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Abstract

Phage display involves the expression of selected proteins on the surface of filamentous phage 
through fusion with phage coat protein, with the genetic sequence packaged within, linking 
phenotype to genotype selection. When combined with antibody libraries, phage display allows 
for rapid in vitro selection of antigen-specific antibodies and recovery of their corresponding 
coding sequence. Large non-immune and synthetic human libraries have been constructed as 
well as smaller immune libraries based on capturing a single individual’s immune repertoire. This 
completely in vitro process allows for isolation of antibodies against poorly immunogenic targets 
as well as those that cannot be obtained by animal immunization, thus further expanding the 
utility of the approach. Phage antibody display represents the first developed methodology for 
high throughput screening for human therapeutic antibody candidates. Recently, other methods 
have been developed for generation of fully human therapeutic antibodies, such as single B-cell 
screening, next-generation genome sequencing and transgenic mice with human germline B-cell 
genes. While each of these have their particular advantages, phage display has remained a key 
methodology for human antibody discovery due its in vitro process. Here, we review the continuing 
role of this technique alongside other developing technologies for therapeutic antibody discovery.
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Introduction

Antibodies are one of primary effector molecules of the 
human immune system and bind their target antigen through 
their complementarity-determining regions (CDRs) displayed 
on the Fab (antigen-binding fragment) portion of the antibody 
(Fig.  1). The CDRs encode unique structural diversity and 
provide antibodies with the ability to recognize a wide vari-
ety of targets. The protective efficacy of an antibody can be 
achieved through binding alone if it results in neutralization 
of a function of the target or may require additional immune 
functions provided by the Fc (crystallizable fragment) por-
tion of the antibody molecule with receptors found on immune 
cells or complement proteins in serum. Antibody Fc region 
functionality can trigger or augment a number of different 
host defence mechanisms including phagocytosis, release of 
cytotoxic or immunomodulatory biomolecules and the com-
plement cascade and formation of the membrane attack com-
plex. These properties potentially make antibodies extremely 
potent molecules for therapy and they have been developed 

into an important class of drugs for the treatment of numerous 
cancers, autoimmune and infectious diseases (1).

Display of properly folded proteins on phage through 
fusion with phage coat proteins was initially conceived as a 
means to identify the sequence of the protein target which 
binds to an antibody (2). Ironically, one of the most common 
uses of phage display today, almost 30 years after its initially 
development, is to discover antibodies against selected pro-
tein targets. Originally developed by Greg Winter et al. at the 
MRC Laboratory of Molecular Biology and Richard Lerner, 
Carlos Barbas et al. at Scripps Research institute, the basic 
concept that a vast antibody repertoire could be displayed 
on phage with their genetic sequences packaged within has 
allowed for the robust screening of a variety of target anti-
gens and rapid recovery of specific antibody sequences for 
recombinant expression (3–5).

Today, a wide variety of antibody phage display libraries 
exist, with the antibodies displayed either as Fabs, scFvs 
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(single-chain variable fragments) or sdAbs (single-domain 
antibodies) in fusion with typically the gene III coat protein 
(6,7) (Fig. 1). The small size and solubility of the phage par-
ticle (up to 1013 particles/ml) has allowed repertoire sizes 
of up to 1011–12 to be efficiently displayed and manipulated, 

which improves the likelihood of finding suitable antibodies 
(8). These antibody sequences can be obtained from natu-
ral sources (animal or human) or synthetically constructed 
[usually a mix of pre-defined framework regions (FRs) with 
randomized sequences in the CDRs] and isolation of specific 
sequences is carried out by repeated enrichment against the 
target of interest.

The defining attribute of all phage display libraries is the 
physical linking of antibody phenotype (specificity and affin-
ity) with genotype (sequence) via the phage particle—this 
allows for in vitro selection on immobilized antigen or whole 
cells (Fig. 2). As this method by-passes the immune system, 
the usual factors that influence antibody development and 
limit diversity based on those that can be isolated in ani-
mals are not applicable. As such, antibodies can be isolated 
against targets that have low immunogenicity in animals (non-
proteinaceous antigens), to regions of a protein not usually 
targeted due to the presence of immunodominant epitopes 
elsewhere, or to hydrophobic targets that are challenging for 
in vivo manipulation (9–11). As such, phage display offers 
high potential for discovery of novel therapeutic antibodies 
that cannot be generated naturally through in vivo immuniza-
tion or infection. Furthermore, the ability to display synthetic 
repertoires devoid of any negative selection has made this 
technique a key method for the generation of potent fully 
human antibody therapeutics against self-antigens (12). 
Nixon et al. provide an in-depth review of the clinical devel-
opment of such drugs (13).

Fig. 1. (A) Structure of a typical IgG molecule. Each antibody com-
prises two heavy and two light chains each of which have four and 
two immunoglobulin domains, respectively. The first domain is variable 
and determines specificity (VL and VH) while the second domain of the 
light chain (CL) and the second to fourth domains of the heavy (CH1-3) 
are constant across all antibodies of the same isotype. The light chain 
and first two domains of the heavy chain form the Fab, which is the 
portion expressed on the phage. The last two domains of the heavy 
chain form the Fc and are responsible for immune function through 
engagement of receptors on immune cells. Heavy and light chains are 
linked through a single disulfide bond (orange) between the CL and 
CH1 domains and the two heavy chains have multiple disulfide bonds 
at the hinge region between the CH1 and CH2. An scFv consists of 
just variable light and variable heavy domains joined by a flexible 
polypeptide linker while an sdAb as the name implies is only a single 
immunoglobulin (usually VH) domain which is sufficient for binding. (B) 
Variable domain genetic structure and construction of a natural phage 
display library. Each variable domain consists of three hypervariable 
CDRs interspersed between the more conserved FRs. The immuno-
globulin domain folds such that the CDRs are brought together to form 
the antigen-binding surface at the tip of the Fab. Degenerate primers 
(arrows) are used to amplify the entire variable heavy and light chains 
(or alternatively variable and first constant domain) from a source of B 
cells and cloned in-frame with the phage coat protein (usually gene 
III) into E. coli to produce an Fab, scFv or sdAb library. The rest of the 
phage genome is supplied through replication defective helper phage 
to produce antibody-displaying phage.

Fig.  2. General strategy for phage panning. Polyclonal phage 
expressing recombinant antibodies on their surface is applied to tar-
get antigen presented as either immobilized on a magnetic bead, 
polystyrene surface or on the surface of a whole cell. Phage carrying 
antigen-binding Fab bind and non-specific Fab are removed through 
stringent washing. Antigen-bound phage is eluted off either typi-
cally through pH change or protease digestion and re-infected into 
E. coli, from which a new library enriched for antigen-binding clones 
can be made. After several cycles, the library would be sufficiently 
enriched so that the individual clones can be isolated from E. coli 
stock, expressed as monoclonal phage, tested, sequenced and the 
specific antibodies expressed recombinantly.
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Another key attribute of phage display is that selection 
can be far more rapid as compared to the natural immune 
response, and in our laboratory, we have been able to identify 
monoclonal antibodies (mAbs) in as short a period as 1 week 
(14). This is particularly useful for generation of antibodies 
against novel or genetically modified pathogens in an emer-
gency outbreak scenario. In recent years, however, alterna-
tive antibody discovery systems have been developed, such 
as high-throughput testing of individual B cells and next-gen-
eration sequencing of B-cell repertoires. We review here the 
use of phage display against various types of targets, such 
as self-antigens, non-protein targets and infectious disease 
agents, in relation to on-going developments in both phage 
display and other antibody discovery technologies.

Targeting self-antigens: going beyond the boundaries 
of the immune system

In the human immune system, naive B cells targeting self-
antigens are deleted by negative selection and immunization 
in a different host is therefore required to generate specific 
antibodies against human targets. However, the resultant anti-
bodies, even after humanization by replacement of constant 
regions or of FRs with human equivalents, are usually more 
immunogenic than a human-derived antibody (15). While this 
can result in increased toxicity, the primary concern is the 
potential for reduced clinical efficacy of the therapy which 
can occur with development of a humoral immune response 
against the antibody.

For self-antigens, such as tumour cell markers, phage dis-
play is an ideal technique for the generation of fully human 
antibodies due to the absence of tolerance mechanisms. 
Semi-synthetic or synthetic libraries, whose sequences have 
not been negatively selected for any antigen, are usually 
the first choice. An additional advantage of these libraries 
is that design features can be incorporated to allow facile 
affinity maturation, such as CDRs flanked by restriction sites 
for easy replacement or appropriate consensus primers for 
targeting of specific CDRs for directed mutagenesis (16). 
Several fully human synthetic library-derived mAbs have 
been approved by the US Food and Drugs Administration or 
completed clinical trials. The first of these was adalimumab, 
an anti-TNF-α antibody developed by Cambridge Antibody 
Technologies for the treatment of rheumatic arthritis and 
Crohn’s disease (17,18). Subsequently, other antibodies 
were developed for the treatment of cancer and autoim-
mune disease such as necitumumab (non-small cell lung 
cancer), ramucirumab (gastrointestinal cancers) and beli-
mumab (systemic lupus erythematosus) (12,19,20). Many 
others are currently at advanced stages of clinical develop-
ment and may reach market approval within the next few 
years (21,22). As mAbs gain popularity as a form of alter-
native drug therapy, the use of phage displayed antibody 
libraries has also gained a reputation as the premier tech-
nology for antibody discovery.

Semi-synthetic libraries, which were the first to be 
made, typically consist of FRs sourced from naturally 
occurring antibodies and CDR regions synthesized from 
degenerate oligonucleotides (23,24). In many instances, 
to simplify construction, only the CDR3 region was fully 

synthetic. Subsequently, libraries with fully synthetic variable 
sequences were introduced, with the FR based on consen-
sus sequences from natural antibodies but optimized for high 
expression on phage in Escherichia coli to reduce the effect 
of variable expression of the human framework sequences 
on selection. The first fully synthetic Human Combinatorial 
Antibody Libraries (HuCAL) generated to produce thera-
peutic antibodies was reported by Morphosys in 2000 with 
their first version of the HuCAL (16). Several versions of the 
HuCAL has since been constructed that incorporate addi-
tional features such as improved phage elution by disulphide 
bond cleavage, selection for in-frame clones, additional 
CDR3 loop length and diversity and optimization for expres-
sion in mammalian cell culture through removal of unwanted 
potential post-translational modification sites (25,26). These 
modifications have resulted in an increase in the number 
of antibodies isolated per target antigen. There are several 
antibodies generated from the Morphosys libraries currently 
in various stages of clinical development; a recent exam-
ple being the potent anti-cancer activity of OMP-18R5, with 
activity in multiple preclinical human tumour models (27). 
This antibody targeting the Wnt pathway was isolated from 
the HuCAL GOLD library and is currently in Phase 1 clinical 
testing.

While synthetic libraries have allowed the development 
of human antibodies with reduced immunogenicity relative 
to humanized animal antibodies against self-antigens, the 
CDRs of these libraries can also be immunogenic as often 
the sequences are not naturally present in the human anti-
body repertoire (28). With this in mind, another approach to 
build synthetic libraries has been to generate novel variable 
region sequences by overlapping PCR of individual amplified 
germline CDRs with respective FR (29). While allowing gen-
eration of novel sequences that target self-antigens, it also 
prevents the generation of synthetic sequences that could 
contain high levels of T-cell epitopes and be strongly immu-
nogenic. Indeed, antibodies obtained from this library had a 
proportion of T-cell epitopes no higher than that of naturally 
occurring antibodies. An antibody against ICAM-1 was iso-
lated from this library and shown to have potent anti-myeloma 
activity in vivo (30).

Over the years, semi-synthetic and fully synthetic libraries 
have shown utility beyond targeting of self-antigens, as these 
libraries are also capable of generating antibodies of high 
affinity against a wide range of target antigens (16,24,25). 
One such high-affinity antibody which was recently approved 
for clinical use is raxibacumab for the treatment of inhala-
tional anthrax (12). Extremely high diversity synthetic libraries 
have also been generated with the goal of providing higher 
affinity antibodies than currently approved therapeutic anti-
bodies, thus circumventing the need for further improvement 
by affinity maturation. Hoet et al. at Dyax Corp reported the 
isolation of very high-affinity antibodies through synthetic 
diversity introduced into the key antigen-contact sites of 
CDR1 and CDR2 within the heavy chain in combination with 
naturally occurring diversity in the heavy chain CDR3 and 
light chains from donors with autoimmune diseases (31). 
Their human antibody phage display libraries have produced 
multiple drug candidates currently in different phases of clini-
cal development.
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Non-protein targets: carbohydrates, lipids and post-
translationally modified proteins

While antibodies are typically raised against proteins, the first 
therapeutic antibodies in clinical use in the early 20th cen-
tury, prior to the discovery of antibiotics, were actually poly-
clonal preparations that recognized the carbohydrate coat 
of pathogenic bacteria such as Neisseria meningitidis and 
Streptococcus pneumoniae. These were raised in animals 
against inactivated whole bacteria for treatment of severe 
bacterial infections and each preparation was effective only 
on bacterial strains with homologous carbohydrate structures 
(32,33). This lead to a realization that antibody recognition 
of the coat structure was an important correlate for efficacy, 
and the functional classification of bacteria into serotypes for 
proper matching of antibody and bacterial strain. The require-
ment for multiple polyclonal antibodies for treatment of even 
one bacterial species due to large numbers of serotypes was 
one of the reasons for the switch to more broadly acting anti-
biotics once they became available (33). Nonetheless, their 
effective use is an indication of the therapeutic potential of 
non-protein targets.

To generate high-affinity antibodies against such targets, a 
strong immune response is required which is usually stimu-
lated through conjugation with a protein carrier, delivery with 
an adjuvant such as lipid A or as an antigen complex with pro-
teins such as whole inactivated bacteria (34–37). Even so, the 
antibodies obtained can often be low affinity IgM due to the 
inability to engage the mechanisms required for affinity matu-
ration and class switching, hence limiting the utility of animal 
immunization for antibody generation (36,38). On the other 
hand, phage display has been used to produce anti-carbo-
hydrate antibodies of reasonable affinity in the low nanomolar 
range (39). In particular, a phage library constructed with the 
heavy chain CDR3 enriched for basic residues to improve 
binding to negatively charged carbohydrates produced 
anti-carbohydrate antibodies that had relatively high affin-
ity (KD ≈ 50 nM) and excellent specificity (40). Although no 
anti-carbohydrate antibodies have been approved for routine 
clinical use, such antibodies have been shown to be able to 
target both carbohydrate-rich tumour antigen and bacterial 
lipopolysaccharides, the latter having been used on occasion 
to treat severe cases of sepsis (41,42).

Anti-lipid/lipoprotein antibodies are fairly uncommon in 
nature and in humans, they are usually associated with meta-
bolic, autoimmune and neurodegenerative diseases; per-
haps unsurprisingly given the key role lipids play in these 
processes. Cerebrospinal fluid and serum antibodies against 
myelin basic protein, sulfatide and oxidized lipids have been 
found in patients with multiple sclerosis, and serum antibod-
ies against neuronal gangliosides are directly implicated in 
the pathology of the peripheral neuropathy Guillain–Barré 
syndrome (43–45). Anti-oxidized low-density lipoprotein anti-
bodies on the other hand may play a role in the development 
of atherosclerosis (46). Isolation of such antibodies via phage 
display and the use of recombinant versions in animal mod-
els of disease may help determine their pathological role and 
potentially reverse its effects (47).

For example, in anti-phospholipid syndrome, anti-
bodies against phospholipid-binding proteins such as 

β2-glycoprotein I  are considered to be a major driver of 
pathology through inappropriate complement fixation. The 
use of phage display to obtain human antibodies of the same 
specificity has enabled the development of blocking antibod-
ies that are defective in fixing complement which were shown 
to inhibit the effect of endogenous antibodies in animal mod-
els (48). In another example, with certain animal models of 
atherosclerosis, a high-titre antibody response to the malon-
dialdehyde low-density lipoprotein immunogen also appears 
to correlate with reduced disease severity, suggesting that 
such antibodies could be used therapeutically (49). Phage 
display can also be used to develop anti-idiotypic antibodies; 
these have been shown to have therapeutic potential by bind-
ing and blocking the effects of naturally occurring autoanti-
bodies (50).

Using phage display, we and others have also been able to 
generate anti-lipid antibodies even against pure lipids com-
pletely insoluble in aqueous solution, through enrichment 
against crystalline microdroplets formed following evapora-
tion of organic solvents (9,10,51). While having potential for 
use as diagnostic reagents to identify targeted lipids in crude 
mixtures, it remains unclear whether such antibodies can 
recognize lipids in their natural biological environment and 
the therapeutic potential of anti-lipid antibodies generated 
through such modalities remains an open question.

Another type of target uniquely suited to phage display is 
proteins with post-translational modifications such as glyco-
sylation or phosphorylation. In such cases, the approach is to 
engineer a specific recognition domain into a particular CDR 
region which significantly increases the likelihood that the 
recovered antibody will recognize the modification in addi-
tion to the protein epitope (52). For recognition of phospho-
rylated peptides, a phosphate-binding motif from a naturally 
occurring antibody was used to generate a mutant antibody 
library from which antibodies binding specifically to either 
phosphoserine, phosphotyrosine or phosphothreonine were 
identified. The CDR amino acids responsible for phosphoryl-
ated amino acid recognition were identified and then used 
to generate a second set of libraries which preserved these 
structures but had the rest of the CDR randomized; these 
libraries were then used to screen phosphorylated peptide 
targets. A similar strategy was used to identify glycan-binding 
antibodies based on a motif isolated from the anti-HIV anti-
body 2G12, which binds the HIV-1 glycoprotein gp120 pri-
marily through its glycosylation (53).

Advantages of antibody selection in vitro

A key advantage of phage display is the in vitro nature of the 
antibody identification process, as this allows for selection 
methodologies not possible with in vivo antibody generation. 
By carefully controlling the selection and screening conditions 
on immobilized antigen, for example, by the presentation of 
specific antigen conformations or the inclusion of competi-
tors for direct selection towards specific targets or epitopes, 
the generation of antibodies can be biased towards desired 
regions of the target (54–56). Moreover, binding affinity and 
on and off rates of recovered antibodies can be optimized 
independently according to the selection strategy employed, 
enabling tailoring to the desired biomedical application 
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(57,58). This can be further enhanced during recombinant 
expression as full antibodies where various immunoglobulin 
isotypes and constructs with alternative functionality can be 
easily generated.

Another screening modality available to phage display is 
the targeting of antigen presented on the surface of whole 
cells or tissue. This is especially useful for membrane-bound 
antigen such as cell surface receptors and transmembrane 
proteins whose structure is not easily recapitulated by free 
antigen and is particularly useful for tumour-specific surface 
antigens. However, this approach is complicated by the 
diversity of antigens on the cell surface which may result in 
selection of phage against common surface epitopes (59). 
One means to overcome this is to leverage on unique biologi-
cal properties of the target antigen. For example, signalling 
receptors such as HER2, epidermal growth factor receptor 
and p75 neurotrophin receptor, cycle from the cell surface to 
the interior and recovery of phage from the cell interior has 
allowed specific phage enrichment (60–62). However, most 
cell types will carry multiple membrane proteins capable of 
internalizing bound phage. An alternative and complemen-
tary means for selection is to pan against alternating cell 
types expressing the same target antigen to prevent selection 
of common surface antigens; this can be achieved through 
the use of mammalian or yeast expression vectors for expres-
sion of recombinant antigen on a suitable host cell (62,63).

In addition to these in vitro techniques, phage library 
approaches with in vivo binding modalities have also been 
explored. First described for organ targeting using peptide 
phage libraries where the library was injected intravenously 
into mice and the phage were subsequently rescued from 
the brain and kidneys (64), the technique has also been suc-
cessfully carried out in tumour-bearing mice (65). In recent 
years, similar methodologies have also been employed with 
antibody phage libraries not only to identify potentially thera-
peutic antibodies but also for determining the accessibility 
of a given target (66), further expanding the boundaries of 
phage display technology.

Today, almost all widely accessible commercial libraries 
are based on non-immune repertoires of high complexity to 
enable use in the selection of antibodies against a virtually 
unlimited number of target antigens. The latest state-of-art 
libraries reach complexities of up to 1011–1012 clones and 
thus may even exceed the size of individual human cell rep-
ertoires (67,68). While high-affinity antibodies can be isolated 
from these libraries, occasionally the affinity of the obtained 
antibodies is low as the genes are obtained from naive B 
cells that have not yet undergone affinity maturation. In such 
cases, where the affinity required for therapeutic efficacy 
is higher than that of the antibody obtained, in vitro affinity 
maturation may be performed. This is often accomplished by 
introducing random or specific mutations in the CDRs or the 
exchange of whole heavy or light chain domains by chain 
shuffling (69–73). Recently, Li et al. described an alternative 
phage display approach for affinity maturation of a natural 
human antibody MSL-109 targeting human cytomegalovirus 
(CMV), where each of the CDRs was allowed to vary in only 
one amino acid residue at a time (69). Higher affinity anti-
bodies were isolated which had improved CMV neutralization 
potency when expressed as Fab fragments in bacterial cells.

In another novel application of in vitro phage library screen-
ing, single antibodies capable of dual epitope recognition 
have also been developed. Carried out by Bostrom et al., a 
subset of solvent exposed residues of the light chain CDRs 
of the anti-HER2 antibody Herceptin were randomized to 
generate a highly diverse combinatorial phage library (1010 
particles) (74). By subjecting the library to selection for VEGF 
binding while maintaining HER2 binding, dual antigen-bind-
ing clones were identified which inhibited both VEGF and 
Erb-B2-mediated cell proliferation in vitro and tumour pro-
gression in mouse models (74). Such ‘two-in-one’ antibod-
ies may represent a paradigm shift and provide exciting new 
opportunities for therapeutics.

Generating fully human antibodies against pathogens 
with phage display

In contrast to lipids, carbohydrates and self-antigens, high-
affinity antibodies against pathogen-derived protein anti-
gens are easily generated through immunization or during 
the course of a natural infection (75,76). Present at high 
levels during the course of the immune response due to 
secretion from short-lived plasma cells and plasma blasts, 
lower levels are maintained in the serum by secretion from 
long-lived plasma cells and usually have therapeutic or 
prophylactic efficacy. This was put to good use in the pre-
antibiotic era through serum therapy, where patients were 
given pathogen-specific polyclonal serum raised in animals 
(33). More recently, human-derived antibodies have been 
shown to be efficacious against a number of highly patho-
genic diseases such as severe acute respiratory syndrome 
(SARS) coronavirus, Ebola and H5N1 avian influenza (77–
80). Recovery of such naturally occurring antibodies from 
convalescent patients is clearly of prime importance for 
developing drugs against pathogens to which there are no 
other effective treatments. In addition, they provide a wealth 
of information on the humoral immune response, its dura-
tion and maintenance over time, and how it can be effec-
tive, or in some cases, ineffective, against infection (81,82).

To capture these antibodies, immune libraries can be 
constructed relatively quickly, allowing identification of the 
high-affinity antibodies that can be used to generate diag-
nostic reagents and also tested for their therapeutic poten-
tial. In addition, novel in vitro screening strategies can be 
employed to isolate rare broadly neutralizing antibodies, 
as has been highlighted in the hunt for antibodies against 
pandemic influenza. Kashyap et al. reported the generation 
of combinatorial antibody libraries from the bone marrow of 
five survivors of a H5N1 avian influenza outbreak in Turkey 
yielding >300 unique antibodies against H5N1 viral anti-
gens, several of which were shown to have broadly neutral-
izing properties across various H5 subtypes (83). Similarly, 
Throsby et  al., using combinatorial display libraries con-
structed from human memory B cells elicited by seasonal 
influenza vaccination, isolated 13 antibodies exhibiting 
broad heterosubtypic neutralizing activity against antigeni-
cally diverse H1, H2, H5, H6, H8 and H9 influenza subtypes 
(84). The most potent antibody was also protective in mice 
when given before and after lethal H5N1 or H1N1 chal-
lenge and the epitope was localized to the highly conserved 
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membrane-proximal stem of the HA1 and HA2 subunits of 
hemagglutinin (84,85).

Using a combination of panning strategies against the 
hemagglutinin from several antigenically distinct H5N1 iso-
lates to bias-selection of antibodies towards more conserved 
domains of the protein, we were able to isolate similar anti-
bodies to that described by Throsby et al. from a non-immune 
Fab phage display library (11). The selection of such antibod-
ies from even non-immune phage displayed libraries high-
lights the potential of these readily available libraries for the 
development of therapeutically relevant antibodies against 
emerging pathogens of high concern and may enable more 
rapid development of therapies against novel emergent path-
ogens in the future.

Phage display in comparison with other 
methodologies for human antibody discovery

The main competition for phage libraries in the area of cancer 
and autoimmune disease therapeutics where self-antigens 
are the primary target are transgenic mice whose immuno-
globulin germline genes have been replaced with human 
equivalents. This technology, developed in the 1990s, has 
been driven mainly by two biotech companies—Mederax and 
Abgenix—which licence the HuMab and XenoMouse strains, 
respectively (86–88). During the course of V(D)J recombina-
tion, these reassemble into fully human antibodies although 
they are carried on murine B cells and the mice can generate 
functional immune responses (including somatic hypermu-
tation) during immunization, from which antibody-secreting 
hybridomas can be made. Some of these antibodies are 
already approved for clinical use and more are in the clinical 
pipeline (12,89).

One disadvantage of these first-generation strains appears 
to be the use of human constant regions, which has been sug-
gested to affect downstream signalling in B cells and result 
in defective immune responses against particular antigens; 
newer strains of transgenic mice have been developed that 
have only the variable regions replaced and utilize murine 
constant regions (90). Currently, more antibodies in clinical 
use or trials are derived from transgenic mice as compared to 
phage display, but this may not be an accurate comparison of 
their utility as the technology for transgenic mice was devel-
oped several years ahead of the first truly diverse synthetic 
antibody libraries (12). Additionally, as antibody generation is 
governed by the rules of the immune response, their utility for 
generating high-affinity antibodies against epitopes common 
to humans and mice, non-protein targets, or antibodies with 
novel binding characteristics such as those achieved by in 
vitro selection under non-physiological conditions, is limited.

For isolation of antibodies from human subjects, while phage 
display was the first technique suitable for the screening of large 
numbers of B cells, in recent years, additional techniques of 
similar robustness and efficacy have been developed. These 
fall into two main categories: analysis of single B cells through 
in vitro immortalization, activation into antibody-secreting cells, 
or recovery of their individual antibody transcripts; or alterna-
tively, high-throughput analysis of polyclonal antibodies. The 
latter approach can be carried out at either the proteome or 
transcriptome level through mass spectrometry of digested 

peptides or Next Generation Sequencing of harvested B-cell 
mRNA, respectively. (80,91–94). Both these techniques have 
one main advantage over phage display; they allow elucida-
tion of the heavy and light chain pairings and frequencies of 
the B cells of interest. As such, they may be more useful for 
characterizing the dynamics of humoral immune responses 
(95). On the other hand, they require significant investment 
in specialist equipment, such as a high-speed fluorescence-
activated cell sorter (FACS) or Next Generation Sequencer, as 
well as robotic handling equipment if large numbers of cells 
are to be screened (77).

Phage display does not require any such equipment and 
can be performed with basic microbiological and molecular 
biology apparatus with the exception of an electroporator if 
high efficiency cloning is required (67). Another advantage 
is that a phage library once created is usually sufficient for 
numerous screenings and can be stored almost indefinitely, 
while the various omics procedures involve destruction of the 
sample and single B-cell cultures, unlike murine hybridomas, 
do not allow for indefinite antibody production (96). Even anti-
bodies produced by B cells immortalized with Epstein–Barr 
virus can gradually lose affinity due to re-activation of somatic 
hypermutation (P. A. MacAry, unpublished data). Hence, 
while these techniques require a finely honed screening strat-
egy only available with well-characterized pathogens, phage 
display may be more suited towards investigation of poorly 
understood or novel pathogens where multiple screening tar-
gets and conditions need to be investigated. In addition, side-
by-side comparison of phage display and Next Generation 
sequencing produced completely different sets of antibodies 
that were attributed to the poor expression of particular anti-
bodies on phage. Nevertheless, the antibodies produced by 
either technique had comparable specificity and affinity (97).

The future for phage display

While for some applications, such as isolation of antibod-
ies from patients, phage display may be complemented or 
substituted with other techniques, an area where phage dis-
play remains critical is for directed evolution of antibodies for 
increased stability under non-physiological conditions of pH 
and temperature—such selection is simply not possible in 
vivo. Neither are other in vitro alternatives such as cell surface 
display (mammalian, yeast or bacterial) or ribosome display 
feasible due to their lower resistance to high temperatures or 
extreme pH. Phage can tolerate temperatures of up to 60°C 
and a pH range of 2–11 (98). Table 1 provides a summary 
comparison of the advantages and disadvantages of these 
various in vitro techniques.

Phage display is also likely to remain useful for discov-
ery of antibodies against non-protein targets, evolution of 
dual-binding antibodies and for affinity maturation, due to 
the limitations of the natural immune system. However, anti-
bodies against non-protein targets such as lipids and car-
bohydrates remain a fairly unexplored area, partially due to 
the lack of validated therapeutic targets aside from bacterial 
membrane surface carbohydrates. One area that could be of 
particular interest is lipids involved in autoimmune and neu-
rodegenerative disorders, for which there is some evidence 
that antibodies could have both protective and pathological 
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roles and which a therapeutic antibody designed to sup-
press immune function, e.g. of the IgG4 isotype, could have 
benefits.

For regular protein antigens, there may still be one particular 
niche for phage display based on its strengths: the rapid devel-
opment of therapeutic antibodies against emerging diseases 
or a genetically modified pathogen in an emergency situation. 
Antibodies are a natural and well-studied component of the 
immune system and use of a naturally derived antibody should 
have minimal side effects and thus be ideal for emergency use. 
In such a situation, rapid antibody isolation is critical. Phage 
display allows for the screening of an extremely large collection 
of antibodies of up to 1011 sequences, far more than that pos-
sible by Next Generation sequencing or single B-cell analysis, 
thus improving the chance of isolating rare antibodies. Even if 
an immune library is required, rapid construction and screen-
ing is possible using cloning protocols such as MEGAWHOP 
which do not require prior digestion of PCR immunoglobulin 
sequences and new panning strategies that enable effective 
enrichment over only one cycle of selection (102,103). In addi-
tion, vectors have been developed that can express antibod-
ies both on phage as well as in mammalian cell culture as full 
length IgG through the use of intron-mediated differential splic-
ing without any need for sub-cloning, which enables rapid high-
throughput expression analysis of the full length antibody (104). 
As such, phage display is likely to remain a key technique for 
antibody discovery for the foreseeable future.
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