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Abstract

The therapeutic parenteral application of llama single-domain antibody fragments (VHHSs) is hampered by their small size, resulting in a
fast elimination from the body. Here we describe a method to increase the serum half-life of VHHs in pigs by fusion to another VHH binding
to porcine immunoglobulin G (plgG). We isolated 19 plgG-binding VHHs from an immunized llama using phage display. Six VHHs were
genetically fused to model VHH K609 that bindsHecherichia coliF4 fimbriae. All six yeast-produced genetic fusions of two VHH domains
(VHH2s) were functional in ELISA and bound to plgG with high affinity (1-33 nM). Four plgG-binding VHH2s were administered to pigs
and showed a 100-fold extended in vivo residence times as compared to a control VHH2 that does not bind to plgG. This could provide the
basis for therapeutic application of VHHSs in pigs.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction sage of the glomerular filter in the kidney and disposal in the
urine[2]. Furthermore, due to their lack of the Fc fragment,
Antibodies are useful therapeutic agents for treatment of antibody fragments are unable to interact with FcRn. This
human and animal diseases. However, the costs of conventeceptor protects intact antibodies from catabolism by bind-
tional antibodies are often prohibitively high, especially for ing them after pinocytosis of blood by vascular epithelium
treatment of livestock. In contrast, antibody fragments such and recycling them into the circulation. The importance of
as Fab, F(alr and single chain Fv (scFv) retain full antigen this mechanism was shown by transgenic mice lacking this
binding capacity and can be produced at low-cost in microor- receptor, which had a 10-fold decreased in antibody half-life
ganisms. A disadvantage of antibody fragments is their lack [4,5].
of functions encoded by the Fc fragment, such as the recruit-  Extension of the half-life of antibody fragments has been
ment of effector functions involved in pathogen elimination. achieved by several methods, which predominantly rely on
Furthermore, antibody fragments are rapidly removed from increasing molecular size. Chemical coupling to polyethy-
the circulation of mammals with an elimination half-life of lene glycol is widely used6,7]. Coupling to long-lived
several hour§l,2], whereas intact antibodies have a half-life serum proteins such as albumin, immunoglobulin or portions
of about 3 week§3]. This rapid elimination limits their ther-  of these proteins may also retard antibody fragment clear-
apeutic parenteral application. It is predominantly caused by ance. Such coupling can be accomplished by chemical means,
the small molecular size of antibody fragments (15-60 kDa) direct genetic fusion or by fusion to a second antibody frag-
as compared to intact IgG (150 kDa), resulting in their pas- ment specific for these proteifi8—10]. All these methods
have been developed either for use in humans or laboratory
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To enable the commercial passive immunization of pigs Notl cloning site and the p3 encoding region (amino acid
with antibody fragments we aimed to develop a method for sequence between parentheses): an enterokinase cleavage
increasing serum residence time of antibody fragments in site (DDDDK), a c-myc tag (EQKLISEEDLN), a small
pigs. Genetic fusions were constructed between a model antiflexible linker (GAA), a hexahistidine tag (HHHHHH),
body fragment and a second antibody fragment which was another small flexible linker (GAA), and the amber stop
able to bind porcine IgG (plgG). In mice this method was codon.
previously shown to have the additional advantage of recruit-  Phage display selections were performed by biopanning
ment of effector functions such as antibody-dependent cellu-[17], using plgG-coated 96-well microtiter plates. After
lar cytotoxicity, complement fixation and antibody-mediated two consecutive rounds of panning, individual colonies
phagocytosid10]. We used single-domain antibody frag- were picked and the VHH genes were induced with 1 mM
ments (VHHSs) derived from camelid heavy chain antibodies isopropyl B-p-thiogalactopyranoside. Recombinant VHHs
because these minimum sized antigen binding moieties haveextracted from the periplasm were tested for binding to plgG

several advantages for biotechnological applicatifiig,
such as a high physicochemical stability], high produc-
tion level in microorganismf. 3], and the facile construction
of bispecific VHH dimers by genetic fusion of two VHH
domains[14]. plgG-binding VHHs were selected from an
immunized llama by phage display. Six of these plgG-binding
VHHSs were subsequently genetically fused to a model VHH
K609 that binds td. coli F4 fimbriae. The clearance of four
of such VHH2s in pigs was analyzed after parenteral appli-
cation.

2. Materials and methods
2.1. Animals

Twenty-four large, white cross-bredé®iain pigs weigh-
ing about 10 kg and a single one-year-old llatna@tfa glama
were used for this study. They were provided with food
and water ad libitum. Animal experiments were performed
under the supervision of the Animal Experimental Commit-
tee according to the Dutch Act on Experimental Animal Use.

2.2. Phage display selection of plgG-binding VHHs
A llama was immunized i.m. three times with 3-week

intervals with 1mg plgG (Jackson ImmunoResearch,
West Grove, PA) per immunization using Specol (Cedi

by ELISA. Clones producing a plgG-binding VHH were fur-
ther analyzed by fingerprintind8].

2.3. Construction of bispecific VHH2s

The VHH encoding regions of 21 clonetaple ) were
isolated from the phage display vectorBgi—BstEll diges-
tion and transferred into similarly cut yeast VHH expression
vector pUR458%19] in order to introduce C-terminal c-myc
and hexahistidine tags followed by a stop codon aldahalll
site. These clones were then sequenced as described previ-
ously[19].

For genetic fusion of plgG-binding VHHSs to the K609
VHH C-terminus we constructed plasmid pRL193 in a
series of cloning steps. We first modified a pUR4585-
derived plasmid encoding K609 by insertion of a synthetic
DNA fragment (>GCGCGGTCACGTCTCCTCACA-
GGTGCACLTGCAGTAAGATCTAAGCTTGCGC-3, and
its complementary oligonucleotide) into tiBstEIl (under-
lined) andHindlll (double underlined) sites, resulting in
plasmid pK609D1. This introduces a secdpsl site (thick
underlined) suitable for insertion of a second VHH encoding
fragment into theHindlll and this secondPst site, resulting
in direct fusion of two VHH domains without a linker. A next
generation of VHH2 expression vector containing a unique
Pvul site suitable for insertion of the second VHH was gen-
erated by deletion of three of the foRwul sites and one of
the twoPst sites of pK609DL1 in two steps. Two fragments

Diagnostics, Lelystad, The Netherlands) as an adjuvant. Awere amplified from pK609D1 by PCR using oligonu-

blood sample containing $@eripheral blood lymphocytes
was taken 1 week after the last immunization and the
VHH repertoire was cloned as recently descripEgl. The
VHH repertoire was amplified by RT-PCR using primer
VH1BACK and Lam07 or Lam0g13] or BOLI192 (5-
AACAGTTAAGCTTCCGCTTGCGGCCGTACTTCAT-
TCGTTCCTGAGGAGACGGT-3 Hindlll site underlined,
Notl site double underlined). The latter primer is based on
the short hinge sequence GTNEVCKCPKCP identified in
llamas[15]. PCR fragments digested witRAst and Notl
were inserted into phage display vector pRL144, resulting
in a library of 10 independent clones. Vector pRL144 was
derived from pUR507116] by insertion of a synthetically-
prepared fragment intiNoi—Bsm cut pUR5071. As a

cleotides 5TCATTAATGCAGTTGGCACGACAGGT-3

in combination with 5CCCAGGTCACCGTCTCCTCA-
CAGGTGCAGCTGAAGTAAGATCTAAG-3 and B-ACC-
TGTCGTGCCAACTGCATTAATGA-3 in combination
with 5-GGTCTCGCGGTATCATTGCAGCAC-3 These
fragments were then assembled in a splice overlap exten-
sion PCR to a 0.8kbDrdI-BstEll fragment that was
inserted into the 6.0 kBrdI-BstEll fragment of pK609D1.
Then the 0.4kbKad—-Psit PCR fragment, obtained by
amplification of pK609D1 with oligonucleotides -5
GCGCGGCGCCGAATTCCGCCCGGGGGATCTAGCT-3
and B3-CCCTGACTCCTGCAGTTGCACCTGCGCAGA-
3, was inserted into the corresponding sites, resulting
in plasmid pRL110. We next introduced a linker com-

result pRL144 contains the following elements between the prising the amino acids GGS between the two VHH
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