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Amajor goal in antibody design for cancer therapy is to tailor
the pharmacokinetic properties of the molecule according to
specific treatment requirements. Key parameters determining
the pharmacokinetics of therapeutic antibodies are target spec-
ificity, affinity, stability, and size. Using the p185HER-2 (HER-2)-
specific scFv 4D5 as model system, we analyzed how changes in
molecular weight and valency independently affect antigen
binding and tumor localization. By employing multimerization
andPEGylation, four different antibody formatswere generated
and compared with the scFv 4D5. First, dimeric and tetrameric
miniantibodies were constructed by fusion of self-associating,
disulfide-linked peptides to the scFv 4D5. Second, we attached a
20-kDa PEG moiety to the monovalent scFv and to the divalent
miniantibody at the respective C terminus. In all formats, serum
stability and full binding reactivity of the scFv 4D5 were
retained. Functional affinity, however, did change. An avidity
increase was achieved by multimerization, whereas PEGylation
resulted in a 5-fold decreased affinity. Nevertheless, the PEGy-
lated monomer showed an 8.5-fold, and the PEGylated dimer
even a 14.5-fold higher tumor accumulation than the corre-
sponding scFv, 48 h post-injection, because of a significantly
longer serum half-life. In comparison, the non-PEGylated biva-
lent and tetravalent miniantibodies showed only a moderate
increase in tumor localization compared with the scFv, which
correlated with the degree of multimerization. However, these
non-PEGylated formats resulted in higher tumor-to-blood
ratios. Both multimerization and PEGylation represent thus
useful strategies to tailor the pharmacokinetic properties of
therapeutic antibodies and their combined use can additively
improve tumor targeting.

Antibodies have attracted attention as cancer therapeutics,
because of their ability to specifically bind to cell surface anti-
gens selectively expressed on tumor cells (1, 2). Using unarmed
antibodies, fusion proteins, or chemical immunoconjugates
various strategies have been investigated, which include the
direct delivery of cytotoxic agents, such as radionuclides, small
molecule drugs, or protein toxins (3). Moreover, indirect strat-
egies have also been investigated, which include blocking of
cellular growth factors or their receptors, recruitment of cellu-
lar or complement-dependent cytotoxicity or induction of apo-
ptosis by receptor engagement (2, 4, 5).
Depending on the desired mode of action, the pharmacoki-

netic properties of the therapeutic molecule need to meet dif-
ferent requirements. When a cytotoxic principle is used, it is
essential that the action is restricted to the tumor site as much
as possible, and that the activity in normal tissues is limited
both in magnitude and duration. Conversely, if the mode of
action does not include a cytotoxic mechanism, accumulation
in normal tissues may be less harmful, and high concentration
at the tumor site can be the main criterion.
The in vivo behavior of the antibody format is dictated by

its molecular properties. Therefore, to enhance the efficacy
of therapeutic antibodies, understanding how changes of the
molecular format may affect the pharmacokinetic behavior
is crucial. Critical determinants of tumor targeting efficiency
are specificity, affinity, valency, stability, surface charge, and
size (6, 7).
In the present study, we focus on two of these parameters:

functional affinity (avidity) and molecular size. Increasing the
functional affinity of antibodies usually results in increased
tumor localization and retention. However, there seems to be
an upper limit in affinity beyond which no further improve-
ment can be achieved (6, 8, 9): in the “loading phase”, the total
dose of antigen-bound antibodymolecules accumulating at the
tumor is limited by plasma clearance (depletion of the plasma
pool) and diffusion, in addition to the total amount injected
(bolus size). In the “retention phase,” antigen metabolism,
which includes shedding and internalization, may become rate
limiting, if this occurs faster than antibody dissociation (10–
12). Biodistribution studies in SCID mice with various anti-
HER-2 (13) and anti-CEA5 (14) antibodies of different affinities
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demonstrated that for a tumor antigenwith the turnover rate of
HER-2, raising the affinity above 10�9 M no longer translates
into increased tumor accumulation.
One way to augment the functional affinity (avidity) of anti-

bodies is to increase the number of binding sites (15, 16). Mul-
tivalency in principle allows the antibody to simultaneously
bind to more than one target molecule on the tumor cell, pro-
vided that this is geometrically possible. By potentially affecting
target dimerization, multimeric antibody formats may also
increase antigen uptake and signaling.Whether this is desirable
or not depends on the target and the effector mechanism of the
antibody construct.
An increase in valency also results in increased molecular

size, which will affect pharmacokinetics, extravasation, and dif-
fusion, and thus tissue distribution. Indeed, there is an inverse
relationship between the effect of molecular size on systemic
clearance and tissue penetration, which both affect tumor tar-
geting, albeit in opposite ways (6). Small antibody formats such
as scFv fragments (25–30 kDa) show rapid tumor localization
and efficient diffusion into the tumor mass, reaching maximal
accumulation after 0.5–6 h. Their systemic clearance is fast and
occurs mainly through renal excretion, since their molecular
weight is below the threshold of the filtration barrier in the
kidney glomeruli (�65 kDa) (17, 18). This results in rather low
concentrations of scFv molecules in the circulation, which in
turn reduces unspecific accumulation in non-target tissues, but
it also reduces the total dose localizing to the tumor (19).On the
other hand, large molecules, such as whole IgGs, show poor
extravasation and slower tissue diffusion (20, 21). At the same
time, they can exhibit prolonged serum half-lives of up to sev-
eral weeks (19), because they avoid renal excretion and are
instead removed by the more delayed hepatic clearance (22).
The resulting high serum concentration favors accumulation in
the tumor, but also unspecific localization in non-target tissues.
To define the optimal format for particular applications, var-

ious antibody formats including scFv fragments, Fab fragments,
disulfide-stabilized Fv fragments (dsFv), minibodies, and min-
iantibodies (16) have been engineered and tested in biodistri-
bution experiments. Although available data demonstrate that
they greatly vary in tumor targeting efficiency (23–40), direct
comparisons are problematic because of the great differences
among the various tumor models and antigens used.
Here we systematically examined the molecular and tumor

targeting properties of a series of antibody formats all derived
from the same antibody fragment, as a step toward a better
understanding of the relation and interdependence of these fac-
tors. As a model system, we used the humanized scFv 4D5 (24,
41). This antibody shows above-average thermodynamic and
serum stability and binds selectively with high affinity to its
target antigen, the extracellular domain of p185HER-2 (35, 42)
(referred to here as HER-2).
HER-2 is a 185-kDa transmembrane glycoprotein of the fam-

ily of human epidermal growth factor receptors (HER) (43, 44).
It is overexpressed in 20–30% of breast cancers and in a variety

of other tumors of epithelial origin (45, 46). It plays a key role in
HER ligand-dependent tumor growth and can either form
homo- or heterodimers with other HER receptors (47).
Based on the scFv 4D5, we constructed four different anti-

body formats by multimerization and PEGylation, and com-
pared their molecular and tumor targeting properties to those
of the scFv 4D5 itself. First, dimeric and tetrameric minianti-
bodies were constructed by fusion of self-associating peptides
to the C terminus of the scFv 4D5. In this approach an increase
in valency was combined with a change in size from 29 kDa
(monomeric scFv) to 66 kDa (dimer), which is slightly above the
renal filtration threshold, and up to 130 kDa (tetramer), which
is almost the size of a whole IgG. To further stabilize the mul-
timeric formats and prevent their dissociation at high dilution,
the multimerization domains were covalently linked by struc-
ture-guided introduction of disulfide bridges. In the second
approach a 20-kDa polyethylene glycol moiety (PEG20) was
site-specifically attached to the C terminus of the scFv 4D5.
Thereby, the molecular weight of the antibody fragment was
increased without altering its valency to enable us to discrimi-
nate the effects because of valency from those due to size. The
PEG molecule is a non-immunogenic, hydrophilic polymer,
rapidly fluctuating between bulky and extended structures
(48–50). Because a PEG-tail is not a rigid moiety, but quite
flexible, it can also act to shield protein sites from recognition
by the immune system, cellular receptors, or proteases (51).
Finally, multimerization and PEGylation were combined by
site-specific PEGylation of the dimeric miniantibody.
To assess the potential of these modifications for tailoring

effective antibody therapeutics, the various formats were com-
pared regarding their antigen binding properties, serum stabil-
ity, and in vivo biodistribution. By individually testing multim-
erization and PEGylation, we wished to differentiate the
influence of changes in functional affinity from those of molec-
ular size on the pharmacokinetic and tumor targeting behavior.

EXPERIMENTAL PROCEDURES

Tumor Cell Line and Recombinant Antigen—For in vitro cell
binding experiments, as well as for tumor localization and bio-
distribution studies in vivo, the ovarian carcinoma cell line SK-
OV-3 (HTB 77, ECACC, Salisbury, Wilts, UK) was used. Cell
culture was performed as described (35). The purified recom-
binant antigen HER-2-ECD was kindly provided by Genentech
Inc., South San Francisco, CA.
Molecular Modeling of the Multimerization Domains to

Determine Suitable Positions for Introduction of Disulfide
Bonds—The three-dimensional models of the multimerization
domains were generated by using the molecular modeling soft-
ware InsightII (Accelrys, San Diego, CA). The model of the
dimerization domain dhlx was obtained from the averageNMR
structure of the corresponding synthetic peptide (52). The
model of the tetramerization domain p53 was based on the
crystal structure of the corresponding human peptide (53).
Potential positions for insertion of disulfide bonds were deter-
mined with the program MODIP (54) using the following
search parameters: allowed C�-C� distance �7.4 Å, allowed
C�-C� distance �4.7 Å, pseudo bond angles in the range of 60°
to 180° and disallowed pseudo-dihedral angles between 60° and

phosphate-buffered saline; PDB, Protein Data Bank; PEG, polyethylene gly-
col; RIA, radioimmunoassay; RU, resonance units; scFv, single chain Fv frag-
ment; MES, 4-morpholineethanesulfonic acid.
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80°. The resulting models of the multimerization domains with
cross-linked peptide chains were checked for possible strain
and clashes.
Construction of the Cysteine Mutants—The dimeric mini-

antibodies with C-terminal (4D5-dhlx-Cys) or internal cys-
teines (4D5-dhlx-SS) were derived from the construct 4D5-
dhlx (35). The mutant 4D5-dhlx-SS with internal cysteines was
generated by a two-step PCR mutagenesis of the dimerization
domain, using the primer dhlx-m2 (5�-CCCCGCAAAGGCG-
AACTCTGCGAACTGCTGAAACATCTGAAGGAGCTGT-
GTAAAGGTG), which encodes point mutations that replace
Glu23 and Ile33 of the dhlx domain by cysteines.

The same method was applied to obtain the tetrameric min-
iantibody 4D5-p53-SS. For introducing a cysteine at position
Ala347 of the tetramerization domain we used the primer tetra-
cys-fwd (5�-GCTGAATGAGTGCTTGGAAC) and performed
PCR amplification of the vector template pIG6-4D5-p53 (35).
To enable site-specific PEGylation (55) of the monomeric

scFv 4D5 (35, 41, 42, 56) and the dimeric antibody fragment
4D5-dhlx (35) with maleimide-PEG20, we added a cysteine at
the C terminus of the peptide chains. For the monomeric scFv
4D5 the cysteine was introduced by PCRmutagenesis using the
primer sk-cyst.rev (5�-GCATAAGCTTTCATTAACAACC-
ACCGTGATGGTGATGGTGGTGGTTCAGGTCTTCTT-
CAG), which encodes a Gly2-linker, followed by a single
unpaired cysteine, 2 stop codons, and a HindIII restriction site.
The dimeric miniantibody 4D5-dhlx-Cys with C-terminal cys-
teines was generated by ligation of the EcoRI/HindIII fragment
of the plasmid pAK300-B2 into the vector pIG6-4D5 (35, 41, 42,
56). This insert was thereby placed downstream of the variable
domains of the scFv 4D5 and contained the dimerization
domain dhlx, followed by a His6 tag, a Gly4 spacer, and a cys-
teine. All four different antibody constructs were inserted into
the expression vector pIG6 (57), like their unmodified counter-
parts. The correct DNA sequences of the new constructs were
confirmed.
Expression and Purification—The expression and purifica-

tion of the 4D5 antibody fragments are described in detail
under supplementary materials. Briefly, all antibody constructs
were expressed in the periplasm of the Escherichia coli strain
SB536 (58) and purified at 4 °C by Ni-NTA chromatography
and then protein A-Sepharose (because this VH domain binds
to protein A). The purified proteins were analyzed by UV-spec-
trometry and SDS-PAGE.
PEGylation of the 4D5 Miniantibodies—The PEGylation

procedure of monomeric (scFv 4D5-Cys) and dimeric (4D5-
dhlx-Cys) miniantibodies is described under supplementary
materials. Briefly, purified protein samples were concentrated
to �0.3–1 mg/ml. The C-terminal cysteine residue was selec-
tively reduced by preincubation with 3 mM dithiothreitol (final
concentration) before incubation with a 5–10-fold molar
excess of maleimide-PEG20 (Nektar, Huntsville, AL) for 2 h at
37 °C. The efficiency of PEGylationwas analyzed by SDS-PAGE
and size exclusion chromatography. The same chromatogra-
phy procedure was used to purify the PEGylated proteins from
both the native antibody fragments and the unreacted free PEG.
Size Exclusion Chromatography—Analytical gel filtration

analysis of the multimerized and PEGylated antibody frag-

ments was performed with an ÄKTAexplorer chromatography
system (GEHealthcare, Little Chalfont, Buckinghamshire, UK)
at 4 °C and a flow rate of 0.5 ml/min, using a Superdex-200
column (24-ml bed volume). The columnwas equilibrated with
filtered anddegassed phosphate-buffered saline (PBS), contain-
ing 1 M NaCl and 0.05% Tween-20. For calibration, five protein
standards were used: �-amylase (�-Amyl, 200 kDa), alcohol
dehydrogenase (ADH, 150 kDa), bovine serum albumin (BSA,
66 kDa), carbonic anhydrase (CA, 29 kDa) and cytochrome c
(Cyt c, 12.5 kDa). The exclusion volume of this Superdex-200
column was experimentally determined as 8 ml by injection of
dextran blue (�2000 kDa). Samples of the different antibody
formats were injected at concentrations between 500 �g/ml
and 1.2 mg/ml in a volume of 100 �l. The absorption was
recorded at 280, 260, and 230 nm. If impurities or a low PEGy-
lation yield (less than 80%) were detected, preparative size
exclusion chromatography under the same conditionswas used
as an additional purification step.
His Tag-specific 99mTc Labeling of the Miniantibodies—

The radioactive labeling of the 4D5 miniantibodies with
99mTc(CO)3 was performed essentially as described before
(56). All constructs were rebuffered with 0.5 M MES, pH 6.5
and concentrated to �0.7–1.3 mg/ml. In the labeling reac-
tion they were mixed with freshly prepared 99mTc(CO)3 (56,
59) at a ratio of 2:1 (v/v) and incubated at 37 °C for 90 min.
The degree of incorporation was checked by gel filtration
analysis on a Sephadex G-25 fast desalting column (HiLoad
system, GE Healthcare) connected to a HPLC radioactivity
monitor (LB 508, Berthold). Unreacted free 99mTc(CO)3 was
removed by desalting, using a Biospin-6 column (BioRAD),
equilibrated with PBS. The eluted protein samples were
quantified for the total amount of incorporated radioactivity
by �-scintillation counting.
Radioimmunoassay (RIA) on Human SK-OV-3 Tumor Cells—

The functional affinities of the various 4D5 miniantibodies to
the HER-2-overexpressing tumor cells SK-OV-3 were deter-
mined by RIA. RIAs were performed essentially as described
(35), with the following modifications: stock solutions of the
99mTc(CO)3-labeled antibody constructs were prepared at 10
different concentrations by 2-fold serial dilution. A 20-�l ali-
quot of each of these stock solutions was then incubated with
100 �l of an SK-OV-3 cell suspension (corresponding to 5 �
105 cells in PBS, containing 0.5% BSA and 0.005% Tween-20)
for 1 h at 4 °C on a shaker. Final concentrations of active radio-
labeled miniantibodies (60) were between 0.5 nM and 1 �M. All
measurements were performed in triplicates. The data
obtained were fit with a 1:1 binding model, using the simplified
equation y � ymax�x/(KD, app � x), where x is the total molar
concentration of radiolabeled antibody, y is the radioactivity
attributable to the molecules that bound to the cells, ymax is its
plateau value, and KD, app is the apparent equilibrium dissocia-
tion constant.
Analysis of Binding Kinetics by BIAcore Measurements—The

binding kinetics of the different 4D5 miniantibody formats
were analyzed and compared by surface plasmon resonance
measurements using a BIAcore 3000 instrument (Biacore AB,
Uppsala, Sweden). ACM5-Sepharose chipwas coated by stand-
ard amine coupling chemistry (61) with the recombinant extra-
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cellular domain (ECD) of the HER-2 antigen to a density of 400
RU. This rather low coating density was chosen to minimize
mass transfer and rebinding effects, yet allowing residual mul-
tivalent binding to assess the functionality of the multivalent
molecules. Measurements were carried out at 25 °C, using a
flow rate of 30 �l/min with an association phase of 3 min after
injection, followed by dissociation for 10 min. The minianti-
bodies were diluted in filtered and degassed HBS-EP running
buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA,
0.005% Tween-20 (polyoxyethylene sorbitan monolaurate))
and injected at concentrations between 0.5 and 100 nM. For
subtraction of bulk effects, caused by changes in the buffer
composition or nonspecific binding, we performed double ref-
erencing (62). Therefore, all analyzed sampleswere additionally
injected onto an uncoated reference surface, including a sample
of the running buffer, which was also tested on the HER-2-
coated flow cell. Data were evaluated with the BIAevaluation
software (version 3.0), applying a simple 1:1 bindingmodel. The
obtained sensorgrams were fitted globally over the whole range
of injected concentrations and simultaneously over the associ-
ation and dissociation phase. For monomeric fragments, equi-
librium dissociation constants can be calculated from the rate
constants (KD � koff/kon), whereas formultimeric fragments no
true dissociation constant can be calculated; only an apparent
value of the functional affinity (avidity) can be approximated for
the given surface, which can still serve for relative comparisons
(16).
Determination of Thermal Stability in Human Serum—The

stability of the variousminiantibody formats in human serumat
physiological temperature was tested in vitro, using two differ-
ent methods. In both cases the antibody fragments were radio-
actively labeled with 99mTc(CO)3 before examination. First, we
determined the amount of aggregation or degradation and the
stability of the functional format by size exclusion chromatog-
raphy, performed on a HiLoad system (GE Healthcare). We
used a Superdex-200 column (HR 10/30, 24-ml bed volume), a
flow rate of 0.5 ml/min, and PBS as running buffer, containing
1 M NaCl and 0.05% Tween-20. The protein samples were
injected in a volume of 100 �l. After labeling of the minianti-
bodies, the samples were divided into three parts. One was
diluted (1:10) in human serum and incubated for 18 to 24 h at
37 °C. The other two served as controls and were diluted (1:10)
in PBS buffer. Out of these one sample was loaded onto the
column for immediate analysis and the other one was kept at
4 °C for the same time period as the aliquot that had been incu-
bated in human serum. The elution profiles of the injected pro-
tein samples were recorded by simultaneous measurement of
the absorption at 280 nm and the radioactivity. Because the
amount of total injected radioactivity differed from sample to
sample, we normalized the detected radioactivity at the main
peak of each run to 1. The percentage of injected radioactivity
was calculated for each elution peak, using the software Win-
flow (Amersham Biosciences) and Excel (Microsoft).
In the second experiment, the immunoreactive fraction of

the 4D5 miniantibodies was analyzed by equilibrium binding
assays on SK-OV-3 tumor cells. For all 4D5 constructs the per-
centage of active molecules was determined before and after
incubation in human serum for 18–24 h at 37 °C. The cell bind-

ing assays were performed essentially as described (60). Tripli-
cate samples with increasing numbers of cells (0.25 to 5 � 106
cells in 100 �l of PBS containing 0.5% BSA) were mixed with
constant amounts of 99mTc(CO)3-labeled miniantibodies
(in 20 �l of PBS containing 0.5% BSA and 0.005% Tween-20).
The final concentration ofminiantibodymolecules in these cell
suspensionswas�20 nM. The sampleswere incubated for 1 h at
4 °C on a shaker. Then, cells were washed three times with PBS
containing 0.5% BSA and 0.005% Tween-20. The cell-bound
radioactivity in the pellets was determined by �-scintillation
counting. The data obtained were fit using a 1:1 bindingmodel.
Biodistribution Studies of the 4D5 Miniantibodies—Biodis-

tribution studies of the variousminiantibody formats were per-
formed in mice to analyze their tumor localization, blood per-
sistence, and body clearance. Female 6–8weeks oldCD1nu/nu
mice (Charles River, Germany) were xenografted with human
SK-OV-3 tumor cells, subcutaneously injected at the lateral
flanks. The studies were started 10 days after tumor inocula-
tion, when the tumors had reached a size of 7–30 mg.
In the first experiment all 5 different 4D5 miniantibodies

were compared in parallel, determining their biodistribution at
1 h and 24 h after injection. Eachmouse received intravenously
(i.v.) a single dose of 23 �g of 99mTc(CO)3-labeled antibody
fragments (�100 �Ci/mouse), administered in 100 �l of PBS.
Mice (n � 3 per time point/construct) were sacrificed after 1 h
and 24 h, organswere removed and the accumulated radioactivity
wasmeasured in a �-scintillation counter. The determined radio-
activity of each organ and time point was normalized to the per-
centageof injecteddosepergramtissue (%ID/g).The total amount
of injected radioactivity was arbitrarily set to 100%.
In the second biodistribution study, we focused on the PEGy-

latedminiantibodies, using the unmodified scFv 4D5 as control.
This experiment was performed essentially the same as
described for the first experiment, but the change in organ dis-
tribution was followed over an extended time period. Here,
mice received a single dose of 30 �g of 99mTc(CO)3-labeled
miniantibodies each and were sacrificed at 1, 24, 48, and 66 h
after injection. Because of the relatively short half-life of 99mTc
(6 h), we used two different amounts of injected radioactivity,
depending on the time point of the measurement. Mice, which
were killed 1 h or 24 h after administration, received �25 �Ci
and those sacrificed after 48 or 66 h obtained �1 mCi.

RESULTS

Construction of Multimeric and PEGylated Miniantibodies—
The functional affinity to a target antigen and the hydrody-
namic size of antibody molecules are key determinants of
their pharmacokinetics and tumor localization efficiency. To
systematically investigate the correlation of these molecular
properties with the in vivo behavior, we constructed and char-
acterized four different antibody formats, all based on the anti-
HER-2 scFv 4D5 (24, 41, 42), using two strategies.
First, dimeric and tetrameric miniantibody variants of the

scFv 4D5 were constructed by fusion of self-associating pep-
tides to the C terminus of the scFv fragment (35, 63). As dimer-
ization device we used the synthetic peptide dhlx (52), consist-
ing of a helix-turn-helix motif, which forms an interdigitating
dimer. For tetramerization, the multimerization peptide of the
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human tumor suppressor protein
p53 was chosen. The tetramer
assembles from two dimers that
associate via hydrophobic interac-
tions of �-helices and �-strands
(15, 31, 53). In extending our pre-
vious studies (35). we have now
stabilized the multimeric formats
by introducing intermolecular
disulfide bonds, leading to a cova-
lent cross-link of the self-associat-
ing peptides. To determine suita-
ble positions for the introduction
of disulfide bonds we used geo-
metric search criteria (see “Exper-
imental Procedures”) based on
structural models of the multim-
erization domains (Fig. 1, B and
C). In the dimerization domain
dhlx, two suitable positions were
found, Glu23 and Ile33, which
could be replaced with cysteines
(Fig. 1B) (numbering according to
PDB file). In the tetramerization
domain p53 three possible posi-
tions were determined: Phe328,
pairing with Phe338 and Ala347,
which is juxtaposed to the same
residue of the symmetry-related
peptide. Because the introduc-
tion of additional cysteines can
decrease the expression yield of
functional protein, which was
already low in case of the tetrameric
miniantibody 4D5-p53 (35), only
one cysteine was introduced. To
this end, we selected position
Ala347, which is in the middle of the
associating parallel �-helices. The
paired �-strands, which form an
antiparallel “elbow” structure, non-
covalently hold the tetramer
together (Fig. 1C).
In a second approach, we in-

creased the size of the scFv 4D5
by covalent attachment of a 20-
kDa polyethylene glycol molecule
(PEG20). The attachment site of
the PEG moiety was placed at the
C terminus by introducing a single
unpaired cysteine residue, sepa-
rated by a glycine linker from the
C-terminal His6 tag. The PEG20
polymer was coupled to the
unpaired cysteine residue of the
antibody fragment by an attached
maleimide group, forming a
thioether bond. Finally, the two

FIGURE 1. Schematic representation of the multimerized and PEGylated 4D5 antibody fragments.
A, monomeric scFv 4D5 with the domain orientation VL-VH, connected by a non-repetitive linker (20 mer)
(24, 41, 42). B, dimeric miniantibody 4D5-dhlx-SS. The synthetic dhlx peptide (52, 63) was fused to the C
terminus of the scFv 4D5. This amphiphilic module consists of an antiparallel helix-turn-helix-motif, medi-
ating dimerization of the fusion protein by self-association. To stabilize the dimeric format, two cysteines
were introduced into the dhlx domain to achieve covalent linkage by disulfide bonds. The amino acids
residues that were replaced by cysteines are depicted in yellow and are marked by arrows in the structural
model of the dhlx dimerization domain. This model was obtained from the average NMR structure of the
corresponding synthetic peptide (52) (PDB entry 1QP6). C, tetrameric miniantibody 4D5-p53-SS. For tet-
ramerization of the scFv 4D5 the multimerization domain of the human tumor suppressor protein p53 (53)
was used. The tetramer is assembled from two dimers that associate via hydrophobic interaction of
�-helices and �-strands. These two subunits were covalently linked by introduction of a disulfide bridge
between the pairing �-helices, as depicted in yellow in the structural model of the tetramerization domain
p53. This model is based on the crystal structure of the corresponding human peptide (53) (PDB entry
1AIE). D, PEGylated scFv 4D5-PEG20. A 20-kDa polyethylene glycol moiety (PEG20) was covalently
attached to a single engineered cysteine residue, introduced site-specifically at the C terminus of the scFv
4D5. The coupling was achieved by using maleimide as reactive group, forming a thioether bond with the
free cysteine residue. E, PEGylated dimeric miniantibody 4D5-dhlx-PEG20. The same coupling method was
used as for the monomeric scFv to PEGylate the dimeric antibody fragment 4D5-dhlx, resulting in a
dimeric miniantibody with two PEG molecules attached.
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approaches were combined by adding the 20-kDa PEG-tail to
the C terminus of the dimer 4D5-dhlx (35). The same cou-
pling method was used as for the monomeric scFv, resulting
in a divalent miniantibody with two PEGmolecules attached.
This way, a dimeric and a tetrameric miniantibody as well as
a monovalent scFv with one PEG molecule attached and a
bivalent miniantibody with two PEG entities were generated
to be compared with the unmodified scFv (Fig. 1). The cor-
rect assembly of multimeric formats as well as the PEGyla-
tion efficiency was demonstrated by gel filtration analysis
(see below).
Expression and Purification of the 4D5 Antibody Constructs—

All antibody fragments were expressed in the periplasm of the
E. coli strain SB536 (58) and purified by two subsequent affinity
chromatography steps (see “Experimental Procedures” and
supplementary materials). The purity of each construct was
determined as greater than 90% by Coomassie-stained SDS-
PAGE. After purification we routinely obtained yields of about
2–3 mg/liter E. coli culture of the unmodified scFv 4D5 as well
as of themutated scFvwith aC-terminal cysteine, 4D5-Cys, and
of the dimeric miniantibody with two cysteines in the multim-
erization domain, 4D5-dhlx-SS. The introduction of cysteines
at these positions did not markedly decrease the expression
yield. In contrast, we only obtained 500 �g/liter of the dimeric
miniantibody fragment with C-terminal cysteines 4D5-dhlx-
Cys under the same conditions. The yield of the tetrameric
miniantibody with a disulfide bond in the tetramerization
domain, 4D5-p53-SS, was only about 100�g/l. The fact that the
expression yield dropped with the introduction of additional
cysteines is consistentwith observations onother proteins (64–
66). This is probably because of the strongly oxidizing environ-
ment in the periplasm, which may cause incorrect cross-links
during folding resulting in protein precipitation (67).
Nevertheless, we chose periplasmic expression for all our

constructs as the production method, since the yield was suffi-
cient and we directly obtained active molecules (Table 3). The
overall yield of active multimers was higher than by a produc-
tion via inclusion bodies and refolding (data not shown). Fur-
thermore, it should be noted that these volume yields were
obtained in routine shake flasks and could potentially be greatly
increased by fermentation (64).
Analysis by SDS-PAGE and Size Exclusion Chromatography—

Toexaminewhether the cysteines, introduced into themultim-
erization domain of the dimeric and tetramericminiantibodies,
form disulfide bonds when the antibody fragments are
expressed in the periplasmofE. coli, we analyzed samples of the
purified dimer 4D5-dhlx-SS and the tetramer 4D5-p53-SS by
SDS-PAGE under reducing and non-reducing conditions (Fig.
2, A and B). Under reducing conditions both antibody frag-
ments run according to the expected molecular size of the
monomeric subunits (33 kDa). When these samples were
loaded in non-reducing buffer, the protein bands shifted to
about 66 kDa, which corresponds to the dimeric format. Note
that in the 4D5-p53-SS design only two of the four subunits are
covalently linked (Fig. 1C). In case of the tetrameric construct
4D5-p53-SS a faint band of the monomeric state was also
detectable, indicating that a small proportion of the molecules
did not properly form the disulfide bond between the multim-

erization domains.However, the dimeric antibody fragments as
well as the main proportion of the tetrameric molecules estab-
lished a covalent domain linkage under oxidizing conditions.
To ensure that multimerization to the expected formats of a

dimeric and a tetramericminiantibody occurred, size exclusion
chromatography was performed. Purified protein samples of
4D5-dhlx-SS and 4D5-p53-SS as well as of the unmodified scFv
4D5were analyzed on a Superdex-200 column (Fig. 3,A–C). All
constructs eluted at a peak volume consistent with their
expected format. In none of the protein samples were higher
molecular weight aggregates detected. In the sample of the
unmodified scFv 4D5 (Fig. 3A) a small peak at the retention
volume of a dimeric antibody fragment (presumably a small
amount of “diabody”) (�60 kDa) was observed, in addition to
the main peak of the monomeric fraction (29 kDa). The forma-
tion of this dimer was concentration-dependent, and it was sta-
ble, once formed, even if the sample was highly diluted after-
ward. 4D5-dhlx-SS eluted in a single symmetric peak at a
retention volume consistent with the dimeric format, confirm-
ing homogeneity of the protein preparation (Fig. 3B). The elu-
tion peak of the tetrameric antibody fragment 4D5-p53-SS was
not exactly symmetric, but had a shoulder at a retention volume
of a dimeric format (Fig. 3C). This indicates that a small pro-
portion of the molecules multimerized only to the dimeric
stage, but the main fraction was present in a tetrameric format
with a size of 130 kDa.

FIGURE 2. SDS-PAGE analysis of disulfide bond formation in the multim-
erization domains and PEGylation of the 4D5 miniantibodies. Purified
protein samples of the different 4D5 miniantibody constructs were analyzed
by 12% SDS-PAGE and stained with Coomassie Brilliant Blue. Molecular
weights (MW) of protein standards are indicated on the left of each panel. To
verify intermolecular disulfide bond formation in the multimerization
domains of A, the dimeric miniantibody 4D5-dhlx-SS, and B, the tetrameric
miniantibody 4D5-p53-SS, the apparent molecular mass of these constructs
was determined under reducing and non-reducing conditions. The PEGyla-
tion yield of C, the monomeric scFv fragment 4D5-Cys, and D, the dimeric
miniantibody 4D5-dhlx-Cys, was examined under reducing conditions. Sam-
ples of these constructs were analyzed before (lane 1) and after the PEGyla-
tion reaction (lane 2).
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SDS-PAGE and gel filtration analysis were also used to con-
trol for the PEGylation yield of the monomeric and dimeric
miniantibodies with C-terminal cysteines. First, we compared
the migration behavior of the purified antibody fragments
before and after PEGylation on a 12% SDS-gel under reducing
conditions.We found a band shift upon PEGylation, increasing
the apparent molecular weight of the antibody fragments from
32 kDa (monomeric state) to about 62 kDa (Fig. 2, C and D).
Only a small fraction of the proteins did not react with PEG20
and thus appeared as faint band at the same size as the
untreated sample. Therefore, the PEG20 moiety could be
shown to be attached to themonomeric aswell as to the dimeric
miniantibody with a conjugation yield of �80–90%. Because
the dimericminiantibody gave rise to only onemain band in the
denaturing SDS-PAGE, corresponding to the PEGylated form,
a major fraction of these dimers must have two PEG20 mole-
cules attached, one on each subunit. The retention of the inter-
nal disulfide bonds in the VL and VH domains under the PEGy-
lation conditions applied was verified by subjecting the
unmodified scFv 4D5 to the same reaction procedure as
described above. In this case, no attachment of the PEG poly-
mer to the protein could be detected (data not shown).
In the gel filtration analysis, both PEGylated miniantibody

constructs eluted as symmetric peaks without showing high
molecular weight aggregates and only a minor fraction of
non-PEGylated molecules (Fig. 3, D and E). The small height
of these minor peaks in comparison to the main peak of
PEGylated proteins is in agreement with the high PEGylation
yield determined in the SDS-PAGE analysis. As observed for
the unmodified monomeric scFv 4D5, the scFv 4D5-PEG20
also appears to dimerize to a small extent when it is highly
concentrated. The elution peak of the PEGylated monomer
had a small shoulder at the same retention volume as the
PEGylated dimer 4D5-dhlx-PEG20.
When comparing the behavior of the PEGylated proteins

with that of the non-conjugated antibody fragments by gel fil-
tration, it became apparent that the PEGylated constructs
eluted at a retention volume corresponding to a size of 200–300
kDa, which is not consistent with the calculated molecular
weight (50 kDa for the monomer-PEG20 and 106 kDa for the
dimer-PEG20). We could confirm the theoretical molecular
mass of about 50 kDa at least for the monomer-PEG20 con-
struct by multi-angle static light scattering (MALS), performed
online during the gel filtration runs (55). This behavior of PEG
in gel filtration is in agreementwith the findings of other groups
(49, 50, 68, 69). It demonstrates the strong effect of the 20-kDa
PEG-tail on the diffusion behavior of the conjugated protein,

FIGURE 3. Analysis of multimerization and PEGylation of the antibody
fragments by size exclusion chromatography. A, unmodified scFv 4D5
(theoretical Mr 29 kDa), B, dimeric miniantibody 4D5-dhlx-SS (66 kDa),

C, tetrameric miniantibody 4D5-p53-SS (132 kDa), D, PEGylated scFv 4D5-
PEG20 (50 kDa), and E, PEGylated dimeric miniantibody 4D5-dhlx-PEG20 (106
kDa) were analyzed on an ÄKTA system with a Superdex-200 column (24-ml
bed-volume). Molecular mass standards: �-amylase (Mr 200 kDa, elution vol-
ume 12.67 ml), alcohol dehydrogenase (Mr 150 kDa, elution volume 13.47 ml),
bovine serum albumin (Mr 66, kDa, elution volume 14.3 ml), carbonic anhy-
drase (Mr 29 kDa, elution volume 16.62 ml), and cytochrome c (Mr 12.5 kDa,
elution volume 17.7 ml). The elution volumes of the antibody fragments were
17.0 ml (scFv 4D5), 15.09 ml (4D5-dhlx-SS), 13.03 ml (4D5-p53-SS), 11.88 ml
(4D5-PEG20), and 10.15 ml (4D5-dhlx-PEG20). In none of the protein samples
were higher molecular weight aggregates detected at the exclusion volume
(8 ml).
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enlarging its hydrodynamic radius far beyond that expected
from the increase in molecular weight.
To verify this conclusion and to exclude any interference of

the column material, we also examined the different antibody
formats in solution by dynamic light scattering (DLS). Based on
the diffusion coefficients determined (55), the apparent molec-
ular weights of the constructs, when treated as globular pro-
teins, were calculated. The diffusion coefficients of the PEGy-
lated antibody fragments corresponded to sizes of 133 and 309
kDa, respectively. These values are clearly above their actual
molecular mass and consistent with the results of the gel filtra-
tion analysis.
RIA Measurements of Functional Affinities on SK-OV-3

Tumor Cells—Multimerization and PEGylation are modifica-
tions, which can affect the functional affinity of antibodies to
cell surface antigens. By multimerization, the valency of the
antibody fragment is increased, in principle allowing it to bind
to more than one antigen molecule simultaneously. By attach-
ment of a 20-kDa polyethylene glycol moiety, a highly flexible,
bulky residue with a long reach was added to the protein. This
PEG-tail can dynamically interfere with the antigen-antibody
binding interaction, and in addition, upon binding, block the
binding to a neighboring antigen (55).
To analyze if and to what degree the functional affinities of

the 4D5miniantibodies were altered by thesemodifications, we
performed equilibriumbindingmeasurements onHER-2-over-
expressing SK-OV-3 tumor cells by RIA. As a reference mole-
cule, the unmodified scFv 4D5 was used. For all constructs we
determined functional affinities in the nanomolar range (Table
1). This is in agreement with earlier results of RIA measure-
ments, which were performed with our first generation of 4D5-
miniantibodies, lacking the disulfide bridges between the mul-
timerization domains (35). As expected, we found an increase
in functional affinity for the di- and tetrameric miniantibodies
4D5-dhlx-SS and 4D5-p53-SS in comparison to themonomeric
scFv fragment.
In contrast, both PEGylated constructs showed decreased

functional affinities of about 4–6-fold, compared with the
respective non-PEGylated molecule. Thus, PEGylation signifi-
cantly reduced the apparent affinity of the 4D5 antibody frag-
ments, although the PEG20 moiety was attached site-specifi-
cally at the C terminus of the proteins, and thus most distal to
the antigen binding site.

Comparison of Binding Kinetics by Surface Plasmon
Resonance—To investigate the effect of multimerization and
PEGylation on the apparent affinity of the 4D5 antibody frag-
ments in more depth, we compared the binding kinetics of the
five different antibody constructs by surface plasmon reso-
nance. The association and dissociation rates were separately
analyzed using a BIAcore 3000 instrument. The antigen was
coated on a CM5 chip at a density of 400 RU. This coating
density was chosen because it is relatively low, allowing tomin-
imize mass transport effects and rebinding of fully dissociated
molecules, which both could compromise the measured kinet-
ics. On the other hand, this coating density is still sufficient to
enable some multivalent binding, required to verify the func-
tionality of the multivalent constructs. Measurements were
performed at a high flow rate of 30 �l/min to minimize rebind-
ing, using analyte concentrations from 0.5 to 100 nM. The kon,
koff, and apparent KD values determined are listed in Table 2. It
is important to note that these values can only be used for rel-
ative comparisons, as they have been approximated from a 1:1
model, which only holds true for the monovalent species. For
themultivalent species only apparent values of functional affin-
ities or avidities (valid for the particular immobilization density
used) can be deduced. However, because of the very slow dis-
sociation rate, deviations from a 1:1 model are not apparent
from the quality of the fit of the multivalent species (55).
For the non-PEGylated constructs we determined functional

affinities in the picomolar range. This is in agreement with ear-
lier results (42) andwith the functional affinities determined for
the monoclonal antibody humAb4D5–8 (24) and the 4D5 Fab
fragment (70). In all of these measurements the soluble recom-
binant HER-2-ECD was used, whereas the RIA experiments
were performed on whole cells. Thus, the discrepancy between
the determined apparent KD values, when comparing the BIA-
core with the RIA data (Tables 1 and 2), is probably because of
partial inaccessibility of the epitope recognized on cell-bound
HER-2 (44). As this difference is also observed for the mono-
meric species, this is unlikely to be linked to epitope density.
For the PEGylated constructs we determined apparent KD

values of 800 pM (monomeric scFv 4D5-PEG20), and 130 pM
(bivalent dimer 4D5-dhlx-PEG20). These values indicate each
about a 5-fold lower functional affinity than the corresponding
constructs without a PEG-tail, measured on the same surface.
Separate analysis of the association and dissociation kinetics

TABLE 1
Functional affinity of 4D5 miniantibodies on SK-OV-3 cells
Binding interaction of the 99mTc-labeled antibody fragments with the p185HER-2

overexpressing tumor cells SK-OV-3 was measured in a RIA format at 4 °C (see
“Experimental Procedures”). Apparent functional affinitieswere calculated from the
fit of the data, using the simplified equation y � ymax�x/(KD, app � x), where y is
proportional to the number of bound antibody molecules and x is their total molar
concentration and ymax is the plateau value. We thus assumed a simple 1:1 binding
model, even though only themonomeric antibody fragments are properly described
by this model.

Antibody fragment Functional affinity
on SK-OV-3 cells

nM
Monomer: scFv 4D5 29.3 � 5.15
Dimer: 4D5-dhlx-SS 11.9 � 1.04
Tetramer: 4D5-p53-SS 10.2 � 1.9
PEGylated monomer: 4D5-PEG20 138 � 37.2
PEGylated dimer: 4D5-dhlx-PEG20 67 � 6.80

TABLE 2
Binding kinetics of the 4D5 miniantibodies
Association and dissociation kinetics of the various constructs were compared by sur-
faceplasmon resonance measurements. A CM5-Sepharose chip was coated with
p185HER-2 (HER-2)-ECD antigen to a density of 400 RU. The miniantibodies were
injected at a high flow rate of 30 �l/min, using concentrations between 0.5 nM and
100 nM.Datawere evaluatedwith BIAevaluation 3.0 software, applying a 1:1 binding
model and a global fit. This was possible because of the very slow off-rates, resulting
in global fits of similar quality. Nevertheless, this gives a KD value only for the
monomeric construct; for the multivalent ones only apparent functional affinities
(avidities) can be deduced, which can be used for relative comparisons only.

Construct kon koff KD, app �2

M�1 s�1 s�1 M

Monomer 3.4�105 5.0�10�5 1.5�10�10 0.7
Monomer-PEG20 6.1�104 4.9�10�5 8.1�10�10 0.6
Dimer 9.8�105 2.6�10�5 2.6�10�11 4.2
Dimer-PEG20 2.7�105 3.5�10�5 1.3�10�10 1.9
Tetramer 6.5�105 8.7�10�5 1.3�10�10 0.2
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revealed that the reduction in functional affinity, caused by
PEGylation of the antibody fragments, was due almost exclu-
sively to a slower on-rate (Table 2), while the off-rate remained
essentially unchanged.
To exclude a difference in the percentage of functional mol-

ecules as a possible cause for reduced affinity upon PEGylation,
we evaluated the fraction of active molecules in the injected
protein samples by a second set of BIAcore measurements per-
formedundermass transport limitations (55).Wedetermined a
fraction of 90–100% activemolecules for all constructs, with no
significant difference between PEGylated and unconjugated
miniantibodies. This is consistent with the fraction of active
molecules determined on whole cells (see below).
Thermal Stability in Human Serum—A prerequisite for effi-

cient tumor localization of antibodies is their high stability in
serum at physiological temperature. To address this issue we
examined the stability of the different 4D5 miniantibody for-
mats upon incubation in human serum at 37 °C and measured
their aggregation and degradation behavior aswell as their anti-
gen binding activity. For this purpose, the antibody con-
structs were labeled with 99mTc(CO)3 and analyzed before
and after serum incubation for 18–24 h by size exclusion
chromatography and binding assays on HER-2 overexpress-
ing tumor cells.
In the gel filtration analysis the elution profiles of freshly

labeled miniantibodies were compared with aliquots that had
been incubated in serum at 37 °C or in PBS at 4 °C (Fig. 4). For
all five constructs we found that the main portion of injected
molecules still eluted at the samepeak volume after serum incu-
bation as observed before this treatment. Only in case of the
monomeric scFv 4D5 and the tetramer 4D5-p53-SS a small
fraction of oligomerized or aggregated molecules was detected
after serum incubation. The elution profiles of the PEGylated
constructs showed, in addition to theirmain elution peak, small
peaks at about the same retention time (30–35 min) as the
non-PEGylated scFv fragments. However, we do not know the
true identity of these minor peaks, and they may contain some
material which was never PEGylated or might have resulted
from minor proteolytic activity in the sample. The percentage
ofmolecules that retained their initial format upon serum incu-
bation at 37 °C for 24 h was determined as 65% for the mono-
mer, 85% for the dimer, 48% for the tetramer, 66% for the PEGy-
lated monomer and 81% for the PEGylated dimer. Overall, the
elution profiles obtained indicate that each of the different anti-
body formats has sufficient stability in human serum at 37 °C
for at least 24 h.
To determine the immunoreactivity of the 4D5miniantibod-

ies on SK-OV-3 tumor cells before and after serum incubation,
cell binding assays with increasing numbers of cells were per-

FIGURE 4. Thermal stability of the 4D5-derived miniantibodies in human
serum, analyzed by size exclusion chromatography. The 4D5 minianti-
bodies were radioactively labeled with 99mTc(CO)3 and incubated in human
serum for 18 –24 h at 37 °C and in parallel also in PBS at 4 °C for the same time
period as a reference. The integrity of the different formats was controlled by
size exclusion chromatography on a Superdex-200 column before (thick solid

line) and after incubation in human serum (dashed line) or PBS (thin solid line).
To be able to compare the proportion of aggregates or degradation products
in relation to the amount of molecules in their functional format, the radioac-
tivity measured at the peak of the elution profile of each protein sample was
normalized to 1. The corresponding retention time of each miniantibody for-
mat is indicated by a vertical line. A, monomeric scFv 4D5 (29 kDa); B, dimeric
miniantibody 4D5-dhlx-SS (66 kDa); C, tetrameric miniantibody 4D5-p53-SS
(132 kDa); D, PEGylated scFv 4D5-PEG20 (50 kDa, theoretical Mr); and E, PEGy-
lated dimeric miniantibody 4D5-dhlx-PEG20 (106 kDa theoretical Mr).
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formed (60). Only a small decrease in binding activity (by
0–20%) was found over time for all constructs. Combining the
initial percentage of active molecules with this decline, a
remaining fraction of 69–91% immunoreactive antibody mol-
ecules (Table 3) were obtained after serum incubation. This
finding supports the conclusion that the high serum stability of
the 4D5 scFv could be retained in the multimerized and PEGy-
lated formats.
Blood Clearance and Tumor Localization—The different

miniantibody formats were generated to investigate the effects
of changes in size and functional affinity on systemic clearance
and tumor localization. Biodistribution studieswere performed
in mice bearing subcutaneously growing SK-OV-3 tumor
xenografts.
In a first experiment, all five different constructs were com-

pared in parallel bymeasuring their biodistribution 1 h and 24 h
after injection (Table 4 and Fig. 5). The first aim of this experi-
mentwas to clarifywhether the insertion of disulfide bonds into
the multimerization domains of the dimeric and tetrameric
antibody fragments would influence in vivo stability, compared
with the constructs without a covalent bond (35). The second
aimwas to assess the effect of PEGylation on serumhalf-life and
tissue distribution. The unmodified monomeric scFv 4D5
localized at the tumor site with 1.77% ID/g and a tumor-to-
blood ratio of 9.3 after 24 h. These data are in the same range as
those reported in previous targeting studies using this scFv in
the same tumor model (35, 56). For the dimeric miniantibody
4D5-dhlx-SS we measured a tumor accumulation of 2.1% ID/g
with a tumor-to-blood ratio of 7.8, 24 h after injection. At this

time point, the tetrameric miniantibody 4D5-p53-SS showed a
tumor localization of 2.84% ID/g and a tumor-to-blood ratio of
3.84. When comparing the total dose accumulation of these
three miniantibodies, we found a moderate increase in tumor
localization with increasing degree of multimerization. These
data are qualitatively and quantitatively consistent with the
results of a previous targeting study, performed with dimeric
and tetrameric antibody fragments of the same format but lack-
ing disulfide bonds in their multimerization domains (35). The
covalent linkage of the multimerization domains neither
improved the tumor accumulation of the miniantibodies nor
did it alter their blood clearance. Therefore, the fact that tumor
enrichment of these multimeric miniantibodies remains rela-
tively modest, despite their high functional affinity, cannot be
explained by partial dissociation of their subunits.
Attachment of the 20-kDa PEG moiety, however, signifi-

cantly altered the targeting properties of the antibody frag-
ments. The PEGylated constructs accumulated at the tumor
site with 9.5% ID/g (monomer-PEG20) and 11.6% ID/g (dimer-
PEG20) 24 h after injection, showing tumor-to-blood ratios of 3
(monomer-PEG20) and 1 (dimer-PEG20). PEGylation of the
antibody fragments thus strongly increased their serum half-
life, thereby leading to higher tumor accumulation, but also to
decreased tumor-to-blood ratios. In comparison, the multim-
eric miniantibodies without PEG-tail did not achieve the same
level of tumor accumulation, but conversely showed higher
tumor-to-blood ratios.
Because the blood concentration of the PEGylated antibody

fragments was still high after 24 h, especially in case of the
dimer 4D5-dhlx-PEG20, we decided to perform a second
extended biodistribution study. Here, we analyzed the change
in organ distribution of the PEGylated molecules over time by
taking blood, tumor and organ samples 1, 24, 48, and 66 h after
injection (Table 5 and Fig. 6). Unmodified scFv 4D5was used as
reference. The PEGylated monomer reached its highest tumor
accumulation between 24 and 48 h after injection with 9.28%
ID/g (24 h) and 8.74% ID/g (48 h). After 66 h still 4.85% ID/g
were present at the tumor with a tumor-to-blood ratio of 10.3,
indicating stable antigen binding and retention in the tumor
tissue. At 24 h after injection the PEGylated dimer still had a
tumor-to-blood ratio of 1 and a total dose enrichment compa-
rable to the monomer-PEG20. It reached its highest tumor
accumulation not before 48 h after injection, showing 15% ID/g
with a tumor-to-blood ratio of 2.53. However, after 66 h only

TABLE 3
Immunoreactivity of the 4D5 miniantibodies on SK-OV-3 cells before
and after serum incubation
The 99mTc-labeled miniantibodies were incubated in human serum for 18–24 h at
37 °C. The percentage of activemolecules was determined for each construct before
and after serum incubation by equilibrium binding assays on SK-OV-3 cells as
described (60). The data were fit using a 1:1 binding model.

Antibody fragment

Immunoreactive fraction
on cellsa

Before serum
incubation

After serum
incubation

% %
Monomer: scFv 4D5 94 71
Dimer: 4D5-dhlx-SS 89 79
Tetramer: 4D5-p53-SS 80 69
PEGylated monomer: 4D5-PEG20 90 91
PEGylated dimer: 4D5-dhlx-PEG20 85 70

a Immunoreactive fractionmeans binding to the p185HER-2 antigenwith at least one
binding site.

TABLE 4
Biodistribution of the 99mTc-labeled 4D5 miniantibodies in nude mice bearing SK-OV-3 tumor xenografts 24 h after injection
The first in vivo study, comparing the biodistributions of the 5 different constructs in parallel at 1 h (not shown) and 24 h post-injection, was carried out in nudemice bearing
SK-OV-3 xenografts. Here, only the organ distributions 24 h after injection are given as the mean % ID/g tissue � S.D.

Organ Monomera Dimer Tetramer Monomer-PEG20 Dimer-PEG20
Heart 0.3 � 0.04 1.5 � 0.25 1.0 � 0.13 2.35 � 0.37 6.76 � 1.71
Spleen 0.82 � 0.19 8.2 � 3.5 5.7 � 0.33 2.65 � 0.49 7.2 � 2.73
Liver 2.6 � 0.3 9.5 � 2.1 13.8 � 1.2 4.63 � 0.78 11.9 � 0.28
Kidney 105 � 24 107 � 29 66.6 � 42 97.8 � 12 72.3 � 32
Stomach 0.9 � 1 1.1 � 0.9 0.67 � 0.24 1.2 � 0.78 1.6 � 0.39
Blood 0.19 � 0.01 0.27 � 0.02 0.74 � 0.13 3.15 � 2.38 12.4 � 1.9
Tumor 1.77 � 0.23 2.1 � 0.48 2.84 � 0.85 9.5 � 0.21 11.6 � 1.56
Tumor/bloodb 9.3 7.8 3.84 3.0 0.94

a The constructs refer to Fig. 1.
b The ratios represent the average of the tumor/blood values for the individual mice (n � 3) and were calculated from non-rounded values, while the numbers in the table have
been rounded.
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5.2% ID/g were still retained in the tumor tissue, which is
almost equivalent to the value of the monomer-PEG20 at this
time point. Compared with the unmodified scFv 4D5, both
PEGylated constructs achieved a distinctly increased tumor
enrichment of 5.5-fold (24 h after injection). After 48 h, the
difference was even stronger with an 8.5-fold (monomer-

PEG20) and 14-fold (dimer-PEG20) higher tumor accumula-
tion, respectively, compared with the scFv.
In summary, among the 5 tested formats the PEGylated

dimeric miniantibodies showed the most favorable tumor tar-
geting properties regarding overall total dose enrichment. On
the other hand, the PEGylatedmonomer and the unconjugated
miniantibodies showedhigher tumor-to-blood ratios and faster
clearance from normal non-target tissues.

DISCUSSION

To facilitate the development of improved tumor targeting
strategies, we investigated how and to what extent modifica-
tions in size and affinity can alter the pharmacokinetic and
tumor targeting properties of recombinant antibody fragments.
To this end, we generated and compared four different anti-
body formats all derived from the scFv hu-4D5 (24, 41). This
scFv was chosen because of its favorable biophysical proper-
ties, which enabled us to analyze the effects of the molecular
modifications without functional limitations by the parental
scFv itself. The different antibody formats were generated by
either multimerization or PEGylation or by combining both
modifications.
Molecular Design—In the first approach, dimeric and tet-

rameric miniantibody variants of the 4D5 scFv were generated
by fusion of self-associating peptides to the C terminus of the
antibody fragment (35). This enabled the spontaneous assem-
bly of the subunits already during their expression, directly in
the periplasm of E. coli. To further stabilize the multimeric for-
mats, in an extension of our previous studies (35), we now intro-

FIGURE 5. Serum persistence and tumor accumulation of the 4D5 min-
iantibodies in mice. Miniantibodies were radioactively labeled with
99mTc(CO)3 and injected into nude mice bearing SK-OV-3 carcinoma
xenografts. Each mouse received a protein sample of 23 �g intravenously.
Mice (n � 3 per time point) were sacrificed after 1 h and 24 h, organs were
taken and measured for incorporated radioactivity. The determined radioac-
tivity of each organ was normalized to the percentage of injected dose per
gram tissue (% ID/g). In this bar graph only the blood and tumor values 24 h
after injection are shown. The complete list of organ values is given in Table 4.

TABLE 5
Biodistribution of the scFv, PEGylated scFv, and PEGylated dimeric miniantibodies in nude mice bearing SK-OV-3 tumor xenografts
Biodistributions of the scFv 4D5 (monomer) as well as of the PEGylated scFv (monomer-PEG20) and the PEGylated dimeric antibody fragment (dimer-PEG20) were
analyzed in nudemice, xenografted with human SK-OV-3 tumors. Mice (n� 3 per time point) were sacrificed and organs excised at 1, 24, 48, and 66 h after injection of the
99mTc(CO)3-labeled constructs. Data are given as percentage of injected dose per gram tissue (% ID/g) and expressed as the mean � S.D.

Construct Organ 1 h 24 h 48 h 66 h
Monomer Heart 1.63 � 0.12 0.48 � 0.05 0.34 � 0.04 0.27 � 0.11

Spleen 1.83 � 0.33 1.84 � 0.39 0.76 � 0.27 0.62 � 0.17
Kidney 204.5 � 9.5 125.6 � 13.6 77.8 � 11.8 68.3 � 21.4
Liver 2.84 � 0.22 2.69 � 0.5 1.80 � 0.29 1.11 � 0.21
Stomach 0.50 � 0.03 0.40 � 0.09 0.33 � 0.15 0.15 � 0.05
Intestine 0.81 � 0.08 0.40 � 0.10 0.25 � 0.09 0.18 � 0.02
Bone 0.83 � 0.11 0.39 � 0.13 0.24 � 0.05 n.d.a
Blood 2.69 � 0.08 0.19 � 0.03 0.1 � 0.01 0.07 � 0.01
Tumor 1.69 � 0.42 1.67 � 0.24 1.03 � 0.11 n.d.
Tumor/bloodb 0.63 8.79 9.2 n.d.

Monomer-PEG20 Heart 9.31 � 1.58 2.38 � 0.32 0.99 � 0.09 0.56 � 0.05
Spleen 4.61 � 0.38 2.86 � 0.46 2.19 � 0.11 1.17 � 0.11
Kidney 46.5 � 6.62 91.9 � 9.14 46.7 � 9.13 33.7 � 2.33
Liver 5.17 � 0.35 3.49 � 0.07 2.88 � 0.20 2.27 � 0.93
Stomach 1.93 � 0.3 0.75 � 0.13 0.44 � 0.05 0.23 � 0.07
Intestine 2.29 � 0.08 1.03 � 0.23 0.46 � 0.05 0.21 � 0.03
Bone 2.18 � 0.56 1.24 � 0.2 0.67 � 0.15 0.34 � 0.08
Blood 26.5 � 2.85 3.93 � 0.57 1.27 � 0.24 0.47 � 0.01
Tumor 2.42 � 0.34 9.28 � 0.84 8.74 � 1.33 4.85 � 1.52
Tumor/bloodb 0.09 2.36 6.88 10.3

Dimer-PEG20 Heart 9.71 � 3.53 4.64 � 0.31 2.69 � 0.16 1.26 � 0.2
Spleen 5.3 � 0.73 3.84 � 0.09 4.86 � 0.97 3.01 � 1.02
Kidney 18.5 � 1.24 16.7 � 4.84 23.8 � 2.83 13.42 � 1.3
Liver 6.26 � 0.63 5.02 � 0.33 5.95 � 0.76 3.61 � 0.53
Stomach 1.89 � 0.67 0.53 � 0.3 0.73 � 0.13 0.40 � 0.23
Intestine 2.09 � 0.21 0.89 � 0.18 1.01 � 0.11 0.45 � 0.12
Bone 2.37 � 0.43 1.44 � 0.2 1.34 � 0.09 0.64 � 0.02
Blood 26.3 � 3.86 8.41 � 0.25 5.9 � 0.55 1.92 � 0.07
Tumor 2.15 � 0.13 8.06 � 1.73 14.9 � 1.08 5.2 � 0.36
Tumor/bloodb 0.08 0.95 2.53 2.7

a Not determined.
b The ratios represent the average of the tumor/blood values for the individual mice (n � 3) and were calculated from the non-rounded values, whereas the numbers in the table
have been rounded.
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duced intermolecular disulfide bridges to covalently link these
self-associating domains. The covalent linkage of the subunits
should prevent their dissociation at high dilution over time,
which otherwise might occur, when the miniantibodies are
injected into the blood stream. By multimerization we not only
increased the size of the 4D5 antibody fragment, but in addition
its valency from a mono- to a di- up to a tetravalent construct.
In the second approach, a 20-kDa polyethylene glycolmoiety

(PEG20) was site-specifically linked to the C terminus of the
4D5 scFv. In contrast to the first approach, we thereby
increased the molecular weight of the antibody fragment with-
out altering its valency. This should allow us to assess the effect
of molecular size on in vivo biodistribution independent of
avidity changes. Finally, the two approaches were combined by

linking the 20-kDa PEG-tail to the C termini of the dimeric
miniantibody.
Molecular Characterization—The molecular characteriza-

tion of the miniantibodies showed that they all could be pro-
duced in functional form and at the expected molecular com-
position and assembly (Figs. 2 and 3). Whereas we could not
directly prove the presence of two PEGmolecules on the dimer
4D5-dhlx-PEG20, the high yield of 80–90% PEGylated sub-
units, detected by SDS-PAGE, indicate that at least the major
fraction carried a PEG-tail at both C termini. The gel filtration
analysis together with dynamic light scattering (55) also
revealed the strong effect of the flexible and hydrophilic PEG-
tail on the hydrodynamic properties of the antibody fragments,
which showed a diffusion behavior comparable to molecules
with a mass of �200 kDa. This finding is in agreement with
results from other groups (49, 50, 55, 68, 69).
Functional Affinities—Multimerization and PEGylation

are both modifications that can alter the functional affinity
of antibodies to cell surface antigens. Thus, we compared the
binding behavior of the various 4D5 miniantibody formats
using kinetic BIAcore measurements as well as equilibrium
binding assays on human SK-OV-3 tumor cells overexpress-
ing HER-2. On the tumor cells, all constructs showed func-
tional affinities in the nanomolar range (Table 1), consistent
with previous observations (35). In the BIAcore measure-
ments, however, we determined functional affinities in the
picomolar range (Table 2). To explain this discrepancy, one
has to consider that the binding site of the antibody 4D5 is
located in domain IV of the extracellular region of HER-2,
which is adjacent to the transmembrane region (44) and
involved in HER-2 dimerization. Thus, antibody binding to
intact cells may be limited by partial inaccessibility of the target
epitope. In the BIAcore measurements, however, only the
extracellular domain of HER-2 was used, immobilized by its
lysine residues in various positions and in random orientation.
As expected and observed in previous studies with non-co-

valently linkedminiantibody formats (35), we found an increase
in avidity by multimerization (Table 1). The magnitude of this
avidity gain depends on the epitope density on the cell surface
and other geometric parameters (16). PEGylation, on the other
hand, led to a decrease in functional affinities of about 5-fold,
both for the monomeric and the dimeric molecules, even
though the attachment of the PEG-tail was site-specific at the C
terminus of the proteins, most distal to the antigen binding
sites. The 5-fold reduction in apparent affinity upon PEGyla-
tion of the antibody fragments was observed in the kinetic BIA-
coremeasurements (Table 2) as well as in the equilibrium bind-
ing assays on SK-OV-3 tumor cells (Table 1). In earlier reports
(69, 71, 72) it was stated that antibody conjugates with a PEG
polymer attached at a single engineered cysteine distal to the
antigen binding site retain full binding activity. In amore recent
study (50), however, similar findings of reduced affinity as we
have demonstrated here were also reported for other scFv frag-
ments that were site-specifically conjugated with PEG poly-
mers of different sizes.
Separate analysis of the association and dissociation kinetics

revealed that the effect of PEGylation on the apparent affinity is
exclusively due to decreased on-rates, while the off-rates of the

FIGURE 6. Time-dependent changes in organ distribution of PEGylated
miniantibodies compared with the scFv 4D5. Samples of the scFv 4D5
(monomer) as well as of the PEGylated scFv (monomer-PEG20) and the PEGy-
lated dimeric antibody fragment (dimer-PEG20) were injected into nude mice
bearing SK-OV-3 carcinoma xenografts. Each mouse received 30 �g of
99mTc(CO)3-labeled miniantibodies intravenously. Mice (n � 3 per time point)
were sacrificed at 1, 24, 48, and 66 h after injection, organs were excised
and the incorporated radioactivity was determined. The mean % ID/g tis-
sue (�S.D.) at each time point are given for tumor and blood. (For a
detailed set of data, see Table 5.)
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scFv or the bivalentminiantibodies barely changed uponPEGy-
lation (Table 2). We recently investigated the reason for the
decreased on-rates by experimental and computational analy-
ses (55). A mathematical model accounting both for intra- and
intermolecular blocking of the PEG-tail can robustly explain
the observed binding kinetics. Briefly, careful controls could
exclude that PEGylationmight cause a significant percentage of
permanently inactivated molecules. Rather, the flexible and
bulky PEG-tail can transiently block the binding site of the anti-
body, decreasing the fraction of active molecules available at
any given time point (intramolecular blocking). In addition,
once the antibody has bound to a surface antigen (either on the
cell or on a BIAcore chip), PEG may block the binding to addi-
tional neighboring antigens (intermolecular blocking). The
model predicts that in solution more than 90% of the PEGy-
lated antibodies are transiently blocked, but all molecules
are intrinsically available for binding, since molecules that
have bound to the target are replenished by rapid equilibra-
tion of blocked and unblocked antibodies. Themodel further
predicts that the quantitative effect on the on-rate (and thus
on affinity, as the off-rate is unchanged) is a function of
antigen density on the surface (affecting intermolecular
blocking) and PEG chain size (affecting both intermolecular
and intramolecular blocking) (55).
Stability—Apart from a high functional affinity to the tar-

get, stability at physiological temperature and resistance to
serum proteases are also crucial for effective tumor localiza-
tion and retention (34).We examined the thermal stability of
the different antibody constructs upon incubation in human
serum at 37 °C, using gel filtration analysis as well as cell
binding assays on SK-OV-3 tumor cells.We found that expo-
sure to serum at 37 °C did not markedly change the molecu-
lar characteristics of the different antibody formats within
24 h (Fig. 4), nor did it significantly decrease their binding
activity (Table 3). These results demonstrate that all 4D5
miniantibodies fulfilled the stability requirements for tumor
targeting.
Tumor Targeting—The tumor targeting properties of the

various 4D5miniantibodies were analyzed in mice xenografted
with human SK-OV-3 tumors. Comparing the total dose accu-
mulation of the non-PEGylated miniantibodies, we found a
moderate increase in tumor localization with increasing degree
of multimerization (Table 4). These constructs showed biodis-
tributions similar to those determined for the corresponding
4D5miniantibodies lacking disulfide bonds between their mul-
timerization domains (35). The covalent linkage of themultim-
erization domains thus did not significantly increase the serum
half-life and tumor localization of the dimeric and tetrameric
antibody fragments. Therefore, a potential slow dissociation of
the non-disulfide-linked subunits upon the dilution that occurs
after injection into the blood stream does not seem to be a
major factor influencing their pharmacokinetics.
Our data (Table 4) suggest that at least the dimer 4D5-

dhlx-SS is cleared by renal filtration, resulting in its rapid elim-
ination leading in turn to reduced serum concentrations. In
addition, it is likely that the multimeric proteins were more
efficiently removed by macrophages, because the radioactivity

associated with spleen and liver was higher than for the mono-
meric scFv.
Improved tumor localization has also been reported for

other multimeric antibody formats (22, 23, 27, 29, 30, 36, 73)
compared with their monomeric counterparts, although the
use of different labeling methods, antigens and tumor types
essentially precludes the direct and quantitative comparison
of the data. However, what is fairly comparable to our find-
ing is the biodistribution study of the 4D5 barnase-barstar
miniantibodies (33), which only varies from our studies in
the oligomerization modules used. A major difference is that
because of the size of the barnase-barstar dimerization
domains, the molecular weight of the whole complex is sig-
nificantly larger. The favorable tumor localization of these
constructs suggests that the apparent size of the molecules is
a major determinant in tumor targeting, consistent with the
results from PEGylation.
Although PEGylation decreased the binding affinity of the

4D5 miniantibodies, we found a clear increase in tumor
accumulation (Table 5 and Figs. 5 and 6). Forty-eight hours
after injection an increase in total dose accumulation of 8.5-
fold for the PEGylated monomer and 14.5-fold for the PEGy-
lated dimer was determined, each compared with the
unmodified scFv at this time point. It appears that the
increase in size by PEGylation had a stronger effect on tumor
accumulation of the 4D5miniantibodies than the decrease in
functional affinity, which was always in the low nanomolar
range. According to the tumor-to-blood ratios determined,
the higher tumor enrichment seems to be mainly caused by
prolonged serum half-life of the PEGylated miniantibodies.
Because of the extended serum half-life and despite the high
tumor accumulation, they had significantly lower tumor-to-
blood ratios at earlier time points (1–24 h after injection)
than the miniantibodies without a PEG-tail. Their concen-
tration in the circulation decreased continuously but more
slowly, reaching optimal tumor localization only after about
48 h. At this time point, tumor/blood ratios were �2.5. The
fact that their total dose at the tumor steadily increased dur-
ing the first 24–48 h indicates stable antigen binding in the
tumor tissue.
Clearance Mechanisms—One reason for the prolonged

serum half-life of the PEGylated miniantibodies is probably
their reduced renal filtration. As shown by gel filtration analy-
ses, the PEG moiety leads to a significant increase in hydrody-
namic size of the conjugated antibody fragments, far beyond
the added molecular mass, so that the resulting molecules cor-
respond to globular proteins of �200 kDa. The tissue penetra-
tion of theminiantibodiesmay also be reduced by this property.
Decreased extravasation into the surrounding tissue can be
an additional cause of the elevated serum half-lives. More-
over, the PEG moiety may help protecting the miniantibod-
ies from clearance by cells of the immune and reticuloendo-
thelial system.
The higher hydrodynamic radius is reflected in lower val-

ues of kidney accumulation, which were reduced to half of
that of the scFv for the scFv-PEG20 construct and to only a
quarter in case of the dimeric miniantibody 4D5-dhlx-
PEG20 (Table 5) (35). The observed level of radioactivity in
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the kidney depends on three components, the efficiency of
glomerular filtration (17, 18), reabsorption of the filtered
protein in the proximal tubules (74, 75), and the retention of
the radioactive label in kidney cells following protein endo-
cytosis (76, 77).
We believe that the observed relatively high kidney values

are mainly caused by the high stability of the 99mTc-label at
the His tag of the proteins (56). This Tc(I) peptide complex
may be unable to be transported back to the blood circula-
tion after endocytosis and catabolism of the protein in the
tubulus epithelium. Nevertheless, in contrast to other label-
ing methods, such as iodination, Tc(I) labeling allows a
direct comparison of cellular uptake, because it more faith-
fully records the history of distribution of a protein. The
observation that the scFv 4D5 showed an apparently reduced
kidney localization when labeled with 125I (56), which can be
removed by dehalogenases (56, 76–78), supports this
conclusion.
Besides the kidneys, the liver is a main elimination organ,

usually responsible for unspecific uptake and degradation of
proteins larger than 60 kDa (33, 79). Hepatic clearance appears
to be responsible for elimination of the tetramer 4D5-p53-SS,
when comparing its liver uptake to that of the monomeric scFv
4D5 (Table 4). On the other hand, PEGylation did not result in
a significant increase in liver uptake of the antibody fragments
(Tables 4 and 5).One explanation could be that the flexible PEG
moiety at least partially masks the protein and its charge,
thereby reducing the rate of cellular uptake. Alternatively, the
PEGylated proteins may become rapidly excreted into the bile
upon processing in hepatocytes and therefore do not accumu-
late (79).
Tumor Targeting in Comparison with other Antibody

Constructs—As pointed out above, it is difficult, if not impos-
sible, to compare tumor targeting behavior between differ-
ent studies, because of the differences in models used and in
experimental details. Nevertheless, we can compare trends
seen within ours and other studies. Adams et al. (38) recently
studied monomeric and dimeric scFv constructs with a
C-terminal cysteine. They found a 2.5-fold increase in tumor
retention when going from a monomer to a dimer and
showed that this is not a MW effect but is caused by bivalent
binding. In our study, the effect on tumor retention was
somewhat smaller when going from the monomer to the
dimer, presumably since the monomeric scFv already has a
higher affinity. The in vivo effect of avidity will also depend
on the relative position of the neighboring epitopes and the
internalization of the label. TheMW effect is strongly visible
only at the much higher apparent molecular size caused by
the addition of a PEG molecule (Tables 4 and 5). If dimeriza-
tion is achieved via a bigger domain, such as a CH3 domain
(80) or a barnase-barstar pair (33), accumulation may be
slightly above those with a small bivalent construct, but
blood clearance is slightly slower as well. Anti-HER-2 scFvs
have also been fused to the whole Fc part (39), and while
anti-tumor activity was found, tumor accumulation has not
been measured yet. Similarly, very large multivalent anti-
HER-2 constructs have been made from Fab fragments fused
in tandem (via linkers connecting the heavy chains) (40), and

while their long serum half-lives have been demonstrated,
their tumor accumulation was also not quantitatively
assessed.
Beside quantitative tumor accumulation, immunogenicity

of the antibody constructs is an important factor, determin-
ing their therapeutic applicability and efficacy. For any con-
structs, the ones described in the present study and others
that contain artificial linker modules, potential immunoge-
nicity is an issue. In addition, potential immunogenicity may
arise from effector domains, and even fully human antibod-
ies can elicit an immune response (81). However, the immu-
nogenicity of protein therapeutics and their impact on anti-
tumor efficacy can probably ultimately only be determined
in clinical trials.

CONCLUSIONS

In vitro, the various miniantibody formats showed no obvi-
ous difference in serum stability, and thus PEGylation and
oligomerization did not affect aggregation or degradation.
On the other hand, they differed in serum half-life in vivo,
suggesting that elimination by metabolism and excretion is a
major determinant of their tumor targeting properties.
Extended serum persistence and thereby a longer lasting res-
ervoir of targeting molecules in the blood stream seems to be
more crucial for tumor localization than increased affinity,
as long as the latter is in the low nanomolar range. Therefore,
out of the five tested formats, the dimeric PEGylated min-
iantibody 4D5-dhlx-PEG20 would be the format of choice if
high tumor accumulation is desired and if long serum half-
life is not a concern. For delivery of cytotoxic payloads, rapid
elimination from the blood and other non-target tissues
would be desired and a PEGylated scFv may best fulfill this
requirement. Thus, we have demonstrated that manipulating
the pharmacokinetic properties of antibodies by multimeriza-
tion and PEGylation represents a valid strategy to design cancer
therapeutics with tailor-made targeting properties.
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