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The development of antibody libraries in Es-
cherichia coli, the use of filamentous bacterio-
phages and strategies to mimic the humoral re-
sponse has technologically opened, a new stage in
immunological studies. In particular the cuestion of
antibody libraries has been important and today
large germline repertoires have been selected and
analized. The major limitation of this procedure,
seems to be the low affinity of the selected antibod-
ies and the low copy number of each binder in the
library. To overcome that problem, in vitro affinity
maturation and different selection strategies have
been used.

The most common strategy for selection of anti-
bodies from phage displayed libraries is panning
(1, 2) where the antigen of interest is coated onto a
solid surface and bound phage are, after extensive
washing, eluted. A similar principle holds true for
the selection using antigen coated magnetic beads or
immunotubes (3). The antigen can also be coupied
to an affinity chromatography column and thus serve
as means for selection (4, 5). Letting the selection
take place in solution, in a homogeneous system,
and linking the selection to infection would even
further mimick phage display to the in vivo situation
of how B cells with antibodies on their surfaces are
clonally expanded upon antigen stimulation.

We developed a novel system of antibody selec-
tion based on the same principle as clonal selection

Mimicking the humoral immune response:
Linking antigenic recognition and phage replication
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in the immune system, the SAP (selection and am-
plification of phages) system. Figure 1 shows a
schematic representation of how the system en-
riched the specific phagemide particles over the
non-specific phages. A designed mutant helper
phage mediated production of non-infectious
phagemid particles, which when combined with a

Figure 1. The SAP system in combi-
natorial libraries. Only the specific
phages replicates after each round
of selection.

Table 1. Specific enrichment using SAP. Enrichment factor = initial ratio/final
ratio. Clonal mixture: PEXmide HEL/PEXmide phox/ PEXmide LPS.

fusi ) . . Initial ratio Final ratio Enrichment
usion protein comprising the antigen and the N-

terminal fragment of protein 3, responsible for pili First 1/3 x10* 82/20 1.2x10°
recognition, permitted clonal expansion of a specific round 1/3 x10° 49/59 2.5x10°
clone. This means that only specific phages are in- of 1/3 x10° 4/104 1.1x10°
fective. This system provides enrichment factors of selection 1/3 x 10’ 0/108 n.d.
up to 10° in a single round of selection of a model Second 1/3 x 108 103/5 6.1 x10°
library (Table 1) and has proven to be, at least, two round 1/3 x 10° 55/53 3.1x10°
order of magnitude more efficient than the conven- of 1/3 x 10" 16/92 52x10°
tional panning technique when compared in the se- selection 1/3 x 10" 2/106 5.6 x10°
lection of a naive library (6). 1/3 x 10'? 0/108 n.d.
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To demonstrate the potential of phage library and
the SAP selection, we used the technology to evalu-
ate a human in vitro immune response. We con-
structed antibody libraries from naive, primary and
secondary in vitro immunized B cells and charac-
terized the antibody repertoire from these responses
from two seronegative donors. In an in vivo immune
response it has been shown that during the first an-
tigenic stimulation a specific, low affinity response
develops, generating mainly IgM antibodies, with
sequences very similar to the germline from which
they originated. The secondary response is charac-
terized by high affinity antibodies, which has class
switched to IgG, containing a characteristic pattern
of hypermutations concentrated to the CDR regions.
The antibody fragments from these libraries were
analized and their mutational pattern was similar to
what has been reported for in vivo responses and the
replacement/silent mutation ratios suggested that
somatic hypermutations had taken place (results not
shown). Subsequently, the protein analysis showed
an affinity maturation of the response occurring as a
consequence of the immunization steps (Figure 2).
This was determined by an increase in the affinity
constant, mainly due to a decrease in the dissocia-
tion rate constant.

Elution of bound phage in any of the selection
methods comprjsing a solid phase can be varied so
as to vary the affinity of the selected phage dis-
played antibody. Mild elution conditions will elute
phages that have bound weakly and more stringent
elution will also elute phages that bind with higher
affinity. Garrard, et al. (7) speculate that the wash-
ing procedure selects for phage with the faster on-
rates, while Marks, et al. (2) argue that the higher
affinities selected for are due to a slower off-rate.
Hawkins, ef al. (8) managed to discriminate be-
tween antibodies with closely related affinities by
incubating the phage library with small amounts of
soluble biotinilated antigen such that the antigen
was in excess over phage but with the concentration
of antigen lower than the Kp of the antibody. Phage
bound to antigen were selected using streptavidin
coated magnetic beads. To select for slow off-rates
they competed the interaction between phage and
biotinilated antigen with non-biotinilated antigen.
The biotinilated antigen that was left on phage al-
lowed for selection with streptavidin coated mag-
netic beads and the kaiss for the selected antibodies
were proven to be low.

Another approach towards modification of selec-
tion conditions to discriminate between different af-
finities and kinetic parameters has been performed
with SAP. The use SAP has proven to select for
high affinity antibody fragments (9, 10), so we de-
cided to try to modify the conditions to select on the
basis of Kess and Kaiss. A model library was created of
six Fab fragments displayed on phages, with known
Kass, kaiss and Ka (Table 2). We found again, that
normal SAP procedure favoured those clones of high
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affinity (Figure 3). If clones were selected after a
short time of interaction with fusion protein, those
clones expressing fast on-rates were favoured, and if
a competing antigen was added after the initial in-
teraction between phage and fusion protein, those of
low off-rates were favoured. Consequently, in addi-
tion to selection based on off rates as previously de-
scribed (8), we were able to select binders based on
on-rates as well.

Figure 2. The affinity constants of
all the antigen specific Fab clones
as a function of immunization
status of the PBL used for library
construction. First panel: unimmu-
nized PBL; second panel: primary
in vitro immunized PBL; third panel:
secondary in vitro immunized PBL.
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Table 2. Kinetic constants of clones used for the kinetic-based SAP selection.

Clone Association rate  Dissociation rate Affinity constant
number constant (M'S™) constant (S) (M)

1Llo 1.7 x10° 3.9x10* 4.3x108

8 Lo 6.0x10* 1.2x10* 5.0x108
23 Lo 6.2x10° 2.3x10° 2.7 x108
24 Hi 1.2 x104 7.8 x10° 1.5x10°
25 Hi 6.3 x10* 1.6x10°% 3.9x10°
30 Hi 2.1 x10° 8.4x10° 2.5x10°

In summary, the described method for selecting
active proteins from a combinatorial library provides
some advantages over the previous selection meth-
ods reported. First, provides an easy and faster se-
lection method as compared to the heterogeneous
selection systems. Second, Avoids the need of puri-
fied antigen for the specific selection. Third, high
efficiency in selection is provided by linking anti-
genic recognition and phage infectivity. And fourth,
provides a unique method of selection of antibody
fragments based in all their kinetic parameters.
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Figure 3. Kinetic, antigen-specific
selection from the model library,
using 0.5 % (v/v) of fusion protein-
containing supernatant. After 16 h
of incubation (see arrow) a com-
pefing antigen was added (dashed
line). This resulted in selection of
the clone with lowest kg, value.
Control experiments with no addi-
tion of competing antigen at 16 h
are shown also {solid line). Clonal
mixture: PEXmide HEL/PEXmide
phox/ PEXmide LPS.
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