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Rapid clearing engineered antibody fragments for
immunoPET promise high sensitivity at early time points.
Here, tumor targeting of anti-CD20 diabodies (scFv
dimers) for detection of low-grade B-cell lymphomas
were evaluated. In addition, the effect of linker length on
oligomerization of the diabody was investigated. Four
rituximab scFv variants in the Vi —-Vy orientation with
different linker lengths between the V domains (scFv-1,
scFv-3, scFv-5, scFv-8), plus the scFv-5 with a C-terminal
cysteine (Cys-Db) for site-specific modification were gen-
erated. The scFv-8 and Cys-Db were radioiodinated with
1241 for PET imaging, and biodistribution of *'I-Cys-Db
was carried out at 2, 4 10 and 20 h. The five anti-CD20
scFv variants were expressed as fully functional dimers.
Shortening the linker to three or one residue did not
produce higher order of multimers. Both '**I-labeled
scFv-8 and Cys-Db exhibited similar tumor targeting at
8 h post injection, with significantly higher uptakes than
in control tumors (P < 0.05). At 20 h, less than 1% ID/g
of "*'I-labeled Cys-Db was present in tumors and tissues.
Specific tumor targeting and high contrast images were
achieved with the anti-CD20 diabodies. These agents
extend the repertoire of reagents that can potentially be
used to improve detection of low-grade lymphomas.
Keywords: CD20/lymphoma model/PET/scFv

Introduction

Radiolabeled antibodies offer the possibility to target tumor
surface antigens for immunotherapy and immunoimaging.
However, intact antibodies are large proteins with long
serum half-lives and low penetration into tumors. The pro-
longed residence time in the blood and subsequently exten-
sive radioactive exposure to normal organs can be toxic and
lead to organ failure. To overcome the limitations of intact

antibodies, protein engineering has been employed to
produce smaller antibody fragments such as single-chain Fv
(scFv; ~25kDa) and diabodies (scFv dimers; ~50 kDa)
(Bird et al., 1988; Huston et al., 1988; Holliger et al., 1993).
Due to their smaller size, these fragments exhibit improved
tumor penetration and rapid clearance from the blood
through the kidneys. Studies comparing the two fragments
have shown that the larger-sized diabody with two antigen
binding sites has better tumor retention than the smaller
monovalent scFv (Adams er al., 1993; Wu et al., 1996,
Adams et al., 1998). More recently, expression of the carci-
noembryonic antigen (CEA; colon cancer) and the Her2/neu
growth factor receptor (breast cancer) were visualized by
positron emission tomography (PET) using '**I-labeled
T84.66 and '*‘I-labeled C6.5 diabodies as immunoPET
tracers, respectively (Sundaresan et al., 2003; Robinson
et al., 2005). Although larger antibody fragments such as
dimers of scFv-Cyx3 (minibodies; ~80 kDa) and scFv-Fc
(~105 kDa) also show excellent properties with regards to
tumor uptake due to their longer blood clearance (Wu and
Senter, 2005), diabodies offer the possibility for same-day
imaging. Furthermore, the biological half-life of the diabody
(3-5h) is compatible with the physical half-life of 'F
(109 min) which could be advantageous with regard to clini-
cal translation.

It has been shown that a linker length of 12 residues or
less between the variable (V) domains will force the scFv to
cross-link with another scFv to form a dimer (diabody)
(Kortt et al., 1994; Whitlow et al., 1994). Investigation into
the effect of shorter linkers (three residues and less) has
shown that higher orders of scFv multimerization such as
trimers and tetramers occurs (Dolezal er al., 2000).
Increasing the valency of a scFv fragment offers the prospect
of improved tumor uptake due to improved functional affinity
(avidity), while retaining rapid blood clearance. Indeed,
excellent in vivo targeting was demonstrated in a recent
study of a O-linker anti-Lewis Y scFv that multimerized into
trimer/tetramer species (Kelly et al., 2008). However, the
transition into multimers is not absolute and appears to be
dependent on several factors such as the antibody sequence,
the orientation of the V domains, the intrinsic stabilities of
the domains and the dissociation equilibrium of the V| —Vy
interface (Arndt et al., 1998; Worn and Pluckthun, 1999).

ImmunoPET imaging requires that the antibody fragment
must be radiolabeled with a positron emitting radionuclide
prior to administration. Common radiolabeling chemistries
involve random modification of lysine or tyrosine residues.
As the antibody fragment gets smaller, there is a higher
probability that alteration of random tyrosines and lysines
will disrupt the antigen binding site and/or the overall con-
formation of the molecule, leading to reduction or loss of
biological function (immunoreactivity) after radiolabeling.
Furthermore, the radiolabeling occurs with unknown stoi-
chiometry, resulting in potential variability in the final
radiolabeled product. One strategy to overcome these issues
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is to introduce a C-terminal cysteine residue that can allow
site-specific, thiol-mediated conjugation chemistry at a
location physically separated from the antigen-binding sites
(Li et al, 2002). We have previously described an
anti-CEA cysteine-diabody (Cys-Db) and shown that it
exists as stable covalent dimer which can be reduced to
expose free thiols and modified (Olafsen et al., 2004a).
The cysteines were radiometal labeled with the positron
emitter **Cu (¢, = 12.7 h) and the fragment was evaluated
by PET imaging in tumor-bearing mice. Specific tumor
uptake was observed at 4 and 18 h post injection (p.i.).
Hence, the location and number of cysteines (1 per scFv
subunit, 2 per diabody) bypasses the issues associated with
randomly located, stoichiometrically variable conjugation
techniques. The Cys-Db format was recently extended to
two additional targets, CD20 (B-cell lymphomas) and
Her2/neu (Sirk et al., 2008). In vitro characterization of
these fragments showed that the C-terminal cysteines could
be readily modified, demonstrating the versatility and
reproducibility of the system.

The objective of this work was to evaluate in vivo tumor
targeting and PET imaging of an '**I-labeled anti-CD20
diabody. In addition, the effect of the linker length between
the variable domains was evaluated. A total of five different
scFv variants were generated from the variable domains of
the chimeric (mouse/human) anti-CD20 antibody rituximab
C2B8 (Rituxan®, Genentech/Biogen-IDEC, San Francisco,
CA, USA). The variants were assessed for binding to CD20
and size was determined by size-exclusion chromatography.
The anti-CD20 scFv dimer with eight residues linker
(scFv-8) and Cys-Db (Sirk et al., 2008) was randomly radio-
iodinated with '**I and evaluated for their ability to image
CD20 positive tumors. In addition, the Cys-Db was radioidi-
nated with '*'I for biodistribution studies.

Material and methods

Construction, expression and selection

The isolation of the anti-CD20 2B8 variable (V) genes has
been described (Olafsen er al., 2009). In order to produce
scFv fragments with different linker lengths (eight, five,
three and one residues), individual V-genes were amplified
by PCR using the scFv-Fc as template (Olafsen et al., 2009),
followed by splice overlap extension PCR (SOE-PCR). All
constructs were made in the Vi —Vy orientation. The result-
ing four constructs were cloned into pCR2.1-TOPO vector
(Invitrogen Corporation, Carlsbad, CA, USA) and verified by
sequencing. The scFv construct with 5-residue linker
(scFv-5) was subjected to in vitro mutagenesis to append the
GGC sequence (Sirk et al., 2008).

All five scFv constructs were subcloned into the mamma-
lian pEE12 expression vector on Xbal-EcoRI sites, and
expressed in NSO myeloma cells following transfection and
selection in glutamine deficient media as described (Olafsen
et al., 2006). Clones expressing scFv fragments were ident-
ified by western blots, using alkaline phosphatase (AP) con-
jugated goat anti-mouse Fab-specific antibody for detection
(Jackson ImmunoResearch Laboratories, West Grove, PA,
USA), and expanded to triple flasks.
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Purification

Protein (scFv) from terminally grown cultures was purified
either by ion-exchange chromatography or by affinity chrom-
atography. For ion-exchange chromatography, a two-step
purification scheme with anion exchange followed by cation
exchange was employed. Supernatants from clones expres-
sing scFv fragments were treated with 5% AG1-X8, 100—
200 mesh (BioRad Laboratories, Hercules, CA, USA); buffer
exchanged to 50 mM HEPES (pH 7.0) before being loaded
onto an anion exchange column (Source 15Q, GE Healthcare
Life Sciences, Piscataway, NJ, USA). Bound protein was
eluted with a gradient from 0—40 mM NaCl in the presence
of 50 mM HEPES (pH 7.0). When eluted fractions were
examined for presence of protein, it was found that the scFv
was in the flow through. The flow through was concentrated
using Labscale™ TFF system (Millipore, Billerica, MA,
USA), buffer exchanged to 50 mM acetic acid (pH 5.0) and
loaded onto a cation exchange column. Bound proteins were
eluted with a gradient from O to 62.5 mM NaCl in the pres-
ence of 50 mM acetic acid (pH 5.0). The Cys-Db was also
purified by protein L affinity chromatography. Supernatant
was passed over a protein L agarose column (Thermo Fisher
Scientific Inc., Rockford, IL, USA) and eluted with 0.2 M
citrate buffer (pH 2.1) as described (Olafsen et al., 2009).
Eluted fractions from ion-exchange or affinity chromato-
graphy were dialyzed against PBS at 4°C, concentrated down
to about 0.5 ml as described (Olafsen et al., 2009). Readings
at A,go were used to determine the concentration of the pro-
teins, using the extinction coefficient € 1.4 mg/ml.

In vitro characterization

Aliquots of purified protein were loaded onto pre-cast SDS—
PAGE gels (4-20%; BioRad Laboratories) under non-
reducing conditions. The Cys-Db was also analyzed under
reducing conditions using 1 mm DTT. The gel was stained
with MicrowaveBlue (Protiga, Frederick, MD, USA) to visu-
alize the bands. Purified proteins (~50 pg) were subjected to
size exclusion chromatography on Superdex 75 HR 10/30
(GE Healthcare Life Sciences) using a 0.5 ml flow rate and
PBS. Retention time was compared with that of the
anti-CEA Cys-Db (Olafsen et al., 2004a) and to molecular
weight markers that ranged from 12.4 to 200 kDa in size
(Sigma, Saint Louis, MO, USA). Binding was assessed by
indirect immunofluorescence using murine B-cell lymphoma
38C13 transduced with human huCD20 (Olafsen et al.,
2009). Cells (5 x 10°) were incubated for 1h on ice with
500 pl diabody at 5 pg/ml concentration in PBS/1% fetal
bovine serum (FBS). Cells were washed and stained with
phycoerythrin (PE) conjugated goat anti-mouse (Fab specific)
antibodies (Jackson ImmunoResearch) at 1:100 dilution for
detection.

Radioidination

For PET imaging, purified rituximab scFv-8 and Cys-Db
(0.1 mg) were radioiodinated with 0.422 and 0.633 mCij,
respectively, with the positron emitting isotope '**I (sodium
iodide in 0.02M NaOH) provided by IBA Molecular
(Sterling, VA, USA) as previously described (Kenanova
et al., 2005; Olafsen et al., 2006). Instant thin-layer chrom-
atography using the Monoclonal Antibody ITLC Strips Kit
(Biodex Medical Systems, Shirley, NY, USA) was used to



determine the labeling efficiency as described (Olafsen et al.,
2006). Immunoreactivity was assayed by incubating radio-
iodinated protein with an excess amount of 38C13-huCD20
cells for 1h, centrifuging the cells and counting activity
remaining in the supernatant. The labeling efficiencies
ranged from 78.9 to 85.6%, and the immunoreactivity was
29.2 and 40.0% for scFv-8 and Cys-Db, respectively.
Additionally, for biodistribution studies, 150 pg of Cys-Db
was radioiodinated with 223 wCi of "*'I (PerkinElmer Life
and Analytical Sciences Inc., Boston, MA, USA). The label-
ing efficiency for this reaction was 73.5%.

Animal studies

Six- to 8-week-old female C3Hf/Sed/Kam mice were bred
and housed at the UCLA Defined Pathogen Colony according
to an approved UCLA’s Chancellor’s Animal Research
Committee protocol. The 38C13 (Bergman and Haimovich,
1977) and 38C13-huCD20 cells were propagated in RPMI
supplemented with 10% FBS, 1% Penicillin (10 000 units/
ml), 1% Streptomycin (10000 pwg/ml), 1% Glutamine
(29.2 mg/ml) and 50 pM 2-mercaptoethanol (all from
Invitrogen Corp.). Tumors were established by subcutaneous
injection of 5 x 10° cells in each shoulder region as
described (Olafsen er al., 2004b; Kenanova et al., 2005).
Following i.v. injection of radioactivity, mice were either
imaged or sacrificed for biodistribution studies.

For PET imaging, groups of four mice were injected with
1241 labeled diabody. After 8 h, mice were anesthetized with
2% isoflurane and imaged for 10 min (one bed position) in a
Focus 220 microPET scanner (Siemens Preclinical Solutions,
Knoxville, TN, USA) followed by a 10 min scan in the
microCATII (Concorde Microsystems, Knoxville, TN, USA)
instrument. The mice were then euthanized, and tumors and
organs were excised, weighed and counted in a Wallac
WIZARD Automatic Gamma Counter (PerkinElmer Life and
Analytical Sciences Inc.). After decay correction, the percent
injected dose per gram (ID/g) was calculated, correcting for
the labeling efficiency and immunoreactivity of each protein.
The microPET and microCT scans were co-registered to
yield a single image that were displayed using AMIDE
(Loening and Gambhir, 2003) and regions of interest (ROIs)
were drawn as described (Sundaresan et al., 2003) to calcu-
late positive tumor to negative tumor and soft tissue ratios.

For biodistribution studies, mice were injected with
31 labeled diabody. At selected time points (2, 4, 10 and
20 h), groups of four mice were sacrificed, tumors and

—] A
scFv-8 GGGSGGGG VTVSS
scFv-5 SGGGG VTVSS
scFv-3 SGG VTVSS
scFy-1 S VTVSS
Cys-Db SGGGG VTVSSGGC

Anti-CD20 diabodies

organs were harvested and percent ID/g was determined as
described (Yazaki et al., 2001). All significance testing was
done at 0.05 confidence level using Student’s 7-test.

Results

In vitro characterization of anti-CD20 diabodies

SDS—PAGE A total of five different anti-CD20 scFv var-
iants were generated in the Vi —Vy orientation. Four scFv
fragments differed in the linker length (eight, five, three and
one residues) between the variable domains (Fig. 1). In
addition one variant, scFv-5, was appended with a
C-terminal cysteine preceded by two glycines to make a
Cys-Db for the purpose of enabling site-specific modifi-
cation. The five scFv variants were expressed and purified
from terminal mammalian cell cultures. The size and purity
of the scFv variants following purification was evaluated by
SDS—-PAGE (Fig. 2A). The non-covalently bound scFv frag-
ments migrated as a monomer consistent with their predicted
molecular weight of ~25 kDa (lanes 1-4), and the covalent
bound Cys-Db as ~50 kDa (lane 5) under non-reducing con-
ditions. When the Cys-Db was reduced, it migrated as a
monomer (lane 6) confirming that disulfide bonds were
broken between the scFv dimers in this molecule.

Size exclusion Size-exclusion chromatography was carried
out in order to evaluate the native conformation of the scFv
variants in solution. All the scFv variants eluted earlier
(~23 min) than the carbonic anhydrase of 29 kDa (24.7 min)
and later than the alcohol dehydrogenase of 150kDa
(21.8 min) as expected for a scFv dimer with an approxi-
mately molecular weight of 50 kDa (Fig. 2B). The Cys-Db
eluted at a time slightly later than the non-covalently bound
scFv variants with 8-, 5- and 3-residue linker, suggesting that
it is a smaller, probably more compact molecule. This is not
unexpected as a similar difference in size was previously
observed with the anti-CEA Cys-Db (Olafsen et al., 2004a).
However, reducing the linker length to 3 or 1 amino acids did
not promote higher order multimers of this fragment.

Flow cytometry In order to evaluate function of the scFv
variants, binding to CD20 was demonstrated by indirect
immunofluorescence staining of 38C13-huCD20 cells incu-
bated with purified protein. As can be seen in Fig. 2C, all
of the scFv variants shifted the mean fluorescence intensity
of the cells to the right, indicating specific binding.

Diabody
(50 kDa)

Triabody
(75 kDa)

Tetrabody
(100 kDa)

Fig. 1. Schematic presentation of the genes encoding the anti-CD20 scFv with the different linker lengths shown. V| = variable light; Vi = variable heavy.
The dimer (diabody), trimer (triabody) and tetramer (tetrabody) are shown with their molecular masses below in parentheses. The Cys-Db with its appended

cysteine residue at the C-termini is also shown.
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Fig. 2. Biochemical characterization of the anti-CD20 scFv variants. (A) SDS—PAGE gel stained with MicrowaveBlue. Lane 1, scFv-1; lane 2, scFv-3; lane 3,
scFv-5; lane 4, scFv-8; lane 5, non-reduced Cys-Db; lane 6, reduced Cys-Db. (B) Size-exclusion chromatography on a Superdex-75 column. Elution times are
shown in parentheses. The gel filtration of the molecular markers 3-Amylase (200 kDa; 18.1 min), Alcohol Dehydrogenase (150 kDa; 21.8 min), Carbonic
Anhydrase (29 kDa; 24.7 min) and Cytochome ¢ (12.4 kDa; 27.4 min) with the scFv-8 trace indicated in grey are shown on the right side. (C) Flow cytometry

of 38C13-huCD20 cells incubated with scFv variants.

Negative control was secondary antibody only. Saturation
binding studies, conducted on CD20-positive cells using
flow cytometry, confirmed that the scFv dimers retained
effective affinities comparable to the parental antibody
(data not shown).

In vivo characterization of anti-CD20 diabodies

MicroPET imaging using '*?I-labeled anti-CD20 Db
Imaging with the anti-CD20 scFv-8 dimer was carried out
at 8h p.i. (Fig. 3A). Four mice carrying CD20-positive
tumors averaging 182(4+120) mg in weight and
CD20-negative tumors averaging 106( +58) mg in weight
were injected with 96—98 wCi of '**I-labeled scFv-8 dimer
(specific activity = 3.33 wCi/ng). Following the scan at 8 h

p.i., mice were sacrificed and tumors, blood and organs
were excised and the percent ID/g was calculated
(Fig. 3A). The average uptake in the CD20-positive tumors
was 3.9 (+1.1)% ID/g, which was significantly higher
than the uptake by control CD20-negative 38C13 tumors
of 2.3(+0.6)% ID/g (P =0.024). This resulted in a posi-
tive tumor to negative tumor uptake ratio of 1.7(+0.1).
However, the activity in the blood was relatively high
[3.0( £+ 1.1)% ID/g] and not significantly different from the
activity in the positive tumor (P = 0.144). Thus, the posi-
tive tumor to blood ratio was only 1.4(+0.4). ROIs were
drawn on the images and the positive tumor to negative
tumor ratio was determined to be 1.6(+0.5), while the
positive tumor to soft tissue ratio was 2.5( 4 0.7).
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PET CT PET/CT PET CT PETI/CT
24| Diabody (n=4) 24| Cys-Diabody (n=4)

Organ Bio [Bh)* Ratios® Organ Bio (Bh)* Ratios®
38C13-huCD20 39(1.1) 38C13-huCD20 22[08)

38C13 2306) 17 38C13 1.00.4) 22

Blood 3.0(1.1) 13 Blood 1.80.2) 1.2

Liver 1.10.4) 3T Liver 06(0.1) 37
Spleen 1.305) 31 Spleen 070.3) 31
Kidney 46(1.7) 08 Kidney 1.6{0.5) 1.3

Lung 1.80.7) 21 Lung 1.30.2) 1.7

3ptake as measured by ex vivo weighing and counting tissues in y-counter
bPositive lumor to tissue ratios
Uptakes are expressed as % ID/g (SD)

Fig. 3. Small animal PET and CT images of mice bearing 38C13-huCD20 (right shoulder) and wild-type 38C13 (left shoulder) tumors at 8 h after
administration of radioiodinated anti-CD20 Db (A) and Cys-Db (B). Coronal (upper panels) and transverse (lower panels) slices are shown. Activities in
bladder and stomach are indicated by arrows. The biodistribution of the radioiodinated proteins at 8 h and the CD20-positive tumor to organ ratios are shown in
the tables below. ID, injected dose; SD, standard deviation.

MicroPET imaging using '**I-labeled anti-CD20 Cys-Db The A so-
Cys-Db was also evaluated by microPET imaging at 8 h after
tail-vein injection (Fig. 3B). Four mice carrying il 1 e
CD20-positive tumors of 70(+7) mg and CD20-negative ' OLiver
tumors of 34(+9) mg in weight were injected with 128- @spleen
131 wCi of '**I-labeled Cys-Db (specific activity = 5.4 wCi/ 4.0¢ HKidney
prg) and sacrificed after the scan. The percent ID/g of radio-
active uptakes in tumors, blood and normal tissues at the
time of sacrifice (8 h) are shown in Fig. 3B. In these mice,
the uptakes in the CD20-positive and CD20-negative tumors
were 2.2(+0.6) and 1.0(+0.4)% ID/g, respectively, which
was significantly different (P = 0.011) and resulted in a ratio
of 2.2. The activity in the blood was 1.8(+0.2)% ID/g Loy
which was not significantly different from the uptake in the

positive tumor (P = 0.170) resulting in a ratio of 1.2. ROIs 0.0
drawn on the images yielded a positive to negative tumor zh 4h 10h 20h
ratio of 1.8(+0.2) and a positive tumor to soft tissue ratio of

3.2(+0.7). B 100.0

HLung
H38C13-huCD20

3.0+ Os3sc13

% ID/fg

2.0 +

—#-1-131-anti-CEA-Cys-Db

—&—[-131-anti-CD20-Cys-Db
Biodistribution of "*'I-labeled anti-CD20 Cys-Db The bio- 10.0
distribution of the Cys-Db was evaluated at different time
points and the results are shown in Fig. 4A. The overall trend
is less activity in all tissues over time with the highest uptake
in the CD20-positive tumor from 4 to 10h. At 20h, the
CD20-positive to CD20-negative tumor ratio was 4.75.
However, the activities in all tissues, including the tumors,
were below 1% ID/g. The Dblood activity of 0.1
the'*'T-anti-CD20 Cys-Db at different time points was 0 5 10 15 20 25
plotted against the blood activity of the '*'I-anti-CEA Hours
Cys-Db which has a beta-half-life of 2.68 h (Olafsen et al., . . o . 131
20042). Figure 4B shows that both Cys-Dbs have SIMIlar (b in sroups of four C3HISedKam mice per time.port. The biood
activities in the blood from 4 to 20 h p.i. activity of anti-CEA Cys-Db is shown for comparison in (B).

% IDIg

1.0
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Discussion

This work describes the engineering of five anti-CD20 scFv
formats; four that differed in the linker length between the
variable domains and one that contained a C-terminal
cysteine preceded by a short linker as previously described
(Olafsen et al., 2004a). The scFv were all designed in the
V. —Vy orientation and the linker lengths were one, three,
five and eight residues. Although linker lengths of <12 resi-
dues will generally force dimerization of the scFv fragments,
we have observed that linkers of eight residues can produce a
mixture of monomers and dimers and that the ratio between
the two species was concentration-dependent (Leyton et al.,
2009). For this reason, we decided to engineer another
anti-CD20 scFv fragment with the more commonly used
linker length of five amino acids. Size exclusion chromato-
graphy showed that both fragments eluted as one population
corresponding to a scFv dimer of ~50kDa. The intent of
shortening the linker to one and three residues was to gener-
ate higher orders of multimers such as triabodies and tetrabo-
dies with a higher functional affinity than that of
intermediate-sized antibody fragments, such as the minibody
(80 kDa) and scFv-Fc (105 kDa) (Wu and Senter, 2005).
However, size exclusion chromatography revealed that both
scFv-1 and scFv-3 were also only associating into dimers.
This can partially be explained by the orientation of the V
genes in the scFv fragment. Indeed, the transition to dimer
and higher orders of oligomers was found not to be distinct
for an anti-neuraminidase NC10 scFv in V; —Vy orientation
as opposed to that of the reversed orientation (Dolezal et al.,
2000). Both 2- and I1-residue linked NC10 scFv V —-Vy
formed a mixture of dimers, trimers and tetramers, whereas
the linker-less and 3-residue versions formed almost exclu-
sively tetramers and dimers, respectively. In other studies, a
linker-less anti-CD22 scFv Vi —Vy formed an almost pure
dimer population (Arndt et al., 2004), whereas a linker-less
anti-Lewis Y sc Fv Vi —Vy formed a mixture of trimers and
tetramers (Kelly et al., 2008). Hence, the pattern of oligomer-
ization appears to be highly variable among different
antibodies, and a linker-less anti-CD20 scFv V| -Vy may
still not have resulted in oligomerization. Analysis of
solved scFv crystal structures has shown that the Vi -Vy
bridging distance (i.e. Vp C-terminal to Vg N-terminal) is
5-10 A less than the corresponding Vy—Vp distance
(Huston et al., 1995). Therefore, one would expect that the
scFv V| —Vy fragments would favor a greater proportion of
higher orders of multimers, due to the greater constraint.
Since this is clearly not the case, other factors such as the
C-terminal residues and V-domain interface interaction have
been suggested to affect the flexibility and stoichiometry of
scFv oligomers (Dolezal et al., 2000).

The scFv-8 dimer and the Cys-Db were evaluated for their
in vivo tumor targeting by microPET imaging. When both
fragments were randomly radioiodinated on tyrosine residues
with '**I, we observed that the Cys-Db had a slightly better
radiolabeling efficiency. In addition, the immunoreactivity of
the Cys-Db (40%) was superior to that of the scFv-8 dimer
(29%) following iodination. These favorable properties were
extended into the animals, where the Cys-Db gave a better
positive to negative tumor ratio (2.2) than the scFv-8 dimer
(1.7) at 8 h p.i. Their tumor to blood and normal tissues
ratios were otherwise similar. Thus, it appears that the
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C-terminal disulphide bond does not impair the in vivo per-
formance of the anti-CD20 diabody. Moreover, Cys-Dbs
against additional targets (i.e. CEA and Her2/neu) have
demonstrated that they retain their function both in vitro and
in vivo (Olafsen et al., 2004a,b; Sirk et al., 2008). Thus, the
bifunctionality (i.e. antigen specificity and site-specific modi-
fication) offered by this format appears to be a general
feature that can be applied to any diabody.

We have recently described the engineering of two
intermediate-sized anti-CD20 antibody fragments (minibody
and scFv-Fc) that were evaluated by microPET in the same
animal model (Olafsen et al., 2009). Due to their longer
half-lives, excellent high-contrast images were obtained the
next day at 21 h. However, the objective of this work was to
generate and evaluate immunoPET tracers that could be used
for same-day imaging. Here, we obtained high contrast
images at 8 h after administration. At 20 h, the radioactive
uptake of "*'I-Cys-Db in the positive tumor was less than
1% ID/g as verified by the biodistribution. Similar tumor
uptake activities were also observed with '**I-labeled anti-
prostate stem cell antigen diabodies at 20 h (Leyton et al.,
2009). This observation is not absolute though, as higher
tumor activities [4.5(0.5)% ID/g] have been obtained with
'?*Ilabeled anti-CEA Db at 18h p.i. (Sundaresan er al.,
2003). Factors that can affect tumor retention are antigen
expression, internalization and dehalogenation of the radio-
labeled tracer. Since CEA and CD20 are considered to be
non-internalizing, the difference in tumor uptake is probably
due to antigen expression. Indeed, the CEA-positive human
LS174T colon cancer cells express 5 x 10° CEA molecules
on the surface (Berk et al., 1997), whereas we observed that
the 38C13-huCD20 cells express about 50% less than that of
Daudi (6 x 10* CD20/Daudi cell) (Bubien er al., 1993)
based on mean fluorescence intensity (unpublished data).

Overall, the CD20 antigen is an attractive target candidate
for immunoimaging and/or immunotherapy of B-cell lym-
phomas as it does not shed or internalize upon antibody
binding. The anti-CD20 diabodies generated here extend the
repertoire of reagents for non-invasive imaging of lympho-
mas that can potentially improve detection, especially of low-
grade lymphomas. The advantage of the Cys-Db is that site-
specific modification will provide a tracer with high immu-
noreactivity. In addition, diabodies radiolabeled with 18
would produce an immunoPET tracer with compatible bio-
logical and physical half-lives. This work shows that specific
tumor targeting was achieved, suggesting potential clinical
utility of these molecules for same-day imaging of
CD20-positive lymphomas.
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