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INTRODUCTION

Antibodies are part of our natural defence against infectious agents such 
as viruses and bacteria and are raised by the immune system in response 
to infection or vaccination. Indeed, the immune system is a simple system 
for the fast evolution of antibodies against infectious agents; it generates 
a diverse range of antibodies and selects those that bind to the infectious 
agent.

Although Nature has developed antibodies to protect against infectious 
disease, Man has further developed and evolved antibodies for treatment of 
non-infectious disease, such as inflammatory disorders and cancer (Winter 
& Milstein, 1991). Man-made antibodies have been used to block the biol-
ogy of protein receptors and ligands involved in inflammatory disorders, 
cell growth and T-cell activation; or to kill target cells by recruiting immune 
effector functions. Indeed, the development of antibodies for treatment of 
non-infectious disease has revolutionised the pharmaceutical industry, an 
industry previously dominated by chemical drugs, particularly for treat-
ment of auto-immune inflammatory diseases and cancer. For example, in 
recent years the antibody Humira (or adalimumab), used for treatment of 
rheumatoid arthritis, has been the world’s best-selling pharmaceutical 
drug. Of the top ten best selling drugs in 2016, six were antibodies (Table 1).
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The development of such antibody pharmaceuticals has required multiple 
technological inventions, and a molecular understanding of the disease 
and of antibody structure, function and genetics.

Table 1. Sales of top ten pharmaceutical drugs, 2016. Antibodies are marked*. Source: 
Genetic Engineering and Biotechnology News.

Figure 1. Structure of IgG. Heavy chains (red), light chains (white) with classical antibody 
fragments (Fv, Fab and Fc) marked.

ANTIBODY STRUCTURE, FUNCTION AND GENETICS

An IgG antibody (Figure 1) is a large (150,000 Da) Y-shaped molecule, two 
arms and a stem, comprising four chains, two heavy and two light of 
linked protein domains. The heavy and light chain variable domains 
(abbreviated VH and VL) at the end of the arms come together to form a 
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protein scaffold of beta-sheet, surmounted by six loops of variable 
sequence. Antibodies protect against infectious agents by binding to the 
target through the variable loops and blocking the process of infection. In 
addition, the antibody stem can recruit immune effector functions such as 
complement activation, phagocytosis and antibody-dependent cellular 
cytotoxity (ADCC) to kill the infectious agent.

Figure 2. Strategy of the immune system for making antibodies. (1) rearrangement of V- 
gene segments (Hozumi 1976); (2) surface display of antibody on B-cell; (3) antigen- driven 
selection; (4) secretion of soluble antibody from plasma cell; (5) affinity maturation.

The diversity of the antigen-binding loops is created through rearrange-
ment of different germ-line segments of DNA during human B-cell devel-
opment (Figure 2). In heavy chains it is created through combinations of 
VH, D and JH gene segments, each of which has multiple members, to give 
the rearranged VH genes. In light chains it is created through combina-
tions of two sets of gene segments (Vκ and Jκ; Vλ and Jλ) to give the 
rearranged VL genes. Editing at the segment junctions generates further 
genetic diversity, as does the random combination of heavy and light 
chain genes in each B-cell. After DNA rearrangement, the encoded anti-
body is expressed on the surface of the B-cell. As the process takes place 
independently in many B-cells, it generates a library of cells in which each 
member expresses a unique antibody on its surface.

When the displayed antibody binds to cognate antigen, the B-cell is 
stimulated to differentiate. It gives rise to plasma cells, which are factories 
for production of antibodies against the antigen, and to memory B-cells. 
In memory B-cells, the antibody genes are targeted for random mutation, 
and the mutant antibodies displayed on the cell surface. On further 
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encounter with antigen, the mutant antibodies compete for limiting anti-
gen; those cells displaying antibodies with the highest binding affinity are 
favoured for further rounds of differentiation. This leads to an antibody 
response that improves with repeated immunisation, a process known as 
affinity maturation. For general review, see Schroeder & Cavacini, 2010.

ANTIBODY ENGINEERING

The first step in the creation of antibody pharmaceuticals was the inven-
tion of hybridoma technology by Koehler and Milstein (1975) at the MRC 
Laboratory of Molecular Biology. Mice were immunised with the target 
antigens, the spleens harvested, and the responding B-cells immortalised 
by cell fusion. The hybrid cells (or hybridomas) were then screened to 
identify those making monoclonal antibodies against the target cells. 
Although this technology generated many useful research reagents, 
including against human proteins and cells, the mouse monoclonal anti-
bodies were seen as foreign when injected into patients, compromising 
their use in the clinic. Attempts to make human monoclonal antibodies 
against human cancer cells proved impossible, not least because the 
human immune system has tolerance mechanisms that prevent it making 
antibodies against self-antigens.

By the mid 1980s, solutions began to emerge through the application of 
protein engineering, in which the antibody genes were altered and the 
altered antibodies expressed in a host cell. Attempts were made to express 
antibodies in bacteria, but this gave very poor yields and the antibodies 

Figure 3. Humanising rodent monoclonal antibodies. IgG polypeptide backbone and 
gene structure, mouse origin (red) and human origin (white).
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had to be refolded from intracellular inclusion bodies (Boss et al., 1984; 
Cabilly et al., 1984). Lymphoid cells proved to be more suitable hosts for 
the expression, secreting folded and functional antibodies into the 
medium (Rice & Baltimore, 1982; Neuberger, 1983; Ochi et al., 1983; Oi et 
al., 1983).

The first focus of the protein engineers was to turn mouse monoclonal 
antibodies into their human counterparts (Winter, 1989; Winter & Mil-
stein, 1991) (Figure 3). First came the simple chimeric antibodies in which 
entire antigen-binding domains were transplanted from mouse to human 
antibodies. Such antibodies were one-third mouse and two-thirds human 
in origin, binding to the same antigen as the mouse hybridoma and trig-
gering human effector functions (Boulianne et al., 1984, Morrison et al., 
1984, Neuberger et al., 1985).

Then came “humanised” antibodies, in which only the antigen-binding 
loops were grafted from the mouse antibodies into human antibodies 
(Jones et al., 1986; Riechmann et al., 1988; Verhoeyen et al., 1988).

As the inventors of humanised antibodies (which are up to 95% human 
in origin), we argued that as the antigen-binding loops differ between 
human antibodies, such humanised antibodies might be regarded as syn-
thetic human antibodies. One of these humanised antibodies (Riechmann 
et al., 1988), directed against the lymphocyte antigen CD52, was used to 
treat patients with non-Hodgkins lymphoma. It was tolerated over the 
30-day course of treatment and destroyed a large mass of spleen tumour 
(Hale et al., 1988). This appears to have been the first clinical use of an 
engineered antibody. Later, clinicians at the Cambridge Department of 

Table 2. Humanised antibodies approved by the US Food and Drug Administration. Each 
antibody listed in order of trade name, non-proprietary name, pharmaceutical target and 
disease area. MS = Multiple Sclerosis, CD = Crohn’s Disease, RA = Rheumatoid Arthritis, 
PNH = Paroxysmal Nocturnal Haemoglobulinuria, AMD = Acute Macular Degeneration, 
BC = Breast Cancer, CLL = Chronic Lymphocytic Leukaemia, MM = multiple myeloma, 
NSCLC = Non Small Cell Lung Cancer, RSV = Respiratory Syncytial Virus.
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Clinical Neurosciences developed this antibody (alemtuzumab, marketed 
as Lemtrada) for treatment of relapsing forms of multiple sclerosis.
Many other antibodies have been humanised and approved as pharma-
ceutical drugs (Table 2). But in the late 1980s we didn’t know that human-
ised (or even chimeric) antibodies would be so well tolerated in patients. 
We therefore began to think about ways of making fully human antibod-
ies. A possible solution emerged from a methodological improvement in 
making engineered mouse antibodies.

ANTIBODY LIBRARIES

One of the rate-limiting steps in making engineered antibodies was the 
isolation of the rearranged VH- and VL-genes from the mouse hybrid-
oma. For this purpose, we decided to explore the use of the polymerase 
chain reaction (PCR), in which target regions of DNA are amplified by 
repeated cycles of polymerase extension of two flanking primers (Saiki 
et al., 1988). By comparing the nucleotide sequences of many different 
antibodies, we identified regions at the ends of both heavy and light 
chain genes that seemed sufficiently conserved to allow the design of a 
simple set of PCR primers. There was no way of avoiding some primer/
template mismatches; indeed, we took advantage of the mismatched 
regions to incorporate restriction sites for cloning the amplified DNA 
into expression vectors. After exploring a range of experimental condi-
tions, we identified a set of primer sequences that allowed us to amplify 
the rearranged VH- and VL-genes of several mouse hybridomas 
(Orlandi et al, 1989).

This method made it so much easier to clone and express antibody 
genes that we speculated about making recombinant antibodies directly 
from libraries of V-genes from the spleens of immunised mice, thereby 
by-passing hybridoma technology (Orlandi et al., 1989). We also realised 
that a similar approach might lend itself to making human antibodies, 
including those against human self antigens. However, we first needed to 
find an expression host suitable for the mass screening of libraries of 
recombinant antibodies. We alighted on bacteria, as it had just been 
shown that antibody fragments could be secreted in a folded and func-
tional form into the bacterial periplasm by attaching a signal sequence 
(Better et al., 1988; Skerra & Pluckthun, 1988).

We tailored a plasmid vector for the bacterial expression of antibody 
fragments from the VH- and VL-genes as amplified by our PCR primers. 
After cloning the antibody genes from the hybridoma (D1.3) (Amit et al., 
1986), we established that the D1.3 antibody Fv fragment (associated VH 
and VL domains) was secreted from the transfected bacteria into the cul-
ture supernatant, and bound to hen egg lysozyme, as in the original hybri-
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doma. We also discovered that the secreted VH domain bound to hen egg 
lysozyme in the absence of the VL domain, with a loss of only about ten-
fold in binding affinity.

We then immunised mice with protein antigens and made a VH gene 
expression library from the immunised spleens. Screening of the library 
revealed VH domain fragments with binding activities to the immunising 
antigen at a frequency of about 1/100. This seemed promising, and we 
wondered whether such single domain antibodies (or dAbs) might pro-
vide a platform of small high affinity protein domains for a range of appli-
cations. However, the isolated VH domains were “sticky”, presumably due 
to the exposed hydrophobic surface normally capped by the VL domains. 
Although we believed that the poor biophysical properties of mouse (and 
human) VH domains could be overcome (Ward et al., 1989), we did not 
pursue the further development of a dAb platform for some years (Jes-
pers et al., 2004a; Jespers et al., 2004b; Ueda et al. 1984). Indeed, camels 
were found to have naturally occurring antibodies devoid of light chains, 
and the camel VH domains to have good biophysical properties (Ham-
ers-Casterman et al. 1993).

In the meantime, the group of Richard Lerner (Scripps Research Insti-
tute) and the biotechnology company Stratagene had developed an inter-
est in antibody libraries. They took the next step and created libraries of 
heavy and light chain (Fab) pairs from the V-genes from spleens of lym-
phocytes immunised with hapten. The pairings were generated randomly, 
and the libraries referred to as random combinatorial libraries. After mass 
screening of the Fab fragments, they identified several hapten binders at a 
frequency of 1/10,000 (Huse et al., 1989). Again, this seemed promising, 
but we thought it unlikely that the screening method would be sufficiently 
powerful to find human antibodies against human self-antigens.

We therefore looked at the more powerful strategy used by the immune 
system itself. Could we develop a B-cell mimic, essentially a “genetic dis-
play package”, with antibody displayed on the outside of the package to 
encounter antigen, and the antibody genes packaged within? We consid-
ered several possibilities, including the display of antibodies on mamma-
lian cells, bacteria and bacterial viruses. Of these the filamentous bacteri-
ophage seemed the most attractive.

PHAGE DISPLAY

Four years earlier George Smith had shown that peptides could be dis-
played on filamentous bacteriophage by genetic fusion to a coat protein 
(p3) that mediates the bacterial infectivity of the phage. He had shown 
that phage displaying peptide epitopes could be selected and enriched by 
binding to cognate antibodies (Smith, 1985). Instead of peptides, we won-
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dered whether we could display antibody fragments on phage, and select 
the “phage antibodies” by binding to antigen?

We did not know whether the displayed antibodies would fold or be 
efficiently incorporated into the phage coat. Nor did we know whether the 
antibody-p3 fusions would survive proteolysis in the bacterial periplasm 
or mediate phage infectivity. We therefore checked with our model D1.3 
antibody fragment. To avoid dissociation of the domains, we decided to 
link the VH and VL domains together with a short flexible peptide, so cre-
ating a single chain Fv fragment (scFv) (Bird et al., 1988; Huston et al., 
1988). We then fused the antibody gene to the phage p3 gene in a phage 
vector (Figure 4). After transfection of the recombinant vector DNA into 
bacteria, we tested the recombinant phage for binding to hen egg 
lysozyme using an ELISA assay. As we had hoped, the recombinant phage 
bound specifically to hen egg lysozyme (McCafferty et al., 1990). We now 
mixed the phage antibody with a large excess of wild-type phage and 
showed that we could enrich the phage antibody by rounds of selection 
on antigen-affinity columns. Indeed, the phage antibodies were enriched 
one thousand-fold in a single round of selection, and one million-fold 
over two rounds of selection.

We then used the phage to display and enrich libraries of antibody 
fragments from immunised mice. We decided to follow the mouse anti-
body response to the hapten phenyloxazolone (phOx), as this response 
had been characterised in molecular detail using hybridoma technology 

Figure 4. Cloning scFv fragment for phage display. VH genes and VH domain (red), VL 
genes and VL domain (white), phage 3 protein (green), leader sequence (yellow). Phage 
truncated and only 3 copies of p3 shown for simplicity of representation.
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(Berek et al., 1985). We started with a random combinatorial library of 
about 2 x 105 phage antibody clones derived from spleen IgG mRNA of a 
mouse immunised with the hapten (Clackson et al., 1991). After affinity 
selection, we identified multiple binders. Although we had expected to 
find binders, we had not anticipated how readily we would find them. On 
the one hand, we had expected the Ig mRNA to be enriched towards anti-
bodies directed to the immunising hapten, particularly due to the elevated 
Ig mRNA in plasma cells (Schibler et al., 1978; Hawkins & Winter, 1992). 
On the other hand, we had expected the frequency of original VH and VL 
pairings (and comprising those elicited by immunisation) to be low given 
the random combinatorial process and the number of B-cells used to 
make the library.

Sequence analysis of the binders revealed a further factor – “promis-
cuity” – in which the same VH-gene was paired with different VL-genes, 
and vice-versa. Indeed, after shuffling one such pairing with the original 
VH- gene or VL-gene libraries respectively, we found binders in which 
each domain had made new pairings. After recloning the antibody genes 
for bacterial expression as soluble antibody fragments, we identified pair-
ings with binding affinities comparable to those of hybridomas (Kd = 10 
nM) made from the same spleens (Gherardi & Milstein 1992). Together 
with the results from the Scripps (Huse et al., 1989), this confirmed that 
the library technology had the potential to bypass hybridoma technology, 
at least for making mouse monoclonal antibodies against haptens.

HUMAN ANTIBODIES FROM PHAGE LIBRARIES

We then faced up to the next challenge – to make human antibodies and 
to do so without immunisation. We first made some technical improve-
ments to make the libraries more diverse and larger. To make the libraries 
more diverse, we took the peripheral blood lymphocytes from unimmu-
nised human donors and amplified the rearranged human VH- and 
VL-genes from naïve and primary response B-cells (IgM) cDNA (Marks et 
al., 1991a) using a set of “family-based” PCR primers (Marks et al., 1991b). 
To make the libraries larger, we turned to phagemid vectors in which the 
antibody fusion is encoded by a phagemid, and a helper phage provides 
other g3 subunits (Bass et al., 1990). The phagemid vectors have higher 
bacterial transfection efficiencies than phage vectors, allowing the crea-
tion of larger libraries. The phagemid vectors also simplified the expres-
sion of soluble fragments. By interposing an amber stop codon between 
the antibody gene and the p3 protein, we could switch between display on 
phage in amber suppressor strains of bacteria (and helper phage), or 
secretion of soluble fragments in non-suppressor strains (Hoogenboom et 
al., 1991).
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From a library of 107 phagemid clones, we isolated human antibody 
fragments binding to a foreign antigen (turkey egg lysozyme), a hapten 
(phOx) (Marks et al., 1991a), and to several human self-antigens (Griffiths 
et al., 1993). Although the binding of the soluble fragments was specific 
for each target, the binding affinities of the antibody monomers were in 
the micromolar range. We set about improving these affinities by subject-
ing the selected clones to further rounds of diversification and selection, 
as in the immune system.

For example, starting with the human phOx antibody (binding affinity 
Kd = 320 nM), we reshuffled the VH gene with the entire VL gene library, 
selecting for hapten-binding under stringent conditions (Marks et al., 
1992). This led to new VL partners, and an antibody fragment with a 
20-fold improved binding affinity, which we improved a further 15-fold by 
shuffling with a library of the VH gene segments. Overall, we had 
achieved 300-fold improvement in binding affinity (Kd = 1 nM).

In another example, we grew the phage displaying the human phOx 
antibody in a bacterial mutator strain. After multiple rounds of growth 
and stringent selection with the hapten, we achieved a 100-fold improve-
ment in binding affinity (Kd = 3.2 nM). This was comparable to the affini-
ties of mouse monoclonal antibodies made by repeated immunisation to 
the same hapten. We could even construct a genealogical tree from the 
sequences of the mutants at different rounds and identify four sequen-
tially acquired mutations which were together responsible for the 
improved affinity (Low et al., 1996).

In the selection process, we typically used longer washes, more disrup-
tive washing conditions or lower concentrations of antigen to distinguish 
between phage antibodies with different affinities, (Hawkins et al., 1992). 
In this context the phagemid vectors had a further advantage over phage 
vectors – “monovalent” display (Lowman & Wells, 1991; Lowman et al., 
1991). With phage vectors, we would expect five antibody heads on each 
phage and potentially highly avid binding to solid phase antigen. In prac-
tice few phage have five antibody heads – they suffer proteolysis, and the 
phages bind to solid phase antigen with variable avidities, making it diffi-
cult to distinguish between those binders with high affinity and those 
with high avidity. The use of phagemid vectors, in which incorporation of 
the helper phage p3 reduces the phage valency, leads to so-called “mono-
valent” phage, and helps to eliminate the avidity component from affinity 
selections.

SYNTHETIC HUMAN ANTOBODIES

As well as antibody libraries from the rearranged VH- and VL-genes from 
human B-cells, we developed synthetic human antibody libraries. We cre-
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ated the synthetic libraries from the human gene segment building blocks 
(VH, D and JH; Vκ and Jκ; Vλ and Jλ) – such libraries have the advantage 
that the composition and diversity of the library can be predetermined. In 
1989, the sequences of most of the human VH- and VL-genes was 
unknown, so we first had to clone and sequence all the human V-gene 
segments, starting with the VH segments (Tomlinson et al., 1992). To the 
ends of each of 49 human VH gene segments (Hoogenboom & Winter, 
1992; Nissim et al., 1994) we introduced an artificial D-segment compris-
ing random nucleotide sequence of variable lengths, and a J-segment. 
These rearranged VH gene segments were combined with a single fixed 
rearranged VL gene and cloned for display on phage. From a library of 108 

phagemid clones we obtained micromolar binders to haptens and pro-
teins, comparable in affinity to libraries of similar size made from natu-
rally rearranged V-genes.

After cloning the Vλ- gene (Williams & Winter, 1993) and Vκ- gene 
(Cox et al., 1994) segments, and building the corresponding synthetic 
rearranged VL gene repertoires, we set about creating an even larger com-
binatorial library. However, we were limited by the efficiencies of trans-
formation of E. coli by phagemid DNA. We therefore developed a new 
strategy (Waterhouse et al., 1993) in which we infected bacteria harbour-
ing a heavy chain library (on a plasmid) with a light chain library (on a 
phage). The two chains were combined on the same (phage) replicon 
within the bacterium by Cre catalysed recombination at loxP sites, creat-
ing combinatorial libraries, potentially as large as the number of bacteria 
infected. In this way we created a library of > 1010 clones (Griffiths et al., 
1994) including almost all the human V-gene segments. Selection of this 
library yielded antibodies to a wide range of antigens, against both foreign 
and self-antigens. The binding affinities were in the nanomolar range, and 
comparable to the affinities of hybridomas after affinity maturation. 
Indeed, using such large libraries reduced the need for affinity matura-
tion.

THERAPEUTIC ANTIBODIES FROM PHAGE

In parallel with our work in the MRC, the start-up company Cambridge 
Antibody Technology (CAT) was working with commercial partners to 
develop human therapeutic antibodies. Their most spectacular success 
was the development of the phage antibody adalimumab, which is tar-
geted against TNFalpha and used for treatment of autoimmune inflamma-
tory diseases such as rheumatoid arthritis, psoriasis and Crohn’s disease. 
When CAT started the work on adalimumab in the early 1990s, the ran-
dom combinatorial libraries of human antibodies were not large or 
diverse enough. We therefore tried a different strategy, starting with a 
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mouse monoclonal antibody against TNFα(Jespers et al., 1994), as illus-
trated in Figure 5. For example, the mouse heavy chain can be paired with 
a library of human light chains and selected for binding to TNFα. The 
selected human light chain can then paired with a library of human heavy 
chains, and selected for a fully human antibody that binds to the same 
antigen. This chain shuffling strategy, essentially a molecular version of 
Theseus’s paradox (or grandfather’s axe paradox), synthesises a human 
antibody using a mouse antibody as template. It was this strategy that 
gave rise to adalimumab.

 

Figure 5. Humanising antibodies by chain shuffling. IgG polypeptide backbone and VH 
and VL gene structure, mouse origin (red) and human origin (white).

Subsequently Cambridge Antibody Technology (Medimmune/Astra-
Zeneca) has focused on creating very large libraries (>1011 clones). Table 3 
shows the pharmaceutical target classes to which human phage antibod-
ies have been made using the same library (J. Osbourn, Medimmune, per-
sonal communication), and Table 4 those human therapeutic antibodies 
already approved by the US Food and Drug Administration.
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In conclusion, antibody libraries and phage display have provided the key 
elements for the creation of a fast evolutionary system for the generation 
of fully human antibody medicines.

Table 3. Pharmaceutical target classes against which phage antibodies have been raised 
using the same large library. In order target class and molecular target.

 Table 4. Human antibodies made by phage display and approved by the US Food and 
Drug Administration. Each antibody listed in order of trade name, non-proprietary 
name, pharmaceutical target and disease area. SLE = Systemic Lupus Erythematosus, 
TTP= Thrombotic Thrombocytopenic Purpura, HAE = Hereditary Angioedema, HCL = 
Hairy Cell Leukaemia, MCC = Merkel Cell Carcinoma. Other abbreviations as in Table 2.
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