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Abstract

Antibody fragments of predetermined binding specificity have recently
been constructed from repertoires of antibody V genes, bypassing hy-
bridoma technology and even immunization. The V gene repertoires are
harvested from populations of lymphocytes, or assembled in vitro, and
cloned for display of associated heavy and light chain variable domains
on the surface of filamentous bacteriophage. Rare phage are selected
from the repertoire by binding to antigen; soluble antibody fragments are
expressed from infected bacteria; and the affinity of binding of selected
antibodies is improved by mutation. The process mimics immune selection,
and antibodies with many different binding specificities have been isolated
from the same phage repertoire. Thus human antibody fragments have
been isolated with specificities against both foreign and self antigens,
including haptens, carbohydrates, secreted and cell surface proteins, viral
coat proteins, and intracellular antigens from the lumen of the endoplasmic
reticulum and the nucleus. Such antibodies have potential as reagents for
research and in therapy.

INTRODUCTION

In the immune system, the rearrangement of the V gene segments creates
a repertoire of virgin B cells, each displaying a single antibody species.
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Cells are selected by encounter and binding of antigen, and they are
triggered to differentiate to short-lived plasma cells that secrete antibody
and to long-lived memory cells that persist in lymph nodes, spleen, and
bone marrow. Thc V genes of the selected antibodies displayed on memory
cells are subject to hypermutation, leading to antibodies of improved
binding athnity after further selection with antigen. Thus repeated immun-
ization leads to “affinity maturation” of the response (Figure 1). The
immortalization of antigen-stimulated B cells by fusion to myeloma cells
(1) taps the immune repertoire and has led to a wealth of rodent mono-
clonal antibodies with predefined specificity.

Technologies have been emerging for making antibodies in vitro by
mimicking the selection strategies of the immune system (2--4). Repertoires
of antibody fragments are displayed on the surface of filamentous bac-
teriophage, each displaying a single antibody species; the phage are selected
by binding to antigen; and finally soluble antibody fragments are secreted
from infected bacteria (Figure 1). As in the immune system, the V genes
can be subjected to random mutation, and mutants may be selected with
higher binding affinities. This allows the isolation of human antibody
fragments of defined specificity, against both foreign and self-antigens.
The technology is evolving fast (reviewed in 5-7), and here we review
recent progress.

TECHNOLOGIES FOR SELECTION
Mimicking the B Cell

In the immune system, the B cell represents a self-replicating package
containing the antibody genes that encode the antibody displayed at its
surface. Phage display mimicks the B cell. Filamentous phage was first
used to display small peptides by fusion to the minor coat protein (pIII:
probably three or five copies per phage particle; here illustrated with three
copies) (8). Two sites of pIII were used for fusion: in the flexible spacer
between the two domains of pIII (8), or close to the N-terminus (9) or at
the N-terminus (10). The phage were enriched by binding of peptide to
monoclonal antibody. Through growth of the enriched phage and further
selection by binding to antibody, very rare phage could be isolated (8).
Surprisingly, folded antibody fragments (2) and other proteins (11, 12)
can also be displayed on phage. The antibody fragments can be displayed
assingle chain Fv fragments, in which VH and VL domains are connected
on the same polypeptide chain by a flexible polypeptide spacer (13, 14), or
as Fab fragments, in which one chain is fused to pIII and the other is
secreted into the periplasm (2, 15-18). When antibody fragments are fused
to the N-terminus of pIll, the phage is infective (2, 15). However, if the
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Figure | Generation of antibodies by the immune system and phage technology. Steps: (1)
rearrangement or assembly of germline V genes; (2) surface display of antibody (fragment);
(3) antigen-driven or affinity selection; (4) affinity maturation; (5) production of soluble
antibody (fragment).

N-terminal domain of plII is excised and fusions made to the second
domain, the phage is not infective, and wild type pIII must be provided
by helper phage (see below) (11, 16, 17) (Figure 2).

The plII fusion and other proteins of the phage can be encoded entirely
within the same phage replicon (2, 8), or on different replicons (11, 15—
19). When two replicons are used, the pIII fusionisencoded on a phagemid,
a plasmid containing a phage origin of replication. Phagemids can be
packaged into phage particles by “rescue” with a helper phage such as
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Figure 2 Display of antibody domains as pIII and pVIII fusions using phage and phagemid
vectors. Antibody domains are depicted as black (heavy chain, VH or VHCH1) or white
(light chain, VL or VLCL) spheroids; the genes are marked in similar fashion. Depicted are
plII fusion as phage (2) or phagemid (15) (18); truncated pllI fusion as phagemid (16, 17);
pVIII fusion as phage (28, 30) or phagemid (27, 29). Only infectious phage particles displaying
antibody domains are shown.

M13K07 that provides all the phage proteins, including pIIl, but due to a
defective origin isitself poorly packaged in competition with the phagemids
(20).

The plII fusion is often proteolysed, as shown by gel electrophoresis of
the phage proteins and detection with anti-pIII antisera (J McCafferty,
unpublished data). This is expected to give a population of phage particles,
each displaying zero, one, two, three (and perhaps four and five) antibody
fragments. The average valency of the population is further reduced by
use of helper phage, in which the helper pIII competes for incorporation
into the phage particle. Such phage have been estimated on average to
display less than a single fusion protein per particle; they have been termed
“monovalent” phage (17, 21). Other helper phages (M13AglIII) that lack
pllII have been designed to rescue phage particles that incorporate only
the plII fusion from the phagemid; these are therefore multivalent (22).
Use of different helpers can thereby alter the valency of the phages.

The major coat protein of the phage (pVIII: 3000 copies per phage
particle) can also be used to display peptides (23-26) and antibody frag-
ments (27-30). Pentapeptides (23, 24) and hexapeptides (25) were fused
close to the N-terminus of pVIII, but phage encoding longer peptides
were not viable unless wild type pVIII was provided (25, 26). The phage
population is multivalent. With helper pVIII, up to about 900 peptides
(25) and 24 antibody fragments (27) are incorporated per phage particle.
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Fusions to pIII rather than pVIII have to date been preferred for antibody
display.

Mimicking Immune Selection

In the immune system, encounter with antigen involves triggering the B
cell through its receptor, and proliferation and differentiation to produce
plasma cells that secrete antibody (reviewed in 31). The process appears
capable of selecting one or more B cells from repertoires of <5 x 108 cells
in mice and < 10" cells in humans (for review, see 32). Furthermore the
immune system is able to selectively enrich for B cells displaying antibodies
with slightly improved binding affinities, allowing affinities to be built up
in a step-wise manner through rounds of mutation and selection (33).

Phage selection appears to be at least as powerful as immune selection.
Phage displaying small peptides can be selected by direct binding to solid
phase antibody (8), and also by binding to a biotinylated antibody in
solution, which is then captured onto solid phase streptavidin (9). Likewise
phages displaying antibodies can be selected by binding to antigen coated
plates (16, 34), column matrices (2), cells (35), or to biotinylated antigen
in solution followed by capture (36). The phages bound to the solid phase
are washed and then eluted by soluble hapten (37), acid (16) or alkali (34).
Phages can be enriched 20-1000 fold by a single round of selection (2, 17,
34). Moreover, the enriched phages can be grown in bacterial culture and
subjected to further rounds of selection. In this way, enrichment factors
of only 50-fold in each round can build up to 10’-fold enrichments over
four rounds of selection (34).

SELECTION EFFICIENCY The efficiency of selection is likely to depend on
many factors, including the kinetics of dissociation during washing, and
whether multiple antibody fragments on a single phage can simultaneously
engage with (solid phase) antigen. For example, antibodies with fast dis-
sociation kinetics (and weak binding affinities) should be retained by use
of short washes, multivalent display and a high coating density of antigen
at the solid phase. The high density should not only stabilize the phage
through multivalent interactions, but favor rebinding of phage that has
dissociated. Nevertheless, it appears that binding affinities (for a single
antibody fragment) of 10° M~! are barely sufficient to hold multivalent
phage to solid phase (37).

Conversely the selection of antibodies with slow dissociation kinetics
(and good binding affinities) should be promoted by use of long washes
(11), monovalent phages (11), and a low coating density of antigen (38).
In principle, phages with very high affinities (> 10'° M ') should be difficult
to elute, but a change in pH may suffice to dissociate the complex (21, 39);
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the phage also survive SM guanidine hydrochloride (M Figini, unpublished
data).

DISCRIMINATION  In immune selection, the virgin B cells displaying anti-
bodies with (unwanted) self-specificities are deleted or rendered anergic
(40). With phage, it has proved more difficult to deplete the repertoire, for
example by preabsorption, as it is difficult to capture all the phage that
can bind, and many of the phages are ““bald,” lacking antibody fragments
due to proteolysis. Nevertheless, preabsorption (on red blood cells lacking
the blood group E antigen) was used for isolation of phage specificities
against the blood group E antigen (35).

As with immune selection, it is also possible to select between phage
antibodies of different affinities (37), even with affinities that diffcr slightly
(36). In the later immune response, B cells are thought to compete for
limiting antigen in the germinal centres (for review, see 41). Likewise in
selection of peptide phages with biotinylated antibody (9), limiting anti-
body was used to promote competition between the phages (42).

However, random mutation of a selected antibody is likely to give rise
to many mutants, most binding to antigen, and a few with higher affinity.
With limiting antigen, rare high affinity phage could be competed out. To
retain all the higher affinity mutants, phages can be incubated with excess
soluble biotinylated antigen, but with the antigen at a lower concentration
than the target affinity constant. The phages are then captured by strep-
tavidin-coated paramagnetic beads. Such “equilibrium capture” allows
the antibodies to be selected according to their affinities of binding, pro-
vided no two antibody fragments on the same phage bind to the same
molecule of antigen. Using this technique, mutant phage antibodies have
been selected from a great excess of phages with two- to four-fold lower
affinities over many rounds of selection (36, 112).

Discrimination can be enhanced by taking advantage of dissociation
kinetics. Thus for two phages dissociating from antigen with slightly
different kinetics, the discrimination should increase with time due to
the exponential nature of the decay. Indeed this was demonstrated by
dissociation of phages from biotinylated antigen in solution (36). Using
such kinetic selection, even mutant antibodies with a two-fold higher
affinity could be selected from a great excess of phages with lower affinity
(112). Washing of phages bound to a solid phase should also discriminate
by dissociation kinetics.

Discrimination may be compromised by multivalent interactions (10,
11, 16, 21), but this will depend on the affinities, kinetics, and the selection
process. Multiple interactions increase the avidity of phage binding, and
slight differences in affinity between two antibodies should in fact give
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rise to greater differences in avidity between the two phages, potentially
enhancing discrimination. However, if the avidities became so strong that
both phages bound very tightly to the solid phase antigen, discrimination
would be lost, especially with low stringency washes.

Mimicking the Plasma Cell

Antibody fragments can be characterized and used as free soluble frag-
ments or as phage. Binding can be detected by ELISA using antisera
against the phage (2); the affinity of binding can be measured with soluble
radioactive antigen (17); and dissociation kinetics by loss of phage from
its complex with biotinylated antigen (36, 112). Furthermore, phages dis-
playing antibody fragments can be used as reagents in Western blots, and
for fluorescence staining of cells (A Nissim, unpublished data).

Phagemid vectors can also be engineered for display or for secretion of
free antibody fragments from infected bacteria. By incorporating an amber
stop codon between the fragment and plIl, the antibody fragments are
fused to plIIl and displayed when the amber codon is suppressed, and
secreted when it is not (15). The growth of phage in suppressor and
nonsuppressor bacteria therefore mimics respectively the surface display
of antibodies on B cells, and the production of fragments from plasma
cells (Figure 3). The same approach was used for display and secretion of
human growth hormone (21). Less conveniently, the V genes encoding
antibody fragments can be recloned for secretion (16, 37).

Displayed
antibody
fragments

} pll

Antibody
genes

gl
pViIl

Soluble
antibody
fragments

Figure 3 Mimicking the plasma cell. Phagemid pHENI (15) allows antibody domains to
be displayed on phage after rescue with helper phage from an E. coli suppressor strain, or
the domains to be secreted as (tagged) soluble fragments from non-suppressor strains.
AMP = ampicillin resistance gene, L = leader peptide sequence, tag = c-myc peptide
sequence.
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Antibody fragments can be secreted from bacteria with yields ranging
from 0.2-2 mg/l fragments in shaker flasks (43-45), or >500 mg/l in
fermenters (46); and they can be harvested from the culture supernatant
(44) or the periplasm (43). Protein A has been used to purify antibody
fragments of the human VHIII family (47), and protein G to purify Fab
fragments by binding to the CH1 domain (48). Engineered C- or N-
terminal peptide tags that bind to monoclonal antibodies (49, 50) or to
streptavidin (51) have also been used for both purification and detection
of antibody fragments, but hexahistidine tags binding to immobilized
metal chelate groups (52) seem particularly valuable for purification (53).

Antibody fragments can be characterized on a solid phase or in solution.
Attempts have been made to measure binding affinities by competition
ELISA (54), but the method is only qualitative (55) and may be more
suitable for ranking of binding affinities. Even so this assumes no aggre-
gation or dimerization. Thus, the reported in vitro affinity maturation of
antibody fragments (56) could have been due to dimerization of the scFv
fragments (57, 58). A more rigorous ELISA method (59) based on equi-
librium capture would have been more suitable (55). Antibody fragments
have also been characterized by binding to an antigen-coated surface by
surface plasmon resonance (38, 57, 60). However, account needs to be
taken of the fraction of active antibody (for determination of association
rates), and of dimerization and of rebinding to the highly coated surface
(for determination of dissociation rates) (61). For measurement of affinities
in solution, the use of fluorescence quench titrations is often suitable for
haptens (37, 62), but it is more difficult for protein antigens unless there is
a large quench on binding (63).

TECHNOLOGIES FOR MAKING V-GENE
REPERTOIRES

Diversity of Antibody Sequences and Structure

In the immune system the sequence diversity of antibody binding sites is
not encoded directly in the germline but is assembled in a combinatorial
manner from V gene segments. In human heavy chains, the first two
hypervariable loops (H1 and H2) are drawn from <50 VH gene segments
(64), which are combined with D segments and JH segments (65) to create
the third hypervariable loop (H3). This loop is exceptionally variable in
sequence and length (2-26 residues) (66); because the joining of the seg-
ments is imprecise, different reading frames of the D segment may be used,
nucleotides can be inserted and deleted at the junctions, and the D segments
can recombine as D-D fusions (67).

In human light chains, the first two hypervariable loops (L1 and L2)
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and much of the third (L3) are drawn from probably <30 VA1 (68) and
<30 Vk gene segments (JPL Cox, IM Tomlinson, unpublished data).
These segments are combined with JA and Jk segments to complete the
third hypervariable loop (L3). This loop has limited variability. It ranges
in size from 7 to 11 residues in A light chains (69) and is most commonly
6 residues in « light chains (70) but can vary between 5 and 8 residues (71).
Thus, most of the sequence diversity (and structural diversity—see below)
is encoded by the heavy chains.

Despite the immense sequence diversity, most of the loop conformations
of antibody binding sites are relatively conserved (72-74). Implicit in the
sequences of the VH germline segments are three major conformations for
the H1 loop and five for the H2 loop. In combination they provide seven
different folds (74). By contrast, the H3 loop of the rearranged heavy
chains is likely to provide a huge range of structures. Implicit in the
sequences of the VA segments are at least three major conformations for
the L1 loop and at least two for the L2 loop (68). In the Vi segments,
there are probably four major conformations for the L1 loop and one for
the L2 loop; in combination these provide four different folds (JPL Cox,
IM Tomlinson, unpublished data). The combinations of different loops,
decorated with side chains, create a wealth of binding sites ranging from
flat surfaces (75) to- pockets (76).

The potential diversity of different sequences in the primary immune
repertoire is far greater than the number of B cells at any time. However,
some sequences may not fold, and others may produce identical loop
conformations: the repertoire of binding site structures is likely therefore
to be much smaller than the sequence repertoire. Presumably the V gene
segments and their representation in the expressed antibody repertoire
reflect the efforts of the immune system over evolution to encode a diverse
structural repertoire with a limited number of B cells. For phage reper-
toires, the V gene segments appear therefore to be suitable building blocks
for making a diverse repertoire of structures.

Repertoires of VH and VL genes

The use of the polymerase chain reaction, with primers matching the 5
and 3’ ends of rearranged VH and VL genes, provided the means to
amplify, clone, and express V genes from lymphocytes (77), thereby making
diverse V gene repertoires for expression (Figure 4). The V genes may be
amplified from both cDNA and genomic DNA, with back primers at the
5" end of the exon encoding the mature V-domain and forward primers
based within the J-segment (49, 77). However, for amplifying from cDNA,
“back’ primers have also been based in the leader exon (79), and forward
primers within the constant region (78). To maximize complementarity,
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degeneracy was incorporated into the primers (77, 78), or different primers
were designed for different families of V genes (80). For cloning of the
amplified DNA into expression vectors, rare restriction sites were intro-
duced within the PCR primer (77), as a “tag” at one end, or by further
PCR amplification with a tagged primer (37). “Primary” repertoires of V
genes harvested from a lymphocyte population are likely to contain
somatic mutations, although most published human VH and Vk gene
sequences encode few (<5) amino acid substitutions (64; JPL Cox, IM
Tomlinson, unpublished data).

Repertoires of “synthetic” rearranged V genes have also been derived
in vitro from V gene segments (Figure 4). Most of the human VH-gene
segments have now been cloned, sequenced (64), and mapped (81); these
cloned segments (including all the major conformations of the Hl1 and H2
loop) have been used to generate diverse VH gene repertoires with PCR
primers encoding H3 loops of diverse sequence and length (47; A Nissim,
unpublished data). VH repertoires have also been made with all the
sequence diversity focussed in a long H3 loop of a single length (82).
Human Vk and V4 segments have been cloned and sequenced (68; JPL
Cox, IM Tomlinson, unpublished) and are therefore available for making
synthetic light chain repertoires. Synthetic V gene repertoires, based on a
range of VH and VL folds, and L3 and H3 lengths, should encode anti-
bodies of considerable structural diversity.

Combining VH and VL Gene Repertoires

Most of the structural diversity of antibody binding sites appears to be
contributed by heavy rather than light chains (see above). Indeed, heavy

Germ-line VH Rearranged
segments : VH genes
M HL v H]
> e

A — DNA
SN
SN VW ..{1_| Vo ¢
D J -+ Py <
mRNA
v &l |
Il \\
rd AY [l
r""""_'*‘-:-'ns
e i
Synthetic V-gene Natural V-gene
repertoires from VH repertoires from
segments B-lymphocytes

Figure 4 Generation of V gene repertoires. The location of the primers for PCR ampli-
fication of V gene repertoires from segments (47) or from rearranged V genes (34, 37) are
indicated.
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chains and VH domains (49) have been found with binding activities in
the absence of the light chain. Furthermore in camels, two of the heavy
chain isotypes lack the CH1 domain and do not appear to associate with
light chains (83). However, the structures of complexes of antibody and
antigen indicate that usually both domains make important interactions
(75, 84-86). Presumably the role of VL domains is to add structural
diversity, for example, in helping to make binding clefts, and to create a
larger surface of interaction with antigen. Both features should enhance
the probability of finding an antibody that binds to antigen with good
affinity.

Repertoires of antibody fragments have been constructed by combining
VH and VL gene repertoires together in several ways (Figure 5). Each
repertoire can be created in different vectors, and the vectors recombined
in vitro (87) or in vivo (88); alternatively, the repertoires may be cloned
sequentially into the same vector (16) or assembled together by PCR and
then cloned (37). A technique of “in-cell PCR assembly” has also been
described for combining the VH and VL genes within the lymphocyte by
PCR, and then cloning the repertoires of linked genes (89). Repertoires of
VH domains have also been combined with a single VL gene (47, 82). The
route by which repertoires are combined can dictate the structural diversity
and repertoire size. For example, combining VH and VL repertoires in
vivo, by combinatorial infection (88) (see below), should allow the creation
of libraries of >10'? different VH/VL combinations.

ANTIBODIES MADE FROM PHAGE DISPLAY
Taking Advantage of Immunization

Immunization leads to an increase in the number of cells making an
immune response, but especially in the levels of mRNA. Resting B cells
make about 100 copies of Ig mRNA per cell, whereas a hybridoma (and
also presumably a plasma cell) makes about 30,000 copies (90). Spleen,
lymph nodes, tonsils, and bone marrow (but not peripheral blood lym-
phocytes) provide a rich source of plasma cells and Ig mRNA. Repertoires
of VH or VL genes amplified from the mRNA of spleen cells of an
immunized mouse are therefore greatly enriched in V genes encoding part
of an antigen binding site (91).

In random combinatorial libraries (48), the VH and VL gene repertoires
are combined at random, and the original combinations of the immune
lymphocyte are destroyed. Nevertheless, if the V gene repertoires are
derived from the mRNA of lymphocytes after immunization, antigen
binding fragments are created at low frequency, at best <1/500 (92), and
more usually <1/5000 (93, 94). The power of phage selection allows
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Figure S Linking the V genes together. (A) PCR assembly allows a one-step cloning of
heavy (H) and light (L) DNA in scrambled pairings (34, 37), or original pairings if “in-cell”’
(89). Alternatively (B, C, D) heavy (H) and light (L) chain DNA is cloned separately and
combined by in vitro recombination (B) (87), or combinatorial infection (D) (88), or cloned
sequentially (C) (16).

many of these fragments to be isolated and characterized. For example, a
repertoire of antibody fragments was assembled for phage display from
the mRNA of mouse splenocytes after immunization with the hapten
phenyloxazolone (phOx). The VH and Vk genes encoding a range of
fragments were found to be similar to those of hybridomas of the phOx
response, but in general the pairings were not (37, 95).

Furthermore, as suggested by 4 phage combinatorial libraries (93, 94),
the pairings were promiscuous, that is, the same light chain could be found
with different heavy chains, and vice versa. By “shuffling” a promiscuous
heavy chain with the repertoire of light chains, a further range of partners
were found for binding to phOx (37). Combinatorial repertoires from
immunized sources therefore appear to be dominated by “artificial”
pairings, as predicted (4). Although original pairings are likely to be present
in large random combinatorial libraries, it is impossible to distinguish
original from artificial pairings. However, it may be possible to determine
these pairings by first linking the VH and VL genes within the lymphocyte
(89)

Nevertheless, the artificial pairings from phage display libraries and,
enriched by immunization, can provide antibody fragments with good
affinities. For example, an antibody fragment isolated from the phOx
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response (as above) had a binding affinity of 10®* M~ for hapten, with
every prospect that higher affinity antibodies were present in the repertoire
(37). This compares with typical affinities of 108 M~"' for secondary phOx
antibodies from hybridomas (62, 96), and with affinities of 7.5 x 10°-
4x10®* M~ for hybridomas isolated from the same immunized spleen (95).

Antibody fragments have also been isolated from immunized humans
with binding activities against several viral antigens, for example, HIV
gp120 (54, 97, 98), respiratory syncytial virus (RSV) (99), and hepatitis B
virus (100). The fragments against HIV and RSV were capable of neu-
tralizing virus infection (97, 99). Furthermore, specificities against herpes
simplex virus, human cytomegalovirus, varicella zoster virus, rubella, RSV,
and HIV were derived from the same V gene repertoire from a patient
immune to these pathogens (101). Extensive chain promiscuity has also
been seen for human antibody fragments derived from combinatorial
libraries directed against HIV gp 120: it was argued that the heavy chains
must have arisen from antigen-specific clones in vivo (98).

By-Passing Immunization

As the display and selection of antibodies on phage mimicks immune
selection, it should be possible to isolate antibody fragments of any
required specificity directly from a single phage repertoire of sufficient size
and diversity. Importantly, it should provide antibody specificities directed
against self-antigens that are difficult to raise by immunization, owing to
tolerance mechanisms.

NATURAL REPERTOIRES A diverse source of rearranged V genes was pro-
vided by human peripheral blood lymphocytes (PBLs), using “family-
based” PCR primers to amplify each of the human VH, Vk, and VA
families (80). The repertoires of VH and VL genes were combined at
random, as this should destroy the original combinations and specificities
of the PBLs and generate new specificities (34).

From this library, it was possible to isolate phage with binding activities
against many different antigens. For example, antibodies were isolated
against the foreign antigens bovine serum albumin (BSA), turkey egg
lysozyme, the hapten phOx (34), and bovine thyroglobulin (57), and
against the human self-antigens tumor necrosis factor « (TNFa), thyro-
globulin, a monoclonal antibody, carcinoembryonicantigen (CEA), mucin
and CD4 (57). Antibody fragments against the monoclonal antibody
mapped to both variable and constant regions (57). Antibodies were also
isolated against the human blood group antigens of the ABO and I blood
group systems (B and HI), of the Rh system (D and E), and of the
Kell system (Kpb) (35). For the anti-blood groups, the selections were
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undertaken by binding the phage to red blood cells; the anti-E phage was
only selected after first preabsorbing the phage library with red cells lacking
this antigen.

The antibodies from the library were shown to be highly specific by
screening for binding to a panel of other antigens (34, 57). Specificity was
also demonstrated by the staining of kidney sections with the anti-B: the
only cells stained were the endothelial cells bearing the blood group B
antigen (35). The affinities of the antibodies were typical of a primary
immune response, in the range 10° M ~'-10’ M ™', but dimerization of the
scFv fragments led to improved avidities (57). Antibody fragments were
also derived from V genes prepared from unimmunized rodent bone
marrow. However, the library was selected only against the hapten pro-
gesterone, the binding affinities were poor (apparently 10*-10° M~' by
competition ELISA), and the fragments cross-reacted with another protein
(56).

Although a range of anti-self specificities can be derived from a ““single
pot” library from “natural” rearranged V genes, it is impossible to prove
that one or another of the antibody chains was not derived from B cells
with self-specificity. Moreover, in most cases the sequences of both chains
were somatically mutated, suggesting that the chains were derived from
an antigen-driven process (35, 57); indeed and for the anti-blood group B
specificities, anti-B could be detected in the donor antiserum (35).

SYNTHETIC REPERTOIRES Synthetic V gene repertoires can also be built
from cloned human VH-gene segments. A repertoire (2 x 107 clones) was
first constructed using a short H3 loop of five or eight random residues
with each 0f 49 segments, and combined with a fixed light chain. Antibodies
of high specificity were selected against two haptens, phOx and NIP (with
affinities of up to 10 M ') and human TNF-a, but not against three other
(protein) antigens (47). However, by adding a range of H3 loops of different
lengths, up to 12 residues, a single library was created from which a range
of more than 20 binding specificities could be selected, including against
haptens; the foreign antigens lysozyme, keyhole limpet haemocyanin,
streptavidin, and immunoglobulin binding protein (BIP); and the self-
antigens the oncogene protein rhombotin and the tumor suppressor pro-
tein p53. The epitope of an antibody binding to p53 was mapped and
found to be new. The antibodies appeared to be specific and could be used
as reagents for immunofluorescence staining of p53 in the nuclei of cells,
and for Western blotting of cell lysates for BIP (A Nissim, unpublished).
This also illustrates that antibodies can be made against intracellular
antigens, and in particular those of the lumen of the endoplasmic reticulum.

Other synthetic libraries have been built from the framework of a single
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antibody. By randomizing the H3 loop a single binding specificity was
selected against FITC (affinity 10’ M ~') (82); by randomizing the sequences
of the L1, L3, H2, and H3 loops, a single binding specificity was selected
against insulin-like growth factor (but not against CD4 or tissue plas-
minogen activator) (102). There clearly has to be sufficient structural
diversity to make a working ““single-pot” library.

MAKING HIGH AFFINITY ANTIBODIES
Mutation

For most purposes, antibodies must bind their antigen tightly. In the
immune system, strong binding can be built from multiple weak inter-
actions, asillustrated by the interactions of [gM with multivalent antigens
such as virus. However, the higher affinity antibodies are made after
repeated rounds of immunization, arising either as mutants of a primary
response antibody, or as entirely new antibodies (repertoire; such anti-
bodies may arise by somatic mutation of very low affinity antibodies
(96). The increase in binding affinity of primary response antibodies is
sometimes modest, with anti-NP hybridomas showing a five-fold improve-
ment in affinity (103), or large, with anti-phOx hybridomas showing
improvements of 100-fold (62). Site-directed mutagenesis of an anti-p-
azophenylarsonate antibody also suggests that somatic mutation at a few
sites can together contribute factors of >200 to binding affinity (104).

In phages, antibody fragments can be designed with higher binding
avidities, for example, as single chain dimers (57) or “diabodies™ (58).
Presumably other multimeric fragments could be designed to mimic IgM.
Furthermore, mutation can be introduced at random in vitro (36, 56) by
using error prone polymerase (105), or in vivo by use of mutator strains
of bacteria (106, 107), and the phage can be selected for higher affinities.
However, the affinities of antibody fragments against a hapten and a
protein antigen could be improved only a modest four-fold to 10* M~!
and 10° M~ respectively, using a single round of random mutation
followed by multiple rounds of selection (36; RE Hawkins, SJ Russell,
unpublished data). To make higher affinity mutants, it might be desirable
to increase the frequency of random mutation or to combine rounds of
mutation and selection, for example, by growing phage in bacterial mut-
ator strains. Alternatively, it might be desirable to start with lower affinity
antibodies (as may occur in repertoire shift), in the event that a higher
affinity binding site is trapped at a local optimum and incapable of further
affinity maturation (108).

Phage display appears to have potential advantages over the immune
system for the creation of secondary (mutated) repertoires. Firstly, the size
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of the secondary repertoires can be much larger than in immune systems.
Secondly, random mutation can be focussed to the antigen binding loops
or outside, for example, at framework residues that influence loop con-
formation (63). Indeed, mutations outside the contact surface with antigen
can often have profound effects on binding affinity (104, 109, 112).

Chain Shuffling

In the immune system, somatic mutation of a selected pair of VH and VL
domains appears to be the only mechanism for making structural variation
of a selected antigen binding site. However, random combinatorial rep-
ertoires contain immense untapped diversity that can be mobilized by
chain shuffling.

Chain shuffling was first used to analyze the promiscuity of VH and VL
pairings in repertoires from immunized mice (37, 110). It was then used
for the affinity maturation of a human antibody fragment (affinity 3 x 10
M ') for phOx isolated from a V gene repertoire. The VH gene was paired
with VL genes from the original repertoire, and the new (light chain
shuffled) repcrtoire was displayed on phage. A light chain partner was
isolated that conferred improved binding affinity (6 x 10’ M~"). Likewise
the new VL gene was paired with the original repertoire of VH genes, (but
now combined with the H3 loop of the original VH gene), and after
selection a fragment was isolated with a further improved affinity (10°
M "). Indeed the affinities of the original and shuffled fragments are similar
to those of mouse hybridomas of the primary and later responses to the
same hapten.

In the high affinity fragment, both domains were derived from the same
germline VH and VL genes as the parent, but with different patterns of
mutations. The 20-residue changes suggest that large changes in affinity
(500-fold here) might require many random mutations (38).

Chain shuffling can therefore be used to tap the somatically mutated V
genes and make higher affinity binding sites. However, chain shuffling can
also be used for more extensive diversification. For example, the heavy
and light chains of mouse monoclonal antibodies against the hapten phOx
(M Figini, unpublished) and human TNF« (H Hoogenboom, L Jespers,
unpublished data) were sequentially replaced to create entirely human
antibodies of the same specificity, a process termed epitope imprinted
selection.

Large Repertoires

Theoretical studies have suggested, not surprisingly, that the larger the
library, the greater the chance of finding antibodies that bind to any given
epitope, and the higher the affinity (111). However, the limiting factor in

-
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making large primary libraries is the efficiency of introduction of plasmid
or phage DNA into bacteria. In practice, this limits the library size to
10’-10° clones, even taking advantage of 4 phage vectors with excisable
filamentous phage replicons (87).

In principle, a simple way of increasing library size would be to generate
more of the possible chain combinations. This has prompted a new
approach—combinatorial infection (88). For example, if 10° different light
chains were cloned for display as a Fab-plII fusion in a phage vector, and
then the phage used to infect >10'2 bacteria harboring a library of 10’
different heavy chains in a plasmid, this could create 10" possible Fab
fragments (15). If the two chains were recombined efficiently in vivo onto
the same phage replicon by use of loxP sites (88), this would create a phage
library with huge diversity. Indeed, it appears that such huge “teraphage”
libraries can be created (88; AD Griffiths, P Waterhouse, unpublished),
and this should allow high affinity antibodies to be isolated directly and
indeed might also facilitate any chain shuffling required for further affinity
improvements.

CONCLUSION

Phage display should facilitate the construction of human antibodies of
therapeutic value and of research reagents. Libraries have been constructed
that take advantage of immunization, or by-pass it, leading to antibodies
with good binding affinities (10°-10° M ') and high specificity against
foreign and self-antigens. Targets have included viral coat proteins, BIP
from the lumen of the endoplasmic reticulum, and surface markers of
lymphocytes (T cell receptor and CD4), tumor cells (CEA and mucin) and
red blood cells (B, D, E, I and Kell). The antibodies have been used to
neutralize virus, to stain cells, and for Western blots.

There is clearly a future for “single pot™ libraries, as the same library
can be selected with a range of different antigens, and without the need
for immunization of animals. The affinities of the antibodies isolated
should improve as new technologies are used to increase the size and
diversity of libraries. Indeed, the availability of the cloned human VH, Vk,
and V1 gene segments, and knowledge about the structures they encode,
should allow the design of maximum structural diversity in primary rep-
ertoires. It should also allow the creation of premutated genes for use in
making secondary repertoires, in which mutations are focussed at the
antigen contacts or at sites likely to modulate the contacts.

There may also be a future for “designer” libraries. As the potential
antibody diversity is probably too large to be tapped in a single phage
library, it may be advantageous to build libraries that are shaped for
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complementarity to a defined antigen. As phage display can not only
exploit the principles of immune selection, but also cannibalize and
improve on the antibody building blocks, it should increasingly be capable
of outperforming natural immune systems in making antibodies.

Any Annual Review chapter, as well as any article cited in an Annual Review chapter,
may be purchased from the Annual Reviews Preprints and Reprints service.
1-800-347-8007; 415-259-5017; email: arpr@class.org
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