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NEW TECHNOLOGY

Antibody engineering efforts are cur-
rently focused on the construction of
ever larger naive human antibody-phage
(Ab-phage) libraries, from which the
best clones are purified over several selec-
tion cycles, mostly without significant
evolution of the antibody sequence'.

A different strategy described here is
the multistep evolution of human anti-
body sequences from naive libraries of
modest size. Our approach uses in
vitro homologous recombination, called
DNA shuffling®’ or sexual PCR*, for the
construction of naive human Ab-
phage libraries followed by the evolu-
tion of antibody sequences specific for
human receptors.
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Library construction

A stable and well expressed human
single-chain Fv framework (V,251-
V. A25) was obtained from an Ab-phage
library constructed from naive human
mRNA by selection for binding to diph-
theria toxin. This scFv framework was
used to construct a naive Ab-phage
library containing six synthetically
mutated complementarity-determining
regions (CDRs), based on the germline
sequences of the CDRs of these V-region
families. The degree of mutagenesis of
each residue was similar to its naturally
occurring variability within its V-region
family’ (Fig. 14). Four different lengths of
CDR H3 were used. A PCR product con-
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rate of all six syn-
thetic CDRs. b,
Library construction
by shuffling scFv
with all six CDRs. ¢,
CDR insertion deter-
mined by PCR with
primers for native
CDRs. 4, Insertion
rates and distribu-
tion of synthetic
CDR insertions.
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taining the scFv gene was randomly
fragmented by DNasel digestion and frag-
ments of 50-100 base pairs (bp) were
purified. Synthetic oligonucleotides, each
containing a mutated CDR flanked by
19 bases of homology to the scFv
template, were added to the random frag-
ments at a 10:1 molar ratio (Fig. 1b). A
library of full-length, mutated scFv genes
was reassembled from the fragments by
sexual PCR (refs 3, 6). Cloning into the
plIl protein of M13 phage yielded an
Ab-phage library of 4 x 10’ plaque-
forming units. The combinations of
mutant and native CDRs were character-
ized by colony PCR with primers specific
for the native CDRs (Fig. 1c). All six
mutated CDRs were incorporated with
32-65% efficiency and in a wide variety of
combinations. Sequencing of the mutated
CDRs showed that the observed mutation
rate matched the expected rate (Fig. 2).

Selection and evolution

This small Ab-phage library was panned
for two rounds in microtiter plates for
binding to ten human protein targets,
and seven of these targets yielded at
least weakly ELISA-positive clones. We
focused on obtaining improved clones
against the human granulocyte colony-
stimulating factor (G-CSF) receptor. The
G-CSF receptor response was only
average compared with that of the other
targets. One-quarter of the phage clones
of this second-round pool were weakly
ELISA-positive for G-CSF receptor.

Comparing mutagenesis strategies
This diverse pool was used to test the
suitability of three different sequence op-
timization strategies, namely regular
PCR, error-prone PCR and DNA shuf-
fling. Surprisingly, already after a single
cycle of each of these alternatives, the
DNA shuffling showed a severalfold ad-
vantage, both in the percentage of
Ab-phage recovered (Fig. 3), and in the
G-CSF-receptor-specific ELISA signal.

The panning was continued for six ad-
ditional cycles, shuffling the pool of scFv
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genes after each round. The stringency of
selection was gradually increased to two
one-hour washes at 50 °C in PBS-Tween
in the presence of excess soluble G-CSF-
receptor. In rounds three to eight, nearly
100% of the clones were ELISA-positive.
When pools from different cycles were
assayed at identical stringency, the
percentage of phage bound increased
440-fold from cycle two to cycle eight
(Fig. 4). Individual phage clones from
each round showed a similar increase in
specific ELISA signal (data not shown).
Sequencing showed that the scFv con-
tained an average of 34 (n=4) amino
acid mutations, of which only four were
present in all sequences.

Removing neutral mutations

In order to reduce the potential immuno-
genicity, we attempted to remove any
neutral or weakly functional mutations
by two cycles of backcrossing®, with a 40-
fold excess of a synthetically constructed
germline scFv gene, followed by strin-
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Fig. 2 DNA sequence of mutated CDR3L from library clones.
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gent panning. The average number of
amino acid mutations in the backcrossed
scFvs was nearly halved to 18 (n = 3), of
which only four were present in all
sequences. These different scFv clones
appeared distantly related.

The backcrossed Ab-phage clones were
shown to bind strongly and with excel-
lent specificity to the G-CSF receptor
(Fig. 5), and western blot analysis
showed the scFv in the expected size and
amount. However, soluble scFv antibod-
ies obtained from these phage clones
had no detectable affinity for the
G-CSF receptor by BlAcore (Pharmacia,
Piscataway, New Jersey) or ELISA assay.
Additional analysis suggests that the
tight binding of the Ab-phage to the
G-CSF receptor requires high valency.
Based on published work’, it appears
likely that our selection conditions (up to
50 °C) favored the swapping of scFv
domains between phage, allowing those
phage to achieve very high valency and
avidity by crosslinking. This selection

Total increase is 440-fold.

Fig. 4 Ab-phage recovery rate versus selection cycle.
Shuffling was applied after selection rounds two to eight.

Fig. 3 Ab-phage recovery versus mutagenesis method. PCR
(1) versus error-prone PCR (2), versus DNA shuffling (3), all
applied once to Ab-phage pool from selection round two.
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problem has been solved by many
others® and should not reduce the useful-
ness of DNA shuffling as a tool for
antibody engineering.

Recursive versus “single pot” libraries
The largest libraries that others have con-
structed now contain nearly 10"
different sequences’. From such libraries
the best clones can simply be “purified”
over several selection cycles, without
evolving the sequence. This approach is
particularly suitable for therapeutic anti-
bodies because it yields few potentially
immunogenic mutations.

In contrast, our goal was stepwise
to evolve functional sequences from
libraries of modest size that can be
generated rapidly. The number of dif-
ferent sequences in our initial library
was only 4 X 10/, and the subsequent
libraries contained about 10’ different
sequences. Screening any library at
very high stringency quickly yields
the single best clone, but then the
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eight human proteins.
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Fig. 5 Binding specificity after ten selection rounds, including two
rounds of backcrossing. ELISA signal of different Ab-phage clones for
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4x107 4x107

scFv framework regions.

4x107 4x107

4x107 4x107 = 4x1045

Fig. 6 Potential diversity. Additional diversity can be generated after each selection
cycle by permuting the heterologous CDRs by recombination in the homologous

potential for further optimization by
recombination is lost.

Utilizing potential diversity

Shuffling causes recombination primarily
in the homologous framework sequences
separating the heterogeneous CDRs, cre-
ating new combinations of CDRs. The
number of potential CDR combinations
is initially about (4 x 107)° = 4 X 10*
(“potential diversity,” Fig. 6)°. Even
though we only screened a total of
1 X 10° clones, our recursive small-library
approach using shuffling and a gradually
increasing selection stringency may in
theory be as powerful as screening a sin-

PRODUCTION AND PURIFICATION

SuperSpinner
is the new
cultivation sys-
tem for cell
cultures for op-
eration in a CQO,
incubator cabi-

AL

B. Braun Biotech’s net. Available
SuperSpinner apparatus from B. Braun
for monoclonals and Biotech, the
more besides. apparatus comes

equipped with a

membrane aeration agitator and is de-
signed for the production of small
amounts of biomolecules (for example,
monoclonal antibodies), as well as for the
preparation of cell inoculum. The set-up
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gle library of 10'** different sequences. As
in molecular computation, recursive se-
lection can effectively sample a sequence
space that is as high as the product of the
sizes of the individual libraries, rather
than being merely additive.

For example, the size of a library
of random sequence DNA needed to ob-
tain a specific 8-bp restriction site is
64,000 bp. To obtain five different 8-bp
restriction sites in specific locations
would require a library of (64,000)%, or
10*, clearly too large to be obtained from
a single library. But the five sites could
efficiently be obtained in five recursive
selection cycles from a library of 10°° bp,

consists of a 1-liter Duran glass flask
with a working volume of up to 1,000 ml.
According to the company, the system
has been used successfully for insect cell
(8f9) culture and for the production of
interleukin-2 in a baculovirus expression
system. A CO, incubator, the IC-CO, 170,
is also available if users plan to purchase a
complete system.
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Promega has come up with a system to
isolate specific chicken immuno-
globulin, IgY, with stated yields of
55-80 mg polyclonal IgY per egg yolk.
The EGGstract system uses two rapid
precipitation steps and the resulting
preparation is 75 percent pure IgY (up to

by selecting for a different restriction site
at each of five cycles'.

Future prospects

The use of our small library required
evolving an average of 18 mutations
per scFv to achieve strong binding.
For diagnostic applications the number
of mutations is irrelevant. However, to
obtain high-affinity therapeutic anti-
bodies with fewer mutations, the
combination of shuffling with large
libraries is particularly promising.
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ON THE MARKET

90 percent with an additional precipita-
tion step), according to Promega.
Moreover, it does not cross-react with
bacterial or mammalian Fc receptors,
thereby reducing nonspecific binding.
An added benefit of generating poly-
clonal antibodies in chickens is that
it can overcome the problems often
encountered by the lack of phylo-
genetic distance between the source
of antigen and immunized animal,
usually both mammalian. Other prod-
ucts in this line include control IgY
and anti-chicken IgY alkaline phos-
phatase and horseradish peroxidase
conjugates.
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