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Therapeutic antibodies have become a major driving
force for the biopharmaceutical industry; therefore,
the discovery and development of safe and efficacious
antibody leads have become competitive processes.
Phage and ribosome display are ideal tools for the gen-
eration of such molecules and have already delivered an
approved drug as well as a multitude of clinical candi-
dates. Because they are capable of searching billions of
antibody variants in tailored combinatorial libraries,
they are particularly applicable to potency optimisation.
In conjunction with targeted, random or semi-rational
mutagenesis strategies, they deliver large panels of
potent antibody leads. This review introduces the two
technologies, compares them with respect to their use in
antibody optimisation and highlights how they can be
exploited for the successful and efficient generation of
putative drug candidates.

Generating potent therapeutic antibodies today
Thirty years after monoclonal antibodies (mAbs) were
made available through the development of hybridoma cell
lines [1] they have become a major driving force for the
biopharmaceutical industry. Owing to their ability to bind
to virtually every kind of target molecule with high affinity
and specificity, they are exploited as potent diagnostic
and therapeutic agents. The best selling antibody drugs,
such as Remicade1 (infliximab; http://www.remicade.
com/), Rituxan1 (rituximab; http://www.rituxan.com/) or
Humira1 (adalimumab; http://www.humira.com/), today
account for sales of several billion US$, a market growing
faster than all others in the sector [2] – altogether there are
currently 18 mAbs approved for the market and >150 in
clinical development [3]. Lower attrition rates for antibody
leads in clinical trials compared with small molecule com-
pounds as well as recent successes in treating cancer or
inflammatory diseases withmAbs have triggered the inter-
est of all the major pharmaceutical companies; through
acquisitions, in-licensing or collaborations, each one has
gained access to technology and expertise for their discov-
ery and development [4]. Although this has fuelled the
antibody sector financially it has also made it competitive,
and companies not only have to bolster failures with
reasonably sized portfolios but they also need to be efficient
and fast in bringing safe and efficacious antibody leads to
the clinic.

To become a safe and efficacious drug, an antibody first
needs to bind to a target, also termed antigen, central to
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the cause or progression of the disease to be treated [5].
More precisely, it should recognize a surface area – the
epitope – that is biologically relevant and thereby impact,
agonistically or antagonistically, on a disease-related func-
tion. The mAb should recognize the antigen with great
specificity to avoid triggering unwanted reactions by cross-
reacting with other molecules possibly present at higher
concentrations. Generally, it should also have the highest
possible affinity for the antigen to be efficacious even at low
concentrations. Failure to achieve this would require
administration at higher and/or more frequent doses,
which would be costly, inconvenient for the patient and
possibly even dangerous because of the reduced thera-
peutic window and, thus, the prevalence of side effects.
Important exceptions to this rule are mAbs against solid
tumour targets, for which high affinity has potentially been
shown to decrease tumour penetration and, therefore, the
efficacy of the drug [6].

The classical hybridoma technology has been adapted to
generate therapeutic mAbs through either humanising the
molecules obtained from immunising rodents [7] or by
using mice harbouring human immunoglobulin genes
instead of their own [8,9]. Despite its successful history,
this method has some inherent limitations: it is not applic-
able to antigens that are toxic to the animals or conserved
across species (and thus non-immunogenic); the isolation of
antigen-specific antibodies can be slow; the selection con-
ditions in vivo are difficult to control; the number of iso-
lated antibodies, their recognized epitopes and their
specificity and affinity can be unpredictable; and it can
suffer from an affinity ceiling. Although antibodies with
dissociation constants<100 pM have been reported follow-
ing immunisation [10], they are not actively selected
because their slower dissociation rates cannot be discrimi-
nated from the intrinsic B-cell receptor internalisation
rate [11].

A faster, more flexible and more reliable alternative for
the generation of therapeutic mAbs is represented by the
creation of large, diverse combinatorial libraries of anti-
body heavy and light chain variable domains (VH and VL,
respectively), followed by their interrogation using display
technologies in vitro. Antibody fragments, such as single-
chain Fv (scFv), single domain or Fab fragments, can be
presented on phage or yeast surfaces as well as on ribo-
somes, while the encoding nucleotide sequence is incorpo-
rated within or is physically attached. This link of
phenotype to genotype enables selection and enrichment
of molecules with high specific affinities for a given
antigen followed by identification of the co-selected gene.
ved. doi:10.1016/j.tibtech.2006.09.004
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Box 1. Concept and steps of phage and ribosome display

� Phage display: the DNA library is imported into E. coli cells for in

vivo synthesis of the encoded scFv fused, for example, to the

gene III coat protein of filamentous phage. In a phagemid

system, the DNA lacks essential factors for phage production,

demanding phage rescue with a helper phage, which supplies

the missing factors in trans. The resulting phage particles display

the proteins on the surface, and the encoding DNA is contained

within. Following selection, the genotype of selected variants is

recovered and amplified by infecting and subsequent culturing

of fresh E. coli cells, respectively. Phage display and its

applications for isolation and engineering of antibodies have

been reviewed in detail [74–77] and are outlined in

Figure I.

� Ribosome display: the DNA library constructs contain all the signals

required for cell-free in vitro transcription and translation. In the

most widely used version, the absence of a stop codon at the end of

the coding sequence prevents the release of the mRNA and the

nascent polypeptide from the ribosomes. Low temperatures and an

elevated level of magnesium ions further stabilize the ternary

mRNA–ribosome–polypeptide complex. An unstructured tether is

added to the C-terminus of the constructs to enable correct folding

of the nascent polypeptides outside the ribosome tunnel. After

selection, mRNA molecules are recovered by reverse transcription

(RT) and amplified by polymerase chain reaction (PCR). Alternative

coupling methods include addition of chloramphenicol to

the translation reaction [28], fusion of the ricin A chain to the

polypeptide [78] or, in a variation termed mRNA display, the direct

linking of mRNA and polypeptide using an RNA-binding protein

[79] or puromycin [80,81]. For general reviews of ribosome and

mRNA display and their applications, see [60,82–85] and Figure I.

Figure I. Illustration of the phage (purple) and ribosome display (green) cycles.

All display technologies, including phage and ribosome display, follow the

same iterative concept. A combinatorial DNA library is prepared that encodes

diverse protein variants, for example, single-chain Fv antibody fragments

(Diversity). The polypeptides with their individual phenotypes are synthesized

and coupled to their encoding genotypes (Coupling). Controlled selection

pressure is applied to capture those variants with a defined property, such as

specific binding to a target antigen, whereas non-binders are eliminated

(Selection). The genotype of the selected variants is recovered and amplified

for another round of selection (Amplification). The process is repeated several

times to enable enrichment of individual variants to be characterized in

analytical and functional assays (Characterisation).
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onsequently, the need for screening is reduced to a
inimum, and large diverse panels of unique antibodies
an be identified within weeks [12]. Usually, targeting a
ariety of epitopes with distinct binding specificities and
ffinities, they can often present a greater choice of puta-
ive drug candidates than is obtainable from in vivo
mmunisation.
In particular, display technologies are ideal for in vitro

ptimisation of antibodies that recognize the correct epi-
ope on a specific antigen but are not potent enough for
iagnostic or therapeutic applications. To this end, a
ibrary of mutants is created, and improved antibodies
re isolated in a way analogous to the natural affinity
aturation processes of somatic hypermutation and affi-
ity selection [13]. Carried out in the test tube, display
echnologies enable the comparatively easy generation of
ew sequence repertoires, selection under tightly con-
rolled conditions and, finally, isolation of antibodies with
ffinities beyond those routinely achievable in vivo.
In this review, we introduce and compare the two most
idely used display technologies – phage and ribosome
isplay – with respect to their use in antibody affinity
aturation. We highlight their individual characteristics
nd explain how they might be exploited for the successful
nd efficient generation of potent antibody leads. The
oncept and steps of phage and ribosome display are
ww.sciencedirect.com
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xplained in Box 1. Of all the other display technologies,
east display has been applied most successfully to anti-
ody optimisation [14–16]; however, to the best of our
nowledge, no side-by-side comparison with phage or
ibosome display has so far been reported. We therefore
corporate only some selected yeast display antibody
ptimisation articles and refer to [17,18], and references
herein, for more information on the technology itself.

hage display: a well-established selection technology
n 1985, M13 phage displaying a specific peptide antigen
n its surface was isolated from a population of wild-type
hage, based on the affinity of a specific antibody for the
eptide [19]. Antibody variable domains were successfully
isplayed by McCafferty et al. in 1990, enabling the selec-
ion of the antibodies themselves [20]. During the past 15
ears, phage display has been exploited successfully to
olate and optimize antibody molecules such as the
uman anti-TNFa antibody marketed as Humira1 and
any more mAbs currently in the clinic.
The major advantages of phage display compared with

ther display technologies are its robustness, simplicity,
nd the stability of the phage particles, which enables
election on cell surfaces [21], tissue sections [22] and even
vivo [23]. However, because the coupling of genotype and

henotype (i.e. protein synthesis and assembly of phage



ultimately, efficacy.

Figure 1. Potency improvements of antibodies optimized using phage and

ribosome display. The graph correlates the maximum potency improvements

achieved by antibody optimisation with the starting potencies of the respective

parent antibodies. Each parent was obtained from phage display selections on

naı̈ve libraries before being optimized using phage or ribosome display as

indicated. The starting potencies of the parent antibodies are shown as the

nanomolar (nM) antibody concentrations resulting in 50% antigen inhibition in a

functional assay (IC50). The potency gains are represented as fold improvements in

IC50 in the same assays. The starting potencies as well as the potency

improvements varied considerably because of the diversity of the antibody–

antigen interactions and the assay formats. Generally, however, greater potency

improvements could be observed when starting with lower potency antibodies.

Most antibody optimisations using either phage or ribosome display resulted in

final IC50 values in the picomolar range, as represented by the circles above the

broken line. Depending on the assay format, the mode of action of the antibody

and the biology of the target, this is usually potent enough for therapeutic

application. The affinities of such antibodies are generally in the low picomolar

range. It is notable that some optimized antibodies below the line might have been

the result of abandoned optimisation efforts in favour of another lineage against

the same target.
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particles) takes place in bacteria, the encoding DNA needs
to be imported artificially. Library size is therefore
restricted by transformation efficiency. Despite great
improvements in this area, the largest reported libraries
still comprise no more than �1 � 1010 to �1 � 1011 differ-
ent members. This is believed to be a disadvantage for
isolating high affinity antibodies because the size of the
library is directly linked to the probability of selecting
them [24]. With respect to use in antibody optimisation,
it further means that the number of mutants, and thus the
sequence diversity that can be interrogated in selections, is
limited. Finally, the coupling of phenotype and genotype
and the amplification of selected variants in vivo can lead
to considerable negative selection pressures. Antibody
fragments that are toxic for the host, poorly expressed
or folded, inefficiently incorporated into the phage particle
or susceptible to proteolysis or aggregation slow down the
bacterial growth and display less efficiently. This reduces
the library diversity and enables a low potency but fast-
growing clone to dominate a whole population after just a
few rounds of selection.

Ribosome display: a powerful alternative
As an alternative, researchers have developed in vitro
display technologies [25], the most widely used of which
is ribosome display [26,27]. Here, a DNA library that
encodes peptides or proteins is transcribed and translated
in vitro using prokaryotic or eukaryotic cell-free expression
systems such as E. coli, rabbit reticulocyte or wheat germ
extracts. The combination of the absence of a stop codon, an
elevated level of magnesium ions and low temperature
stalls the ribosome at the end of the mRNA while the
nascent polypeptide folds and is presented outside the
ribosome tunnel.

In 1994, Mattheakis et al. presented a large library of
synthetic peptides on ribosomes and selected them for
binding to a specific antibody [28]. Efficient display and
selection of antibody fragments was shown by Plückthun’s
group in 1997 [29]. Since then, cell-free expression systems
have been made commercially available and protocols
improved to facilitate the wider use of the technology
[30]. Most recently, highly efficient ribosome display selec-
tions have been reported using an in vitro expression
system based on purified proteins, thus lacking RNases,
proteases and other unknown inhibitory factors [31]. In
spite of this, the use of ribosome display still remains
challenging under certain conditions as well as on cell
surfaces or when using non-purified antigens.

Ribosome display has a particular advantage compared
with phage and all other cell-surface display technologies
for in vitro optimisation of antibodies and proteins in
general: the DNA does not have to be imported into a host
because phenotype–genotype coupling and amplification
both take place in vitro. Hence, libraries of more than
1 � 1013 members are possible, the limit being the max-
imal number of ribosomes that can be provided routinely in
selections. The libraries are also less prone to the negative
selection pressures associated with in vivo systems.
Finally, and most notably, additional sequence diversifica-
tion during the selection process – and, thus, a directed
evolution following the Darwinian principle of variation
www.sciencedirect.com
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and selection – is greatly facilitated by the inherent PCR
step at each round.

Successful antibody potency optimisation using phage
and ribosome display
For in vitro affinity maturation, both phage and ribosome
display selections are preferentially performed on an anti-
gen in solution to control its concentration and reduce
avidity effects. When labelled with biotin, for example,
the antigen and the bound scFv–phage or scFv–ribo-
some–mRNA complexes can be pulled down with strepta-
vidin-coated magnetic beads. The antigen concentration
chosen should be below the dissociation constant (Kd) of
the parent antibody at the first round of selection and
then reduced incrementally during subsequent cycles to
enrich for variants with lower Kd [32,33]. Selections have
been performed in the presence of an excess of competitor
antigen or antibody, resulting specifically in variants
with lower off-rates [32,34,35]. Correspondingly, on-rate
selections are conceivable using phage and ribosome
display; however, this has so far only been realized
with yeast display [14], which profits from using flow
cytometric cell sorting to finely discriminate variants
with specified binding kinetics [36,37]. The selected anti-
bodies can be tested for increased affinity but should
preferentially be screened for improved potency in a
relevant cell-based assay because the sequence diversi-
fication and selection process might also have enriched
variants with increased folding efficiency and ther-
modynamic stability, both contributing to potency and,
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Figure 2. Identification of mutation hotspots by random mutagenesis and affinity

selections. The figure illustrates possible mutation frequencies for each amino acid

residue in the variable domains (VH and VL) of antibody variants of improved

potency. Three exemplary antibody optimisations are depicted (mAb 1, mAb 2 and

mAb 3). The location of the complementarity-determining regions 1 to 3 (CDR1 to

CDR3) in the primary structure of each domain (N- to C-termini, from left to right) is

indicated by grey shades, CDR residues are depicted in red, and framework

residues in green. Random mutagenesis of the scFv using error-prone polymerase

chain reaction (PCR) followed by ribosome-display affinity selections and

screening for improved potency leads to an accumulation of mutations in a few

distinct hotspots, located mainly in the CDRs. Their number and exact position

vary considerably from case to case and can therefore not be predicted. With the

power of display technologies to interrogate large mutant libraries, however, they

can be identified without the need for any structural information. A frequency

threshold (broken line) can be set to select hotspots for targeted saturation

mutagenesis in a second-generation library followed by further rounds of

selection.
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We have used both phage and ribosome display for in
itro optimisation of therapeutic antibodies. As shown in
igure 1, the achieved potency improvements in relevant
unctional assays are comparable for the two technologies,
espite the considerable variations from antibody to anti-
ody. In agreement with published data, many antibodies
ould be optimized to the picomolar potencies usually
equired for therapeutic application.

argeted approaches to antibody affinity maturation
ith tools such as phage and ribosome display available to

solate rapidly specific high-potency antibodies from large
ariant populations, a major key to efficient and successful
n vitro antibody optimisation is the introduction of the
ppropriate sequence diversity into the starting antibody.
enerally, two approaches can be taken: either amino acid
esidues in the antibody sequence are substituted in a
argeted way or mutations are generated randomly.
Antibodies are ideal candidates for targeted sequence

iversification because they share a high degree of
equence similarity and their conserved immunoglobulin
rotein fold is well studied. Many in vitro affinity
aturation efforts using combinatorial libraries in
onjunction with display technologies have targeted the
omplementarity-determining regions (CDRs) harbouring
he antigen-binding site. Normally, amino acid residues
re fully randomized with degenerate oligonucleotides. If
pplied to all positions in a given CDR, however, this
pproach would create far more variants than can be
isplayed on phage or even ribosomes – saturation muta-
enesis of a CDR of 12 residues, for example, would result
n 1 � 1220 different variants. In addition, the indiscrimi-
atemutation of these residues createsmany variants that
o longer bind the antigen, reducing the functional library
ize. Scientists have therefore restricted the number of
utations by targeting only blocks of around six consecu-
ive residues per library [38] or by biasing the mutagenesis
andomly towards the parent sequence and/or chemically
r sterically conservative changes, a strategy sometimes
eferred to as parsimonious mutagenesis [39–42].
utagenesis has also been focussed on natural hotspots
f somatic hypermutation [43], or the residues to be
argeted were chosen based on mutational or structural
nalyses as well as molecular modelling [39,40,44].
Further affinity improvements have been achieved by

ecombining mutations within the same or different CDRs
f improved variants [15,39,44,45]. In spite of having
ielded some substantial gains, such an approach is unpre-
ictable. An alternative is the so-called CDR walking.
ere, the highest affinity antibody from the maturation
f one CDR is used as the template for mutagenesis of
nother CDR [46–48]. Although this might result in
reater improvements, it is time consuming and permits
nly one set of amino acid changes to recombine with new
utations. Alternatively, whole populations of, for exam-
le, pre-selected VH and VL CDR3-targeted variants can be
ecombined, and the resulting combinatorial library sub-
ected to further rounds of selection. This enables the
airing of hundreds of thousands of improved VH variants
ith a similar number of VL variants and thus provides a
uch greater chance of creating outstanding synergistic
ww.sciencedirect.com
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otency improvements of up to 40 000-fold higher than
r the best variant from VH or VL mutagenesis alone
npublished data).

troducing sequence diversity randomly
n addition to the targeted strategies, several random
utagenesis methods can be used to improve antibody
otency. One is the shuffling of gene segments, where

H and VL populations, for example, can be randomly
ecombined with each other (as described above) or, as
reviously reported, by keeping one of the domains con-
tant [33,40,42,49]. Alternatively, the shuffle can be per-
rmed with CDRs [50,51] or random parts of the scFv,
ased on a concept initially described by Stemmer et al.
4,52,53]. Another approach is the indiscriminate
utation of nucleotides using the low-fidelity Taq DNA
olymerase [54], error-prone PCR [32,34,55,56], the
rror-prone Qb RNA replicase [57] or E. coli mutator
trains [58,59] before and in-between rounds of selection.
huffling and random point mutagenesis are particularly
seful when used in conjunction with targeted approaches
ecause they enable the simultaneous evolution of
on-targeted regions [38,60]; in addition, they are powerful
hen performed together because individual point
utations can recombine and cooperate, again leading
o synergistic potency improvements. This has created
ome of the highest affinity antibodies produced so far,
ith dissociation constants in the low picomolar [35] and,
a study using yeast display, even the femtomolar range



Review TRENDS in Biotechnology Vol.24 No.11 527

P

When performed separately, random mutagenesis can
help identify mutation hotspots, defined as amino acid
residues mutated frequently in a population. To this
end, a variant library generated by error-prone PCR, for
example, might be subjected to affinity selections followed
by the sequencing of improved scFvs. In a manner similar
to somatic hypermutation, this method leads to the accu-
mulation of mutations responsible for potency gains
mainly in CDRs, despite having been introduced randomly
throughout the whole scFv-coding sequence (Figure 2) [38].
The likelihood of non-human, potentially immunogenic
residues in the conserved framework regions is therefore
minimal; in any case, their contribution to the immuno-
genicity of therapeutic mAbs could not yet be fully eluci-
dated [61]. It is notable that selection for increased folding
efficiency or thermodynamic stability, for example, might
result in a different distribution pattern. In any case, the
number and location of these hotspots differ from antibody
to antibody. Without the need for any structural informa-
tion, the residues to be targeted preferentially in a
semi-rational manner can thus be rapidly identified on a
case-by-case basis. Although error-prone PCR only
mutates a few of the hotspots in any one antibody, and
the number of accessible amino acid variants is limited
owing to the redundancy in the genetic code, they can now
be fully randomized in parallel using oligonucleotide-based
saturation mutagenesis. This enables the sampling of
maximum sequence space and the creation and selection
of mutations that might synergistically improve antibody
potency further.

The continual need for display technologies and
combinatorial libraries
Both targeted and random mutagenesis strategies have
produced high-affinity antibodies in vitro [62]; however,
because every antibody–antigen pair is different, it is not
obvious which approach is superior with respect to the
affinity achieved and the fold-improvement compared with
the starting antibody. Although individually tailored stra-
tegies are, therefore, required each time, some general
trends exist. After a set of key contact residues at the
centre of the antigen-binding site has been selected during
the antibody isolation phase, affinity maturation results in
a tightening of the antibody–antigen interaction through
more peripheral, or ‘second-sphere’ changes [38,63–65].
This involves the removal of sterically hindering side-
chains, the addition of contact points and the reorientation
of the binding site geometry [66]. Reducing the flexibility
and enhancing the packing of the CDR loops might also
decrease the entropy loss upon antigen binding [67,68].
Even distal mutations might provide the subtle structural
alterations in the variable domains and their interface that
are necessary to refine antibody–antigen interactions to
low picomolar or femtomolar affinities [16,35,69]. Somatic
hypermutation in addition to the approach presented in
Figure 2 are, therefore, focussed on, but not limited to, the
CDRs.

Despite the growing knowledge around antibody struc-
tures and protein–protein interactions, and the rapid
development of in silico evolution, molecular modelling
and protein–protein docking tools [70–73], it is still nearly
www.sciencedirect.com
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impossible to predict the multitude of mutations resulting
in improved antibody potency. Moreover, specific struc-
tural information – on the antibody to be optimized, its
antigen and their interaction – is rarely available or lacks
the high resolution required to determine accurately
important details such as side-chain conformations, hydro-
gen-bonding patterns and the position of water molecules.
Therefore, the most effective way to improve antibody
potencies remains the use of display technologies to inter-
rogate large variant populations, using either targeted or
random mutagenesis strategies. In either case, we recom-
mend recombining beneficial mutations, followed by
further rounds of selection to increase the chance of iden-
tifying synergistic potency gains. To reach high potencies,
the use of ribosome display combined with random muta-
genesis strategies should be envisaged, either alone or as
part of a targeted approach, to enable additional sequence
diversification during the selection process. We also recom-
mend the semi-rational targeting of experimentally deter-
mined mutation hotspots for efficient potency optimisation
without the need for any specific structural information.
The combination of targeted, semi-rational and random
approaches can finally contribute to the mapping of the
precise antigen-binding site, also termed paratope, and
help understand the specific molecular mode of action of
the antibody [38].

A matured ribosome display technology, which has
recently delivered the first optimized antibody to the
clinic (CAT-354; http://www.cambridgeantibody.com),
along with the well-established phage display have become
the tools of choice for in vitro optimisation of antibodies.
Elaborate mutagenesis strategies and strictly controlled
selection conditions facilitate fast generation of a multi-
tude of high potency antibody molecules. This enables the
efficient development of safe and efficacious antibody drug
candidates in an ever more competitive environment.
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