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Recombinant antibodies are important tools for biomedical
research and are increasingly being used as clinical
diagnostic/therapeutic reagents. In this article, a
background to humanised antibodies is given, together
with details of the generation of antibody fragments —for
example, single chain Fv fragments. Phage antibody
fragments are fast becoming popular and can be
generated by simple established methods of affinity
enrichment from libraries derived from immune cells.
Phage display methodology can also be used for the
affinity enrichment of existing antibody fragments to
provide a reagent with a higher affinity. Here, phage
antibodies are demystified to provide a greater
understanding of the potential of these reagents and to
engage clinicians and biomedical scientists alike to think
about potential applications in pathology and clinical

seftings.
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n a previous demystified article,' we explained

the development and application of monoclo-

nal antibodies (MADbs). These reagents, largely
of mouse/rat origin, are valuable as research
tools—for example, probes of macromolecules
and cells within the biomedical sciences—and as
clinical diagnostic reagents. However, in clinical
treatment, there has been a requirement to
“humanise’? these antibodies to minimise un-
desired side effects that effectively limit their
repetitive use in patients. This article continues
on the theme of antibody reagents in high-
lighting different forms of humanised recombi-
nant antibodies, but with a larger emphasis on
recombinant phage antibodies. In essence, a
recombinant phage antibody is a small protein
made up of both heavy and light variable chain
domains (Fvs) that are usually coupled by a
flexible peptide linker. These products, when
displayed on phage retain the ability to recognise
and bind antigen or, more specifically, a struc-
tural determinant or epitope. Phage derived
antibody fragments offer benefits over tradi-
tional antibodies, such as a small penetrable size
and rapid production. Furthermore, the technol-
ogy can remove the need for animals. For the
present, MAbs (and their variants) will continue
to be used as essential “work horse” reagents in
the clinical setting, but in the future, phage
antibodies may provide an alternative option for
therapeutics and as reagents in pathology
laboratories.”

HUMANISED RECOMBINANT
ANTIBODIES

In recent years MAbs have become very impor-
tant commercial reagents, and currently contri-
bute to over 30% of biopharmaceuticals in
development and production. To date, 10 differ-
ent MAbs have achieved FDA approval, with
others in phase III trials.* The key to the
successful use of MAbs as diagnostic or ther-
apeutic tools relies on their extraordinarily high
degree of directional binding, which guarantees
excellent target localisation. Importantly, those
reagents finding useful clinical applications have
been subjected to considerable molecular mod-
ification. The result has been to achieve
“designer” antibodies that are less immuno-
genic, smaller, of greater affinity, or carry active
therapeutic or diagnostic ligands. These ligands
may be radiolabels for imaging, or more complex
molecules that are either direct toxins or
enzymes that can convert inactive prodrugs into
cytotoxic forms. Evidence of their potential use is
highlighted by the fact that there are more than
70 MAbs at phase 1II testing or beyond.

“In essence, a recombinant phage antibody
is a small protein made up of both variable
heavy and light chain domains that are
usually coupled by a flexible peptide linker’”

Although the wuse of immunotherapy for
treatment of neoplastic disease became an
extremely exciting prospect after the develop-
ment of rodent MAbs, this optimism was soon
dampened by the early disappointing results
when using murine MADbs in the targeting of
tumours.® One major problem was the human
anti-murine antibody response (HAMA) against
the administered antibodies. Other problems
included less effective antibody dependent cell
mediated cytotoxicity, which is notably depen-
dent on immunoglobulin isotype, and a shorter
biological half life compared with human anti-
bodies.” Most of these problems have been
circumvented by the humanisation of murine
antibodies to render them much less immuno-
genic than their native forms. Of course, the
safety of the product is always paramount, and
none more so than the use of Palavizumab to
treat children at 2 years of age or less for

Abbreviations: C, constant region; CDR,
complementarity determining region; CEA,
carcinoembryonic; Fab, fragment antigen binding; Fc,
fragment crystallisable; H, heavy chain; HAMA, human
anti-murine antibody response; L, light chain; MAb,
monoclonal antibody; scFv, single cﬁqin heavy and light
chain variable regions; V, variable; VEGF, vascular
endothelial growth factor
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respiratory tract infections with respiratory syncitial virus.®
Unfortunately, the satisfactory production of human hybri-
domas has proved difficult, with low fusion rates, poor cell
stability after viral (for example, Epstein Barr virus)
transformation/immortalisation, and issues over safety.
Currently, the availability of a human HAT (hypoxanthine,
aminopterin, and thymidine) sensitive myeloma cell line may
rectify some of these problems.” In essence, the goal of
humanisation has been to alter a murine or rat antibody
through molecular engineering so as to include human
elements and effectively reduce its immunogenicity to an
acceptable level. Since the advent of molecular biology tools,
four approaches have been adopted.

(1) First generation (chimaeric) antibodies: rodent variable
region genes are cloned into a mammalian expression
system that contains human heavy and light chain
constant region gene components. Of importance is that
the Fc (fragment crystallisable region) is chosen to
provide an isotype relevant to the desired biological
function. This approach has ultimately provided a
chimaeric antibody with a rodent Fab (fragment antigen
binding) region and human Fc region. Problems of
immunogenicity are still apparent and anti-allotype
responses are minimised by using immunoglobulin with
allotypes reflective of the ethnographic/population group.

~

Second generation (hyperchimaeric) antibodies: this
approach uses the complementarity determining regions
(CDRs) of the original rodent antibody, which are grafted
into the framework of a human antibody. The DNA
encoding the three CDRs from both the heavy and light
chains are used to generate an antibody that is more
“human” (and therefore less immunogenic) compared
with a first generation antibody.

w

Hyperchimaerisation (veneering): this approach attempts
to improve hyperchimaeric antibodies by modifying any
framework or “scaffold” residues that are crucial to the
antibody combining site. Allowances and modifications
for respective consensus sequences may alleviate any
mismatch of framework residues that could have a
pronounced effect on antibody affinity."

®

Humanised bispecific antibodies: in this scenario, MAbs
that recognise two entirely different epitopes may be
used to generate a novel reagent with dual specificity—
for example, the combination of anti-CD3 and the HER2
receptor antibody."

The modification and humanisation of the antibody
Campath (anti-CD52; Alemtuzemab) over the years provides
a unique example of the above. Campath-1M (rat IgM),
Campath-1G (rat IgG.2b), and Campath-1H (human IgG.y1)
have been used to counteract transplant rejection and treat
inflammatory and autoimmune diseases. In its final form,
Alemtuzumab continues to find application in the treatment
of leukaemias (for example, chronic lymphocytic leukaemia)
and is currently being further refined by its combination with
Rituximab, a chimaeric anti-CD20 MAD that can be used with
or without chemotherapy.” Current developments include
the recent acceptance of Omalizumab, a humanised mono-
clonal antibody for the treatment of allergic asthma,
although some concerns remain over its possible implication
in the development of thrombocytopenia and clotting
abnormalities, which has precluded its use in the treatment
of allergic rhinitis.” Therapeutic MAbs will continue to have
a role in the slowing down or prevention of malignant
processes—for example, anti-human papillomavirus anti-
body for cervical cancer and anti-vascular endothelial growth
factor (VEGF)/anti-VEGF receptor antibody to inhibit the
vascularisation and growth of small tumours. A further
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approach in reducing metasatic spread is to use a humanised
MAD to inhibit stromal expansion in metastatic colorectal
cancer by targeting the fibroblast activation protein.'*

RECOMBINANT PHAGE TECHNOLOGY

Antibody fragments such as Fabs and Fvs (fig 1) have the
same binding characteristics as the parent antibody, although
they often have a reduced affinity. In general, such antibody
fragments are extremely easy to produce in bacteria because
they are rarely glycosylated, unlike the parent antibody. Fab
fragments can be produced as heavy and light chains that are
held together by interaction of the CL and CH1 domains;
however, production of Fv fragments in this way is not as
effective because the VH and VL domains do not associate as
efficiently. This problem led to the construction of single
chain Fv fragments (scFvs), where the heavy and light chain
V regions are linked by a short peptide. Antibody fragments,
such as scFvs and Fabs, have been generated from many
existing MAbs because these have similar binding character-
istics to the parent antibody, but because of their smaller
size they have greatly improved tissue penetration and
clearance.”

“A major breakthrough was reported in 1990 by
McCafferty et al, who described the display of single

chain Fvs on the surface of filamentous bacteriophage”

A major breakthrough was reported in 1990 by McCafferty
et al, who described the display of scFvs on the surface of
filamentous bacteriophage.' The development of this tech-
nique has led to large repertoires of heavy and light chain V
regions being amplified by the polymerase chain reaction
from a human or immunised animal, and used to construct
scFvs that are displayed on the bacteriophage surface.
Filamentous phage, such as M13, fl, and fd, are virus-like
particles that are able to infect Escherichia coli and contain a
single stranded DNA genome encoding its five coat proteins.
Upon infection, the single stranded DNA is replicated and
phage particles are assembled and secreted into culture
media without lysis of the bacterial cell. Antibody fragment
DNA can be spliced to the gene sequence for a phage coat
protein, resulting in a phage surface expressed scFv fusion
protein (fig 2).

There are five different phage coat proteins that can be
used for this purpose. The pVIII coat protein is often used, but
because it is present at approximately 2700 copies on the
phage particle the affinity of isolated scFv fusion proteins is
often too low to be useful; more often, the pIIl coat protein,
which is present at three to five copies/phage is used. Most
often, the antibody fragment sequence is fused to the pIII
DNA in a phagemid vector, which then requires a wild-type
helper phage to generate fully fledged phage displaying the
antibody fragment—plIII fusion protein. The use of phagemid
vectors is preferable to cloning scFv directly into the phage
genome, because phagemids can be introduced into bacteria
at a much higher efficiency and allow the creation of very
large (> 10" clones) antibody repertoires displayed on
filamentous phage. Antibody repertoires (or libraries) are
usually classified according to the source of the antibody
fragments'” '*:

(1) Immunised libraries: heavy and light chain V regions are
isolated from the B cells of an immunised animal
(usually extracted from the spleen) or hybridoma cells
generated from such an animal or even immunised
humans."” However, these repertoires will contain scFvs
that are biased towards the immunogen, based on the
host’s immune response. Many groups have used
immunised libraries to generate scFv antibodies.”***

www.iclinpath.com
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Figure 1 (A) Structure of a human antibody, (B) Fab fragment, and (C) a single chain Fv fragment—scFv. VH, variable region of heavy chain; VL,

variable region of light chain; CH, constant region of heavy chain; CL, constant region of light chain.

This methodology has several advantages over traditional
hybridoma technology; in particular, the ease of screen-
ing large numbers of clones, meaning that the selected
scFv are often of higher affinity. Kits are now available,
such as the “RPAS mouse scFv module” from Amersham
Pharmacia Biotech (Little Chalfont, Buckinghamshire,
UK), that can be used to generate scFv repertoires from
mouse spleen or hybridoma cells.

\9]
-

Semi-synthetic libraries: germline heavy and light chain
V regions, cloned from human B cells, are assembled and
synthetic randomisation is used to introduce additional
diversity at the CDR3 region to increase the repertoire.
This can generate a repertoire of many specificities (up to
10'°), but the disadvantage is that not all of the
randomly synthesised CDR3 regions will be suitable for
antigen binding, reducing the functional size of the
repertoire.

W
~—

Naive libraries: heavy and light chain variable regions are
amplified from the naive IgM and IgG repertoire of a
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Figure 2 The structure of a phage particle (left) and the structure of a
phage particle where a single chain eqvgl and light chain variable
region fragment (scFv) is expressed as a fusion to the plll coat protein

(right).
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healthy human donor and randomly combined to
produce scFv. After cloning into a phagemid vector and
transformation into E coli, a library is produced that
expresses between 107 and 10" scFvs. The benefits of
this type of library are that each scFv is fully human and
each CDR3 region has a propensity for loop formation
and binding because it is extracted from the human
immune system. However, the affinity of the derived scFv
can be low unless a very large repertoire is generated, as
has been done by Vaughan ef al,”> who generated very
high affinity antibodies from a library of 1.4 x 10"
scFvs.

All the repertoires described above can be used to select
antibody fragments to particular antigens. In general, phage
displaying scFvs that bind to a particular antigen can be
isolated by simply “panning” against the target protein/
peptide/cell by multiple rounds of affinity selection (fig 3). In
addition to the use of immunised libraries to provide an
alternative way of generating mouse antibody fragments to
an immunogen, naive and semi-synthetic libraries that
contain scFvs recognising an enormous range of molecules
can be used when immunisation is not feasible—for example,
when an antigen is in poor supply, non-immunogenic, or
highly toxic. Antibody fragments can also be generated to
novel antigens using phage technology, such as carbohydrate
moieties on cell surfaces and tumour cell markers. Another
benefit of scFv fragments is that if they are of human origin
they are more amenable for use in treatment because a
HAMA response is less likely to occur, although it is possible
that human scFvs could still elicit an anti-idiotype response.

APPLICATIONS

Characterised phage antibodies can easily be used as
laboratory reagents to replace conventional whole antibodies
in applications such as flow cytometry or immunohistochem-
istry. Figure 4 shows an example of immunohistochemical
staining in a colon adenoma using a phage displayed
antibody specific to VEGF-A 165. If the selected scFv is to
be purified for use in therapeutic applications, it is relatively
easy to extract the DNA encoding the scFv fragment from the
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Figure 3  Selecting antibodies from phage libraries. (1) Phage are incubated with the antigen of interest—any pha%e that express a single chain heavy
and light chain variable region fragment (scFv) that binds to the antigen. (2) Phage that express scFv fragments that do not bind to the antigen are
washed away. (3) Phage that express scFv fragments that bind to the antigen are isolated, expanded, purified, and then used in further applications.

phagemid, and subclone into a more suitable expression
vector.

A concern of using phage antibodies in diagnostics—for
example, in immunocytochemistry or enzyme linked immu-
nosorbent assay—has been the reliance on a single antigen
binding site (as compared with two for native IgG). As a
consequence, the affinity of the antibody-antigen interaction
must be high to prevent loss during washing procedures.
However, with technology such as plasmon resonance (for
example, BIACore), which provides a measure of affinity,*
the strength of binding, and of course empirical observation
in vitro, can readily offset any such unease.

Affinity maturation of an existing antibody can be under-
taken such that the scFv binds with higher affinity than the
original antibody."” '* Briefly, this is performed by generating
a series of heavy and light chain variable regions that are
based on the original antibody by error prone polymerase
chain reaction, or the use of mutator E coli strains, and then
selecting scFvs against the original antigen. Such approaches
have been used successfully to generate higher affinity scFv
from the Ki4 monoclonal antibody that recognises CD30,”
the classic marker of Reed-Sternberg cells in Hodgkin

Figure 4 Immunohistochemical staining in a colon carcinoma using a
E:wqge displayed antibody specific to vascular endothelial growth
ctor165. Original magnification, x40.

lymphoma. Similarly, phage antibodies to oestradiol have
been enhanced using site directed mutagenesis.*

One of the strengths of phage antibody technology is the
ability to “rescue hybridomas”, where mRNA is extracted
from the original hybridoma followed by reverse transcrip-
tion and amplification of the light and heavy chains. An
appropriate peptide linker is then coamplified with the heavy
and light chains to provide an scFv gene for insertion into a
suitable vector.

" Affinity maturation of an existing antibody can be
undertaken such that the single chain heavy and light
chain variable region fragment binds with higher affinity
than the original antibody”’

ScFvs are currently being used in many clinical trials for
both diagnosis and treatment.* Many of these are murine
scFvs derived from a hybridoma, although there are now
some fully human scFvs that have been derived from naive or
synthetic libraries. One of the most widely used scFvs, and
the first to enter the clinic is MFE-23, which recognises the
carcinoembryonic antigen (CEA or CD66¢), a molecule that is
highly expressed in gastrointestinal tumours.”” CEA specific
scFv fragments were generated from a phage antibody library
produced from a mouse immunised with human CEA. MFE-
23 binds with high affinity to CEA (kDa = 2.4 nm) and has
been used in various trials—for example, the conjugation of
MFE-23 to '?’I, for use as a cancer cell imaging tool, and to
1251, for use in radioimmunoguided surgery. Further work is
ongoing to investigate the use of MFE-23 in antibody
directed enzyme prodrug treatment.””

Overall, recombinant phage antibodies offer scope as
research tools and in vaccine development.*® More recently,
Watkins et al (2003)* have developed scFvs against thrombo-
spondin that could prove invaluable in the study of sickle red
blood cells. In the past few years, there has been an increase
in the number of publications relating to and using phage
technology in the synthesis of recombinant antibodies and
antibody fragments; table 1 lists some selected examples of
these. The applications of scFvs are varied and encompass a
broad range of disciplines, such as the study of autoanti-
bodies (construction of Fab fragments of annexin-XI),*
targeted gene therapy, and oncology. In addition, scFvs have
been generated with specificity to foot and mouth virus.* In
the field of microbiology, phage antibodies (scFv5 and

www.jclinpath.com
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Table 1 Selected examples of phage antibodies with applications in clinical seftings
scFv farget Clinical use Type of selection Ref
scFvs genefically engineered from existing antibodies
Novel tumour associated antigen Tumour imaging (melanoma) scFv of H11 murine monoclonal antibody 30
Anti-idiotypic antibody of ACA125 Tumour targeting (ovarian) scFv of murine antibody ACA125 31
Tumour associated glycoprotein-72 Tumour targeting (colon) scFv of CC49 murine monoclonal antibody 32
Platelet glycoprotein 1bo Anti-thrombotic agent scFv of SZ-2 murine monoclonal antibody 33
Murine scFvs that have undergone affinity enrichment by phage display
HMW-MAA Tumour targefing (melanomay) Affinity enrichment of murine scFv 34
CD30 Tumour targeting (Hodgkin) Affinity enrichment of Ki4 murine scFv 25
EpCAM Tumour targeting (colon) Affinity enrichment of the MOC-31 murine 35
antibody
L Role of L1 in nervous system Affinity enrichment of murine antibody 36
scFvs selected from immunised phage libraries
CEA Tumour targeting (colon) Selected from a CEA immunised mouse 20
hybridoma library
EGFR Tumour targeting (general) Selected from an EGFR immunised mouse 22
hybridoma library
Pertussis toxin Neutralisation of pertussis Selected from a library assembled from 37
infection patients recovering from pertussis infection
p24 (HIV) HIV diagnosis Selected from a viral lysate immunised 38
mouse hybridoma library
Human scFvs selected from naive phage libraries
CD55 Tumour targefing (lung) Naive library selected on lung carcinoma cell line 39
EpCAM Tumour targeting (colon) Naiive library selected on colorectal cell line 40
Fibronectin Tumour targeting Naive library selected on fibronectin fusion protein 41
VEGF Blocking angiogenesis Naive library selected on recombinant VEGF 42
Thrombospondin-1 Sickle RBC adhesion Naive library selected on thrombospondin-1 29

light chain variable region; VEGF, vascular endothelial growth factor.

CEA, carcinoembryonic antigen; EGFR, endothelial growth factor receptor; HIV, human immunodeficiency virus; RBC, red blood cell; scFV, single chain heavy and

scFv12) to Candida albicans have been developed that do not
bind with related species,” and phage antibodies have also
been raised to pathogenic and non-pathogenic strains of
acanthamoeba.*

CONCLUSION

The generation of recombinant antibody fragments using
phage display libraries will probably provide a wuseful
complement to traditional hybridoma technology, particu-
larly in the analysis of the vast quantities of data generated
from the human genome project. Many scFv versions of
existing antibodies generated from immunised phage anti-
bodies are already in clinical trials, but advances in
construction and screening of naive and semi-synthetic
libraries mean that in the past few years a large number of
fully human scFvs have been generated to a range of
molecules.”” **** Over the coming years, it is very probable
that many of these human scFv fragments will enter clinical

Take home messages

® Recombinant antibodies are rapidly becoming more
popular as therapeutic and clinical tools

® Many existing murine antibodies have been humanised
by antibody engineering to improve their therapeutic
properties

® Antibody fragments have some benefits over infact
antibodies because of their smaller size and ease of
production

® Antibody fragments, particularly single chain heavy
and light variable regions, can be generated by phage
display methodology

e This technology has been used to produce many
different antibody fragments, many of which have
applications in the fields of microbiology and cancer
treatment and imaging

www.iclinpath.com

trials, and it is anticipated that these will offer new
opportunities to target tumour cells, diagnostically or
therapeutically, or alternatively play a role in controlling
autoimmune disease. In the quest for developing antibodies
to specified target epitopes on a molecule, epitope map-
ping” ** and bioinformatic tools* (which predict “hot spots”
of antigenicity) could be used to pinpoint regions that may be
highly unique (hence avoiding crossreactivity), accessible,
and hydrophilic. After the peptide synthesis, the availability
of a phage library can then be used to pan against a desired
peptide to obtain an antibody of choice. Recently (Nelson PN,
Smith KA, Greenman J, 2003, personal communication) two
phage antibodies have been developed to the human
endogenous retrovirus HERV-K10* using this approach,
which may prove useful in the characterisation of HERV in
disease. Evidently, this move towards generating antibodies
(that is, picking antibodies of the shelf) will revolutionise the
future manufacture of antibodies.
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