an albumin
fusion strategy (Chuang et al., 2002) to improve the pharmacokineticripeepef small
bispecific antibody molecules (single-chain diabody, tandem)ddFller et al., 2007). By
this approach, half-lives were increased leading to a 6-7 ficl@ase of the area-under-the-
curve (AUC).

Similar strategies are based on the fusion of an albumin-bindingyntoiehe therapeutic
protein (Makrides et al., 1996; Dennis et al., 2002). For example, albundmfiantibody
fragments have been employed to increase serum halfflifgoteins (Smith et al., 2001,
Roovers et al., 2007). Furthermore, albumin-binding peptides were tdigtgphage or
bacterial display and used to improve pharmacokinetics of proteirsg6ak, 2002; Dennis
et al., 2002; Bessette et al., 2004; Nguyen et al., 2006; Dennis et al., 2007).

Natural high-affinity albumin-binding domains are found in protein G aafrtain
Streptococcus strains (Akerstrom et al., 1987). For example, proteiiStBeptococcus strain
G148 contains three homologous albumin-binding domains. Albumin-binding domain 3
(ABD3) has been extensively studied. This domain consists of 46oaatid residues
forming a stable three-helix bundle (Kraulis et al., 1996). ABD3draad albumin species
specificity and binds to human serum albumin (HSA) withgaoKapproximately 4 nM as
determined by Biacore experiments (Johansson et al., 2002; Linhdlf 20@2). Residues
involved in binding to HSA have been identified by mutational analgsise second-helix
of ABD3 (Linhult et al., 2002). Only a few reports have describedifieeof this domain or
larger regions of protein G containing this domain to prolong tleelletion time of proteins
such as soluble complement receptor 1 (sCR1), CD4, Fab fragmenf$ilzodies (Makrides
et al, 1996; Nygren et al., 1991; Schlapschy et al., 2007; Tolmachev et al., 2007).

Here, we applied genetic fusion of the ABD3 domain of streptococcdéiprG to a
recombinant bispecific single-chain diabody (scDb) to generate al riovMenctional
antibody molecule with improved pharmacokinetic properties. We could staavthie scDb-
ABD fusion protein is expressed by mammalian cells and thegtains antigen-binding
activity for both antigens and binds to human and mouse serum albumin. paretive
analysis with scDb demonstrated a 5- to 6-fold prolonged circulatr@nin vivo leading to a
14-fold increase of the AUC.
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Materials and Methods

Materials

HRP-conjugated anti-His-tag antibody was purchased from Sania Biotechnology
(California, USA), unconjugated anti-His-tag antibody from Dianddaniburg, Germany)
and anti-mouse IgG-FITC or PE-conjugated antibody from SigmafKifehen, Germany).
Carcinoembryonic antigen was obtained from Europa Bioproducts (Cambd#geHSA
and MSA were purchased from Sigma. The human colon adenocarcinonineceb174T
was purchased from ECACC (Wiltshire, UK) and cultured in EMEMi{rogen, Karlsruhe,
Germany) supplemented with 2 mM glutamine, 1% non-essential awid® and 10% FBS.
LoVo cells were provided by Dr. Bruno Robert (Montpellier, Francg) eultured in RPMI,
10% FBS. Jurkat and HEK293 were cultured in RPMI, 10% and 5% FBS, iespeduffy
coat (leukapheresis) from a healthy human donor was kindly provid&tdbyG. Multhoff
(Regensburg, Germany). IL-2 was purchased from Immunotools d¢iies Germany) and
phytohemagglutinin-L (PHA-L) from Boehringer-Mannheim (Germar@pPl mice were
purchased from Elevage Janvier (Le Genest St. Isle, France).

Construction and expression of a scDb-ABD fusion protein

The construction of scDbCEACD3 has been described previously (Mtibdr 007). DNA
encoding the entire ABD3 domain of protein G of Streptococcus sk was synthesized
by GeneArt (Regensburg, Germany) adding a Notl and EcoRictest site at the 5’ and 3’
end, respectively, for cloning into plasmid pABl1 scDbCEACD3. Thailtteg DNA
fragment encoding scDb-ABD was subcloned into mammalian expnessctor pSecTagA
(Invitrogen, Karlsruhe, Germany). HEK293 cells were stablysfiected and scDb-ABD was

purified from cell culture supernatant essentially as described previddislel et al., 2007).

ELISA

Carcinoembryonic antigen (CEA) was immobilized in 96-well-pla8&® (ng/well) overnight

at 4°C. After 2 h blocking with 2% (w/v) dry milk/PBS, recombinantidy fragments

were titrated in duplicates and incubated for 1 h at RT. Detectignperformed with mouse
HRP-conjugated anti-His-tag antibody using TMB substrate (InlmgMB, sodium acetate
buffer pH 6.0, 0.006% }D,). The reaction was stopped with 50 pl of 1 MSEy.
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Absorbance was measured at 450 nm in an ELISA-reader. Binding of-A&Dbto

immobilized human and mouse serum albumin (10 pg/well) was anabasatdingly.

Competition-ELISA was performed according to the method describedFrigyiet and
coworkers (Friguet et al., 1985). ScDb-ABD at a concentrationanfd310 nM, respectively,
was preincubated with increasing concentrations of HSA or MBA{M — 1 uM) for 3 h
and subsequently added to microtiter plates coated with MSA. &ftérmin incubation step,
plates were washed and bound scDb-ABD was detected as desdrinexl BBS, 2.7%
blocking reagent for ELISA (Roche Diagnostics) was used fockilhg and incubation in

these experiments.

Flow cytometry

5x10 cells/well were incubated with recombinant antibodies (10 udgmi h at 4°C. After
washing, cells were incubated for 1 h at 4°C with mouse anti-gisstéibody followed by
washing and 30 min incubation with PE-labeled anti-mouse IgG. Wasls @madeincubation
steps were performed in PBS, 2% FCS, 0.02% azide. Finally, wetls analyzed by flow
cytometry using an EPICS XL-MCL (Beckman Coulter, Krefeld, Germany).

Thermal and serum stability

Protein melting points were determined by dynamic lighttedag using a Zetasizer Nano
ZS (Malvern, UK). Proteins were diluted in PBS to a concentratiod5&f pg/ml and
analyzed at increasing temperatures (30 to 70°C) using 1°C intervals and domagopnltime
of 2 min. Furthermore, stability was determined by incubating $8BD-in mouse serum or
human plasma at 37°C for up to 18 days. Aliquots were taken at difterenipoints and

concentration of active antibody molecules were determined by ELISA esbaéelsabove.

Size exclusion chromatography

Apparent molecular weights and formation of scDb-ABD albumin coneglexere analyzed

by HPLC size exclusion chromatography using a BioSep-Sec-3000 cdRinemomenex,
Torrance, USA) and a flow rate of 0.5 ml/min. The following standaoteprs were used:
thyroglobulin, apoferritinp-amylase, bovine serum albumin, carbonic anhydrase, cytochrome

c. Complex formation of scDb-ABD with HSA or MSA was analyzey ibcubating
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equimolar amounts of scDb-ABD and albumin (8.5 pM) in PBS at roonpdrature and

subsequent analysis by size exclusion chromatography.

IL-2 release assay

Peripheral blood mononuclear cells (PBMC) from a healthy donce wgetated from buffy
coat (leukapheresis) as described before (Milller et al., 2007)’ 1$1G4T or HT1080#13.8
cells/100ul/well were seeded in 96-well plates. The next day rsaf@et was removed and
100 ul of recombinant antibody added. After 1 h preincubation at RT, °2x10
PBMC/100ul/well were added. PBMCs had been thawed the day beforseaddd on a
culture dish to remove monocytes by attachment to the plasticceur@nly cells that
remained in suspension were used for the assay. After addition o€ RNe 96-well plate
was incubated for 22-24 h at 37°C, 5% LPlates were centrifuged and cell-free supernatant
collected. Concentration of human IL-2 in the supernatant after | Tretrgeting was
determined by an IL-2 sandwich-ELISA. Anti-human IL-2 antibodiewel$ as the standard

of recombinant human IL-2 was provided by DuoSet IL-2 ELISA Devetpnsystem kit
(RandD Systems, Nordenstadt, Germany) and the assay wasmeelfdollowing the

manufacturer’s protocol.

Pharmacokinetics

Animal care and all experiments performed were in accordaitbefederal guidelines and
had been approved by university and state authorities. CD1 micealéfebd — 36 weeks,
weight between 39-54 g) received i.v. injections of 25 g scDb, scDb-&BIODb-HSA in a
total volume of 200 pl. In time intervals of 3, 30, 60, 120, 360 min, 24 h, and 72 h blood
samples (100 pl) were taken from the tail and incubated on icée€ldbod was centrifuged
at 10.000 g for 10 min, 4°C and serum samples stored at -20°C. Serum @iiweniof
CEA-binding recombinant antibodies were determined by ELISA (asrided above),
interpolating the corresponding calibration curves. For comparison, the first(8afia) was
set to 100%. Pharmacokinetic parameters AUYfa and t.b were calculated with Excel
using the first 3 times points to calculaigat and the last 3 time points to calculaggbt 6
animals were analyzed for scDb-ABD (72 h value measured omly 3f animals).
Pharmacokinetics of scDb and scDb-HSA were measured for 3lanincuding data for 72
h, and combined with previously obtained data (Mdiller et al., 2007). &uststs, Student’s t
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test was applied.

Results

Production of a scDb-ABD fusion protein

ScDbCEACD3-ABD directed against the carcinoembryonic antigdbAJGand the T cell
receptor complex protein CD3 was generated by fusing the albundm@idomain ABD3 of
streptococcal protein G (composed of 46 aa) to scDbCEACD3 includingteamihal
hexahistidyl tag (Fig. 1a-c). The resulting scDbCEACD3-ABDdngprotein is composed of
550 amino acid residues with a calculated mass of 59.3 kDa. Thus, scOIRBEABD is
approximately 5 kDa larger than scDbCEACD3, which contains alsgcatdy (505 aa, 54.5
kDa).

a) b)
L@ VuA W V,B M VB N V,A JABDEHiss --V.A-AAA-QHDEAVDANSLAEAKVLANRELDKYGVS-

DYYKNLINNAKTVEGVKALIDEILAALP-GGAHHHHHH

d)

wa 1 2 M 3 4 1 2 M 3 4

kDa

170 -
130 -

100 - 100 -
70- 70 -

170 -
130 -

40- 40-

Fig. 1. Composition and production of scDb-ABD. A) Domain structure of scDb-ABD including the N-
terminal leader peptide (L) and the C-terminal hexahistidyl-tag (His6) b) Sequence of ABD fused to
scDb CEACD3. Alpha-helices are underlined. C) Model structure of a scDb-ABD using the structure of
a bivalent diabody (PDB entry 1LMK, Perisic et al., 1994) and the structure of ABD3 of streptococcal
protein G (PDB entry 1GJT, Kraulis et al., 1996). Both structures were combined with
SwissPDBViewer (Guex and Peitsch, 1997) and visualized with the PyMOL Molecular Graphics
System (DeLano Scientific, San Carlos, CA, USA). Cysteine residues are shown space-filled. The
middle linker connecting VB and VLA and the C-terminal hexahistidyl-tag is not shown. D) SDS-
PAGE and e) immunoblot analysis of purified scDbCEACD3 and scDbCEACD3-ABD (3 ug/lane).
scDbCEACD3 (lane 1 and 3) and scDbCEACD3-ABD (lane 2 and 4) were analyzed under non-
reducing (lane 1 and 2) or reducing (lane 3 and 4) conditions. Gels were stained with Commassie
brilliant blue (d) or immunoblotted with an anti-His-tag antibody (e).
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Both, scDbCEACD3 and scDbCEACD3-ABD were purified from the supanhaf stably
transfected HEK293 cells with yields of 10 and 15 mg/l cultuegliom, respectively. SDS-
PAGE and immunoblot analysis showed a single protein band for scBBIQE and
scDbCEACD3-ABD under non-reducing and reducing conditions (Fig. 1d, e)adperent
molecular masses were 59 kDa for scDbCEACD3 and 62 kDa for scDbCEACD3-ABD.

Antigen binding of scDb-ABD
Both, scDbCEACD3 and scDbCEACD3-ABD recognized CEA in ELISAh@ absence or

presence of human serum albumin (HSA) (1 mg/ml) (Fig. 2).

a) 0.7+ b)
= - ] Db 0.7"
£ 0.6 e 4 = scDb i
£ 4 o scDb-ABD £ 0.6
o 0.5+ c 4 O scDb-ABD
2 1 o 0.5
~ 0.4 9
e . < 0.4
2 0.3 S
E. 4 — 0.3+ o
0.2+ o .
g S 0.24
< 0.14 2 ]
- [ 0.1+
0.04 .
0.01 0.1 1 10 100 0.04
0.01 0.1 1 10 100

soncentration: A3y concentration [nM]

Fig. 2. Binding of scDbCEACD3 and scDbCEACD3-ABD to CEA in ELISA. ELISA plates were coated
with CEA (300 ng/well) and binding of scDbCEACD3 and scDbCEACD3-ABD in the absence (a) or
presence (b) of HSA (1 mg/ml) was detected via an HRP-conjugated anti His-tag antibody.

Binding of scDbCEACDS3 to CEA was not reduced by HSA (half makibinding at 2.2 nM
without HSA and 1.5 nM with HSA), while binding of scDbCEACD3-ABD swslightly

reduced (half maximal binding at 4.1 nM without HSA and 6.6 nM with H8A)h proteins
bound with similar efficiency to CEA-expressing tumor cell $ifl&S174T, LoVo) and to
activated CD3-positive PBMCs. No reduction of binding was observed iprédsence of
HSA (1 mg/ml) or 50% mouse serum (Fig. 3). No binding was sedn awitigen-negative
control cells (HEK293). Thus, both antigen-binding sites in scDbCEACBDB-Aare

accessible for antigen-binding.
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Fig. 3. Binding of scDbCEACD3 and scDbCEACD3-ABD to antigen expressed on cells. Purified
scDbCEACD3 and scDbCEACD3-ABD (1 pg/ml) were analyzed by flow cytometry for binding to CD3-
expressing PBMCs and CEA-expressing LS174T cells in the presence (+) or absence (-) of 50%
mouse serum. HEK293 cells were included as negative control (filled, detection system; line, antibody
molecule).

Stability of scDb-ABD

Thermal stability of scDbCEACD3-ABD was found to be similathat of scDbCEACDS3.
Melting points were determined to be 48°C for scDbCEACD3-ABD and 4f5C
scDbCEACD3. Similar values were measured for scFv CEA (48h@d)scFv CD3 (47°C)
(not shown). ScDbCEACD3-ABD was highly stable in human plasma or memrsen at
37°C with a half-life > 3 days (not shown).

Binding of scDb-ABD to albumin

Size exclusion chromatography (SEC) was applied to demonstrateclaCEACD3-ABD
interacts with human and mouse serum albumin in solution (Fig. 4). H®rstudy,
scDbCEACD3-ABD was incubated with HSA or MSA at equimolar comaéinhs (8.5 uM)
and then separated by SEC. ScDbCEACD3-ABD alone eluted witlajar peak (88%)
corresponding to an apparent molecular mass of 40 kDa. HSA showgdrgpeeak (92.5%)
of 65 kDa and a minor peak of approximately 220 kDa. After incubatidnseDbCEACD3-
ABD both peaks were shifted to an apparent molecular mass of 150 akD&58hereas the
peak of the unbound scDbCEACD3-ABD was almost completely diminisipgaoeamately
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5% left). Similar results were obtained with MSA. MSA alohewed a major peak (50.6%)
of 60 kDa and several peaks with higher molecular masses. pbaks were shifted towards
the left after incubation with scDbCEACD3-ABD. Only a smadiction (11%) corresponded
in size to free scDbCEACD3-ABD.
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Fig. 4. Formation of scDb-ABD/albumin complexes. ScCDbCEACD3-ABD was incubated with HSA or
MSA at equimolar concentrations and analyzed by size exclusion chromatography. scDb-ABD, HSA
and MSA alone were included. Peak positions of marker proteins are indicated.

A control experiment with scDbCEACDS3 incubated with HSA showed ppai@nt
interaction of these molecules (not shown). In a further experimeranalyzed inhibition of
binding of scDbCEACD3-ABD to immobilized MSA by soluble HSA or MSHh this
competition-ELISA we determined igvalues of 4.4 nM for MSA and 3.4 nM for HSA,
respectively (Fig. 5a). Next, we compared binding of sScDbCEAEBB to MSA at pH 7.4
and pH 6.0 in ELISA in order to investigate if SSDbCEACD3-ABD albucomplexes are
stable in an acidic environment. Binding of sScDbCEACD3-ABD to M$Ath 6.0 was not
affected (using 10 pg/ml scDb-ABD) or slightly increased (1.2.8fold at 3 and 1 pug/ml,
respectively) compared to binding at pH 7.4 (Fig. 5b).
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Fig. 5. Binding of scDbCEACD3-ABD to albumin. A) Competition-ELISA analyzing binding of
scDbCEACD3-ABD to immobilized MSA in the presence of increasing concentrations of HSA or MSA.
B) Binding of scDbCEACD3-ABD to immobilized MSA in ELISA at neutral (pH 7.4) or acidic pH (pH
6.0).

T cell stimulatory activity of scDb-ABD

An IL-2 release assay was performed to demonstrate smeoltia binding of sScDbCEACD3-
ABD to CEA-expressing target cells and CD3-positive effecttis deading to activation of
the effector cells. Both molecules, scDbCEACD3 and scDbCEACD3;Af8bivated human
effector cells in a concentration-dependent manner in the preseabserce of HSA (Fig.
6a). For scDbCEACD3 maximal IL-2 release was induced between 2-10 ifI{BG nM).

In the absence of HSA, activation induced by scDbCEACD3-ABDapasoximately 3-fold
reduced compared with scDbCEACD3 G 1.5 nM). The presence of HSA in the cell
culture medium (1 mg/ml) had no or only a marginal effect on aiivdity ScDbCEACD3,
while activation by scDbCEACD3-ABD was further reduced 4-fold E€ 6 nM).
Selectivity of activation in this target cell-based assag demonstrated with a control scDb
directed against fibroblast activation protein and CD3 (scDb33CD3), vaoictpared with
scDbCEACD3 and scDbCEACD3-ABD induced only low IL-2 release @recentration of
25 nM (Fig. 6b).
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Fig. 6. Antibody-induced IL-2 release. A) LS174T were preincubated for 1 h with scDbCEACD3 and
scDbCEACD3-ABD at varying concentrations before adding human PBMCs. IL-2 release was
measured after 24 h in ELISA. B) PBMCs were incubated in presence of LS174T together with 25 nM
antibodies (scDbCEACD3, scDbCEACD3-ABD or a control scDb (scDb33CD3 directed against
fibroblast activation protein and CD3)). IL-2 release was measured after 24 h by ELISA.

Pharmacokinetic properties of scDb-ABD

Serum concentrations of scDbCEACD3 and scDbCEACD3-ABD were ndieted at
different time points after a single dose i.v. injection into CO&em25 pg were used per
animal in accordance with doses applied in studies of other recombispatific antibodies
in mice (Cochlovius et al., 2000; Kipriyanov et al., 2002). Initial serum exg@rations were
found to be between 11.8 — 65.7 pg/ml for scDb and between 4.1 to 27.0 pg/cbDier s

ABD.
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Fig. 7. Pharmacokinetic properties. 25 pg scDbCEACD3, scDbCEACD3-ABD or scDbCEACD3-HSA
were injected i.v. into CD1 mice (n = 6). Serum concentrations of the antibody molecules were
determined at different time points by ELISA. Data were normalized considering maximal
concentration at the first time point (3 min).
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Compared with scDbCEACD3, scDbCEACD3-ABD showed a prolonged circalaiime,
with an increase in initial and terminal half-lives by a daatf 5-6 and the AUfg.o4) by a
factor of 14 (Fig. 7) (Table 1). Half-lives determined for SEIEACD3-ABD were similar to
those of a scDbCEACD3-HSA fusion protein (Mdller et al.,, 2007). The ARCof
scDbCEACD3-ABD was significantly increased by a factofLd@f (p < 0.05) compared with
scDbCEACDS3-HSA.

Table 1. Pharmacokinetic properties

construct M, (kDa) ty,  (min) tyo (h) AUC g.24) (%*h)
scDb 54.5 10.2+ 3.6 56+1.8 61 +22
scDb-ABD 59.3 64.2 + 37.2 27.6+6.0 861 + 210
scDb-HSA 119.6 63.6 £ 31.8 25.0+2.4 608 + 83

Parameters were determined from data obtained for the first 24 h.

Discussion

Fusion of the albumin-binding domain 3 (ABD3) of streptococcal proteino GcDb
CEACD3 prolonged circulation half-lives in mice by a factor of &6l the AUC increased
by a factor of 14 compared with scDb. This finding indicates tHa-2BD utilizes binding
to mouse albumin to achieve prolongation of circulation time modyldaused by reduced
renal clearance and FcRn-mediated recycling effects of -8db albumin complexes
formed in vivo. This assumption is supported by the observation that sBDbférmed
complexes with MSA and HSA in vitro when incubated at equimolar comdiemts.
Furthermore, binding of scDbCEACD3-ABD to MSA in ELISA was natueed at pH 6.0
indicating that scDb-ABD albumin complexes are stable at lowepdd,found in endosomes.
Using proteolytically and chemically produced fragments of HB8A binding site(s) of
streptococcal protein G was found to reside in a segment sparesidues 330-446,
indicating that protein G binds to domain Il and Il of HSA (Falkegbet al., 1992).
Crystallographic studies of a complex of HSA and the ABD of prd®\B of Finegoldia
magna, which is homologous to the ABD3 of streptococcal strain G148 (@€8tity),
revealed that the ABD binding site is located in domain Il of albuimvolving albumin
residues 212, 309, 318, 321, 326, and 329 (Lejon et al., 2004). The exact FcRn bindimg site
albumin is not know but has been suggested to be contained within domairallbumin
(Anderson et al., 2006; Chaudhury et al., 2006). Thus, most likely the ABBcid binding

42



Stork, R. et al. (2007) PEDS, 20:11, pp. 569-576

sites on albumin are located on separate regions of albumin. diteeréicRn-mediated
recycling should not be impaired by binding of ABD to albumin. Howevergntly we do
not have direct evidence that FcRn-mediated recycling is involmegraolongation of
circulation time in mice.

Prolonged circulation time was also observed for a fusion proteinstiogsof two fragments
of streptococcal protein G fused N- and C-terminally of CD4s Tacterially expressed
fusion protein showed a half-life of 15-24 h after single-dosetinjeinto mice similar to a
CD4-Fc fusion protein (Nygren et al.,, 1991). A CD4-HSA fusion protein sboafter a
single-dose injection into rabbits a terminal half-life of 34 i compared with 47 £ 6 h for
HSA and 0.25 £ 0.1 h for soluble CD4 (Yeh et al., 1992). In another studyn fossoluble
complement receptor 1 (SCR1) to an albumin-binding domain of proteior€sed terminal
half-life by a factor of 2.9 to 5 h (Makrides et al., 1996). Recentllis albumin-binding
domain was fused to a monovalent or bivalent affibody directed ad¢#tR2 and used to
generate radiolabeled conjugates (Tolmachev et al., 2007). Compéaledh& nonfused
affibody dimer half-life was prolonged from 0.64 h to 35.8 h. Furthermot&]a-labeled
ABD-affibody dimer showed high and specific tumor uptake and comylgtedvented
growth of SKOV-3 microxenografts in mice. These studies tegethth the present work
clearly demonstrate that fusion of one or more albumin-binding dormapm®tein G is able
to increase circulation time in animals.

A reduced tumor cell binding was described for a monomeric affibdgly Aision protein
indicating that binding to albumin can influence additional binding tgetacells probably
due to a sterical hindrance of binding (Tolmachev et al., 2007). We thah&#iSA or mouse
serum had no effect on binding of scDbCEACD3-ABD to CEA-expressimgr cells or IL-
2 stimulated CD3-positive PBMCs, although binding of scDbCEACD3-ABDCEA in
ELISA was reduced in the presence of HSA. Further experimbotsesl that activation of
effector cells by target cell-bound scDb-ABD is reduced inptesence of albumin by a
factor of 4. This finding demonstrated that scDbCEACD3-ABD i$ attive when exposed
to effector and target cells in the presence of albumin busshseed that overall activity of
scDbCEACD3-ABD is influenced by albumin.

The approach of using an albumin-binding domain derived from protein SBnifar to
approaches based on albumin-binding peptides and other small binding domainas suc
single-domain antibodies, i.e. are utilizing complexation with ndyuealcurring aloumin. A
20mer albumin-binding peptide with the sequence QRLMEDICLPRWGCLWEDN2E
isolated from a phage display library (Dennis et al., 2002). Thisdeeptas applied to
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prolong circulation time of an anti-HER2 Fab fragment derived frotibady 4D5 leading to
rapid accumulation and retention in tumors and favorable tumor to ndissak ratios
(Dennis et al., 2007). This peptide has an affinity for MSA of 44amill for HSA of 556 nM.
In mice, AUC of the fusion protein (AB.Fab4D5-H) was increased Wactor of 114
compared with Fab4D5 and terminal half-life increased from 1.2819.7 h (Nguyen et al.,
2006). Furthermore, using shorter sequences of this albumin-binding peptidéower
affinity for albumin it was found that reduced affinity correlatgth reduced half-life. We
have measured the affinity of ScDbCEACD3-ABD for HSA and M&Acompetition ELISA
(Friguet et al., 1985). The g values of 3.4 nM for HSA and 4.4 nM for MSA are close to
previously determined I§g values for the recombinant ABD3 domain (1.6 nM for HSA and
10.2 nM for MSA) (Johannsson et al., 2002) andy;aK3.86 nM for HSA as measured by
surface plasmon resonance (Linhult et al., 2002). This finding inditetefusion of ABD to
scDb does not reduce affinity for albumin. Thus, ABD fusion proteins@xdnihigh affinity
for HSA and should be highly suitable to improve pharmacokinetics of proteins in human.
Concerns of using a streptococcal ABD domain for improvement of plcakimetics may
arise from the risk of being immunogenic in human. Indeed immunogenpicthe minimal
albumin-binding domain (aa 254-299) of protein G was found in various mic@asstra
(Sjolander et al., 1997). Furthermore, an increased antibody responssbseaged for a
fusion protein of the albumin-binding region (BB; aa 113-326) of protein Gpartdof an
RSV-A antigen (Libon et al., 1999). For therapeutic applications, edlyecnvolving
repeated injections, it is essential that immunogenicity of tB® As reduced or ideally
eliminated. It was speculated that the BB domain is a Tdeglendent protein acting as a
carrier and supplying additional T cell epitopes. Hence, deimmtionizstrategies should be
applicable to reduce immunogenicity of the ABD (De Groot et al., 2Ba@kger and Jones,
2007).

In summary, we found that scDbCEACD3-ABD recruited effecstisdo target cells in vitro
even in the presence of excess amounts of HSA, leading to awtiwhtihe effector cells as
measured by IL-2 release. These experiments also showedtikatian of effector cells is
influenced by the ABD moiety and interaction with albumin, resultm@ 3- to 12-fold
reduced activity compared with scDb. Nevertheless, this datdyctkanonstrate that scDb-
ABD is active when exposed to effector and target cells ipitegence of albumin. Further in
vivo studies have to demonstrate potency of this novel tri-functiorialb-88D fusion
proteins in respect to effector cell retargeting and thectsffof prolonged circulation time on

induction of anti-tumor responses.
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Abstract

The therapeutic efficacy of recombinant antibodies such as singie-&v fragments and
small bispecific or bifunctional molecules is often limited ifapid elimination from the
circulation because of their small size. Here, we have inatstgthe effects of N-
glycosylation on the activity and pharmacokinetics of a small bifspsmngle-chain diabody
(scDb CEACD3) developed for the retargeting of cytotoxic Tsdel CEA-expressing tumor
cells. We could show that the introduction of N-glycoslyation sequdaghe flanking linker
and a C-terminal extension results in the production of N-glycesylanolecules after
expression in transfected HEK293 cells. N-glycosylated scDantarpossessing 3, 6 or 9 N-
glycosylation sites, respectively, retained antigen-bindinigigcaind bispecificity for target
and effector cells as shown in a target cell-dependent IL-2 relesesg akthough activity was
reduced approximately 3- to 5-fold compared to the unmodified scDN-8lycosylated
scDb variants exhibited a prolonged circulation time compared tb, deBding to a 2- to 3-
fold increase of the area under the curve (AUC). In comparison, caojugdita branched 40
kDa PEG chain increased AUC by a factor of 10.6, while a chimaatieCEA IgG1 molecule
had the longest circulation time with a 17-fold increase in AUBuUs, N-glycosylation
complements the repertoire of strategies to modulate pharmacokioEsmall recombinant

antibody molecules by an approach that moderately prolongs circulation time.
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Introduction

Whole antibodies, especially chimeric, humanized or fully human Ig&aoulas, exhibit a
long circulation time in the human body, which can reach a fialleli 27 days (1, 2). In
contrast, antibody fragments, e.g. Fab fragments, or recombinantt$prenah as single-
chain Fv fragments (scFv) or bispecific derivatives thereofdgm scFv, diabodies, single-
chain diabodies), are rapidly cleared from circulation (2-4). Thisainly due to the small
size leading to rapid renal clearance and the lack of regyplincesses mediated by the
neonatal Fc receptor (FCcRn). Thus, repeated injections or infusiorsgareed to maintain a
therapeutically effective dose in the body (5).

Several strategies to improve pharmacokinetic properties and thusy dosil therapeutic
efficacy of recombinant antibodies have been developed in recent Vease strategies can
be divided into 1) those based on reducing renal clearance by ingréasiapparent size of
the therapeutic molecule, and 2) those that in addition implement-freliated recycling
processes (6-8).

PEGylation of proteins is a well-established strategy torave pharmacokinetic properties
by increasing the molecular mass and the hydrodynamic ra@l$)( Several PEGylated
proteins are in clinical use, e.g. PEGylated interferePa (Pegintron, PEGASYS) and
PEGylated granulocyte colony-stimulating factor (Neulasta), ane under clinical
development, e.g. a PEGylated anti-TNF Fab fragment (certoltzupegol) (9, 12)
Furthermore, direct fusion to albumin or an albumin binding moiety, asi@lbumin-binding
peptides or bacterial alobumin-binding domains, was applied to improve atakimetics of
therapeutic proteins including interferon- interleukin-2, insulin, Fab fragments and
recombinant bispecific antibody molecules (4, 8, 13-15). This stratedyased on the
observation that albumin has a similar half-life as IgG and algiaest FcRn-mediated
recycling processes. One albumin fusion protein, albumin-interfer@buferon alpha), is
currently in clinical development (16).

The introduction of N-glycosylation sites is another approach ssftdly applied to improve
pharmacokinetic and pharmacodynamic properties of a few therageoteins (17, 18).
Darbepoetin alpha (Aranesp) is a recombinant form of human erythtioppassessing 2
additional N-glycosylation sites resulting in a hyperglycogglgprotein (5 N-glycosylation
sites in total) with an approximately 2-fold prolonged half-i#ied an improved in vivo
activity (19). In other studies, glycosylated analogs of follatierulating hormone (FSH)
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with prolonged circulation time and increased activity have been ajedeby adding N-
glycans through an N-terminal extension of the a subunit (20) or throygptale linker
joining the and the subunit (21), demonstrating the feasibility of this approach.

As yet, no studies have been described that successfully applisaddydation to prolong
the circulation time of small recombinant antibodies. Here, wépeed a comparative
analysis of N-glycosylated bispecific single-chain diabodyD®@cmolecules with other
modifications including PEGylation. N-glycosylation at 3, 6 or 9 Asiik¥X sites introduced
at the flanking linker sequences and C-terminal extensions prolonijdidlehapproximately
2-fold leading to a 2- to 3-fold increase of the AUC. In contragt;dsirected chemical
coupling of a branched PEG molecule of 40 kDa to a cysteine resitlogéuced in one of the
linker sequences prolonged circulation time approximately 5-fekllting in a 11-fold
increase of the AUC, similar to fusion of the scDb molecule fwtlnan serum albumin or a
albumin binding domain of streptococcal protein G.

Materials & Methods

Materials

Horseradish peroxidase-conjugated anti-His-tag antibody was purchasedSanta Cruz
Biotechnology (California, USA), unconjugated anti-His-tag antibodgmf Dianova
(Hamburg, Germany) and anti-mouse IgG-FITC or PE-conjugatedodgtas well as goat
anti-rabbit 1gG-FITC-conjugated antibody from Sigma (Taufkirch&ermany). Rabbit
antiserum recognizing PEGylated scDb was produced by Pinedeb#udr-Service (Berlin,
Germany). HRP-conjugated anti-rabbit IgG was purchased fronmeRApplied Sciences
(Mannheim, Germany). Carcinoembryonic antigen was obtained from E&iopaoducts
(Cambridge, UK). Branched mPE®al was purchased from Nectar Therapeutics
(Birmingham, USA). The human colon adenocarcinoma cell line LS1743 purchased
from ECACC (Wiltshire, UK) and cultured in RPMI 1640 supplementeth W% FBS.
HEK?293 were cultured in RPMI 1640, 5% FBS. Buffy coat from a hedltiigan donor was
kindly provided by Prof. G. Multhoff (Minchen, Germany). IL-2 was pusedafrom
Immunotools (Friesoythe, Germany) and phytohemagglutinin-L (PHAfom Roche
Applied Sciences (Germany). CD1 mice were purchased from Eelayier (Le Genest St.
Isle, France).
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Construction of scDb molecules

scDbCEACD3 (4) was used as starting material for the consmuctf scDb variants.
Cysteine residues were introduced into linker A or the C-termiglBQR (scDb-A’, scDb-
C"). Similarly, N-glycosylation sites were introduced into timkérs A and B as well as at the
C-terminus (scDbAB& scDbABG, scDbABG) (see also Fig. 1). The N-glycosylation sites
for scDbABGC, and scDbABG were first optimized using the NetNglyc-Software (22), which
allowed an in silico prediction of N-glycosylation efficiencyll onstructs were cloned into
pSecTagA (Invitrogen, Karlsruhe, Germany) via Sfil/EcoRI for eukargoaression.

LB VeA HI v,B m VB * VA Iﬂmss

scDb ..GGGGS... ..GGGGS... ..AAAEQKLISEEDLNGAAHHHHHH

scDb-ABC; ..GNGTG... ..GNGTG... ..AAANGTGGAHHHHHH

scDb-ABC, ..GNGTG... ..GNGTG... ..GNATGADNGTGASNGTASQYQGAAANGTGGAHHHHHH

scDb-ABC;, ..GNGTG... ..GNGTG... ..GNATGADNGTGASNGTASQYQGASNGTGADNGTGADNATGTNSQGSNAAANGTGGAHHHHHH
scDb-A’ ..GCGGS... ..GGGGS... ...AAAEQKLISEEDLNGAAHHHHHH

scDb-C’ ..GGGGS... ..GGGGS... ..AAACGGAHHHHHH

Fig. 1. Composition of N-glycosylated scDbs and PEGylated scDbs. Schematic arrangement of
variable domains in a single-chain diabody as well as sequences of linkers A and B and the C-terminal
extensions of the modified scDb molecules are shown (A, linker A; M, linker M; B, linker B; L, leader
peptide; His6, hexahistidyl-tag).

Protein expression and purification

Plasmid DNA encoding the respective recombinant antibody was fected with
Lipofectaminé2000 (Invitrogen, Karlsruhe, Germany) into HEK293 cells. Stable
transfectants were generated by selection with zeocin (308l)udfor protein production,
cells were first expanded and grown in RPMI 1640, 5% FBS to 90% cordluamad
subsequently cultured in Opti-MEM (Invitrogen, Karlsruhe, Germany) replacing media
every 3 days for 3-4 times. Supernatants were pooled and proteiascareentrated by
ammonium sulfate precipitation (60% saturation), before loading onto-NTAl column
(Qiagen, Hilden, Germany). Purification by immobilized metal affinity chromatography

(IMAC) was performed as described elsewhere (4).

PEGylation of scDb molecules

scDb-A’ and scDb-C’ were reduced with 5 mM Tris(2-carboxyethbipsphine (TCEP)

(Pierce, Rockford) for 2 hours at room temperature. TCEP wasvezimby dialyzing the
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solution overnight in an airtight bottle with oxygen free phosphate byfér mM
NaogHPOJ/NaH,PQOy, 0.2 mM EDTA, 30 mM NaCl, pH 6.7). Subsequently, a 10-fold molar
excess of mPE&Mal (40 kDa) was added and incubated overnight at 4 °C under non-oxygen
conditions. The unbound mPE®lal was removed by IMAC purification. PEGylation was
visualized by barium iodide staining of SDS-polyacrylamide gels asidegsdq23).

Chimeric anti-CEA 1gG1

The regions encoding the humah heavy chain constant region and the humanldnain
were amplified from cDNA generated from RNA isolated from hurRBMCs and combined
with DNA encoding the M and { domain of anti-CEA antibody MFE23 (24) cloned
previously into vector pSecTagA. DNA encoding the complete headylight chain was
then cloned into pEE6.4 or pEE12.4, respectively (Lonza Biologics, Berkslije The two
plasmids were then combined according to the manusfacturestscpt resulting in a
bicistronic expression plasmid (pEE12.4-IgG1-CEA). The linearizednptbwas transfected
into CHO-K1 cells and stably transfected clones were selattgldtamine-free RPMI 1640
medium (Invitrogen, Karlsruhe, Germany) in the presence of 25 uM methionine sutjiXxi
(MSX). IgG1 was purified from cell culture supernatant by prot&i chromatography. In
brief, proteins were precipitated from supernatant with 60% satu@nmonium sulfate,
resuspended in PBS, pH 8 and loaded onto a protein A-sepharose ClLuih d&igma,
Taufkirchen, Germany). Bound protein was eluted with 100 mM glycin8.ptand protein-

containing fractions were dialyzed against PBS.

ELISA

Carcinoembryonic antigen (CEA) (300 ng/well) was coated overniglt°@. After 2 h
blocking with 2% (w/v) dry milk/PBS, recombinant antibody fragmentye titrated in
duplicates and incubated for 1 h at RT. Detection was perforntieer @vith mouse HRP-
conjugated anti-His-tag antibody or rabbit antiserum and HRP-conjugatgdanti-rabbit
antibody using TMB substrate (1 mg/ml TMB, sodium acetatecbyifl 6.0, 0.006% D).
The reaction was stopped with 50 ul of 1 M3@,. Absorbance was measured at 450 nm in
an ELISA-reader.
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Flow cytometry

5x10 cells/well were incubated with recombinant antibodies (10 udgmi h at 4°C. After

washing, cells were incubated for 1 h at 4°C with mouse anti-gistaibody or rabbit

antiserum followed by washing and 30 min incubation with PE-labeledranise 1gG or

FITC-conjugated goat anti-rabbit antibody. Wash cycles and inounbsteps were performed
with PBS, 2% FBS, 0.02% azide. Finally, cells were analyzeddwy ¢ytometry using an
EPICS XL-MCL (Beckman Coulter, Krefeld, Germany).

Size exclusion chromatography

Apparent molecular masses {JMof the native proteins were determined by HPLC size
exclusion chromatography using a BioSep-Sec-3000 or BioSep-Sec-2000 column
(Phenomenex, Torrance, USA) and PBS as mobile phase at aatlewfr0.5 ml/min. The
following standard proteins were used: thyroglobulin (669 kDRa3.B nm), apoferritin (443

kDa, Rs 6.1 nm),b-amylase (200 kDa, £5.4 nm), bovine serum albumin (67 kDa R55

nm), carbonic anhydrase (29 kDa R35 nm), cytochrome c (12.4 kDas R77 nm).

Carbohydrate analysis

Glycoproteins (10 — 30 pug) were denatured in the presence of SDSmart@ptoethanol
prior to addition of NP40 and 100 U of PNGaseF (NEB Biolabs) accotditige supplier's
instructions. After incubation for 18 h the sample was desalted on gzadhtarbon columns
(Carbograph, Alltech) (25). The samples were dried by vacuumifogation and in a
desiccator in the presence ofJl8/KOH. To the dry sample 50 pl of base (NaOH/DMSO) was
added and incubated for 30 min at RT with occasional shaking. Fiaallgliquot of 25 pl
methyl iodide was added to the reaction mixture followed by incub&br further 30 min at
RT. After neutralization with dilute acetic acid the methgdaglycans were extracted with
chloroform-water. The chloroform phase was dried under nitrogen antytamg solubilized
in methanol. Matrix-assisted laser desorption ionization mass spectrqMaétrypl-MS) was
performed on a Bruker Reflex IV instrument (Bruker Daltonics, BrenGermany). The
methylated glycan samples (approx. 500 pmol per pl) in methan@ e@plied to the
stainless steel target by mixing a 0.5 pl aliquot with 1.0 prhafrix (saturated solution of
2,5-dihydroxy benzoic acid in acetonitrile / 0.1% TFA, 1:2). Analysese performed by
positive ion detection in the reflectron mode as described previously (26).

53



Stork, R. et al. (2008) JBC, 283:12, pp. 7804-7812

IL-2 release assay

Peripheral blood mononuclear cells (PBMC) were prepared froneu&apheresis as
previously described (4). 1x10S174T or HT1080#13.8 cells/100pl/well were seeded in 96-
well plates. The next day supernatant was removed and 100 ul ailyi@emt antibody in
RPMI, 10%FBS added. After 1 h preincubation at RT, 2@BMC/100pl/well were added.
PBMCs had been thawed the day before and seeded in RPMI, 10%FB&ilturea dish, to
remove monocytes by attachment to the plastic surface. Qellg that remained in
suspension were used for the assay. After addition of PBMCs, theelBftate was
incubated for 24 h at 37°C, 5% GOPlates were centrifuged and cell-free supernatant
collected. Concentration of human IL-2 in the supernatant after | Tretrgeting was
determined by an IL-2-Sandwich-ELISA. Anti-human IL-2 antibodies/al$ as the standard
of recombinant human IL-2 was provided by DuoSet IL-2 ELISA Devetpnsystem kit
(R&D Systems, Nordenstadt, Germany) and the assay was peifofoiewing the

manufacturer’s protocol.

Pharmacokinetics

Animal care and all experiments performed were in accordaitbefederal guidelines and
have been approved by university and state authorities. CD1 feivalé¢, 18-30 weeks,
weight between 31-44 g, 3-6 mice/group) received an i.v. injection of 2&qognbinant
antibody in a total volume of 200 pl. In time intervals of 3, 10, 30, 60, 120md6@nd 24 h
blood samples (100 ul) were taken from the tail and incubated orlCliotted blood was
centrifuged at 10,000 g for 10 min, 4°C and serum samples stored at -20f@n
concentrations of CEA-binding recombinant antibodies were determigeBLESA (as
described above), interpolating the corresponding calibration curvesomparison, the first
value (3 min) was set to 100%. Pharmacokinetic parameters AWE&,and {.b were
calculated with Excel using the first 3 times points to cateulga and the last 3 time points

to calculate #2b. For statistics, Student’s T-test was applied.
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Results

N-glycosylated scDb molecules

To generate N-glycosylated scDb molecules 2 N-glycosylatieguans (NGT) were
introduced in the flanking linkers (A, B) and 1 to 7 sequons at C-termxtahsions (Fig. 1).
Thus, scDb-ABE contains 3 sequons, scDb-ABG sequons, and scDb-AB® sequons.
These modified scDb molecules were expressed in stably treetsfelEK293 cells and
purified by IMAC with yields of 8 — 17 mg/L supernatant. SDS-PA&talysis revealed
reduced mobility of these three molecules compared to unmodified dglEnding on the

number of sequons (Fig. 2a, Table 1).
a) b)

scDb-ABC;, scDb-ABC, scDb-ABC,
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Fig. 2. N-glycosylated scDbs. A) SDS-PAGE analysis of N-glycosylated scDb molecules (1+2 scDb-
ABC-; 3+4, scDb-ABC,; 5+6, scDb-ABC;; 7, scDb) before (1, 3, 5, 7) and after (2, 4, 6) treatment with
PNGase F. 3 ug purified protein was loaded per lane and the gel was stained with Coomassie b) Size
exclusion chromatography of unmodified (gray line) and N-glycosylated scDb molecules (black lines).
C) ELISA of binding of unmodified and N-glycosylated scDb variants to immobilized CEA (n=2). D)
Flow cytometry analysis of binding of unmodified and N-glycosylated scDb variants to CEA-expressing
tumor cells (LS174T), CD3-positive PBMCs, or HEK293 cells included as negative control. Gray filled,
cells incubated with secondary antibody alone; black line, scDb-ABC3; black dotted line, scDb-ABC;;
gray line, scDb-ABC;.

N-glycosylation of these proteins was confirmed by enzymatitydesgylation with PNGase
F, which reduced the apparent molecular mass to that calculatdtefanmodified protein
(Fig. 2a). Some heterogeneity in the degree of N-glycasglaivas observed. In size

exclusion chromatography (SEC) proteins eluted with a major p@a&sponding in size to
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apparent molecular masses of 36 kDa for unmodified scDb, 38 kDa forA8Oh 65 kDa
for scDb-ABG,, and 78 kDa for scDb-AB{Fig. 2b; Table 1).

Table |. scDb constructs

Construct length calc. M, ® apparent M, (kDa) Hydrodynamic
SDS-PAGE SEC radius
aa kDa kDa kDa nm
scDb 505 54.5 62 36 2.7
scDb-ABC; 497 53.6 62 — 68 38 2.9
scDb-ABC, 519 55.6 64 — 80 65 3.5
scDb-ABC; 544 57.8 68 — 87 78 3.8
scDb-A’-PEG o 505 54.5 230 650 7.9
chimeric 1gG 1382 145.1 ~ 280 280 5.7
HSA 585 66.5 67 66 3.5
scDb-HSA € 1080 119.6 121 90 3.9
scDb-ABD ° 550 59.3 64 32 2.5
scDb-ABD + HSA " - 125.8 - 150 4.8

% calculated from the amino acid sequence without posttranslational modifications.
® Data from Ref. 15.
‘Data from Ref. 4.

As expected from SDS-PAGE analysis scDb-AB@Gd scDb-ABG eluted over a broad range
further indicating size heterogeneity of these proteins. BindinGHE#& was not or only
marginally impaired by N-glycosylation as shown in ELISAhwimmobilized CEA and flow
cytometry with CEA-expressing cell line LS174T as wellCi33-positive PBMCs (Fig. 2c,
d). MALDI-MS further revealed the structural heterogeneityatibched N-glycans, which
were of the bi-, tri- and tetra-antennary complex type (Tabl&l@)high-mannose or hybrid
N-glycans were detected. The degree of sialylation of the/d&gs was found to be 34% for
scDb-ABG, 23% for scDb-ABG and 22% for scDb-ABg as deduced from a semi-
quantitative analysis of the MALDI-MS data.

Table 2: N-Glycans of scDbs variants expressed in HEK293 cells

Mass Glycan Content®
structure scDb-ABC; scDb-ABC, scDb-ABC,

(m/z) % % %
1836 FH3N4° 1.5 0.7 6.8
2040 FH4N4 1.3 6.3 7.8
2081 FH3N5 1.5 3.9 9.5
2244 FH5N4 4.7 8.6 6.4
2285 FH4N5 11.1 13.1 135
2326 FH3N6 1.8 1.1 3.6
2418 F2H5N4 5.6 5.6 2.4
2459 F2H4N5 18.5 20.8 57
2489 FH5N5 13.6 15.3 20
2500 F2H3N6 6.6 - 0.8
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2592 F3H5N4 - - -

2605 SFH5N4 7.4 7.5 7.9
2646 SFH4N5 14.2 2.2 -

2693 FHG6NS5 - 1.2 1.1
2821 SF2H4N5 7 5.2 5.2
2851 SFH5N5 2.2 1.7 5.4
2869 F2H6N5 - - -

2966 S2FH5N4 2.3 3.9 1.9
3042 F3H6NS - - -

3212 S2FH5N5 0.7 0.9 1

3216 F4HBNS - -

3390 FS5HG6NS - -

3415 S2FH6NS - 0.5 -

3504 SFH7N6 - 0.6 0.5
3750 SFH7N7 - 0.9 0.5

# Semi-quantitative analysis of MALDI-MS data
°F, fucose (desoxyhexose); H, hexose; N, N-acetylhexosamine; S, sialic acid (NeuAc)

PEGylated scDb molecules

For site-directed PEGylation we generated 2 scDb variantmdhan additional cysteine
residue either in linker A (scDb-A") or at the C-terminusDi8eC’) (Fig. 1). Both variants
were expressed in stably transfected HEK293 cells and purified by IM&Cyigids of 8 and
10 mg/L supernatant, respectively. SDS-PAGE analysis showed retigring conditions a
single band with an apparent molecular mass of 59 kDa and under nomgecmeditions
two bands corresponding to monomeric protein (apparent molecular makBa)7and
disulfide-linked proteins (apparent molecular mass of 170 kDa for-8c@hd 112 kDa for
scDb-C’) (Fig. 3a). Both proteins were PEGylated by chemigajugation of a branched 40
kDa mPEG chain (mPE&Mal) to reduced scDb-A’ and scDb-C’ (Fig. 3b). PEGylation
resulted in an increase of the molecular mass to approxinZ@6lkDa as shown by SDS-
PAGE analysis. Coupling efficiency were 94% for scDb-A’ and 78% scDb-C’' as
determined by SEC (Fig. 3c). Both proteins eluted with a majdt peaesponding to an
apparent molecular mass of approximately 650 kDa and a hydroatynadius of 7.9 nm
(Table 1). Interestingly, PEGylated scDb-A’ (scDb-A’-Pfg and scDb-C’ (scDb-C'-
PEGk) were not or only weakly recognized by an anti-His-tag antil{éey. 3b). Thus, for
further analysis a polyclonal rabbit antiserum was produced by inzaiion with scDb-A’-
PEGk Which recognized both unPEGylated and PEGylated scDb variantsI8AEbhot
shown). Using this antiserum similar binding of scDb and scDb-A’43E® immobilized
CEA was found (Fig. 3d). Furthermore, PEGylation did not influence bintinGEA-
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expressing cell line LS174T or CD3-positive PBMCs as showndwy éiytometry (Fig. 4e).
Because of the higher PEGylation efficiency all further studies werformed with scDb-A’-
PEGjox.

a) b) c)
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Fig. 3. PEGylated scDbs. A) SDS-PAGE analysis of purified scDb-A’ (1, 3) and scDb-C’ (2, 4) under
reducing (1, 2) or non-reducing (3, 4) conditions. 3 pg purified protein was loaded per lane and the gel
was stained with Coomassie b) SDS-PAGE analysis of PEGylated scDb-A-PEG, (1, 3, 5) and scDb-
C'-PEG4u (2, 4, 6). Gels were stained with Coomassie (1, 2), barium iodide (3, 4), or immunoblotted
with an anti-His-tag antibody (5, 6). C) Size exclusion chromatography of scDb-A’-PEG,q and scDb-
C’-PEG4u. d) ELISA of binding of unmodified and PEGylated scDb molecules to immobilized CEA
(n=2). E) Flow cytometry analysis of binding of unmodified and PEGylated scDb molecules to CEA-
expressing tumor cells (LS174T), CD3-positive PBMCs, or HEK293 cells included as negative control.
Gray filled, cells incubated with immune serum and secondary antibody alone; black line, scDb; black
dotted line, scDb-A’-PEG,q; gray line, scDb-C’-PEG 4.

Chimeric anti-CEA 1gG1
A chimeric anti-CEA IgG1 was generated by fusing murine @& Vy and \{ (24) to

human constant regions ¢C C). The antibody was purified from supernatant of stably
transfected CHO-K1 cells with yields of 3.7 mg/L supernatantSDS-PAGE analysis a
single band with an apparent molecular mass of > 250 kDa wawvetiserder non-reducing
conditions (Fig. 4a). After reduction two bands with apparent moleocwases of 56 kDa
and 29 kDa were observed. By size exclusion chromatography an rappafecular mass of
280 kDa and a hydrodynamic radius of 5.7 nm was determined (Fig. dble(T). The
discrepancy between calculated and apparent molecular massrihtiidgG molecules was
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also observed for other recombinant and natural whole antibodies usesgadblished set of
standard proteins (see Materials and Methods) as molecular weagkers. This discrepancy
is best explained by the Y-shaped structure of IgG molecwleish discerns it from other
globular proteins. The purified antibody recognized CEA in ELIEA.(4c) and on CEA-

expressing tumor cell line LS174T in flow cytometry (Fig. 4d).
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Fig. 4. Chimeric anti-CEA 1gG1. a) SDS-PAGE analysis of purified anti-CEA IgG1 under non-reducing
(1) or reducing (2) conditions. 5 ug purified protein was loaded per lane and the gel was stained with
Coomassie b) Size exclusion chromatography. C) ELISA of binding of anti-CEA IgG1 to immobilized
CEA (n=2). D) Flow cytometry analysis of binding of anti-CEA IgG1 to CEA-expressing tumor cells
(LS174T) or HEK293 cells included as negative control. Gray filled, cells incubated with secondary
antibody alone; black line, anti-CEA 1gG1.

Target cell-dependent effector cell activation

The potential of the glycosylated and PEGylated bispecific d8f{D3 scDb to activate
effector cells (PBMCs) in a target cell-specific manmas determined by an IL-2 release
assay. In this assay CEA-expressing cells are incubatedPRBMCs in the presence of

increasing concentrations of bispecific antibody and stimulation of PBM@=teérmined by
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Fig. 5. IL-2 release assays. A) CEA-expressing LS174T were preincubated for 1 h with anti-CEA x
anti-CD3 specific scDb, scDb-ABC,, scDb-ABC- or scDb-A'-PEG,q at varying concentrations before
adding human PBMCs. IL-2 release was measured after 24 h by ELISA (n=2). B) PBMCs were
incubated in presence of LS174T or HT1080-FAP together with 25 nM bispecific anti-CEA x anti-CD3
antibodies scDb, scDb-ABC,;, scDb-ABC; and scDb-A-PEG, or a control scDb (scDb33CD3)
directed against fibroblast activation protein and CD3. IL-2 release was measured after 24 h by ELISA.

Measuring IL-2 release after 24 h. This assay showed tyaiyllated scDb (determined for
scDb-ABG and scDb-ABG) as well as scDb-A’-PEfg are able to stimulate PBMCs.
However, both modifications reduced stimulatory efficacy of thebg¢ty. 5a). Unmodified
scDb mediated a maximal release of approximately 1.2 nghflviith an EGp of 0.14 nM
and an optimum between 0.3 — 3 nM. ScDb-A’-RE&Geached a similar maximal release
although with an E§ of 1.3 nM. ScDb-AB& and scDb-ABG reached only a maximal IL-2
release of approximately 0.8 ng/ml with ansgGf 0.4 and 0.9 nM, respectively. Selectivity

of target cell-dependent stimulation was shown with control expettmesing CEA-negative
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HT1080 cells stably transfected to express fibroblast activatioteipr (FAP). All scDb
CEACD3 molecules (at a concentration of 25 nM) mediated no or onigima& stimulation
of PBMCs, while a control scDb33CD3 directed against FAP and CD3 shagireng

stimulation of PBMCs (Fig. 5b).

Pharmacokinetic properties
Pharmacokinetics was determined after a single dose (25Jidhjection into CD1 mice

(Fig. 6; Table 3).
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Fig. 6. Pharmacokinetics. 25 pg of antibody molecules were injected i.v. into CD1 mice. Serum
concentrations of the antibody molecules were determined at different time points by ELISA. Data
were normalized considering maximal concentration at the first time point (3 min).

All constructs showed a biphasic elimination from circulation. Thgcaglylated scDb
molecules were all cleared similarly from circulation wath approximately 2-fold increased
initial half-life (ty, ) compared to unmodified scDb, while terminal half-lifg,() was
increased by a factor 1.1 to 1.6. Compared to scDb, the area undarvibéAlJ G241 Was
increased 2.3-fold for scDb-ABGand scDb-ABG, and 2.9-fold for scDb-ABE(Table 2).
ScDb-A-PEGok showed markedly improved pharmacokinetics. Compared to unmodified
scDb, half-lives were increased 2.3- to 5-fold and AUC increase@ bgctor of 10.6.
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Chimeric anti-CEA IgG1 showed the strongest improvement of phakimatics with 7-fold

increase of the terminal half-life and a 17-fold increase of the AUC (Bable

Table 3. Pharmacokinetic properties of antibody constructs

Construct t 1o ti AUC(0-24h)
min h %*h
scFv @ 56 + 0.7 06 + 0.2° 16 + 4°
scDb 10.2 + 3.6 56 + 1.8 61 + 22
scDb-ABC; 19.4 + 3.6 8.9 + 3.0 142 + 28
scDb-ABC, 221 + 47 72 + 0.9 142 + 36
scDb-ABC; 19.7 + 5.4 6.2 + 1.0 174 + 20
SCDb-A'-PEG 4, 31 + 19.2 131 + 3.3 646 + 316
scDb-HSA" 63.6 + 31.8 25 + 2.4 608 + 83
scDb-ABD® 64.2 + 37.2 27.6 + 6.0 861 + 210
chimeric 1gG 438 + 10.9 39 + 137 1038 + 345

% determined for up to 2 h only.
® Data from Ref. 4
°Data from Ref. 15

Discussion

We have generated N-glycosylated scDb by genetically introgusgveral N-glycosylation
sites into linker sequences connecting the variable domains agsagelC-terminal extension
of varying length. All scDb variants containing 3, 6 or 9 sequons \wegpmessed in
glycosylated form in HEK293 cells. Yields were similar hatt obtained for the unmodified
scDb indicating that the modifications do not interfere with teditsl and secretion into the
cell culture supernatant. SDS-PAGE analysis revealed lgeteedy in the degree of N-
glycosylation. This finding indicates that not all sites arecagylated with the same
efficiency, especially in the scDb-ABConstruct containing 7 sequons in the C-terminal
extension in close proximity to each other.

All N-glycosylated constructs were biologically active ancoggized CEA and CD3 similar
to unmodified scDb as shown by ELISA and flow cytometry analysisgthermore, a target
cell-dependent IL-2 release assay demonstrated the capabiimultaneously bind both
antigens on cells and thus to stimulate effector cells. Howewapared to unmodified scDb
the N-glycosylated scDb variants showed an approximately 3- atd5dduced stimulatory
activity. Similar observations were made with a PEGylated scDb assnelt fusion proteins
of scDb and human serum albumin or an albumin-binding domain of streptopomtesn G
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(4, 15). These findings indicate that modifications of the scDb tatei@and size have a
negative effect on stimulation of PBMCs, which might be causethteyfering with the
formation of close contacts between target and effector bellsder to investigate if this is a
general phenomenon we have initiated studies investigating other reolEzules with
different target cell specificity.

Glycosylation of scDb led to a prolonged circulation with a 2.3 tef@d®increase of the
AUC. Interestingly, pharmacokinetic properties of the threeydaglylated scDb variants did
not differ significantly. This finding indicates that the addition3oN-glyosylation sites is
sufficient to prolong circulation time. These three sites inerd¢ag molecular mass by
approximately 6 kDa as determined by SDS-PAGE analysis paalia small increase of the
Stokes radius from 2.7 to 2.9 nm. For hyperglycosylated erythrop@aztibepoetin alpha)
with a molecular mass of 37 kDa an approximately 2-fold increfsiee terminal half-life
was observed after i.v. injection into rats and a 3-fold increaigederminal half-life from
8.5 h for normally glycosylated epoetin alpha to 26.3 h for darbepolgtna an dialysis
patients (19). Glycosylated FSH analogs containing 2 or 4 N-gliatasy sites and a
molecular mass of approximately 55 kDa exhibited a 2- to 4-foldaseref the AUC after
I.v. injection into rats (20, 21). Thus, for hyperglycosylated erythropoatd glycosylated
FSH a similar increase in half-lives was observed as forgbugosylated scDb variants.
These findings indicate that the addition of a few N-glycansomg® the pharmacokinetic
properties of a protein leading to a moderately increase in ail@ultime by a factor of 2 to
4,

Comparison of an anti-CEA Fab’ molecule with a natural N-glyaign site in the V
domain obtained from hybridoma-produced IgG (thus being glycosylabeda dacterially
expressed non-glycosylated Fab’ revealed faster elimination &icculation and reduced
accumulation in the tumor of the non-glycosylated Fab’ (27). Acceldr@dearance was also
described for the non-glycosylated forms of various other glgtejms, including
antithrombin, lymphotoxin, interferon- and granulocyte macrophage colony-stimulating
factor (GM-CSF), further underlying the importance of N-glydatsgn for pharmacokinetics
(28-31).

The type of N-glycosylation plays an important role in determininggcirculation time of
glycoproteins. Thus, an engineered N-glycosylated scFv containing-nfagnose
carbohydrate chains at a C-terminal extension was more ragpédised from circulation than
the unmodified scFv (32). Similar observations were made for enterf (29). We found
that the three N-glycosylated scDb variants all containedyblagk of the complex type (bi-,
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tri- and tetra-antennary). No hybrid or high-mannose N-glycangdcbe detected. These
complex type N-glycans were composed of a mixture of siatylatel non-sialylated chains.
The predominant N-glycans found in all three N-glycosylated scDlanta are FH4NS5,
F2H4N5 and FH5N5, which account for approximately 40-50% of the N-4gdycEhese N-
glycans differ from those found in the Fc-regions of antibodies, wbear mainly FH3N4
(GOF) oligosaccharides (33). The N-glycosylation pattern ofstiigh variants is, however,
similar to that found in other recombinant glycoproteins expressétEK293 cells (34).
Glycosylation of recombinant antibodies and other proteins is influemcélde cell line and
conditions used for expression (18, 35). Thus, it was found that expressigoagrgteins in
CHO, NSO, and Sp2/0 cells can produce abnormally glycosylatedodiels that lack
potency and are potentially immunogenic (36). For example, muriie d¢8s express more
heterogeneous oligosaccharide patterns, e.g. than CHO cellsa wetidency for a-linked
galactose residues and N-glycolylneuraminic acid absent inmigteins from primate cell
lines (37). Furthermore, experimental data indicate that Naglgation pattern are also
protein dependent, e.g. as shown by studies of the glycosylation patteecombinant
osteonectin, TSC-36 and bone sialoprotein expressed in HEK293 cells (34, 38, 39).

In vivo experiments have shown that the extent and type of sialyletfluences serum half-
lives of recombinant proteins (32, 40). Hence, the pharmacokinetic prepeftieur N-
glycosylated scDb molecules might be further improved using expnesgstems leading to
increased production of fully sialylated N-glycans witB,6-linked terminal sialic acid
residues (41).

PEGylation of scDb strongly improved pharmacokinetics of scDblasisnto fusion of scDb
to serum albumin or an albumin-binding domain as shown in previous studiesqselable
1 and 3) (4, 15). We found that conjugation of a 40 kDa branched mPEG cloaiglystr
increased the hydrodynamic radius of the protein from 2.7 to 7.9 netersnthed by SEC.
Similar observations were made for other PEGylated recombindibbdies (42). Thus, the
increased circulation time is likely caused by a reduced ocbealance. The introduction of a
cysteine residue into one of the flanking linkers or at ther@uteis allowed for a site-
directed and efficient coupling of a single PEG molecule. i3égtudies showed that random
PEGylation of whole antibodies or Fab fragments can reduce adfitigeimg activity
depending on number and length of conjugated PEG chains (summarized Hod@)er,
reduced antigen-binding was also described for PEGylated antibodguted generated by
site-directed PEGylation mainly caused by reduced targetiassoaates (43). We could not
observe a reduced binding of the modified scDb molecules to eachnasagarately as
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shown in ELISA and flow cytometry experiments, although for all feedliscDb reduced
activity was observed in IL-2 release assays where simultaneous bindiggired.

None of the applied strategies reached the pharmacokinetics absenee chimeric 1gG1,
which exhibited a 17-fold higher AUC than scDb. Similar to the albtlmased strategies the
long circulation time of 1gG is based on a reduced renal cleammteon FcRn-mediated
recycling processes (44). However, currently we do not know to wdmntent the latter
contributes to pharmacokinetics of IgG and the albumin-utilizing madidios. A
comparison of the pharmacokinetics in wild-type and FcRn knock-out reiealed a
reduction of terminal half-life of aloumin (from 39 h to 24 h) and 1§@GnG 95 h to 19 h),
while the half-life of IgA was not affected (45). This finding icaties that FCRn-mediated
recycling contributes to different extents to pharmacokinetics of albumitg@nith mice.

In summary, we have completed our comparative analysis of vasimategies to prolong
circulation time of a bispecific single-chain diabody utthg fusion to albumin (4), fusion to
an albumin-binding domain (ABD) of streptococcal protein G (15), W&®n and N-
glycosylation. These studies established that in mice longesiation time is obtained by
fusion of scDb to an ABD (14-fold increase of AUC), followed by a scDb-HSA fusioteipr
and PEGylated scDb (approximately 10-fold increase of AUC), wkHglycosylation in
HEK293 cells resulted only in a moderate increase in cironlaime (2- to 3-fold increase of
AUC) (summarized in Table 3). Further studies have now to denatm$tow these increases

in circulation time translate into improved efficacy in vivo.

Footnotes

Abbreviations: HSA, human serum albumin; ABD, albumin-binding domain. Wedalixa

to thank Sabine Munkel (1ZI, Stuttgart) for help with HPLC analysid Prof. Dr. Arnd G.
Heyer (University of Stuttgart) for initial help in glyaoalysis. This work was supported by a
grant from the Deutsche Forschungsgemeinschaft (Kol461/2). # presergssaddr
multimmune GmbH, c/o Klinikum Rechts der Isar der TU Munchen, IsmganiStrale 22,
81675 Miunchen, Germany.

References

1. Lobo, E.D., Hansen, R.J. & Balthasar, J.P. (2004) J. Pharmaceut. Sci. 93, 2645-2668
2. Ternant, D. & Paintaud, G. (2005) Exp. Opin. Biol. Ther. 5 (Suppl.1), 537-547

65



Stork, R. et al. (2008) JBC, 283:12, pp. 7804-7812

13.

14.

15.

16.

17.

18.
19.
20.

21.

Fitch, J.C.K., Rollins, S., Matis, L., Alford, B., Aranki, S., CollardDC Dewar, M.,
Elefteriades, J., Hines, R., Kopf, G., Kraker, P., Li, L., O'Hara, R., Rinder, C., Rind&héiv,
R., Smith, B., Stahl, G. & Shernan, S.K. (1999) Circulation 100, 2499-2506

Mdller, D., Karle, A., Mei3burger, B., Hofig, ., Stork, R. & Kontermanrg.R2007) J. Biol.
Chem. 282, 12650-12660

Schlereth, B., Fichtner, I., Lorenczewski, G., Kleindienst, P.cBuasin, K., da Silva, A.,
Kufer, P., Lutterbuese, R., Junghahn, I., Kasimir-Bauer, S., WimhelRge Kimmig, R. &
Baeuerle, P.A. (2005) Cancer Res. 65, 2882-2889

Mahmood, I. & Green, M.D. (2005) Clin. Pharmacokinet. 44, 331-347

Dumont, J.A., Low, S.C., Peters, R.T. & Bitoni, A.J. (2006) BioDrugs 20, 151-160
Chuang, V.T.G., Kragh-Hansen, U. & Otagiri, M. (2002) Pharm. Res. 19, 569-577
Duncan, R. (2006) Nat. Rev. Cancer 6, 688-701

Chapman, A.P. (2002) Adv. Drug Deliv. Rev. 54, 531-545

Harris, J.M. & Chess, R.B. (2003) Nat. Rev. Drug. Discovery 2, 214-221

Bailon, P., Palleroni, A., Schaffer, C.A., Spence, C.L., Fung, W.J., Pager Ehrlich, G.K.,
Pan, W., Xu, Z.X., Modi, M.W., Farid, A. & Berthold, W. (2001) Bioconj@hem. 12, 195-
202

Dennis, M.S., Jin, H., Dugger, D., Yang, R., McFarland, L., Ogasawaijlkams, S., Cole,
M.J., Ross, S. & Schwall, R. (2007) Cancer Res. 67, 254-261

Nguyen, A., Reyes, A.E. Il, Zhang, M., McDonald, P., Wong, W.L.T., Dami#o,& Dennis,
M.S. (2006) Protein Eng. Design Sel. 19, 291-297

Stork, R., MUller, D. & Kontermann, R.E. (2007) Protein Eng. Design Sel. 20, 569-576
Bain, V.G., Kaita, K.D., Yoshida, E.M., Swain, M.G., Heathcote, E.J., Neumann Fistk]la,
M., Yu, R., Osborn, B.L., Cronin, P.W., Freimuth, W.W., McHutchison, J.G. & Sudem,
G.M. (2006) J. Hepatol. 44, 671-678

Elliott, S., Lorenzini, T., Asher, S., Aoki, K., Brankow, D., Buck, L., Buds, Chang, D.,
Fuller, J., Grant, J., Hernday, N., Hokum, M., Hu, S., Knudten, A., Levin, dimdfowski, R.,
Martin, F., Navarro, R., Osslund, T., Rogers, G., Rogers, N., Trail, Egi&e, J. (2003) Nat.
Biotechnol. 21, 414-421

Sinclair, A.M. & Elliott, S. (2005) J. Pharmaceut. Sci. 94, 1626-1635

Egrie, J.C. & Browne, J.K. (2001) Br. J. Cancer 84 (Suppl. 1), 3-10

Perlman, S., van den Hazel, B., Christiansen, J., Gram-Nielsenpi®sae, C.B., Andersen,
K.V., Halkier, T., Okkels, S. & Schambye, H.T. (2003) J. Clin. Endocridetabol. 88, 3227-
3235

Weenen, C., Peia, J.E., Pollak, S.V., Klein, J., Lobel, L., Trousdale, RakerP S.,
Lustbader, E.G., Ogden, R.T. & Lustbader, J.W. (2004) J. Clin. Endocrin. Meg&h&204-
5212

66



Stork, R. et al. (2008) JBC, 283:12, pp. 7804-7812

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.
42.

Gupta, R., Jung, E. & Brunak, S. (2004) In preparation

Natarajan, A., Xiong, C.Y., Albrecht, H., DeNardo, G.L. & DeNardo, S.D5(2Bioconjug.
Chem. 16, 113-121

Chester, K.A., Begent, R.H., Robson, L., Keep, P., Pedley, R.B., Boden, J.A.,BoX&amren,
A., Winter, G., Cochet, O. & Hawkins, R.E. (1994) Lancet 343, 455-456

Packer, N.H., Lawson, M.A., Jardine, D.R. & Redmond, J.W. (1998) A gempedach to
desalting oligosaccharides released from glycoproteins. Glycocon|. 7B 7347

Engelmann, K., Kinlough, C.L., Muller, S., Razawi, H., Badlus, S.E., Hughey&Rdanisch,
F.G. (2005) Glycobiology 15, 1111-1124

Groulet, A., Dorvillius, M., Pélegrin, A., Barbet, J. & Baty, P0@2) Int. J. Cancer 100, 367-
374

Ni, H., Blajchman, M.A., Ananthanarayanan, V.S., Smith, 1.J. & Sheffdld?. (2000)
Thromb. Res. 99, 407-415

Sareneva, T., Cantell, K., Pyhala, L., Pirhonen, J. & Julkunen, I. (199&grferon Res. 13,
267-269

Kawatzu, M., Takeo, K., Kajikawa, T., Funahashi, I., Asahi, T., Kakulanivamashita, T.,
Kawaharada, H. & Watanabe, K. (1990) J. Pharmacobiodyn. 13, 549-557

Hovgaard, D., Mortensen, B.T., Schifter, S. & Nissen, N.I. (1993) Eur. J. Haebiat®2-36
Wang, M., Lee, L.S., Nepomich, A., Yang, J.D., Conover, C., Whitlow, M. guk] D. (1998)
Protein Eng. 11, 1277-1283

Bragonzi, A., Distefano, G., Buckberry, L.D., Acerbis, G., Foglieni,.&notte, D., Campi, G.,

Marc, A., Soria, M.R., Jenkins, N. & Monaco, L. (2000) Biochim. Biophys. Acta 1474, 273-282

Jefferis, R. (2005) Adv. Exp. Med. Biol. 564, 143-148

Kaufmann, B., Miller, S., Hanisch, F.-G., Hartmann, U., Paulsson, MreM&u & Zaucke, F.
(2004) Glycobiology 14, 609-619

Werner, R.G., Kopp, K. & Schlueter, M. (2007) Acta Paediatr. Suppl. 96, 17-22

Jefferis, R. (2005) Biotechnol. Prog. 21, 11-16

Baker, K.N., Rendall, M.H., Hills, A.E., Hoare, M., Freedman, R.Blatnes, D.C. (2001)
Biotechnol. Bioeng. 73, 188-202

Hambrock, H.O., Kaufmann, B., Mdller, S., Hanisch, F.-G., Nose, K., Pauldsadaurer, P.

& Hartmann, U. (2004) J. Biol. Chem. 279, 11727-11735

Wuttke, M., Miller, S., Nitsche, D.P., Paulsson, M., Hanisch, F.-G. &éaar (2001) J. Biol.
Chem. 276, 36839-36848

Bragonzi, A., Distefano, G., Buckberry, L.D., Acerbis, G., Foglieni,.&notte, D., Campi, G.,

Marc, A., Soria, M.R., Jenkins, N. & Monaco, L. (2000) Biochim. Biophys. Acta 1474, 273-282

Cohen, O., Kronman, C., Velan, B. & Shafferman, A. (2004) Biochem. J. 378, 117-128
Kubetzko, S., Balic, E., Waibel, R., Zangemeister-Wittke, WRIli&kthun, A. (2006) J. Biol.

67



Stork, R. et al. (2008) JBC, 283:12, pp. 7804-7812

43.
44,
45,

Chem. 281, 35186-35201

Kubetzko, S., Sarkar, C.A. & Pliickthun, A. (2005) Mol. Pharmacol. 68, 1439-1454
Lencer, W.l. & Blumberg, R.S. (2005) Trends Cell Biol. 15, 5-9

Chaudhury, C., Mehnaz, S., Robinson, J.M., Hayton, W.L., Pearl, D.K., Roopenian, D.C. &
Anderson, C.L. (2003) J. Exp. Med. 197, 315-322

68



Stork, R. et al. (2009) JBC, in press

Biodistribution of a bispecific single-chain diabod y and its half-life

extended derivatives

Roland Stork Emmanuelle CampighaBrunoRobert, Dafne Miillet and Roland E.

Kontermann

From Institut fiur Zellbiologie und Immunolodie Universitat Stuttgart, Allmandring 31,
70569 Stuttgart, Germany

2 Institut de Recherche en Cancérologie de Montpellier-IRCM, RISEI896; Université
Montpellierl; CRLC Val d'Aurelle-Paul Lamarque, 34298 Montpellier, France

Address correspondence to: Roland E. Kontermann, Institut fir Zelllsolagid
Immunologie, Universitat Stuttgart, Allmandring 31, 70569 Stuttgamm@ey, Tel.: +49 711
685-66989, Fax.: +49 711 685-67484, E-mail: roland.kontermann@izi.uni-stuttgart.de

Abstract

Small recombinant antibody molecules such as bispecific single-atiabodies (scDb)
possessing a molecular mass of approximately 55 kDa are rajediyed from circulation.
We have recently extended the plasma half-life of scDb applsngus strategies including
PEGylation, N-glycosylation and fusion to an albumin-binding domain (ABDM
streptococcal protein G. Here, we further analyzed the influenttesé modifications on the
biodistribution of a scDb directed against carcinoembryonic anti@QeA)Y and CD3 capable
of retargeting T cells to CEA-expressing tumor cells. We stiaw a prolonged circulation
time results in an increased accumulation in CEANors, which was most pronounced for
scDb-ABD and PEGylated scDb. Interestingly, tumor accumulatioheo§¢Db-ABD fusion
protein was approximately 2-fold higher compared to PEGylated saliough both
molecules exhibit similar plasma half-lives and similainifes for CEA. Comparing half-
lives in neonatal Fc receptor (FcRn) wild-type and FcRn heavy drackout mice the
contribution of the FcRn to the long plasma half-life of scDb-AB&s confirmed. Half-life
of scDb-ABD was approximately two-fold lower in the knockout michkilevno differences
were observed for PEGylated scDb. Binding of the scDb derestio target and effector

cells was not or only marginally affected by the modificatiaftfiough, compared to scDb, a
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reduced cytotoxic activity was observed for scDb-ABD, which wather reduced in the
presence of albumin. In summary, these findings demonstrate thexttéreled half-life of a
bispecific scDb translates into improved accumulation in antigeinmgumors but that

modifications might also affect scDb-mediated cytotoxicity.

Introduction

Bispecific single-chain diabodies (scDb) are recombinant mldscomposed of the variable
heavy and light chain domains of two antibodies connected by threeslinkire order WA-

V B-VyB-VL A (1). These domains assemble into molecules with a compactusériantd
molecular masses of approximately 55 kDa. Bispecific singi#nc diabodies have been
developed for various applications including the retargeting of cy{®xdymphocytes to
tumor cells for cellular cancer therapy (2).

Although scDb are capable of efficiently retargeting effector cellarhor cells the small size
leads to their rapid elimination after i.v. injection. The terininaf-life of these molecules in
mice is only in the range of 5-6 h, compared to several dayshole IgG molecules (3,4).
The fast clearance of such small molecules from circulatiorpbesrtherapeutic applications,
e.g. requiring infusions or repeated injections to maintain apleetically effective dose over
a prolonged period of time (5). For example, a bispecific tand&w directed against CD19
and CD3 (blinatumomab) having a similar size as an scDb molkadl¢o be given as an 8
week infusion (maximum dose 60 pd/per day) in a clinical phase I trial for the treatment of
B cell lymphoma patients (6).

In order to extend plasma half-lives of therapeutic proteins and thusmprove
pharmacokinetics and pharmacodynamics, several strategies caplied (7). Strategies
such as conjugation of polyethylene glycol chains (PEGylation) or pioducf
hyperglycosylated variants through introduction of additional N-gljetien sites primarily
aim at increasing the hydrodynamic volume of the molecule, gtlicing renal filtration and
degradation. Some of these strategies further implement FcRiatet recycling processes,
e.g. fusion to the IgG Fc region and fusion or binding to serum albumin.

We recently applied several of these strategies to improvelésema half-life of a scDb
molecule. These strategies included site-directed conjugation of RDA4OPEG chain
(PEGylated scDb, scDb-A’-PE&), production of N-glycosylated scDb variants possessing
3, 6, or 9 N-glycosylation sites (scDb-ARg, a scDb-human serum albumin fusion protein

(scDb-HSA), and a scDb fused to an albumin-binding domain from streptqootein G
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(scDb-ABD) (3,4,8). In these studies we showed that N-glycoewlatinly moderately
increased half-life, while a strong improvement was observedéoPEGylated scDb, scDb-
HSA and scDb-ABD.

In the present study we further analyzed the biodistribution ofodifrad scDb as well as
three of the scDb derivatives (PEGylated scDb, N-glycosylatBh,sscDb-ABD) in tumor-
bearing mice. We show that the modified scDb molecules exhietiéced renal clearance
and that an extended half-life leads to an increased accumulatanigen-positive tumors.
The strongest improvement was observed for scDb-ABD. Using FcRn knockoeitwe
confirmed that FcRn-mediated recycling contributes to the longlifealbf scDb-ABD.
Affinities of the scDb derivatives for target and effectetis were not or only marginally
affected by the modifications, although, compared to scDb, a reducadxegtactivity was
observed for scDb-ABD, which was further reduced in the presenadbomin. These
findings demonstrate that half-life extension of scDb resultsdreased tumor accumulation

but that modifications might also affect scDb-mediated cytotoxicity.

Experimental Procedure

Materials

HRP-conjugated anti-His-tag antibody was purchased from SaunraBistechnology (Santa
Cruz, USA), unconjugated mouse anti-His-tag antibody from Dianovenlfdiay, Germany)
and anti-rabbit IgG-FITC or anti-mouse IgG-PE-conjugated antibdhym Sigma
(Taufkirchen, Germany). Carcinoembryonic antigen was obtained Ewmpa Bioproducts
(Cambridge, UK). HSA was purchased from Sigma. The human colon adenocaccell
line LS174T was purchased from ECACC (Wiltshire, UK) and cultunddRMI, 5% FBS, 2
mM glutamine (Invitrogen, Karlsruhe, Germany). The stably tesntei human fibrobast
activation protein (FAP)-expressing fibrosarcoma cell line HT108Bf (kindly provided
by W. Rettig, Boehringer Ingelheim Pharma, Vienna, Austria) werergmnoWRPMI, 5% FBS,
2 mM glutamine. Buffy coat from healthy human donors were obtaimed fihe blood bank
(Ulm, Germany). IL-2 was purchased from Immunotools (FridenytGermany) and
phytohemagglutinin-L (PHA-L) from Boehringer-Mannheim (Mannheimyn@ay). FCRn
heavy chain knockout mice (strain B6.129Ragrt™ */Dcr) were purchased from Jackson
Laboratories (Bar Harbor, USA). Athymic female nude miceewgurchased from Harlan
Laboratories (Indianapolis, USA). For iodinatiéfl and **!i from Perkin Elmer (Boston,
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USA) was used.

Biodistribution

ScDb and the various scDb derivatives were prepared as describedugse (3,4,8).
Antibody constructs were iodinated by the lodogen method (Pierami€4deCo., Rockford,
USA) yielding a specific activity of 1.4 — 2.2 uCi/pg. 6 weeks athymic nude mice were
xenografted s.c. with 8 x 201C-38 murine colon carcinoma cells on the right flank arfl 10
LS-174T human colon carcinoma cells on the left flank. When the tunexke@ a volume
of approximately 500 mr lugol iodine solution was added to the drinking water one day
before the injection of the radiolabeled biomolecules. 4 groups ot8 were injected i.v.
with a mix of 5ng of **31-scDb and 5my of **4-scDb-ABD or'?1-scDb-A’-PEGyo and*3!-
scDb-ABG,. Groups of mice were sacrificed at 2, 24, 48 or 96 h after i.v. imfedBlood,
tumors and tissues were weighed, and the radioactivity counteduial @hannel scintillation
counter (CobraTM II, Packard).

ELISA

Carcinoembryonic antigen (CEA) (300 ng/well) was coated overnight°’&t and remaining
binding sites were blocked with 2% (w/v) skimmed milk powder/PB&ified recombinant
antibodies and serum samples were titrated in duplicates and ircubatd h at RT.
Detection was performed either with mouse HRP-conjugated antabliantibody or rabbit
antiserum against PEGylated scDb and HRP-conjugated goatlbiti-antibody (8) using
TMB substrate (1 mg/ml TMB, sodium acetate buffer pH 6.0, 0.006@Z»)HThe reaction
was stopped with 50 ul of 1 M,BQ,. Absorbance was measured at 450 nm in an ELISA-

reader.

Affinity measurements

Affinities of scDb-ABD for HSA at different pH were detemeid by quartz crystal
microbalance measurements (A-100, Attana). HSA was cheyigalinobilized on a
carboxyl sensor chip according to the manufacturer’s protocol at a dessiltynggin a signal
increase of 120 Hz. Binding experiments were performed in PBS pbr 2@ mM sodium
phosphate buffer, 150 mM NaCl, pH 6.0 at a flow rate of 25 pl/min. The chip was regenerated
with 6.3 pl 10 mM HCI. Before every measurement a baselinemeessured which was

subtracted from the binding curve. A mass transport model (9) was fitted to the data
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Flow cytometry

Binding to CEA- and CD3-expressing cells were determined by digametry (10). LS174T
or Jurkat-CD3 cells (2 x Bpwere incubated with dilution series of antibodies for 3 h at 4 °C.
Cells were then washed with PBS and bound antibodies were detetttetiauise anti-His-
tag antibody and PE-labeled goat anti-mouse antibody or, in ctise BEGylated construct,
with rabbit antiserum (8) and FITC-labeled goat anti-rabbit &f@body. Data were fitted
with GraphPrism software (La Jolla, USA) from 3 independent bindimges. From these 3

individual EG,, the mean and standard error was calculated.

Pharmacokinetics

Animal care and all experiments performed were in accordaitbefederal guidelines and
have been approved by university and state authorities. C57BL/6 and-BRf6heavy chain
knockout mice (20-33 weeks, weight between 21-39 g) received an i.vidnjet 25 g
scDb-ABD or PEGylated scDb in a total volume of 200 pl. In timervals of 3 min, 3 h, 1,
2, 3, and 4 days blood samples (100 pl) were taken from the tail arxhted on ice. Clotted
blood was centrifuged at 10 000 g for 10 min, 4 °C and serum sampled ator20 °C.
Serum concentrations of CEA-binding recombinant antibodies were det¢erimy ELISA (as
described above), interpolating the corresponding calibration curvesomparison, the first
value (3 min) was set to 100%. Terminal half-livegi{) and AUCwere calculatedvith

Excel. For statistics, Student’s T-test was applied.

In vitro cytotoxicity

Cytotoxicity assays were performed according to Asano el H). {5.000 LS174T or 5.000
HT1080 FAR, cells per well were seeded into 96-well plates grown ovdntnigilution

series of antibodies were then added to the target cells. Fatipl@od mononuclear cells
(PBMCs) from a healthy donor were isolated from buffy coatessribed before (3). PBMCs
were thawed the day before and seeded on a cell culture dish deerenonocytes by the
attachment to the plastic surface. Cells that remained in sispensre preactivated with 1
png/ml PHA-L and 100 U/ml IL-2 (3) for at least 3 days. Thpseactivated PBMCs were
added to the target cells in an E:T ratio of 3:1 and incubate@4fdr. After the wells were
washed 3 times with PBS, 100 pl medium with 50 pg/ml MTT (médttadolyldiphenyl-

tetrazolium bromide) (Sigma, Taufkirchen, Germany) was addededisdaere incubated for
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2 h. Then 100 pl of lysis buffer (10% SDS, 50% N,N-dimethylformamid4ph was added
and wells were incubated over night. AR$m- AbSsss nmWas measured in an ELISA reader

and data were normalized to the values of the untreated cell.

Results

Biodistribution

Single-chain diabody scDb CEACDS3 and three derivatives there@yREed scDb, scDb-
A’-PEG40k; N-glycosylated scDb possessing 9 NXT sequons, scDb;ABSDb fused to an
albumin-binding domain, scDb-ABD) were labeled witil or **4i and injected into nude
mice bearing CEALS174T and CEAMC38 tumors. Tissue distribution was monitored over
a period of 4 days (Fig. 1; Table 1).

Table 1. AUC of the various scDb constructs in different tissues (%ID/g * h).

tissue scDb scDb-ABC, scDb-A’-PEG g scDb-ABD

blood 777 £ 31 110.0 + 2.9 9249 + 34.3 767.8 = 18.3
CEA" tumor 167.7 + 19.8 1499 + 6.4 450.0 + 13.8 752.5 * 46.6
CEA’ tumor 66.5 + 14.3 457 + 3.8 1709 + 8.7 225.8 + 23.3
liver 50.0 + 29 853 + 2.1 2519 + 11.3 202.6 + 12.8
kidney 334.0 + 28.6 81.2 + 54 262.7 + 8.3 217.0 £+ 75
lung 649 + 143 66.7 £ 2.2 354.8 + 15.6 377.1 £+ 43
spleen 39.6 + 0.6 56.0 + 3.4 1457 + 4.6 1194 + 6.2
heart 33.2 £ 24 449 + 15 227.6 + 15.6 239.8 + 13.2
muscle 16.7 + 0.5 245 + 1.2 67.7 = 4.2 70.6 = 9.7
bone 255 + 3.7 321 + 1.8 813 + 14 89.2 + 5.1
skin 58.7 + 1.1 58.1 + 4.4 1476 + 4.2 172.0 + 9.7
intestine 329 + 6.5 38.3 + 35 95.0 + 20.8 787 £ 2.2
colon 236 * 29 275 + 1.3 63.1 + 59 53.8 + 3.1

Unmodified scDb was rapidly cleared from the blood and showed strong/kadnemulation

after 2 h (Fig. 1a).

A selective accumulation within the CEAumor was observed with the highest value
(approximately 7 %ID/g) after 2 h. Similar values were foundttier N-glycosylated scDb
(scDb-ABG), which, however, showed after 2 h as compared to scDb a stroulgigere
accumulation in the kindey (Fig. 1b). PEGylated scDb and scDb-ABD hattoagly
increased residence in the blood, which resulted also in increakess va all the other
organs (Fig. 1c, d). Both modified scDb variants exhibited an iredeasd selective
accumulation in the CEAtumors reaching maximum values after 24 to 48 hours, while
concentrations in the CEAumors gradually dropped similar to the other organs and tissues
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Fig. 1. Organ distribution of ¥!|labeled scDb (a), ¥ |abeled glycosylated scDb-ABC; (b), 2%|_|abeled
scDb-A'-PEG,4y (c), and %|_|labeled scDb-ABD (d) in nude mice bearing subcutaneous CEA"

(LS174T) and CEA" (MC38) tumors.
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analyzed. Enrichment in CEAumors was also evident from increased tumor-to-blood ratios
in comparison to CEAtumors (Fig. 2). Over the period of 4 days scDb reached a maximal
tumor-to-blood ratio in CEAtumors of approximately 13 after 2 days, while that of scDb-

ABCy; reached only a value of approximately 8 after 4 days (Fig.T2anor-to-blood ratios

of scDb-A-PEGqx and scDb-ABD in CEAtumors were weaker and gradually increased to a
value of 1.5 and 3, respectively, at day 4 (Fig. 2b). The tumor-to-bloadima@iEA tumors

did not change over the period of 4 days, except for scDb, which wiayshggher than that

of scDb-ABG reaching a value of approximately 4 after 4 days.

-a— scDb/CEA+
—o— scDb-ABC;/ CEA+
-0- scDb/CEA-
=o0—- scDb-ABC; / CEA-

time [h]

-¥—- scDb-ABD / CEA+
—a— scDb-A’-PEG,, / CEA+
-~ scDb-ABD / CEA-
=~ scDb-A’-PEG,q / CEA-

tumor / blood

time [h]

Fig. 2. Tumor-to-blood ratios over the period of 4 days of a) ¥!|labeled scDb and **'I-labeled
glycosylated scDb-ABC,, and b) 5|_labeled scDb-A-PEGy and '*’l-labeled scDb-ABD in CEA*
(LS174T) and CEA" (MC38) tumors.

Over the period of 4 days, PEGylated scDb showed as compared to $2Bbld increase in
AUC in the blood, while that of scDb-ABD was increased 10-fold. ThbedAUC of scDb-
ABC- was only increased 1.4-fold. The strongest accumulation in thé €E#for was found

for scDb-ABD with a 4.5-fold increase in AUC as compared to scDie AUC of the
PEGylated scDb in the CEAumor was increased 2.7-fold. Comparing the AUC between
CEA" and CEA tumors we observed for all constructs 2.5 to 3.3-fold higher valudwin t
CEA" tumors. Tumor-to-blood ratios for CEAumors were 2.2, 1.4, 0.5, and 1.0 for scDb,
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scDb-ABG;,, PEGylated scDb, and scDb-ABD, respectively, as determined tirerdUC.
Tumor-to-blood ratios for CEAtumors were 0.9, 0.4, 0.2, and 0.3 for scDb, scDb-ABC
PEGylated scDb, and scDb-ABD, respectively, as determined from the AUC.

Binding to CEA- and CD3-expressing cells

Binding of scDb and the half-life extended derivatives to CEA-esprgsLS174 cells and
CD3-expressing Jurkat cells was determined by flow cytonme&gsurements (Fig. 3, Table
2). All molecules exhibited a similar E&for CEA™ LS174T (in the range of 0.7 to 1.2 nM).
Also, EG values of scDb, scDb-ABD and PEGylated scDb for C®kat cells were in a
similar range (between 0.4 to 0.8 nM). ScDb-ABBowed a somewhat reduced binding for
CD3' cells (EGo = 3.4 nM), however, this difference was statistically not sicgitt (p =
0.13). EGp values of scDb and scDb-ABD for both antigens were not significaffected

by the presence of 1 mg/ml HSA (scDb £ HSA: p = 0.73 for binaingst174T and p = 0.16
for binding to Jurkat; scDb-ABD + HSA: p = 0.99 for binding to LS1&hd p = 0.5 for
binding to Jurkat).

Fig. 3: Flow cytometry analysis of binding of scDb and its half-life extended derivatives to CEA-
expressing LS174T (a-c) and CD3-positive Jurkat cells (d-f). (n = 3). For scDb and scDb-ABD the ECg
was determined in the absence or presence of HSA (1 mg/ml).
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Table 2. Binding of scDb and its derivatives to cell surface-expressed CEA and CD3

construct HSA E¢ for LS174T EG, for Jurkat
nM nM
scDb - 0.7 = 01 04 + 01
scDb + 08 =+ 0.2 0.2 + 0.03
scDb-ABD - 09 + 04 06 =+ 0.2
scDb-ABD + 09 + 04 1.3 = 0.8
scDb-A’-PEG o - 0.7 £ 0.1 0.8 + 0.04
scDb-ABC; - 1.2 + 0.01 34 + 16

Affinity of scDb-ABD for HSA

The affinity of scDb-ABD for HSA was determined by quartzystal microbalance
measurements (Fig. 4; Table 3). At neutral pH (pH 7.4) scDb-ABbb#&d an affinity of
1.7 nM for HSA. At acidic pH (pH 6.0) affinity was 0.9 nM for HSA.eBe findings confirm
that scDb-ABD is capable of binding to serum albumin at both neutral and acidic.pH (4)

Table 3. Binding of scDb-ABD to HSA at pH 7.4 and 6.0 analyzed by QCM

pH Kon (M™s™) Kott (57 Ko (M)
7.4 20x10° + 3.0x10° 35x10% + 45x10° 1.7 + 0.04
6.0 43x10° + 1.1x10 41x10% + 87x10° 0.9 + 0.05

Fig. 4. QCM affinity measurements of scDb-ABD binding to immobilized HSA at pH 7.4 (a) and pH 6.0
(b) (n = 6). Data were fitted (bold lines) assuming mass-limited transport.
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Pharmacokinetics of scDb-ABD in FcRn heavy chain knock-out mice

Next, we analyzed clearance of scDb-ABD in C57BL/6 wild-typd &cRn heavy chain
knockout mice. After a single dose i.v. injection into the tail vein bl@dptes were taken
and analyzed by ELISA for the presence of active molectigs ). A terminal half-life of
53.0 £ 10.0 h was determined for scDb-ABD in wt mice (n=10), whilelifawas reduced
to 24.8 £ 2.2 h in the FcRn knockout mice (n=10). In contrast, no differentles t#rminal
half-lives were observed for scDb-A’-PE&4g included as control, with 47.9 £ 2.7 h in wt

mice (n=2) and 51.4 £ 4.3 h in FcRn heavy chain knockout mice (n=3).

Fig. 5. Plasma clearance of scDb-ABD (a) or scDb-A-PEG40k (b) in C57BL/6 wild-type (wt) and FcRn
heavy chain knockout (FcRn hc KO) mice after a single i.v. dose (25 ug) of antibody molecules.

In vitro cytotoxicity of scDb and scDb-ABD

Using pre-activated human PBMCs we observed a concentration-depkitidenof CEA"
LS174T tumor cells by scDbCEACD3 and scDbCEACD3-ABD (Fig. Ad)an effector to
target (E:T) ratio of 3, half-maximal killing (&g was reached at 50 pM scDb and 100 pM
scDb-ABD, respectively. The addition of 1 mg/ml HSA had no effecthe EGy of scDb. In
contrast, the E&g of scDb-ABD was reduced 5-fold to 500 pM. No cytotoxicity of scbid
scDb-ABD was observed towards CHBAT1080 cells (Fig. 6b).
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Fig. 6. ScDb-mediated cytotoxicity. CEA" LS174T cells (a) or CEA” HT1080 cells (b) were incubated
with preactivated PBMCs at a ratio of 1:3 and varying concentrations of scDbCEACD3 and
scDbCEACD3-ABD in the presence or absence of HSA (1 mg/ml). Remaining viable target cells were
determined by MTT assay after 24 h (n=3).

Discussion

In the present study we determined the biodistribution of an ami-C&nti-CD3 bispecific
single-chain diabody and showed that a prolonged half-life trasslate an increased
accumulation in CEA-positive tumors. All modified scDb molecules latdd similar EGy
values for binding to CEA- and CD3-expressing cell lines indicatiagmodifications do not
interfere with binding to the cell surface-exposed antigens. Thusedineed accumulation of
scDb and scDb-ABg£as compared to PEGylated scDb and scDb-ABD is not caused by a
reduced affinity for the CEA-expressing tumor cells. Furtherpioreling of scDb and scDb-
ABD to these cell lines was not affected in the presenceraimsalbumin. This finding is in
accordance with results obtained for a half-life-extended an@ZHEab 4D5, which was
either fused to the same ABD or an albumin-binding peptide (AB.Fab4D3%5)3). In
contrast, different results were described for PEGylatebayifragments. Thus, C-terminal
conjugation of the scFv 4D5 with a 20 kDa PEG resulted in a 5-fold loaffioity (14),
while, for example, a PEGylated tandem scFv directed againsE-Midshowed a similar
binding to MUC-1 as the wild-type tandem scFv (15). A recent stdigyolysialylated anti-
CEA scFv MFE-23 molecules revealed that the conjugation cherhia$rya strong effect on
immunoreactivity (16). Random polysialylation of in average 1.4 11 kDa &dns per
scFv resulted as compared to the unmodified scFv in a 20-fold reduction of binding in ELISA.
In contrast, no reduction was observed after site-directed coigugd 1 PSA polymer to a
C-terminal cysteine residue, which is similar to our approach of geneRiE@glated scDb.
Although binding of scDb to CEAtumor cells and CD3effector cells was not affected by
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the various modifications, previous studies showed that they reducesfieeibc antibody-
mediated stimulatory activity on PBMCs in a target celled@lent assay (4,8). In these
studies, a 3- to 12-fold reduction was observed for scDb-ABEGylated scDb and scDb-
ABD. The T cell-stimulating activity of scDb-ABD was 3-fotdduced as compared to the
unmodified scDb and was further reduced 4-fold in the presence of w3, HSA had no
effect on the stimulating activity of unmodified scDb. As shown inghesent study, this
resulted also in a comparable reduction of the cytotoxic effeaty yseactivated human
PBMCs as effector cells. Presumably, these modificaticats e a sterical hindrance of the
formation of a close contact between target and effector cedlerathe ability to efficiently
activate the T cell receptor through binding to CD3. This reduactigit also be influenced
by the choice of target antigen and the location of the epitapthef studies are, therefore,
required to investigate the effects of half-life extending mealifons on the bioactivity of
other bispecific antibodies.

The modifications leading to the longest half-life extension, E&Gyation and fusion to an
ABD, resulted in increased accumulation in CBAmors. The highest tumor accumulation
was found for the scDb-ABD fusion protein, which was approximategfdid increased as
compared to the unmodified scDb. Interestingly, PEGylated scDb shamvagproximately
two-fold lower accumulation in CEAtumors as compared to scDb-ABD, although
possessing a slightly higher plasma half-life and a similhbg®ling activity. In a previous
study we showed that the hydrodynamic radius of scDb-ABD bound to SR8 nm
compared to 7.9 nm of the PEGylated scDb, which might explain the tuetter penetration
of scDb-ABD (8). Increased tumor accumulation was also obsdoredarious other half-
life-extended recombinant antibody molecules, such as PEGylatedER# scFv 4D5 and
anti-HER2 AB.Fab4D5 (13,14). The AB.Fab showed a 5-6 fold higher tuooomaulation
than the Fab without the binding peptide and the accumulation was muhiriasdse of the
AB.Fab than in case of the parental IgG (13). The latter findisqg indicates that the size of
the molecule (the MW of AB.Fab bound to albumin is approximately 134 kiat of 19G
150 kDa) influences tumor accumulation. Furthermore, the noncovalent biotiscDb-
ABD (and AB.Fab) to albumin, allowing the dissociation of the antibodyety from
albumin, might facilitate tumor penetration. The site-directed gatijon of an scFv directed
against HER2 with PEG 20 kDa caused a 8.5-fold better tumor accuwnulatf). Recently
an anti-EGFR tandem nanobody was fused to an anti-albumin nanobloelynahobody
construct revealed a similar circulation half-life (~ 48 h) ieeras our scDb-ABD construct.
Compared to the anti-EGFR IgG cetuximab, the nanobody construct shaiadaa tumor
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accumulation, but distribution within the tumor tissue was more homogsn@?7). This
might be due to the smaller size of the nanobody construct (~ &0 Wich is similar to the
size of the scDb-ABD, as compared to 150 kDa for the IgG moleciie-digected
polysialylation of anti-CEA scFv MFE-23 (MFE-23-Cys-PSA) with apparent molecular
mass of > 300 kDa as determined by size exclusion chromatogshawed a 10-fold
increased tumor accumulation as compared to unmodified MFE-23nderda maximum
accumulation of approximately 10% ID/g tumor (16). These data corupayavell with our
own data obtained for PEGylated scDb and scDb scDb-ABD. Thus, tkesengents further
confirm that an extended half-life translates into increased tumor accionulat

The long circulation time of scDb-ABD is caused by an incragerodynamic radius of the
scDb-ABD albumin complex, which is approximately 2-fold increasedampared to scDb
(4.8 nm versus 2.7 nm) (8), as well as recycling by the FcRn. Iprésent study we
confirmed that recycling by FCRn contributes to the long halfdifescDb-ABD. In FcRn
heavy chain knockout mice half-life of scDb-ABD was reduced apmately 2-fold. Similar
values were reported for the half-life of radioiodinated moulenaih, which was reduced
from 39 h in wild-type mice to 24 h in heavy chain knockout mice (H&®A binds pH-
dependent to the FcRn with an affinity of approximately 5 uM at 8 (19,20). A
prerequisite of the recycling of scDb-ABD via the FcRn is thatcomplex between scDb-
ABD, albumin and FcRn remains stable in the acidic environment arttlesome. In QCM
studies we found that the affinity of scDb-ABD is not decreasepHa6.0 and that the
measured affinities are similar to those determined by ofoerthe binding of the single
ABD domain to HSA at neutral pH (21-23).

Our results and data from others clearly demonstrate thaylBid®, N-glycosylation and
fusion to an ABD can improve pharmacokinetic properties of recombinaifodigs to
various extent. However, these improvements might not only be dependé¢iné applied
half-life extension strategy but also from the antibody foritsatf, which directly affects
protein size and stability (24, 25). Furthermore, it is likely tmibady affinity and valency
but also other factors such as tumor vascularization, vesselaiglitye and the kind of the
target antigen as well as its density on target cell and wiltl@irtumor plays a determinant
role in biodistribution (26-30). Thus, different results might be obtaioeddDb recognizing
other target cell antigens. In this context it is notewortigt ho experimental data are
currently available to which extend binding to CD3-positive T caflscts plasma half-life
and biodistribution. A physiological-based pharmacokinetic model sugtpedtsather than
guiding the T cells to the target tissue, the bispecific anyibedeing dragged around the
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system by the T cell (31). Experimental data of a bispetaintlem scFv directed against
CD19 and CD3 analyzed in chimpanzees revealed a half-life of 2 hatingdicthat the
binding to T-cells has no beneficial impact on the circulation {{82. The scDb CEACD3
used in our study is human-specific and, therefore, does not bind toe mou=ells
complicating the analysis of this aspect, for instance in mieis. uestion can be answered
using a bispecific scDb directed against mouse CD3. A respecfiwe(8C11) is available
(33) and has been already used by others to study antitumos effdispecific tandem scFv
molecules possessing a similar size as scDb molecules (3).immunocompetent mouse
model the antitumor effect of these small bispecific molecalessolid tumors could be
demonstrated (35). Further studies are therefore planned to canwerscDb and its
derivatives into bispecific anti-CEA x anti-mouse CD3 molecules.

In summary, we showed for our scDb that an extended half-life atassinto increased
tumor accumulation and that fusion of an albumin-binding domain to & sBuperior
compared to a PEGylated scDb prepared by site-directed ediojugf a 40 kDa branched
PEG chain. Further studies in immunocompetent mice are now planned $tigatee the
antitumor activity of these bispecific T cell-recruiting ibotly derivatives in order to
elucidate if the prolonged circulation time compensates for the edduoactivity observed

for the target cell-dependent activation of cellular cytotoxicity in vitro.

Footnotes

This project was supported by a grant from the Deutsche Forsclenmgisgchaft
(Ko1461/2).

The abbreviations used are: ABD, albumin-binding domain; AUC, area uhéecurve;
CEA, carcinoembryonic antigen; FcRn, neonatal Fc receptor; HSA, rhgeram albumin;
PBMC, peripheral blood mononuclear cells; PEG, polyethylene glycal,Q@artz crystal
microbalance; scDb, single-chain diabody; scFv, single-chain fragment eariabl
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Discussion & Perspectives

The rise of small antibody formats reinforced the need fategires to improve their
circulation half-life. The rapid clearance of small antibodesds to reduced therapeutic
efficacy and necessitates frequent dosing schedules, causing cbgil and patient
inconvenience (Tang et al., 2004; Mahmood and Green, 2005; van de Wakrt2605).
Various different approaches have been examined to prolong the cocuiatie of small
antibodies with different impact on half-life, tumor accumulation amtady activity. The
comparison of different strategies that can be found in literasudifficult because they are
applied to different antibody formats with different antigens &eg ire analyzed in varying
in vitro and in vivo models. This work compares directly three basically rdrife
modifications of an antibody: N-glycosylation, PEGylation and fustoan albumin-binding

domain. All three strategies are applied to the same single-chain diabodyDHEEACDS3.

Production of the modified scDb constructs and effe cts of the
modifications on circulation half-life

For the N-glycosylation of scDbCEACDS3 three different conssruatre produced, each with
one N-glycosylation site in thedCEA-V CD3-linker A, one in the MCD3-V CEA-linker B
and with 1, 4 or 7 sequons at the C-terminus (scDb-ABEDb-ABG, scDb-ABG). N-
glycosylation of proteins is a stochastic process, resulting iokiberved heterogeneity in the
SDS-PAGE analysis. This could be seen especially for the-88Qy construct in which
seven N-glycosylation sites are in close proximity at ther@inus. The heterogeneity of the
degree of N-glycosylation in a single production batch have been foundrious/ather N-
gylcosylated proteins such as recombinant human interfetbn{Ceaglio et al., 2007),
recombinant follicle stimulating hormone (Periman et al., 2003) anohmgicant human
acetylcholinesterase (Chitlaru et al., 1998). N-glycosylatiorhefsScDbCEACD3 led to a
moderate enlargement of its hydrodynamic radius from 2.7 nm to-2388 nm. The
circulation times of these molecules were moderately improvtédan2- to 3-fold increased
AUC.24n compared to the unmodified scDb. Even though the sizes of the N-ghtaubyl
constructs were correlated with the number of N-glycosylaties,si correlation between the
circulation half-lives and the number of N-glycosylation sitesc¢owlt be found. Limitations
in prolonging the half-life of proteins by adding additional N-glycasgh sites have been

observed before. The insertion of two additional N-glycosylation isitescombinant follicle-
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stimulating hormone (rFSH) increased the AUC after i.v. injectiomice from 11 to 32
mlU-h/ml, whereas a further addition of 2 sequons led even to a dightase of the AUC
(Weenen et al., 2004). Also, the increase from 3 to 4 N-glycosylates ia recombinant
human acetylcholinesterase did not further prolong the half-lifeh@feinzyme in rhesus
macaques (Cohen et al., 2004).

The moderate increased circulation time of the N-glycosylatdobs is typical for the
prolonged half-life of hyperglycosylated proteins. For examplepetgtycosylated
erythropoietin with two additional N-glycosylation sites reveaked3-fold prolonged
circulation half-life in human (Egrie and Browne, 2001). The C-terlmawmiition of two
additional N-glycosylation sites to rFSH led to a 3- to 4-foldréased half-life in rats
(Perlman et al., 2003).

A possibility to further prolong the half-life of the N-glycosgdtscDbs could be to exert
influence on the glycan composition. Mass spectroscopy analysaled that the glycan
pattern of the N-glycosylated scDbCEACDS3 variants were ambd that published for other
recombinant proteins expressed in HEK-293 cells (Kaufmann et al., 200&)dégree of
sialic acid-capped glycans was between 22 — 34 %, decreasing with the gnowibgr of N-
glycosylation sites. Glycans produced in mammalian cells, wdniemot capped with sialic
acid, mostly exhibit a terminal N-acetylglucosamine. It is viumothat proteoglycans
displaying a high degree of terminal N-acetylglucosamine avee mapidly cleared from
circulation by the asialoglycoprotein receptor (Meier et al., 198&ckert, 1995; Jones et al.,
2007). By increasing the degree of sialylation, the elimination thrtheglsialoglycoprotein
receptor can be minimized. Several groups already createéssion cell lines which
produces more than 90 % sialylated glycoproteins (Weikert.etl@99; Bragonzi et al.,
2000). Rhesus acetylcholinesterase produced in genetically engihee@93 cells, which
co-expressed a high level of heterologot’ 6-sialyltransferase, was fully sialylated (Cohen
et al.,, 2004). Compared to partially sialylated acetylcholinegtezapressed in unmodified
HEK-293 cells, the fully sialylated acetylcholinesterase shaavesblongation of the terminal
half-life from 72 h to 113 h in rhesus macaques and from 71 h to 118 h in mice.

The strongest increase in size, measured by SEC, was obgartteel PEGylated constructs.
ScDbCEACD3 was site-directed PEGylated in th€€E#A-V CD3-linker or C-terminal with
a branched mPEG 40 kDa. In both cases the PEGylation led to ald Bdrease in the
hydrodynamic radius corresponding to a protein with 650 kDa. The daimettease in size
of the conjugates, which is much more than assumed from the summbkbeular mass, is
caused by 2-3 water molecules that bind to PEG per ethylede orit (Roberts et al., 2002).
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A drastic enlargement of the hydrodynamic radius was also olserv86EC analysis for
PEGylated anti-HER2 scFv4D5. While the unmodified scFv4D5 showed areappéWV of
32 kDa the scFv4D5 conjugated with PEG 20 kDa revealed an apparent 00U kDa
(Kubetzko et al., 2006). The strong enlargement of the PEGylatedC&RRD3 led to a
drastically prolonged circulation with a 10-fold increase of theCAkl, compared to the
unmodified construct, likely through the prevention of renal clearandevery similar to the
improvement of the same scDbCEACD3 fused to HSA (Miller et @72 The positive
effect of PEGylation on the circulation time of proteins is sulidvwell. For example, a scFv
directed against granulocyte macrophage colony-stimulating fé@tdrCSF) showed a 30-
fold increase in half-life after conjugation to PEG 40 kDa (Krineé al., 2006). By
conjugating an antibody fragment to PEG chains of different lenitdssirculation half-life
can be modulated over a wide range (Yang et al., 2003).

The increase in size of the scDb caused by the fusion to theweBhot visible in SEC, but
bound to albumin the hydrodynamic radius of the scDb-ABD nearly dugdicegsulting in a
size well above the threshold for renal clearance. ScDb-ABWesthohe longest circulation
time of the scDbCEACD3 variants with a 14-fold increased AklcCcompared to the
unmodified scDb and an increase in terminal half-life from 5.6 h to 27.&ukther
experiments with FcRn heavy chain knockout (FCRn hc KO) mice exvehat the drastic
prolongation of circulation time of the scDb-ABD-albumin complexas simply caused by
enlargement of the molecule, but by effective recycling viaRtien. A 2-fold decreased
terminal half-life for scDb-ABD was observed in FCRn hc Kfize, compared to wild-type
mice (24.8 h vs. 53 h), whereas a PEGylated scDb as negativel adrtwed similar half-
lives in the different mouse strains (47.9 h vs. 51.4 h). The iniemasite between albumin
and an albumin-binding domain of Finegoldia magna, which is homologous to ABD3
streptococcus strain G148, could be located in domain Il of albumin (le¢jah, 2004).
Hence, binding of albumin to FCRn, which interacts with albumin donmi{haudhury et
al., 2006), should not be interfered by ABD-albumin binding. A prerequitthé recycling
of the scDb-ABD is the stability of the scDb-ABD-albumin-Fcébmplex at the acidic pH of
the endosome. The affinity of human FcRn to HSA was determined toSheM at pH 6.0
(Andersen et al., 2006; Chaudhury et al., 2006). On the basis of quartd amggbbalance
measurements, the present study reveals that the binding betvitdeABD and albumin
remained stable at pH 6.0. The determingdidt the binding at neutral pH was according to
the Ko measured by others for the binding of ABD to albumin (Johansson et al., 2002; Linhult
et al., 2002; Jonsson et al., 2008). Similar results have been published fecyblng of
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albumin before (Chaudhury et al., 2003). Radiolabeled mouse albumin wasdnje&c in
FcRn hc KO and in wild-type mice. The half-life of albumin waduced from 39 hto 24 h in
mice lacking the functional FcRn. The same study showed that lfHdehaf IgGs is reduced
from 95 h to 19 h in FcRn hc KO mice, revealing that IgGs are sftiogently recycled than
albumin. That may be a reason why the half-life of an IgG coolde reached by the scDb-
ABD fusion strategy. A similar impact on the circulation Hd#-as for scDb-ABD was
found for an anti-HER2 Fab4D5-ABD fusion protein (Schlapschy et 24Q7). The
unmodified Fab4D5 showed a terminal half-life of 2.1 h in mice wise@&x9 h were
observed for Fab4D5-ABD. Several other studies confirmed thatuthenfto an albumin-
binding moiety is an effective strategy to improve the circutahbalf-life of Fab molecules in

mice, rats and rabbits (Dennis et al., 2002; Nguyen et al., 2006).

Impact of the modifications on the bioactivity of s cDbCEACD3

Functional analysis of the scDbCEACD3 variants were madeamination of their antigen-
binding, their ability to activate T-cells and their potential ®dmate cytotoxicity. Titration of
scDbCEACD3 and its variants in flow cytometry on CH&S174T cells or CD3Jurkat cells
revealed similar binding of all constructs, hence, modifications dithterfere with antigen-
binding. In contrast, an ELISA, in which scDb and scDb-ABD was éitrain immobilized
CEA in presence of albumin showed a ~ 4-fold decrease in bindirgdpbtABD. A possible
explanation of the contrary results could be that in ELISA thesacte the epitope on
immobilized CEA was more complicated for large antibodies suchhasscDb-ABD-
albumin-complex compared to the small scDb. In contrast, in floanostry assays on cells,
CEA is attached only with its C-terminus to the cell surfadee epitope for the anti-CEA
binding site of the antibody is located in the N-terminal domairheflong CEA molecule
(Sainz-Pastor et al., 2006), making the epitope more accessilidederantibody molecules.
The results of the antibody titration analyzed by flow cytoynappear to be more relevant
because the assay conditions are more similar to the conditions in the tumor.
Differences in the binding of antibodies to immobilized antigen andrntibody activity in
cellular assays have been described before. Yang et al.gateguan anti-TNF scFv with
PEG 40 kDa. In surface plasmon resonance measurements on immdobMEea 7.6-fold
decrease in affinity could be observed for the PEGylated scEwpposed to that, in a
cytotoxicity assay in which the scFv inhibited the effect biFTin solution, no differences

could be found between the sCof the PEGylated and the unmodified scFv (Yang et al.,
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2003).

Even if antigen-binding on cells of the scDbCEACD3 was not influenibgdthe
modifications, a 3- to 12-fold decrease was observed for the diffeaeants in their ability

to stimulate effector cells (PBMC) as determined by méaguk-2 release after 24 h. ScDb-
ABD showed a 3-fold decreased fg€ompared to scDb in absence of HSA and a further 4-
fold decrease of the Egin presence of HSA. The reduced ability for T-cell activation
translates in a comparable reduced cytotoxicity in an assag peeactivated PBMC. ScDb-
ABD and the PEGylated scDb, the molecules with the strongestigasize, showed a
stronger reduction in activity than the N-glycosylated scDb, maphg that the reduced
activity of the modified constructs is caused by sterical hirdrari the effector cell — target
cell interaction. If the reduction is also influenced by the choodargét antigen, has to be
investigated in further studies. Nevertheless, all constvuets able to activate T-cells target
cell-specific and for the scDb-ABD construct it could be demormrstrdtat the construct is

able to mediate cytotoxicity in presence and absence of HSA.

Effects of the modifications on tumor accumulation of
scDbCEACD3

The intention in improving the half-life of therapeutic antibodiestifi@r treatment of solid
tumors is to receive an enhanced accumulation in the tumor wheaatthedy can fulfil its
therapeutic effect. Biodistribution studies of the scDbCEACD3anssi were performed in
nude mice each bearing a CEAS174T and a CEAMC-38 tumor. Both long-lasting
constructs, scDb-ABD and scDb-A’-Pkém, translated their prolonged half-lives in an
improved tumor accumulation. Even if the PEGylated scDb showed a ~@htr AUC in
the blood than scDb-ABD, tumor accumulation of scDb-ABD was 4.5-fold asegk
compared to the unmodified construct whereas tumor accumulation ofASdPHBG0kpa WaS
increased only 2.7-fold. Since both antibodies did not show a differenceigerabtnding,
presumably the smaller hydrodynamic radius of the scDb-ABD-atbaomplex compared
to that of the PEGylated scDb facilitates tumor penetration. éfffext might be further
enhanced through the non-covalent character of the binding betwee®B&DaRd albumin,
allowing the dissociation. Furthermore, transcytosis mechanisenskraswn which help
albumin to overcome the endothelial barrier (Minshall et al., 2002)nlyetoperoxidase that
binds to albumin it could be shown that albumin mediates its tranlsceliransport
(Tiruppathi et al., 2004). Possibly, small antibodies fused to albuminAgimdoieties benefit
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from the same mechanism. Higher accumulation of scDb-ABD in uth®rt leads to an
increased clearance of the antibody from the blood. This may expkismaller AUC of
scDb-ABD in the blood compared to scDb-A’-Plks, which stands in contrast to the
results from the tumor-free mouse model.

The observed beneficial effects of PEGylation and antibody fusian talbumin-binding
moiety on tumor accumulation are in accordance to studies publishetthdrygroups. Site-
directed conjugation of anti-HER2 scFv4D5 with PEG 20 kDa led to 8dbifgbroved tumor
accumulation after 48 h, even though the modification caused a 5-folchl@éknity. The
maximal tumor accumulation of ~ 10 %ID/g was measured 24 hiaftémjection (Kubetzko
et al.,, 2006). Similar results were obtained for anti-CEA sdF&M3 conjugated with
polysialic acid (PSA). The construct showed a large appareat(siZ300 kDa) in SEC,
resulting in a 10-fold increased AUC in the tumor with a maxitoalor uptake of ~ 10
%ID/g after 24 h (Constantinou et al., 2009). The maximal tumor acetionlof scDb-A’-
PEGikpa Was measured after 24 h, too, but maximal tumor uptake was 6.5 %Ibég. T
smaller tumor accumulation of scDb-A’-Pkfa, might be caused by different antigen
densities of the implanted tumor cells. Furthermore, scDbCEACBXwagugated with PEG
40 kDa, resulting in a larger hydrodynamic radius compared te4B8&- conjugated with
PEG 20 kDa, leading to an enhanced hindrance of diffusion in tumor tissue.

ScDb-ABD showed the best tumor accumulation compared to the otB&CEACD3
variants. Maximal tumor accumulation of 10 %ID/g was measured 2ften injection.
Increased tumor accumulation could be observed, too, for anti-HER2 Fabd&d tb an
albumin-binding peptide (AB.Fab4D5) (Dennis et al., 2007). 24 h afteriopedB.Fab4D5
showed a 5- to 6-fold higher tumor accumulation than Fab4D5. AB.Fab4D5 aleteidhin
the tumor similar to the parental antibody Trastuzumab but pertetredumor tissue more
efficiently. Similar results were also found for a nanobodwyér (~ 50 kDa) with two
binding sites for EGFR and one for albumin (Tijink et al., 2008). Tumarnackation of the
construct was comparable with anti-EGFR IgG Cetuximab, but the naptiioer
distributed more homogenously in the tumor tissue. These resultsatepli@at the smaller
size of the albumin-binding antibody constructs facilitates tumor penetration.

The bacterial origin of the streptococcal ABD may causes cos@bout its immunogenic
potential. For a minimal albumin-binding domain of streptococcal prdieif@a 254-299)
immunogenicity was found in various mouse strains (Sjolander et al.,.1P%Thermore,
increased immunogenicity was found for the albumin-binding region (aa328)3 of
streptococcus protein G (Libon et al., 1999). In contrast, observationbéanaeported that
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the ABD used in the present study might be able to reduce thenaganicity of its fusion
partner (Kontermann, 2009b). Nevertheless, if immunogenicity would bevelds®r scDb-

ABD, deimmunization strategies could be applied which are aiméuyra the reduction of

T-cell epitopes in the protein sequence (De Groot et al., 2005; Baker and Jones, 2007; Holgate
and Baker, 2009; Jones et al., 2009).

Perspectives

In the present work the organ distribution study was focused on theerioé of the
modifications of scDbCEACD3, not complicating the analysis by roegg the T-cell
interaction of the antibodies. The anti-CD3 binding-site of scDbAEAEG human specific
and does not bind to mouse CD3. To what extent the binding to CD3 does iaflinenc
pharmacokinetics of an antibody is presently not known. A physiologiteale body
computer model predicts that bispecific anti-CD3 antibodies are ellagigpund the system
by T-cells instead of guiding the T-cells to the targesuis (Friedrich et al., 2002). In
contrast, the direct comparison of the circulation time of two BahEbodies in mice, with
one BITE that binds to murine CD3 and another one that did not, reveal&d sinculation
profiles for both constructs. The BIiTE that did not bind to murine Cin8ved a 34 %
increased terminal half-life whereas the AUC did not diffgmniéicantly between the
constructs (Schlereth et al., 2006).

To analyse the biodistribution of sScDbCEACD3 and its derivatives wedeard of antibody-
CD3 interaction, the anti-human-CD3 binding site of scDbCEACD3 caxdierged by an
anti-murine-CD3 binding site. The distribution of the resulting scD®CE3,,, could be
examined in a syngeneic immunocompetent mouse model. The respauinmurine-CD3
scFv2C11 is available (Liao et al., 2000) and has been used succdssftiily construction
of BITE molecules which showed antitumor effects in mice (Settiezt al., 2006; Amann et
al., 2009). A CEA cell line, derived from MC-38 cells, which forms syngeneic tuniors
C57BL/6 mice, is also available. This tumor model could be usstutty how the increased
tumor accumulation and decreased activity of the scDbCEAGRBd its derivatives
translate into antitumor efficacy.

A further challenge will be to find half-life extended derivatiegdscDbCEACD3,, without
or only marginal changes in bioactivity. The loss in bioactivityhef examined derivatives,
despite a nearly unchanged binding for both antigens, led to the assuthptidime gain in

size hinders the T-cell — target cell interaction stdsicah loss in bioactivity was also
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observed for a scDbCEACDS3 fused to HSA (Tiegs, 2005; Miiller et al., 28@7nteresting
approach would be the fusion of the scDb with that domain of albumin, vghielsponsible
for the FcRn interaction. Affinity measurements of the differatiiumin domains on
immobilized FcRn revealed that albumin domain Il contributes to theman-FcRn
interaction (Chaudhury et al., 2006). The fusion protein of albumin domainndl a
scDbCEACD3,, would have a smaller size than scDb-HSA (MW ~ 76 kDa vs. ~ 120, kDa
therefore it should hinder the T-cell — target cell interactioa tesser extent. Its circulation
half-life should remain prolonged through the recycling by the nabrat-receptor.
Preliminary results of circulation half-life experiments incenrevealed that sScDbCEACD3
fused to albumin domain Ill showed a significant prolonged halfdibenpared to the
unmodified scDbCEACD3 (data not shown).

The comparison of the circulation time of the half-life extendddb&€EACDS3 derivatives
and the chimeric 1gG showed that the IgG exhibits clearly thgest terminal half-life,
implicating that the possibilities for half-life extension a yet exhausted. By fusing anti-
HER2 Fab4D5 to albumin-binding peptides with different affinities foumin, the terminal
half-life of the antibody could be modulated between 12 and 69 h. A posdaivelation
between the affinity of the fused albumin-binding peptide for albwand the serum half-life
could be observed (Nguyen et al., 2006). A recently published study shoatete affinity
of ABD for HSA could be improved more than 1000-fold by a combination obguatorial
protein engineering, in vitro selection via phage display andnaltidesign (Jonsson et al.,
2008). Presumably, the circulation half-life of scDb-ABD could be furihgroved by
exchanging the native ABD by a high-affinity one.

Another approach could be to enhance the scDb-HSA interaction with Fefas observed
before that the serum half-life of IgGs could be improved by ingrgdke affinity of IgG-Fc
for FcRn (Hinton et al., 2004; Hinton et al., 2006). Importantly, the binding reosin pH-
dependent, otherwise the effect reverses (Dall’Acqua et al., 200Baly, the fusion of the
scDb with mutagenized HSA, phage display selected for improved phidimpebinding to
FcRn, would result in a further prolonged circulation half-life.

Beyond the small recombinant antibodies, the efficacy of a vavigbyotein-based drugs is
also limited by their short circulation half-lives. Further stadiave to investigate, how these

drugs can benefit from the described strategies.
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Conclusion

In conclusion, three strategies for improved pharmacokinetic prepeviere applied to
scDbCEACD3. In all approaches the derivatives retained the dmadity of their binding
sites and were able to mediate target cell-specific [Tacélation, however, with a 3- to 12-
fold decreased efficiency. Also, it could be shown that scDb-ABB st able to mediate
cytotoxicity, even if a reduction of the cytotoxic potential of seABD was observed which
was amplified in presence of albumin. The circulation half-lifescDbCEACDS3 could be
modulated over a broad range between the half-life of the unnobditiBb and that of a
chimeric 1gG1. N-glycosylation led to a moderate improvement valseREGylation and
ABD-fusion resulted in drastically increased half-lives. Morepitecould be demonstrated
that the interaction of scDb-ABD and FcRn contributes to the prolohgkdife of scDb-
ABD. The prolonged half-lives of scDb-ABD and the PEGylate®ls translated in an
improved tumor accumulation of these molecules. Highest tumor accunulas found for
scDb-ABD, making the fusion with ABD a promising approach for tm@rovement of
pharmacokinetics of small recombinant bispecific antibodies. Fusthdies will reveal, how
the improved tumor accumulation of the modified constructs translatesanti-tumor

efficacy in vivo.
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