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Abstract

AIM: To create new diabodies with improved binding
activity to antigen of the variable light - variable heavy
(VH-VL) oriented single-chain Fv dimers genes (scFv).

METHODS: The linker between VH and VL genes was
shortened to 3-5 amino acid residues and cloned into
the vector pCANTABSE. The recombinant plasmids
were transformed into TG1 cells and sequenced. The
positive transformed cells were infected by M13K07
helper phage to form human recombinant phage an-
tibodies. Expressed products were identified by SDS-
PAGE, Western blotting, size exclusion gel chromato-
graphy (SEC), ELISA and immunohistochemistry.

RESULTS: Three scFv (scFv-3, scFv-4, scFv-5) were
constructed successfully with binding ability to hepato-
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cellular carcinoma 3.5-6 fold greater than their parental
scFv. The single-chain Fv dimer (scFv-5, termed BDM3)
with the best binding ability was successfully expressed
in Yeast pichlia, as shown by SDS-PAGE and Western
blotting. SEC results suggested the molecular weight of
the expressed products was about 61 kDa. Expressed
products showed significantly stronger binding to hepa-
tocellular carcinoma cells than scFv, still having 50%
binding activity even after 16 h incubation as 37°C. The
purified dimers were bound specifically to the tumor
antigen of HCC.

CONCLUSION: we have generated scFv dimers by
shortening a series of linkers to 3-5 amino acid residues
in VH-linker-VL orientation, resulting in highly stable and
affinity-improved dimeric molecules. These will become
an attractive targeting moiety in immunotherapeutic and
diagnostic applications for HCC.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most com-
mon cancer worldwide and the third most common
cause of cancer-related death. The incidence of HCC
is rising around the world. The diagnosis and treatment
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of HCC have undergone major changes over the past
decade. Unfortunately, there is no completely safe and
effective treatment available for those who have deve-
loped HCC. Antibodies are a powerful tool for use
in diagnosis and therapy of the tumor, because they
bind with high specificity and high affinity to a variety
of molecules, notably proteins and peptides. Whole
antibodies provide high target binding specificity but
their use in rapid tumor targeting and in vivo imaging is
limited by slow tissue penetration, long circulating half-
lives and often undesirable functions'. Small monovalent
antibody fragments (scFv and Fab) exhibit good tissue
penetration but their lack of avidity results in faster off-
rates and rapid clearance. Diabodies are noncovalent
single-chain Fv (scFv) dimers formed by producing scFv
with short (3-5 AA) linkers between their variable light
(VL) and variable heavy (VH) chains. This prevents the
VH and VL chains in a single molecule from associating
with each other in a scFv orientation. Instead, the VL.
from one molecule associates with the VH from a
second molecule, to form a dimer that binds antigen
divalently”. Several studies have demonstrated that
genetically engineered antitumor diabody molecules can
be used as effective vehicles for radioimmunotherapy, or
can effectively reduce the growth rate of human tumor
xenografts”™, Diabodies thus represent an improved
strategy for selective tumor targeting as compared with
scFv, Fab, or monoclonal antibody molecules.

In previous studies we have described the construc-
tion, screening and humanization of the scFv (termed
HDM) against human hepatocellular carcinoma using
phage display technology[()’m. HDM has binding spe-
cificity to hepatocellular carcinoma and is potentially
effective in tumor imaging and therapeutics. To improve
its antigen-binding avidity, we constructed the scFv
dimers by shorting the linkers to 3-5 amino acid residues
in same orientation as their parental scFv and assayed
their biological functions, anticipating good behavior in
antibody-targeted immunotherapeutic and diagnostic
applications.

MATERIALS AND METHODS

Construction of scFv dimers

The pCANABSE-HDM encoding the anti-HCC scFv
HDM was previously constructed in our laboratory. This
scFv, which has specificity for human hepatocellular
carcinoma, is in the VH-linker-VL format, where the
linker consists of the sequence (Gly4Ser)s. The construct
is cloned into the pCANAB 5E phagemid vector im-
mediately downstream of the plll leader sequence, which
directs expression to the periplasm. The gene encoding
the scFv is fused, #a an amber codon, to the plll gene
of a filamentous phage. In spE strains of E. cwii (TG1),
this allows expression of the scFv on the surface of
phage, as a fusion with the minor coat protein pIll, while
in supE- strains (HB2151) translation is terminated at the
amber codon, producing soluble scFv. A series of bivalent
dimers (termed BDMs) was constructed by shortening
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scFv-5 residues
VH Sense: 5-TATGGCCCAGCCGGCCATGG-3’
Antisense: 5'-AGAACCACCACCACCTGAGGAGACGGTGACC
GT-3
VL Sense: 5-TCAGGTGGTGGTGGTTCTGACATTGAGCTCACCCA
GTCTCCA-3
Antisense: 5-TATGCGGCCGCCCGTTTCA-3’
scFv-4 residues
VH Sense: 5-TATGGCCCAGCCGGCCATGG-3
Antisense: 5'-AGAACCACCACCTGAGGAGACGGTGACCGT-3'
VL Sense: 5-TCCTCAGGTGGTGGTTCTGACATTGAGCTCACCCA
GTCTCCA-3
Antisense: 5-TATGCGGCCGCCCGTTTCA-3’
scFv-3 residues
VH Sense: 5-TATGGCCCAGCCGGCCATGG-3'
Antisense: 5'-AGAACCACCTGAGGAGACGGTGACCGT-3'
VL Sense: 5-GTCTCCTCAGGTGGTTCTGACATTGAGCTCACCCA
GTCTCCA-3
Antisense: 5-TATGCGGCCGCCCGTTTCA-3’
Sequencing primers
Sense: 5'-CAA CGT GAA AAA ATTATT CGC-3’
Antisense: 5-GTA AAT GAA TTT TCT GTA TGA GG-3’

the 15 amino acid linker between the VH and VL. domain
to 3-5 (Gly2Ser, Gly3Ser, Gly4Ser) residues. To obtain
scFv dimers, BDM, the VH domain of scFv HDM, was
PCR amplified with flanking restriction sites Sft I and the
partial linker sequence. The VL domain of scFv HBM
was PCR amplified with flanking restriction sites Not |
and the partial linker sequence. Gene splicing by ovetlap
extension was then performed using the VH sense and
VL antisense primers. All primer sequences are showed in
Table 1.

The PCR reactions were performed using standard
conditions with 100 ng of template DNA, 200 mmol/L
dNTP (TaKaRa, Japan) and 2.5 U PrimerStar poly-
merase (TaKaRa, Japan) with 35 cycles at 94C for
30 sec, 64C for 30 sec and 72°C for 1 min, using an
Eppendorf Thermal Cycler (Eppendorf, Germany). The
amplified products were then separated by agarose gel
electrophoresis and gel purified using a Gel Extraction
Kit (Omega, USA). Equimolar amounts of the two
products were then mixed and used in a secondary
SOE PCR. For the first five cycles no primers were
added, and then the two ‘external’ primers (VH sense
and VL antisense) were added for a further 30 cycles.
The resulting full length product was then gel purified
as described above, cut with the restriction enzymes
Sfil and Notl (TaKaRa, Japan.) and ligated onto the
pCANABSE vector molecules at their C-terminal
ends with a hexahistidine epitope tag for detection and
purification purposes by overnight reaction at 16°C using
0.1 unit T4 ligase (TaKaRa, Japan). The products were
transformed intoTG1 cells. 7-8 single colonies were
picked from the each agar plate and grown overnight at
37°C in shaking culture in 2 X YT media containing 2%
glucose and 100 ug/mL ampicillin. The sequence of
positive colonies was determined with the ABI Perkin
Elmer 373A auto-mated DNA sequencer (Applied
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Biosystems, Forster City, CA), using the sequencing
primers. Each sequence was determined at least 2 times.

Expression, purification and biophysical analyses of
soluble dimers

The positive colonies were grown at 37°C in shaking
culture in 2 X YT media containing 2% glucose and 100
pg/mL ampicillin to an OD 600 of ~0.5and 1 X 10"’/mL
M13KO07 helper phage (Pharmacia, Amersham.) was
added. The bacteria were incubated for 1 h at 37°C be-
fore being centrifuged at 1500 g for 20 min and resus-
pended in 2 X YT containing 100 pg/mL ampicillin and
50 ug/ mlL kanamycin. Following overnight culture at
307C the cultures were clarified by centrifugation and
the phage precipitated using 2.5 mol/I. NaCl/20% PEG
8000.

Cultures of E. co/i HB2151(supE-) were infected
with phage containing the relevant constructs. They
were then diluted 1/100 and grown at 37°C in 2 X
YT medium containing 2% glucose and 100 pg/mL
ampicillin to an OD 600 of ~0.5. The bacteria were
pelleted and resuspended in 2 X YT medium containing
100 pg/mL ampicillin and 1 mmol/L isopropyl-B-D-
thiogalactopyranoside (IPTG). The cells were then
grown for 12 h at 30°C™", centrifuged at 1500 g for
20 min, extracted and harvested for soluble diabodies
from the periplasm. The soluble diabodies was purified
with a HiTrap Anti-E Tag antibody column (Amersham
Pharmacia), utilizing the hexahistidine epitope tag on
their C-terminal ends.

The relative molecular mass of each affinity puri-
fied scFv dimer was compared by size exclusion gel
chromatography on a Superdex 200 HR10/30 column
(Amersham Pharmacia) run in PBS at a flow rate of
0.5 mL/min, calibrated with Biorad Gel Filtration
Standard proteins'>"’. The purity of size-fractionated
antibodies was monitored by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions after staining with Simply Blue Safe
Stain (Invitrogen, Carlsbad, CA). The specificity of eluted
fractions was determined by Western blot analysis using
an anti His-Tag-peroxidase conjugated mAb (Amersham
Pharmacia) followed by chemiluminescent detection (ECL
Plus, Amersham Pharmacia).

ELISA analysis of binding activity of soluble scFv
dimers to human hepatocellular carcinoma cell lines
The binding of soluble scFv dimers molecules was deter-
mined by ELISA. The mixing suspension of Bel-7402,
SMMC-7721 and HepG-2 cells (Cell Bank of Wuhan
University, China) were harvested and coated onto
microtitre plates. Unoccupied sites on the plates were
blocked using PBS-milk and the samples, diluted in PBS-
milk from 1:1 to 1:256, were added and incubated for 2
h at room temperature. The plates were washed 5 times
with PBS-milk and 5 times with PBS. The soluble scFv
dimers were detected using the anti His-Tag monoclonal
antibody, labeled with horseradish peroxidase (HRP)
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conjugate (Pharmacia). The assays were developed using
o-phenylenediamine (Dako) and absorbance was read
at 490 nm wavelength in Model 680 Microplate Reader
(Biorad, USA) with the patrental scFv fragment HBM as
control.

Immunohistochemistry

To determine the antigen-binding specificity of scFv
dimers, immunohistochemistry was performed. Human
hepatocellular carcinoma tissue and non-hepatocellular
carcinoma tissue (donated by Professor Zhong, China)
sections were heated at 56°C for 2 h, washed successively
with dimethylbenzene twice for 20 min, 95% alcohol
twice for 2 min, 80% alcohol once for 1 min, distilled
water once for 1 min, PBS twice for 1 min. After
washing, tissue sections were incubated with 3% H2O:
for 5 min in room temperature and the above washing
steps were repeated once. Subsequently, sera (1:10) from
BALB/c mice were added on the surfaces of tissue
sections in a humidified atmosphere at room temperature
for 10 min and the surplus sera were discarded. Purified
scFv dimers were then added to the tissue sections. The
tissue sections were kept in a humidified atmosphere
at 4°C overnight and then washed with PBS for 5 min.
The HRP-Anti-E Tag Conjugate was added and reacted
under the above conditions overnight followed by
washing with PBS for 3 min. Finally, 0.05% H20:/DAB
substrate was added to the tissue sections for 30 min.
The specimens were photographed using the Leica
Photo System (Qwin).

Biophysical stability analysis

At a concentration of 10 ug/mlL, soluble scFv dimers
were incubated at 37°C for up to 7 d. Samples were taken
at different time points (at intervals of 12 h) and frozen
at -20°C until the end of the experiment. Samples were
subsequently analyzed for binding activity to human
hepatocellular carcinoma cells.

RESULTS

Construction of scFv dimers

Three BDMs with short linkers, scFv-3, scFv-4 and
scFv-5, were constructed in the pCANABSE vector as
described in Materials and Methods. The pictures of
PCR reaction products and digested vector on agarose
gel electrophotresis are shown in Figure 1. The DNA
sequence of each scFv dimmer construct was confirmed
in both orientations to ensure that the correct sequence
had been inserted between the VH and VL domains(gene
sequences of BDMs not shown).

Expression, purification and biophysical analyses of
soluble scFv dimers

The constructs were transferred to the HB2151 strain of
E.coli. The bactetia were induced for 12 h at 30°C with 1
mmol/L IPTG. The soluble scFv fragments was extracted
and purified as described above. Affinity purified scFv
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Figure 1 Agarose gel electrophoresis of PCR products. A: PCR products of VH and VL of scFv-3, scFv-4 and scFv-5. M: DNA marker DL2000; Lane 1: PCR
products of the VH gene of scFv-3; Lane 2: PCR products of the VL gene of scFv-3. Lane 3: PCR products of the VH gene of scFv-4; Lane 4: PCR products of the VL
gene of scFv-4. Lane 5: PCR products of the VH gene of scFv-5; Lane 6: PCR products of the VL gene of scFv-5; B: PCR products of scFv-3, scFv-4 and scFv-5. M:
DNA marker DL2000; Lane 1: PCR products of the scFv-3 gene; Lane 2: PCR products of the scFv-4 gene; Lane 3: PCR products of the scFv-5 gene; C: Digested

pCANABSE vector: M: DNA marker; Lane 1: Digested pCANABSE vector.
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fragments and parental scFv HBM migrated as single
bands with the expected molecular mass (30 kDa) on
a reducing SDS-PAGE gel (Figure 2A). Western blot
analysis (Figure 2B) was used to detect the C-terminal
his-tag with an scFv-specific probe. The result indicated
that the scFv dimers had been expressed successfully, the
bands of dimers and monovalent scFv were all at 30 kDa
because of the reducing conditions.

To examine the dimerization behavior of the scFv
fragments, samples of scFv-3, scFv-4, scFv-5 were
individually subjected to analysis by size exclusion gel
chromatography on a calibrated Superdex 200 HR 10/30
column (Figure 3A). The major peaks for ecach of the
scFv fragments showed the following distribution: ScFv-3
eluted in two peaks (25 and 28 min) corresponding to
trimers (92 kDa) and dimers (61 kDa), respectively (Figure
3); ScFv-4 showed a predominant peak at an elution time
of 28 min corresponding to a dimer (61 kDa) and an
additional small peak indicating trimers (Figure 3); ScFv-5
was similar to ScFv-4 (not shown).

ELISA analysis of binding of soluble dimers to human
hepatocellular carcinoma cell lines

Affinity constants of the scFv dimers for binding to
human hepatocellular carcinoma cell lines were deter-
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Figure 2 SDS-PAGE and Western
blot. A: SDS gel electrophoresis of
affinity-purified scFv fragments under
reducing conditions. M: Low molecular
weight markers ( kDa); Lane 1: scFv-3;
Lane 2: scFv-4; Lane 3: scFv-5; Lane 4:
parental scFV HBM; B: Western blot.
Lane 5: scFv-3; Lane 6: scFv-4; Lane 7:
scFv-5; Lane 8: parental scFV HBM.

mined using a Model 680 Microplate Reader (Biorad)
at 490 nm wavelength. All three scFv dimers showed
improved binding activity compared to parental HDM
(Figure 3B). Fitting the data from the equilibrium-binding
curves into the non-linear regression model according to
the Levenberg-Marquard method revealed a 3.5, 5.0 and
6.0-fold higher apparent affinity compared to the patental
HDM for scFv-3, scFv-4 and scFv-5 respectively. The
result also showed binding affinity of three dimers in a
rank of scFv-5, scFv-4, scFv-3, with the binding activity
decreasing according to diluted concentration.

Immunohistochemistry

The results of Immunohistochemistry were showed in
Figure 4. As expected, scFv dimers react with human
hepatocellular carcinoma tissue but not with non-hepa-
tocellular carcinoma tissue. This suggests that scFv dimers
have ideal specificity for binding to human hepatocellular
carcinoma tissue. Therefore, the potential application of
scHv dimers in clinical antibody-targeted diagnosis and
therapy for HCC appears highly promising,

Stability analysis of scFv dimers

The thermostability of the dimeric molecules was
analyzed. scFv-3 lost 50% of its initial binding activity
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Figure 3 Analysis of soluble scFv dimers. A: Size exclusion chromatography of affinity purified scFv-3, scFv-4, scFv-5. Superimposed are elution profiles from
a Superdex 200 gel filtration column of scFv-4 (solid line) and scFv-3 (dashed line). Elution peaks and molecular weight of calibration reference proteins are Gel
Filtration Standard proteins (Biorad); B: Equilibrium binding curves of scFv dimers. Binding activity to hepatocellular carcinoma cell lines: ScFv-5 > scFv-4 > scFv-3 >
HDM, with the tendency of decreasing binding activity going by diluted concentration. Determined By Model 680 Microplate Reader (Biorad).

Figure 4 Immunohistochemistry of human hepatocellular carcinoma tissue. A: Reaction of scFv-3 dimer and human hepatocellular carcinoma tissue; B:
Reaction of scFv-3 dimer and non- hepatocellular carcinoma tissue; C: Reaction of scFv-4 dimer and human hepatocellular carcinoma tissue; D: Reaction of scFv-4
dimer and non- hepatocellular carcinoma tissue; E: Reaction of scFv-5 dimer and human hepatocellular carcinoma tissue; F: Reaction of scFv-5 dimer and non-
hepatocellular carcinoma tissue. Bound scFv dimers were detected with an antibody directed to the hexahistidine tag (Dianova) and peroxidase-conjugated rabbit anti-
mouse immunoglobulins (Dako). Staining was performed with diaminobenzidine (DAB)/Hz02; nuclei were counterstained with hematoxylin. As expected, scFv dimers
react with human hepatocellular carcinoma tissue but not with non- hepatocellular carcinoma tissue. The image was captured at 20 % magnification.

after only 18 hrs incubation at 37°C and completely lost
binding activity after 70 hrs incubation. In contrast.
scFv-4 was similar to scFv-5, with a 16 hr half life and
totally lost binding activity after 60 hrs incubation.

DISCUSSION

Engineered antibodies possess considerable potential for
immunotherapeutic and diagnostic applications and some
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engineered antibodies have already been approved by
FDA in the USA for clinical uses. Antitumor antibodies
must bind to tumor antigens with high affinity to achieve
durable tumor retention. This has spurred efforts to
generate high affinity antibodies for use in cancer therapy.
In our previous work, we constructed and biopanned a
recombinant phage scFv library to obtain a scFv which
has specificity for human hepatocellular carcinoma.
This was in the VH-linker-VL format, with the linker
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consisting of the sequence (Gly4Ser)s. We then mutated
and humanized the scFv to get scFv dimers (BDMs),
which possess reduced immunogenicity[()’lﬂ. The purpose
of this study was to generate and characterize bivalent
scFv antibody derivatives from HDMs. The most strai-
ghtforward method to generate a bivalent scFv is to
shorten the variable domain connecting linker peptide,
thereby allowing for the non-covalent association of
multiple polypeptide chains to a dimeric molecule™*"",
and to form a ‘double-headed’ fragment with two antigen
binding sites that point away from each other"™. This
compactness contributes not only to low immunogenicity
and high tumor penetration but also to rapid clearance
from the circulation™"”*". Tn addition to the linker length,
the orientation of the variable domains was shown to
impact the multimerization behavior and affinity of the
polypeptide chains">'"**"*_ The distance between the
carboxyl terminus end of VL and the amino terminus of
VH is greater than that for the opposite orientation. It has,
therefore, been suggested that VL-VH orientated scFvs
are more constrained than VH-VL oriented fragments
when connected by the same linker and therefore tend to
exhibit a higher tendency to form higher molecular weight
o]igornersm’M’Z}].

In this regard, we made several scFv dimers variants
differing in linker length with a VH-linker-VL orientation.
The sequence analysis showed that the sequences of
VH-Gly2Ser-VL, VH- Gly3Ser-VL, VH-Gly4Ser-
VL were exactly correct. Based upon size exclusion
chromatographic profiles on Superdex 200, we conclude
that the scFv-3, scFv-4 and sclv-5 predominantly formed
stable dimers. This result is consistent with reports of
other scFvs generated in the same domain orientation and
with the same 3-5 amino acid linker!"*!,

The most important advantage of multivalent scFvs
over monovalent scFv and Fab fragments is the gain in
functional binding affinity (avidity) to target antigens.
High avidity requires that scFv multimers are capable
of binding simultaneously to target antigensm]. The
functional affinity of the BDMs was 3.5-6 fold that
determined for the parent HDM, reflecting the gain in
avidity due to dimerization and the capability of the
molecule for simultaneous binding to two epitopes. The
findings in immunohistochemistry and thermostability
analysis have indicated that scFv dimers have improved
specificity and stability and will become the paradigm for
high-affinity antibody-based therapeutic and diagnostic
reagents for HCC.

In conclusion, we have generated scFv dimers by
shortening a series linkers to 3-5 amino acid residues
in VH-linker-VL orientation,resulting in a set of highly
stable and affinity-improved dimeric molecules. This
work is crucial in making the antibody an attractive
targeting moiety for HCC.

COMMENTS

Background

Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide
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and the second most common cause of cancer-related death in our country.
Traditional therapies, such as resection, chemotherapy and radiotherapy do not
have satisfactory efficacy. Single chain variable fragments (scFv) can be a good
vector in targeted therapy for HCC as a result of their low molecular weight,
strong tumor tissue penetration, weak immunogenicity and short half-lives in
blood. They also possess the same binding ability and specificity as the whole
antibody.

Research frontiers

This team previously obtained a scFv against hepatocellular carcinoma
(scFv 4-16, GenBank: DQ640759) through the phage display antibody library
technology. After reconstruction of affinity maturation and humanization of scFv,
we attained a scFv with high affinity to HCC (scFvDM) and a humanized scFv
(scFvHDM).

Innovations and breakthroughs

scFv is a monovalent antibody with the shortcoming of low affinity, poor stability,
too rapid clearance from the circulation and low-level expression in bacterial
expression systems. This study set out to improve its binding activity to antigen
by shortening the linker of the VH-VL oriented scFv to 3-5 residues. We
examined the expression and biological functions of the resulting diabodies

Applications
These diabodies may become an attractive targeting moiety in immunotherapeutic
and diagnostic applications for HCC.

Peer review

The authors described an incremental improvement on the genetic engineering
of HDM for targeting HCC, which remains to be one of most difficult solid tumor
to manage. | recommend accepting this manuscript.
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