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ABSTRACT

The epithelial glycoprotein-2 is abundantly expressed on many solid
tumors and is a suitable target for antibody-based therapy. In the present
study, an antiepithelial glycoprotein-2 single-chain Fv (scFv) was derived
from the hybridoma MOC31 by phage display. Despite its high affinity
(Kp = 3.9 x 10° m), however, this antibody fragment failed to signifi-
cantly enrich at lung tumor xenografts in mice, mostly because of its
insufficient thermal stability. To overcome this limitation, the antigen-
binding residues of the MOC31 scFv fragment were grafted onto the
framework of the highly stable and well-folding anti-c-erbB2 scFv 4D5.
Further modification of the resulting 4D5 MOC-A, which was performed
by transferring eight additional residues of the heavy chain variable
domain core of the parent MOC31 antibody, produced 4D5 MOC-B,
resulting in increased serum stability at 37°C and also significantly im-
proved expression behavior while retaining the antigen specificity and
affinity of the parent MOC31 scFv. In mice, the scFv 4D5 MOC-B, which
was radiolabeled with ®®™echnetium using a new histidine-tag specific
labeling method (Waibel et al, Nature Biotechnol., 17: 897-901, 1999),
showed favorable blood clearance and efficient enriches at lung tumor
xenografts, with a tumor:blood ratio of 5.25 and a total dose of 1.47%
injected dose per gram after 24 h. Biophysical properties such as high
thermal stability are thus decisive for whether these molecules are useful
in vivo, and our approach may provide a general strategy to solve this
problem. This is also the first report of using a humanized anti-EGP-2
scFv in vivo for targeting solid tumors, which is a promising targeting
moiety for the diagnostics and therapy of EGP-2-positive tumors in pa-
tients.

INTRODUCTION

reports have identified EGP-2 as a homophilic cell adhesion molecule
(6, 7) and have suggested its role as a modulator of invasiveness and
metastasis (8).

Carcinoma-associated antigens, such agB2 (HER-2), carcino-
embryonic antigen, and EGP-2 have been used as targets for radiola-
beled antibodies in tumor imaging and therapy studies (4, 9-11).
Efforts have been made to improve the targeting efficiency of these
antibodies by reducing the molecular weight and thereby increasing
their tissue penetration and serum clearance. Fab, {Fdis)lfide-
stabilized Fv, and scFv fragments of antibodies generated by recom-
binant technology hold great promise in this regard (9, 12). However,
the optimal functional parameters of these molecules, such as required
stability, optimal molecular weight, and required affinity are poorly
understood and have to be optimized depending on the diverse clinical
requirements (13).

scFv fragments consist of the variable domains of the heavy and
light chain connected by a flexible peptide linker (14, 15). Fv frag-
ments and linked derivatives conserve the monovalent binding affinity
and the specificity of the parent mAb and can be produced in bacteria
(16). They can be constructed by cloning the variable domains of
mAbs from hybridoma cells or by direct selection of scFv fragments
with the desired specificity from immunized or naive phage libraries
(17-19). scFv fragments, whether cloned from hybridomas or ob-
tained from phage libraries, can show poor production yields and
exhibit low thermodynamic stability, thereby limiting their usefulness
for in vivo applications, even if they have excellent affinities and
specificities (20). Recombinant antibody fragments that have been
obtained by either strategy may thus have very valuable properties in

The mAB MOC31 recognizes the 38-kDa transmembrane EGP8'Ms of epitope and specificity, but their biophysical behavior leaves
(also known as GA733-2, an epithelial cell adhesion molecule, or BiICh to be desired. . .
adenocarcinoma-associated KS1/4 antigen; Ref. 1). EGP-2 is a pronf2n€ possibility to “repair” such scFv fragments with suboptimal
ising tumor-associated antigen for imaging and therapy due to gtability and/or folding yield is the grafting of their CDRs onto the

abundant expression in a variety of solid tumors. Recent clinici@mework of a different, more stable scFv. This was shown for the
studies could prove the usefulness of anti-EGP2 mAbs such as 17-fiyerescein binding antibody fragment 4-4-20 of which the CDRs
(Panorex) and MOC31. for therapy and diagnostics in patients wifffre grafted on the hu4D5-framework (simply denoted here by
colon and lung cancer (2-4). In a recent study, we could demonstrt®5"), leading to a significant improvement of both expression yield
the ability of an immunotoxin consisting &fseudomonasxotoxin A and thermodynamic stability (21). The 4D5 framework itself is an
chemically linked to MOC31 to inhibit the growth of small lung tumo,artlﬂmgl framework derived from huma_ln consensus sequences, which
xenografts in athymic mice (5). Although the precise function of th@SSentially corresponds to the germ-line sequences, IGVH 3-66 and

transmembrane glycoprotein EGP-2 is still not well understood, recdfVK 1-39 (IMGT nomgnclaturé)and was originally used for the
humanization of the anti-eroB2 (p183'¥R%ECD) mAb 4D5 (Her-

Received 5/28/99: accepted 9/22/99., ceptin; Ref. 22). The good expression yield of various constructs of

The costs of publication of this article were defrayed in part by the payment of padd5 in Escherichia coli(23) and the above-average thermodynamic
charges. This article must therefore be hereby maedartisemenin accordance with — stability have been described (24).
18 U.S.C. Section 1734 solely to indicate this fact. .
1 This work was supported by Grant 161-9-1995 from Krebsforschung Schweiz. In the present study, we report the improvement of an unstable
2To whom requests for reprints should be addressed, at Department of Biochemidrigh-affinity anti-EGP-2 scFv fragment cloned from the hybridoma
University of Zirich, Winterthurerstrasse 1‘90, CH-BOSTrm, Switzer_land. Phone: MOC31, which failed to significantly enrich at tumor xenografts
41-1-635-5570; Fax: 41-1-635-5712; E-mail: plueckthun@biocfebs.unizh.ch. . . . .. . . .. .
3The abbreviations used are: mAb, monoclonal antibody; CDR, complementarﬁ&espne its high affinity, by grafting its binding residues onto the
determining region; ECD, extracellular domain; EGP-2, epithelial glycoprotein-2; ID/framework of the scFv 4D5 and by further identification and intro-
injected dose per gram; IMAC, immobilized metal ion affinity chromatography; IMGT,
immunogenetics database, Montpellier; PDB, Brookhaven protein database; scFv, singte=
chain Fv; ®°"Tc, ®*Mechnetium; V,, heavy chain variable domain; V light chain 4 Tomlinson, I. http://www.mrc-cpe.cam.ac.uk/imt-doc. (MRC Centre for Protein En-
variable domain; RIA, radio-immunoassay. gineering, Hills Road, Cambridge CB2 2QH, United Kingdom), 1999.
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duction of stabilizing framework residues. This modification resulte2lvT containing 1% glucose and ampicillin (3@/ml) in a 5-liter shake flask

in a functionally improved humanized anti-EGP-2 scFv of which fowas inoculated with 30 ml of overnight culture. When the culture reached an
the first time, tumor localization data in athymic mice are presentefiso nmOf 0.5, ScFv production was induced with a final concentration ofl m
Our results clearly demonstrate the decisive importance of the bigRPropylo-galactopyranoside (IPTG; Boehringer Mannheim) for 3-4 h at
physical properties of scFv fragments for effective targeting of tumof& C- The final absorbance was 5-6 for 4D5, 4D5 MOC-A, and 4D5 MOC-B

in vivo and provide general guidelines for the engineering of su&?d 4 for .S‘.CFV. MOC3L. The harve‘c‘.ted pellet was stored@°C. .
molecules For purification, the pellet from 1 liter of culture was resuspended in 20 m

Hepes (pH 7.0) and 30 mNaCl and lysed with two cycles in a French
Pressure Cell press (SLS Instruments, Urbana, IL). The cleared lysate was
MATERIALS AND METHODS centrifuged in a SS-34 rotor at 48,000 g at 4°C and filter-sterilized. All scFv
fragments were purified over a Ni-IDA-column and HS/M-4.6/100-ion-
Mammalian Cell Lines. The human small cell lung carcinoma cell lineexchange column and coupled in-line on a BIOCAD-System (Perseptive
SW2 (kindly provided by Dr. S. D. Bernal, Dana-Farber Cancer Institut@ioSystems) as described previously (38). After loading the lysate on the
Boston, MA) and the breast carcinoma cell line SK-BR-3 (#HTB 30, Americani2*-IDA column, the column was washed with 20uniHepes (pH 7.0), 500
Type Culture Collection, Rockville, MD) were maintained in RPMI 1640my NaCl, and in a second step with 20unidepes (pH 7.0), 40 mimidazole
medium (Hyclone, Europe Ltd.) supplemented with 10% bovine serum (Lifgefore the bound protein was eluted with 20@ imidazole (pH 7.0). The
Technologies, Inc., Grand Island, NY) and grown at 37°C in an atmospheregfiate was loaded directly on the HS/M-4.6/100-ion-exchange column, and the
5% CO,. The breast carcinoma cell line SK-OV-3 (#HTB 77, American Typgpecifically bound protein was eluted with a salt gradient of 0—500NBClI
Culture Collection, Rockville, MD) was grown in RPMI 1640 medium supin 20 mv Hepes (pH 7.0). The fraction containing the antibody fragment was
plemented with 10% bovine serum, EGF (10 ng/ml), and insulin (5 ng/ml) dialyzed against an excess of PBS and concentrated to 1 mg/ml using a 10 kDa
Soluble EGP-2 and scFv FragmentsA 788-bp Xhd/EcdRI fragment  cutoff filter (Ultrafree-MC low protein binding, Millipore) by centrifugation at
containing the ECD of EGP-2 (Metl-PHE259) was subcloned into pBlugpoo g at 4°C. For the anti-EGP-2 scFv fragment MOC31, it was necessary to
BAC4 (Invitrogen, de Schelp, NL), and a sma&toRI/Sal linker-adapter perform a preparative gel filtration with a Superdex-75 column (Pharmacia) as
encoding a hexahistidine-tag was subcloned downstream from the EGE& third purification step. The result of the purification was checked on a
coding sequence. Expression in a baculovirus system and purification 19f 506 SDS-PAGE under reducing and nonreducing conditions. The molecular
EGP-2 was performed as described before (25). The anti-EGP-2 scFv fragmgaiights of all purified scFv fragments were checked by mass spectrometry.
(SCFV MOC31) was assembled from mRNA isolated from the murine hybrl- His_Tag SpeCiﬁngmTC Labe"ng of scFv Fragments_ ForgngC |abe|ing‘
doma cell line MOC31 (1) by use of a reengineered phage display systemy@s His-tag-specifi®@™Tc labeling method was used as described ($9)Tc-
described (19). The scFv fragment from the human aetib2 antibody 4D5  tricarbonyl! trihydrate forms very stable complexes with the penta- or hexahis-
was constructed from the Fab fragment (22) and was used in several stugi@ifie tag, allowing the dual use of the His-tag for IMAC and labeling. The
before (24, 26). scFv fragments (1 mg/ml) were mixed with one-third of the volume of the
Molecular Modeling and Construction of Loop Graft. A homology °9™Tc.tricarbonyl reaction mixture (30 mCi/ml) and incubated for 30 min at
model of the anti-EGP-2 scFv fragment was generated using the moleciarc. scFv MOC31 was labeled for 30 min at 30°C at a protein concentration
modeling software Insight97 (Biosym/MSI, Modules Homology, Biopolymergf 400 1.g/ml to avoid precipitation. The reaction mixture was desalted over a
and Discover). The Vdomain model was based on the X-ray structures of theasT-desalting column (Pharmacia) equilibrated with PBS. Aliquots of the

mouse Fab fragment JEL103 (Ref. 27; PDB entries 1mrc, 1mrd, 1mre, af¥llected fractions were counted byscintillation to identify the fractions
1mrf; 2.3 A-2.4 A resolution; 76% sequence identity to MOC31); the V containing labeled protein.

domain model was based on the structure of an antineuraminidase Fab [Refanalytical Gel Filtration. Analytical gel filtrations were performed with
28, 29; PDB entries 1nca, 1ncb, 1ncc, and 1ncd (Ref.30); 2.5 A resolutiqRe Smart system (Pharmacia) using a Superdex-75 column. All measurements
85% identity] and the CDR H3 conformation of the anticholeratoxin Fab TE3gere performed in PBS containing 0.005% Tween 20. The scFv fragments
[Ref. 31; PDB entry 1tet (32); 2.3 A resolution; 82% identity]. The MOC31yere injected at a concentration of 2a6/ml for scFv MOC31 and of 1 mg/ml
domain models were superimposed on the crystal structure of the Fv{gf 4D5 MOC-A and 4D5 MOC-B in a volume of 15l before and after
humanized 4D5 version 8 (Ref. 33; PDB entry 1fvc; 2.2 A resolution;36%  overnight incubation for 20 h at 37°C. The column was calibrated in the same
|q_ent|ty; Vi 50% |dent|ty_to MOC_Z31). Potential an't|gen contacts were |derbm-fer with alcohol dehydrogenasil(150,000), BSA I, 66,000), carbonic
tified by comparing the side chain solvent-accessible surface of known anfishydrase NI, 29,000), and cytochrome (M, 12,4000) as molecular weight
body-protein complexes in the presence and absence of the ligand usingdfi@dards.
program NACCESS The models were checked for possible steric conflicts, Binding Specificity. The binding specificity of the different scFv frag-
potential antigen contacts, and residues that might have an indirect influeRggnts was tested by competition binding with the mAb MOC31. Fifty nano-
on CDR conformations, which might result in the hybrid scFv 4DS MOC-Agrams of radiolabeled scFv 4D5 MOC-A or 4D5 MOC-B were incubated with
In a second construct, scFv 4D5 MOC-B, eight key residues in the corg of w2 cells (0.5x 10F) in 200 ul of PBS/1% BSA after preincubation with or
were retained from the MOC31 sequence instead of changing them to the 4R8,0ut the mAb MOC31 (1Qug) or with the same amount of an antedsB2
sequence to preserve the structural subtype of the MOG3ttavhework (see  mAp as an irrelevant competitor for 30 min at 4°C. In three washing steps,
Results”). ) ) cells were centrifuged at 1000 g for 5 min at 4°C, the supernatant was
The designed sequences for both variants were back-translated (Glfatarded, and the cells were resuspended in PBS/1% BSA. The remaining
package), and the fragments were constructed by gene synthesis (34) ffgfjoactivity was then counted byscintillation. In a further binding experi-
eight overlapping oligonucleotides for \and ten for the two different variants ment, both scFv fragments (50 ng) were incubated with different antigens
of V in the orientation Y-linker-V,,. The length of the oligonucleotides used¢oated (500 ng/well) on a 96-well microtiter plate to check for cross-reactivity.

was between_ 40 bp and 78 bp. Each_domain was produced separately, clofigd\yells were washed three times with PBS/1% BSA, and the radioactivity
blunt-ended into the vector pBluescript (Stratagene), and sequenceahdV a5 determined.

Vy, domains were then cloned into the expression vector plG6 (35). A 24'merKD—Determination by RIA and Surface Plasmon Resonance (BlAcore).
nonrepetitive linker TPSHNSHQVPSAGGPTANSGTSGS (36) was introrpe pinding affinity of the®®™Tc-labeled scFv fragments was estimated on
duced by cassette mutagenesis. SW2 cells in an RIA. SW2 cells (0.5 10°) were incubated with increasing
Expression and Purification of scFv Fragments.For periplasmic expres- gmounts of the scFv fragment (1001480 rv) for 1 h at4°C. For the
sion of the cerbB2 binding scFv fragment 4D5 and the EGP-2 binding scF¥stimation of nonspecific binding, control samples of cells were preincubated
fragments, 4DS MOC-A and 4D5 MOC-B, the vector pIG6 (35) was Usegith a 100-fold excess of an unlabeled scFv fragmentfo at4°C. The bound
whereas the vector pAK400 (19) was used for the expression of scFv MOCgLetion of the scFv fragments was determined in a scintillation counter. Each
For large-scale production, ttte coli strain SB536 (37) was used. One liter of, 5 ;e represents the mean of two samples. Counts per minute were plotted
against the concentration of the scFv fragment, and data were fitted by using
5Hubbard, S., and Thornton, J. http://sjh.bi.umist.ac.uk/naccess.html, 1992. the approximate function ¥ y,,., X x/(Kp + X), where x is the concentration
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of radioligand, y is the radioactivity attributable to specific binding, apgd,y Table 2 Biodistribution of%*™c-labeled scFv fragments in athymic mice bearing SW2
is its plateau value. tumor xenografts

Association and dissociation rate constants were determined by surface ScFv MOC31 FITC-E2
plasmon resonance (BlAcore) with a BlAcore instrument (Pharmacia). A

recombinant soluble EGP-2-antigen was covalently coupled to a CM-5 sensor Organs 1ho Z $ 4h0=3) 24h0=3 24h0=3)
chip via free amino groups, resulting in a surface coverage of 350 resonange 8.1'1'2’:9’ 057 5.;?;91.98 1.3',2490.15 O.ISI?_*'/gOlS
units. scFv fragments were injected in increasing concentrationsG4Lum) Heart 51+ 034 532+ 136 139+ 025 047+ 023
at a flow rate of 3Qul/min of degassed PBS/0.005% Tween 20. AssociationLung 737095 7.14+161 2.09+05  0.58+ 0.16
and dissociation rate constants were calculated from the sensorgram bySaleen 14.86-1.91 17.84+ 2.77 7.6+ 0.56 1.2+ 0.09
global curve fit using the BlAevaluation 3.0 software (Pharmacia). gltgr:gch 2573; 1004 f%eéf ‘11304 1112? 3221 522‘; 3014
Serum Stability of Radiolabeled scFv at 37°C.The fraction of scCFv | iastine 5.85+ 0.34 54+ 197 156+007 0.34+ 004
fragments remaining immunoreactive after radioactive labeling was detel-iver 35.03+ 0.86  44.8+ 9.54 20.38+ 3.44 4.44+ 0.65
mined as described by Lindmet al. (40). Samples containing increasing Muscle 1.64-0.23 157036 0.75+0.82 0.31* 0.15

numbers of cells (0.625 10°-10 X 10°) in 100 ul were incubated with 50 ng  Bone 597£041  6.01x171 204068 0.57-03

. o e Tumor 2.46+0.88 397+ 1.07 124x0.74 0.4x0.2

of radiolabeled scFv fragmentsrfth h at 4°C on eshaker. Nonspecific binding 1 1orblood rati§ 0.29 0.71 0.92 1.35

was determined on control samples of cells preincubated with a 100-fold
excess of unlabeled scFv fragments in PBS/1% BSA. After incubation, thea gjqgistribution of**™ c-labeled scFv MOC31 and FITC-E2 was studied in athymic
cells were washed three times with PBS/1% BSA. The bound activity in theice bearing SW2 tumors of 40—-80 mg in size after i.v. injection of the radiolabeled
cell pellets was counted by gamma scintillation (40). To estimate the stabilkgtibodies. Data are expressed as the mezSE. . o
of the different radiolabeled scFv fragments in serum, the molecules were The ratios presented are the averages of the tumor:blood ratios for the individual
incubated overnight (20 h) in human serum at 37°C at a final concentration o
17 pg/ml, and the remaining immunoreactivity was determined.

Blood Clearance and Tumor Localization. Blood clearance and biodis-
tribution studies of scFv were performed in 6—8-week old female CD1 awdork, we selected the humanized version of 4D5, which itself was
BALB/c athymic mice. For blood clearance studies, each mouse received derived by loop grafting (22). The 4D5 framework consists of g V
injections of 300uCi of **™Tc-labeled scFv fragment 4D5 MOC-B. After 7.5, essentially identical to the germ-line IGHV 3—66 (IMGT nomenclature;
15, 30, 60, 120, and 240 min after injection, blood samples were taken, and gh&r 42), or VH 3-18 (Vbase nomenclatufdpcus DP 3—-66 (DP-86),
t and values were calculated from the measured radioactivity. Bigs ; ;
(;i/szﬁibutioﬁ/ZBanalysis of the”®™Tc-labeled scFv fragments MOC31, y4D50and_me'< V. derived from germ-line IGKV 1-39 (IMGT nomencla-

ture; Ref. 42), or % 1-1 (Vbase nomenclaturé)pcus DP 012.

MOC-A, and 4D5 MOC-B were performed in mice bearing SW2 tumor .
xenografts of 40—80 mg in size. Each mouse received 5800 uCi) of A homology model of MOC31 was built and compared to the X-ray

a%"Tc-labeled scFv fragment (purity 95%). Antifluorescein-binding scry Structure of the human 4D5 version 8 Fv fragment (PDB entry 1fvc).

FITC-E2 (18) was used as an nonspecific control antibody. Mice were killdgotential antigen contact residues were identified by an analysis of
at 1, 4, and 24 h after injection, and tissue and organs were removed @mibody-protein antigen complexes in the PDB (Fig).1Based on

assessed for activity using a gamma counter. this structural information rather than on Kabat definitions of CDRs,
the decision was based on which residues to take from the 4D5
RESULTS framework and which ones to take from the MOC31 sequence. Thus,

the resulting graft did not strictly follow the CDR definition according
Molecular Modeling and Construction of Loop Graft. We have to Kabatet al. (43) or Chothiaet al. (44), but two residues (L64 and

constructed the scFv fragment of MOC31 from the hybridoma US|M6) were included from the CDR donor, which determine the con-
standard phage display methodology (19), determined its functiongdrmation of the “outer loop” of Y (residues L66-L71). The tip of
ity, and found a rather high affinity of about:8 10° m to its antigen  this loop was shown to contact the antigen in some complexes, and an
EGP-2 (Table 1). This scFv fragment had the same variable domgifiuence of this loop on the conformation of CDR L1 could not be
sequence as an scFv fragment independently constructed from dReluded. Residue L66 is usually Gly inlight chains and assumes a
hybridoma MOC31, and the experimentally determined affinity wasositive ¢ angle. If this residue is replaced by a non-Gly residue (Arg
also very similar (41) Then vivo localization of this “natural” scFv in 4D5), the outer |00p assumes a different conformation, bending
was hardly distinguishable from a control scFv without EGP-2 spegway from the domain. In ), in addition to CDR H1, residues
ificity, and we had to conclude that the scFv MOC31 did not suffit27-H30 were included, whereas some residues at the base of CDR2
ciently enrich at a SW2 lung tumor xenograft (Table 2). We therefoigere omitted (H62 and H63) despite being (according to CDR defi-
hypothesized that this protein was not stable enough and designed filfons) part of CDR H2 (43, 44), but several residues in the “outer
further variants with imprOVed Stablllty The first was obtained b)bop“ of VH! which are sometimes referred to as CDR4, were included
grafting the loops to a well-characterized stable framework, and th@sidues H69, H71, H75-H77), resulting in the construct 4D5
second was constructed by additionally changing several residuesjoc-A (Fig. 1A).
the interior of one of the variable domains. As the recipient frame- Analysis of the conformations of ydomain frameworks revealed

that these can be classified according to their framework conformation
Table 1 Comparison of binding affinities and kinetic rate constants of scFv fragmenté‘.nto_ four d'stht subgroups. Th_e Confo_rmatlo_nal differences are most
noticeable in framework 1, particularly in positions H7-H10, although

RIA Surface Plasmon Resonafice correlated sequence and conformational differences are found
Kp (nw) Kp (nw) kcinl . Ifgff - throughout the molecules, involving several core residues (45). These
schv (4°C) (20°0) C ) (10735 conformational changes are probably caused by the different hydro-
scFv MOC31  10.8 2.6 3.0 0.99 0.3 ; ; ; ;
ADEMOCA 36+ 05 b 129 0.5 gen bondlng patterns, which _the fu_IIy buried Glu H6 (as in 4D5) or
4D5MOC-B 3.7+ 05 3.9 1.84 0.72 GIn H6 (as in MOC31) establishes in the core of the domain and are
3 Interactions of purified scFv fragments with EGP-2 were determined on sw2 cefidfther influenced by the nature of residue H9 (Pro, Gly, or other
by RIA. residues; Ref. 46) Saul and Poljak (45) reported correlated structural

P Interactions of purified scFv fragments with EGP-2 were also determined on immo-
bilized EGP-2 (ECD) in real time by surface plasmon resonance (see “Materials and
Methods”). % Honeggeret al, manuscript in preparation.
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Fig. 1.A, sequence alignment of thq \and
V,, domains of scFv MOC31, 4D5 MOC-A,
4D5 MOC-B, and 4D5. Positions of sequence
agreement between MOC31 and 4D5 are indi-
cated byblack letters on a gray background
residues that agree with 4D5 but are different
from MOC3L1 are indicated biglack letters on
a white backgroundand residues that agree
with MOC31 but not with 4D5 are indicated by
white letters on a black backgroun&esidue
labels and CDR definitions are according to
Kabat (1987). In the liné‘Accessibility,” B
indicates residues buried in the domain core or
interface, and indicates semiburied residues.
In the line “Antigen Ctc (stat.) (antigen con-
tacts from statistics), potential antigen contact
residues are indicated, and they are averaged
over all protein-antibody complexes in the
PDB. | denotes>40%, andi denotes a>1%
loss of side chain solvent accessible surface
area upon complex formation®), indicates
residues that retain the MOC31 sequence in
construct 4D5 MOC-A.Q), indicates the addi-
tional residues retaining the MOC31 sequence
in construct 4D5 MOC-BB, model of the scFv
fragment 4D5 MOC-B, which is a three-di-
mensional structure of the anti-EGP-2 scFv
fragment 4D5 MOC-B composed of, \(gray)
and V,, (white) with transferred potential anti-
gen contact residues of MOC3blécK. The
eight additional transferred murine residues in
the core of \{, are indicated byblack side
chains A space-filling model shows 4D5
MOC-B viewed from the top (antigen binding
site; C) and from the bottom[). Gray balls
indicate residues identical in 4D5 and MOC31,
black balls indicate residues that retain the
murine sequence of MOC31, anthite balls
indicate residues changed to the 4D5 sequence.

top view bottom view
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reducing non-reducing ducing conditions. Mass spectrometry of both molecules showed the
expected molecular weight ™, 28,140 for scFv MOC31M, 29,855
S AN > o for scFv 4D5 MOC-A, anaV, 29,897 for scFv 4D5 MOC-B.
Q&U @ OY’ Qg’ S OQ Q«V’ Qg) Binding Specificity. The transfer of the anti-EGP-2 binding spec-
c:,\q’ 4@ @0 @O ::5\‘Z> AV“ ﬁ\o @0 ificity of scFv MOC31 onto the framework of scFv 4D5 was shown
kDa $\$ & @‘3 b‘Q(’) Q & @5 b@c) to be successful for both variants, 4D5 MOC-A and 4D5 MOC-B, by
° ° binding and specific competition of the radiolabeled graft variants to
97 |l [ EGP-2 expressing SW2 cells. Only the cognate mAb MOC31 could
66 | e inhibit binding of the graft variants, whereas an irrelevant control
" antibody did not compete (FigA3. No cross-reactivity of the grafted
45 | e molecules with eerbB2 and the EGF-receptor (ECD) were found
] (Fig. 3B).
29 ‘2 L — e g Determination of K. High-affinity binding with a long residence
time on the specific target antigen is considered to be one of the most
21 important properties of antibodies for achieving efficient tumor tar-
- &b
14
bd -

A

Fig. 2. Purity of scFv MOC31, scFv 4D5 MOC-A, and 4D5 MOC-B preparation. 2.5+10° ]
SDS-PAGE under reducing and nonreducing conditions shows the result of the purifica- p
tion of scFv MOC31 after IMAC, ion exchange, and gel filtration and of scFv 4D5

MOC-A and 4D5 MOC-B after IMAC and subsequent ion-exchange chromatography.fg 2. 103,'
Molecular weight standards: phosphorylasevh 97,400), BSA |, 66,000), ovalbumin a, k
(M, 44,000), carbonic anhydrasé(29,000), trypsin inhibitoril, 21,500), and lysozyme o ]
(M, 14,300). o .
51077
R

g

=

changes affecting residues H9, H18, H82, H67, and H63, which rela g 1e10°-
the effects of changes in framework 1 conformation across the domaina ]
core to the base of CDR2, thus potentially enabling them to affect S
antigen binding. o

According to this classification, MOC31 belongs to a different
subclass than 4D5. Because we did not know to what extent these
framework classes affect the functionality of a loop graft, we decided
to test this aspect experimentally. While in construct, 4D5 MOC-AT‘DSMOC'A(99
the V,, domain framework, was changed to the 4D5 subtype, and 4DSMOC-B(""T¢)
MOC-B fully retained the MOC31 core packing as well as theMOC31 mAb - + -
conformationally critical residues, H6 and Kd.0 achieve this, eight HER2 mab - - - - +
additional framework residues of the anti-EGP-2 scFv fragment se-
quence (H6, H9, H18, H20, H38, H63, H82, and H109) had to b
taken from the MOC31 sequence. All of these changes are located in 0.8 = 10° ]
the lower half of the scFv (Fig. 1), and with the exception of the 3]
Gly-to-Pro substitution in position H9, are buried in the core of the 0.7+ 107
domain. They are therefore not expected to affect the immunogenicity
of the construct. For the introduction of tAdIl restriction site, it was
necessary to modify the COOH-terminal sequence of theldmain
in all constructs from EIKRA to ELKRA, which was not expected to
affect the domain structure.

Expression and Purification of scFv Constructs.For scFv 4D5,
usually 1-2 mg of pure protein could be obtained from 1 liter of
standarcE. coli shaking culture, whereas scFv MOC31 yielded only
200 ug of about 70% purity. Coexpression of Skp (47) increased the g
total yield to 600ug with the same degree of purity. The remaining 02-1071}
30% of the total protein was a proteolytic fragment of scFv MOC31
of about 20 kDa, which could be detected with an anti-His-tag
antibody and must therefore contain the COOH-terminus (data not
shown). This contaminant was removed by gel filtration as the third 0
purification step, which lowered the final yield 5-10 fold. The protein
used in tumor localization experiments was thus about 95% pure, and antigens (extracellular domains)
the highest concentration reached for scFv MOC31 was 49fnl. Fig. 3. Binding analysis of*"Tc-labeled 4D5 MOC-A and 4D5 MOC-B, compe-
The graft variant scFv 4D5 MOC-A could be purified to a yield of 40@tion radio-immunoassay P™Tc-labeled 4D5 MOC-A and 4D5 MOC-B on SW2 tumor

wglliter and 4D5 MOC-B to 1 mgl/liter at a purity>95%. Both cells. Fifty-nanogram radiolabeled scFv fragments were incubated with or without unla-
. d Ev f t Id b trated to 1 mi éﬁl d mAb MOC31 (1Qug) or with the same amount of an irrelevant angérbB2 mAb
engineered scrv fragments could be concentrated 1o 1 mg/m n irrelevant inhibitoB, binding of*™Tc-labeled 4D5 MOC-A and 4D5 MOC-B for

were analyzed on an SDS-PAGE (Fig. 2) under reducing and nondgferent soluble antigens (500 ng/well).
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geting. To ensure that binding affinity was conserved in the graftingas determined. Because scFv MOC31 was found to be completely
experiment, dissociation constants of the radiolabeled scFv fragmeintctive after overnight incubation, earlier time points were included
were determined on cells in an RIA. The graft variants showed similer the measurement. Already after 1 h, the activity had dropped to
binding behavior, which was comparable in specificity and in affinit$.32 = 0.2% (9.4% of the initial immunoreactivity). After 4 h, only
(about 3x 10° m) to the parent anti-EGP-2 scFv fragment (Table 12.0 = 0.2% (2.9%) remained active. In contrast, the activity of 4D5

Binding kinetics of unlabeled scFv fragments to immobilizedOC-A dropped to 8.1t 4.7% (17.1% of the initial value) over 20 h,
EGP-2 were also analyzed by surface plasmon resonance (Tableha} of scFv 4D5 MOC-B to 36 1.6% (48.3%), and that of scFv 4D5
with the BlAcore instrument (Pharmacia). To minimize rebindingo 40.5+ 8.8% (46.3%), confirming the different thermal stabilities
effects, which could lead to an underestimation of the off-rates, vieund in the gel filtration assay.
used a high flow rate and quite a low coating density. The “natural” Blood Clearance and Tumor Localization. Diagnostic and ther-
scFv MOC31 showed stable binding on its target, with a calculategheutic potential of antibody fragment depends on their rapid blood
half-life of about 38 min, which was consistent with an independeotearance and quantitative tumor localization. To demonstrate the
determination (half-life of 34 min; Ref. 41). THe, values of scFv different targeting efficacy of the variod¥™Tc-labeled scFv frag-
4D5 MOC-A and 4D5 MOC-B were nearly identical to the parentnents, biodistribution studies were performed. For scFv MOC31, we
scFv MOC31 (Table 1), indicating that the complete transfer of theere unable to measure a tumor:blood rati0.92 after 1 h, 4 h, and
binding properties of scFv MOC31 on the 4D5-framework was suc-
cessful.

Analytical Gel Filtration and Test of Thermal Aggregation. For

A A A
most experimental purposes, it is essential that scFv fragments remg@g ;
stable and functional at physiological temperatures and at high con- 0.06 g &) &
centrations. Based on this consideration, the aggregation behavior of 8 3

these molecules was tested in a gel filtration assay before and after

incubation at 37°C. 0.04 1 — scFv MOC31
--------- scFv MOC31, 30 min., 37°C

Almost 90% of the total protein of scFv MOC31 eluted from a
Superdex-75 column at a volume of 1.27 ml, as expected for the
monomeric species, whereas about 10% eluted as high molecular
weight aggregates. However;95% of scFv MOC31 precipitated
when incubated for 30 min at 37°C (FigA¥ The two grafted
variants, 4D5 MOC-A and 4D5 MOC-B, eluted at a volume of 1.20
ml, which corresponded to a molecular weight\yf 30,000, indicat-
ing monomers at a concentration of 1 mg/ml. Although 4D5 MOC-A

OD (280nm)

precipitated more slowly than MOC31, overnight incubation in PBS P
37°C for 20 h and subsequent gel filtration showed nearly no elut g =&
protein (Fig. 4B). In contrast, when incubated under the same condi- 03] t [la E

tions, 4D5 MOC-B still eluted as a symmetric peak at a volume of
1.20 ml (Fig. £), indicating a large difference in intrinsic (thermal) — ADSMOCA
stability of the variants. P N | N R 4D5MOC-A, 10h, 37°C

His-Tag Specific °®®™Tc Labeling. The scFv fragments were la- & ¢+ || [Z ADSMOC-A, 20h, 37°C
beled with®*™Tc¢ by use of a new method in whi€8™Tc-tricarbonyl-
trinydrate is bound to the COOH-terminal penta- or hexahistidine tag
of recombinant proteins (39). The binding of the radiolabel was shown
to be stable (94% remaining activity) when incubated for 24 h at 37°C
in PBS with a 5000-fold molar excess of 100urfree histidine (39).
With the exception of scFv MOC31, all scFv fragments could be
labeled at 37°C and at protein concentrations of 1 mg/ml, resulting i }
30-40% of the initial®®™Tc being incorporated to a final specific E:
activity of 300—400 mCi/ml. In contrast?™Tc labeling of the parent
scFv MOC31 required the incubation temperature to be lowered to
30°C while the maximum protein concentration was 40§/ml,
resulting in a markedly decreased incorporation yield (25% of total
99mT e 250 mCi/ml).

Determination of Immunoreactivity after Incubation in Human
Serum at 37°C. Besides thermal stability, a sufficient resistance to
serum proteases is also essential for the successfio application
of scFv fragments. We therefore determined the immunoreactivity of ]
the°°"Tc-labeled scFv fragments before (Fid)and after (Fig. &) J
incubation in human serum for 20 h at 37°C (40). For scFv MOC31, 07 i
we found 67 = 5.4% of the protein being active if the labeling : , , '
reaction was performed at 30°C. The other fragments showed 0 05 1 1',5 2 2.5 3
47.25* 4.9% activity for scFv 4D5 MOC-A, 74.5 8.3% for scFv Elution volume (ml)
4D5 MOC-B, and 87.3f 6.4% for scFv 4D5, all labeled at 37°C. To B o )
test for serum stability, the ScFv fragments @igiml) were incubated 4p6 hiaca B) s 405 MOC.E O on & Superioers totmn botore. an afier
in human serum at 37°C for 20 h, and the remaining immunoreactivitiubation at 37°C for different time periods. Note the different O. D. scale.
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A MOC-A accumulated only marginally after 24 h in the tumor xe-
100 nograft with a total dose of 0.84% ID/g and a tumor:blood ratio of
§ T 1.95 (Table 3), injection of 4D5 MOC-B in SW2 tumor-bearing mice
= T resulted in a tumor:blood ratio of 5.25 and a total dose of 1.47% ID/g
QE) 75 - T §§§§§: after 24 h. The maximum dose measured at the tumor was 1.82% ID/g
&b o Hici e after 4 h, which then slowly decreased, reflecting the fast and stable
&= i ik Bk binding of scFv 4D5 MOC-B to the tumor cells (Table 3). For the
% 504 §§§§§ T i ig%%'i: nonspecific antifluorescein control scFv FITC-E2 (18), no accumula-
2 %‘% R | ;%:”z tion at the tumor site was detected (Tables 2 and 3).

Z ;fﬁ g%i ;:xg; L;g; Clearance studies revealed scFv 4D5 MOC-B to be rapidly cleared
Q 254 §§§:’§;‘ s ;%%g iy with a t,,,a = 6 min and {,,8 = 228 min. The comparison with scFv
g 5§§§ ;%;21 s g?"* 4D5 (t,,,0 = 7.5 min) shows that the clearing behavior, which is a
2 g Ran " : . D
g . B B prerequisite for the achievement of high tumor-to-blood-ratios, was
é o EEE HEE BEE R not lost during the loop grafting procedure.
R= o m ey
g g 8 s DISCUSSION
= 2 =
&) ) Biophysical properties of recombinant antibodies are not usually
B examined, but when they are, problems appear to occur not infre-
quently (12, 18, 49), both in recombinant antibodies obtained from
§ 50 libraries as well as those constructed from hybridomas, clearly limit-
= I ing the use of such recombinant antibody fragments, even if they have
5 404 very promising binding properties. In the present study, an antibody
ﬁ, o scFv fragment directed against the tumor-associated antigen EGP-2
g 30 %g‘ was produced by cloning the variable domains of the murine hybri-
= ,g;u doma MOC3L1 in the scFv fragment format (19). The resulting scFv
S 204 é?:gg; showed high binding affinity and specificity for EGP-2, a finding
4 §§.§§ which has also been reported by others (41) using immunohistochem-
'§ 104 (1h) (T _ :‘gg% ical analysis. Initial stability analysis revealed that the MOC31 scFv
o s gg%; formed high molecular weight aggregates and rapidly lost its activity
e 0- e = when incubated in serum at 37°C (Table 2), and this is also reflected
g S g 3 2 8 in its lower expression yield. This was due to insufficient thermal
g 8 ¥ B 5 n s P yieid. \ 1€t al
k= s = = = stability rather than proteolytic degradation because similar precipi-
a a
~ <t

tation and loss of immunoreactivity could also be observed upon
incubation of highly purified scFv at 37°C in PBS. Not unexpectedly,
Fig. 5. Serum stability of scFv fragments. Immunoreactivity’8fTc-labeled scFv  the scFv fragment failed to significantly enrich at EGP-2-positive lung
fragments beforeA) and after overnight incubation (20 B) in human serum at 37°C. . . . N
tumor xenografts in athymic mice and showed significant slower
clearance rates than an irrelevant control scFv. However, we wished
24 h (h = 3 for each time point). After 24 h, the total dose in the tumoto develop a general method to overcome such problems.
was 1.24% ID/g compared to 1.34% ID/g in the blood. The blood To improve the biophysical properties of unstable scFv fragments
values were 3-5-fold higher than usually observed after 24 h with tidad improve their functional limitatiom vivo, two approaches have
labeling method (Table 2), suggesting binding to serum componebgen suggesteda)(in vitro evolution toward better thermal stability
such as albumin. In contrast, the biodistributio?Y¥Tc-labeled scFv by combining random mutagenesis with selection for improved func-
4D5 revealed a tumor:blood ratio of 8.3 and a total dose of 1.5% IDfignality at elevated temperature (50) d) (grafting the antigen
in SK-OV-3 tumor xenografts after 24 h (39). Similar results werbinding loops of the scFv fragment onto a scFv framework with more
also reported for the anti-erbB2 scFv C6.5 (48). Whereas 4D5favorable biophysical properties (21). Although the first approach has

Table 3 Biodistribution of°*™rc-labeled scFvs in athymic mice bearing SW2 tumor xenografts

4D5MOC-B 4D5MOC-A FITC-E2
Organs 1h{n=23) 4hn=23) 24 h g =23) 24 h f=23) 24 h g =23)
ID/g? ID/g ID/g ID/g ID/g
Blood 2.92+ 0.47 1.31+ 0.23 0.28+ 0.06 0.43+ 0.20 0.17+ 0.02
Heart 0.97+ 0.21 0.57+ 0.11 0.28+ 0.09 0.63+ 0.18 0.16+ 0.04
Lung 3.2+ 1.29 1.2+ 0.08 1.14+ 0.60 1.77+ 0.95 0.24+ 0.05
Spleen 0.6% 0.06 0.67+ 0.19 0.7+ 0.13 157+ 0.44 0.22+ 0.04
Kidney 120+ 7 140+ 4 300+ 85 90+ 50 380+ 60
Stomach 0.48- 0.09 0.49+ 0.1 0.24+ 0.21 0.26+ 0.07 0.26+ 0.13
Intestine 1.33+ 0.64 0.71* 0.06 0.30+ 0.07 0.48+ 0.15 0.21+ 0.07
Liver 6.49+ 1.53 6.86+ 0.32 2.38+ 0.52 437+ 1.87 1.33+0.33
Muscle 0.27+ 0.01 0.17+ 0.03 0.1+ 0.02 0.21+ 0.09 0.07+ 0.01
Bone 0.29+ 0.21 0.21* 0.16 0.06+ 0.05 0.25+ 0.31 0.06= 0.05
Tumor 1.74+ 0.51 1.82+0.22 1.47+0.32 0.84+ 0.38 0.23+ 0.04
Tumor:blood rati§ 0.59 1.38 5.25 1.95 1.35

aBiodistribution of ®™Tc-labeled scFv MOC31 and FITC-E2 was studied in athymic mice bearing SW2 tumors of 40—80 mg in size after i.v. injection of the radiolabeled
antibodies. Data are expressed as the me&sD.
b The ratios presented are the averages of the tumor:blood ratios for the individual mice.
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been successfully used in our laboratory to achieve very stable saferic clash occurring in the original graft, we would have expected
fragments (50), the second approach offers the advantage to hunsggravation by the substitution of the contact residue with a larger
izing the scFv, if it was murine, by use of human framework seesidue. It is therefore more likely that the destabilizing influence of
guences as the graft acceptor at the same time. the loops was compensated by a general stabilization of the domain
We have used here the second approach to transferring the EGEb2.
binding site of scFv MOC3L1 to the artificial human consensus frame-As indicated by the biodistribution data (Tables 2 and 3), the
work of scFv 4D5, which essentially corresponds to the germ-lirgabilization achieved by the grafting in 4D5 MOC-A and by the
sequences IGVH 3-66 and IGVK 1-39 (IMGT nomenclattir@he additional core mutations in 4D5 MOC-B was crucial for the effective
successful grafting of CDRs of mAbs for humanization purposes hasrichment at the xenografted tumor achieved by reducing the blood
been reported in numerous studies (summarized in Refs. 12 and 8&prance of the targeting agent. Because the radiolabel is stably
and is now considered a standard technology to produce humanibednd to the his-tag (39), the radioactivity determined at the xe-
antibody fragments. Particularly, the 4D5 framework could prove twografted tumor suggests still rather unsatisfactory tumor localization
be a suitable acceptor of a variety of CDRs (21, 26, 52). and retention characteristics of the scFv fragments tested, and these
The presented design of the 4D5-MOC31 chimeric antibody fradata are very similar to those found for other scFv fragments (11, 39,
ment was based on the known X-ray structure of the framewodi8). The moderate localization is probably a consequence of pharma-
template 4D5 (PDB entry 1fvc). A model of the MOC31 structure wasokinetics, leading to rapid clearance. Further improvements must
generated by homology modeling. Because no structural data on therefore involve the change in format, notably the use of multivalent
EGP-2-MOC31 interaction were available, we decided to preserve edinstructs (13). However, only by the engineering described here
potential antibody-antigen contact residues based on an analysis ohalte the appropriate building blocks become available.
antibody-protein complex structures in the PDB database (A. Honeg-The scFv MOC31, which lost most of its antigen binding activity
ger, unpublished results). In addition to the “classical” CDR regiongjthin 1 h at37°C, did localize to the tumor but cleared more slowly
some residues adjacent to the CDRs, as well as residues that deteritiae the control antibody and the grafted constructs from the circu-
the conformation of the “outer loops” of both domains, were retainddtion, never reaching a tumor:blood ratio different from the nonspe-
from the MOC31 sequence to preserve the topology of the potenti#ic control (total dose, 1.24% ID/g tissue; tumor:blood ratio of 0.92).
antigen interaction surface. This strategy proved to be successfll5 MOC-A, which was stable for several hours at 37°C, revealed
because both graft variants showed binding characteristics indistimly modest tumor accretion (total dose, 0.84% ID/g tissue; tumor:
guishable from those of the parent mAb and the scFv (Table 1). blood ratio of 1.95). For comparison, injection of the most stable
During modeling, we realized that thg \domain of the framework construct, 4D5 MOC-B, into animals resulted in 1.47% ID/g tumor
template 4D5 belongs to a different structural subclass than the Idggsue, with a tumor:blood ratio of 5.25. We explain the difference in
donor MOC3L1. Because there are several examples in the literaturéhia clearance rates of the molecules with this difference in thermal
which a simple loop graft failed and the chimeric antibody fragmentdability. The aggregation-sensitive scFv MOC31 fragment unfolds
had to be rescued by multiple additional back-mutations (52), wather quickly due to its low thermal stability and exposes hydropho-
directly designed a second chimeric scFv in which the structufailc patches that can interact either with other unfolded MOC31
subclass and core packing of MOC31 were retained. This involved tim®lecules or with serum components.d., aloumin), leading to
changing of eight additional residues, mostly in thg tbre, to the soluble high-molecular weight aggregates with increased circulation
murine sequence, thereby essentially corresponding to a resurfacintioé. Nevertheless, they do not act as a reservoir for further tumor
the MOC31 \{, domain. These additional mutations had no effect diocalization because they are irreversibly unfolded. In parallel, we
the antigen binding affinity and resulted in an increased stability of tlexpect the more stable molecules to retain their binding activity on
chimeric scFv. Whereas the loop graft 4D5 MOC-A revealed a thaheir receptor for longer times and thus remain localized at the tumor
mal stability intermediate between that of the two parent scFv 4B3&e when the blood level decreases. It might be possible that lower
and MOC31, the additional mutations in 4D5 MOC-B yielded #hermal stability causes an increase in the effective off-rate from the
molecule with similar favorable properties as the framework doneeceptor undein vivo conditions because the molecules may denature.
scFv 4D5. This finding was surprising considering the fact that 4D=or further improvement, the present framework can be further
MOC-B has less sequence homology to 4D5 than 4D5 MOC-A. équipped with intermolecular disulfide bonds (53), albeit at the cost of
suggests that it may indeed be critical to maintain a framework cldssver production yield, and it can conveniently be transferred into
as defined by the residues H6, H7, and H9 throughout the grafting amdltivalent formats (13) to increase tumor retention.
to not mix the framework because these residues are interrelatedn a recent study, indium-diethylenetriaminepentaacetic acid-la-
Furthermore, although the sequence of 4D5 MOC-B and MOC31 deled mAb MOC31 was used to detect primary tumors and metastases
most closely related, their difference in stability was greatest. in patients with small cell lung cancer (4). However, the diagnostic
It has recently been shown that the domain of 4D5 is excep- benefit of this approach was not superior to conventional diagnostic
tionally stable and that the thermodynamic stability of the 4D5 scRechniques such as computer tomography scans. In a preclinical study,
is limited by intrinsic stability of its Y, domain (49). Grafting of the an immunotoxin consisting oPseudomonagxotoxin-A, which is
MOC31 antigen binding surface onto this fragment resulted in chemically linked to mAb MOC31, induced regression of small lung
chimeric scFv with intermediate stability. This might be due to unfazancer xenografts in athymic mice but could only delay the growth of
vorable interactions within the grafted loops or between grafted cdexger tumors. This finding suggests insufficient tumor penetration to
residues and to incompatible framework core residues. Howevkmit the antitumor activity (5). Reduction in size might help to
there are only few contact sites between those framework residuesicrease the therapeutic efficacy of immunotoxins and other immu-
the lower core that differ between 4D5 and MOC31 and core residugsconjugates. Moreover, the improved scFv can now also serve as a
from the grafted loops, both being separated by a layer of consentrdlding block for other recombinant molecules such as dimeric and
residues (Fig. 1). The main direct contact site between the residmagitimeric miniantibodies (13) and Fab or (Fab) optimize size and
changed in the loop graft and the group of residues additionalyidity effects. The unstable parent scFv MOC31 has also been used
changed in 4D5 MOC-B is located between Met H48 (Val in 4D5fpr the construction of a EGP-2/CD3 diabody for T-cell retargeting to
and Phe H63 (Val in 4D5 and in 4D5 MOC-A). If there had been mmor cells (54). Interestingly, in this format, the scFv was reported to
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show sufficient immunoreactivity with a half-life of 12 h at 37°C in  antibody binding sites: recovery of specific activity in an anti-digoxin single-chain Fv
human serum. but the production yield was as low as for scFv MOC31 analogue produced iBscherichia coli Proc. Natl. Acad. Sci. USA85: 5879-5883,

presented in our studyn vivo data on the diabody have not beens. skerra, A., and Pakthun, A. Assembly of a functional immunoglobulin Fv fragment
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