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of PMN recruitment to the site. Up-regulation of the selectins allows rolling of the PMN
along the endothelial cells and up-regulation of intercellular adhesion molecule-1 (ICAM-
1) allows the PMN to become firmly attached to the endothelial cell and then to migrate
into the interstitium. Imaging sites of inflammation by antibodies to these endothelial cell
adhesion molecules may therefore give additional selectivity. '''In-labelled antibodics to
both E-selectin and ICAM-1 have been investigated in animal models with promising
results (Keelan et al., 1994; Sasso et al., 1996).

The abundance of CD4 on inflammatory cclls present in arthritic joints has led to
interest in targeting CD4 to image arthritic joints. Antibodies to CD4 have been used to
assess targeting in animal models of arthritis. Design of the reagent is crucial for success,
as intact IgG demonstrated no benefit over a non-specific antibody, whereas a *™Tc-
labelled Fab’ led to improved imaging (Kinne ef al., 1995). Anti-CD4 reagents may also
be usefill in monitoring the distribution of CD4 positive lymphocytes, which could be
useful in assessing patients with HIV infection (Rubin ef al., 1996). RAID has also been
investigated for detection of atherosclerotic plaques using an antibody towards proliferat-
ing smooth muscle cells (Narula et al., 1995) and lesions in Alzheimer’s disease using a
cationised antibody towards beta A4 protein (Bickel ef al., 1994). Cationisation through
chemical modification of the antibody with charged groups is believed to aid transport of
antibodies through the blood:brain barrier, which is obviously helpful to image brain
lesions in Alzheimer’s disease.
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Monocional Antibodies in
Therapeutic Applications

4.1 Introduction

The idea of targeted therapy using antibodies dates from the beginning of the twentieth
century when it was proposed by Paul Ehrlich, and indeed antibodies have been used in
humans for many years as polyclonal antisera, particularly for passive immunisation.
Since the discovery of the technology for production of MAbs there has been intense
interest in their development as therapeutic agents for human disease. However, until
recently progression of many MAb-based therapeutics was limited by the human immune
response generated by the administration of murine or rat antibodies. Since the introduc-
tion of recombinant chimeric and humanised antibodies, and ultimately human antibodies,
interest in developing therapeutics has been revived. There are now five antibody-based
products licensed for human therapeutic use, and many more under clinical investigation
(Table 4.1).

MADbs can be used in several different modes, depending on the required therapeutic
cffect. In some cases a simple blocking or neutralising effect may be required, for cxample
in the neutralisation of an inflammatory cytokine or the blocking of a specific receptor.
In other applications therapy may require an active role for the antibody by the targeting
of an effector function. Therapeutics can utilise natural antibody effector functions such
as complement activation, phagocytosis or ADCC, or entirely novel functions can be
introduced, as in the case of targeting radioisotopes, drugs or toxins to kill tumour cells.
In some cases antibodies may also find a role through their ability to mediate signal
transduction from binding to cell surface receptors (Vitetta and Uhr, 1994). Available
mechanisms for generation of therapeutic effects can be considered as a range of anti-
body effcctor functions (Table 4.2). Many of these effector functions can be designed
into, or out of, antibody molecules for specific therapeutic purposes as described in
Chapter 2. In this chapter the basis of targeted therapy is illustrated using examples of
the various modes of antibody-based therapy in different diseasc states. The emphasis is
placed on the design of antibody-based therapcutics rather than a catalogue of antibodics
used in therapeutic studies.
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120 Applications and Engineering of Monoclonal Antibodies
Table 4.1 Commercially available monoclonal antibody therapeutics

Therapeutic agent  Antibody Disease Company
Orthoclone OKT3  Murine OK T3 Acute transplant rejection Ortho Biotech

(kidney, liver and heart)

ReoPro Chimeric 7E3 Fab Complications of post-coronary Centocor
angioplasty
Panorex Murine 17-1A Colorectal cancer Centocor
Rituxan Chimeric 2B8 Lymphoma IDEC/Genentech
Zenapax Humanised anti-tac ~ Acute kidney transplant rejection  Protein Design
Labs/ Roche
Table 4.2 Effector functions for antibody targeted therapy
Blocking/neutralising Antigen binding
Natural — Fc mediated effects Complement fixation
ADCC
Phagocytosis
Cell signalling Receptor cross-linking
Natural inumune responses Generation of anti-idiotype response
Other ‘vaccination’ approaches
Artificial effectors Radioisotopes
Toxins — bacterial
- plant
Cytotoxic drugs
Cytokines
Enzymes — prodrug activation
~ direct toxicity
Bifunctional Cross-linking cytotoxic effector cells
Two-step targeting strategies for
radioisotopes, toxins, etc.
42 Cancer

One of the major targets of antibody-based therapeutics has been in the development of
anti-cancer agents. Initially MAbs to tumour-associated antigens were raised and invest-
igated without modification, in attempts to target natural antibody effector mechanisms to
tumour cells. Results of such studies were initially disappointing in many cases, particu-
larly with the comimon solid tumour types. However, beneficial effects were seen when
treating patients with minimal disease and in treating lymphomas and leukemias, suggest-
ing that further research to investigate the role of antibodies as anti-cancer agents may
lead to improved results. In addition, the use of antibodies to target traditional anti-cancer
agents such as cytotoxic drugs and radioisotopes has made steady progress, particularly
since the introduction of recombinant antibodies and improved methods of coupling
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Monoclonal antibodies in therapeutic applications 121

cytotoxic agents (Chapter 2). As described in Chapter 3, many tumour-associated anti-
gens representative of different tumour types are now characterised (see Table 3.5) which
allow therapeutic moleculcs to bc designed.

4.2.1 Cancer therapy with unmodifed (naked) antibodies

The usc of unmodified, or naked, antibodics for tumour therapy initially resulted from
attempts to hamess the immune system through the natural antibody effector functions,
such as ADCC or complement-mediated lysis. More recently it has become apparent that
cell signalling mechanisms may be involved in many of the anti-tumour effects observed,
through arrest of the cell cycle or inducing apoptosis. Design of antibodies to elicit
natural effector functions has largely been a process of choosing the optimal isotype to
hamess human ADCC and complement effects, although as described in Section 2.6.1 the
selection of a suitable isotype alone is not sufficient to ensure good cell killing, and
suitable antigen targets must be individually tested. Mouse IgG2a is the best of the
murine isotypes for eliciting human ADCC, with rat IgG2b also potent. Of the human
isotypes, IgG1 and IgG3 are the most potent in cell killing studies. Of these IgG1 is most
commonly used for construction of humanised antibodies, partly because IgG3 antibodies
are more difficult to purify and to handle in vitro due to a tendency to aggregate. The
preparation of chimeric or humanised antibodies from rodent antibodies thus has the dual
benefit of reduced immunogenicity and the ability to use a constant region best suited to
recruitment of human effector functions. Similarly human antibodies isolated from phage
display, or other means, can be reconstructed and expressed with the desired isotype
constant regions. Expression of the antibody in mammalian cells is required as the
glycosylation of the CH2 rcgion is required for maintainence of the ability to elicit
cffector functions. However, cell killing effects are dependent not only on the constant
region, but also on the disposition of antigenic sites and other poorly understood mech-
anisms. Many cells also have protective mechanisms against attack from the immune
system, and thus the in vivo effects of antibodies capable of eliciting cell killing in vitro
are often difficult or impossible to predict.

Several alternative mechanisms have also been suggested for tumour cell killing by
unmodified antibodies. Antibodies against cell surface markers on many types of tumour
cell can act as ligands eliciting anti-tumour effects by signal transduction (Vitetta and
Uhr, 1994). Signal transduction can result in arrest of the cell cycle, hence preventing
tumour cell growth, or in some cases the induction of programmed cell death known as
apoptosis. In addition, antibodies to growth factors or their receptors may exert anti-
tumour effects through blocking binding of growth factors needed for tumour cell growth.
Growth factors such as EGF (epidermal growth factor) and IL-6 have been implicated in
the growth of a number of tumour types, and target tumour cells overexpress large
numbers of molecules of the growth factor receptors. Receptor blocking antibodies pre-
vent interaction with the ligand, and can lead to down-regulation of the number of
receptor molecules present on the tumour cell such that growth is inhibited. However,
unravelling the contribution of each of these factors to effective tumour cell killing is not
straightforward and often several mechanisms may operate concurrently. Future research
may allow the selection of antibodies based on an improved understanding of the import-
ance of eliciting each of these anti-tumour effects. For example, it may be possible to
select combinations of MAbs capable of different mechanisms of cell killing.
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122 Applications and Engineering of Monoclonal Antibodies

As described in Chapter 2, dimeric or polymeric antibodies have been produced either
by chemical cross-linking or by recombinant means which have increased activity for
both complement activation and ADCC. Chemically cross-linked constructs comprising
Fab fragments linked to two Fc regions FabFc, have also been produced in attempts to
increase therapeutic efficacy through cffector functions. Howcver, studies comparing
such constructs with a humanised antibody for immunotherapy of multiple myeloma
showed no advantage in complement activation or ADCC (Ellis et al., 1995).

Homodimerisation of IgG has also been reported to be ablc to confer signalling activ-
ity, leading to cell cycle arrest or apoptosis, to antibodies which are unable to do so in
monomeric form (Ghetie et al., 1997a). Chemically cross-linked IgG homodimers were
produced for several antibodies and shown to bc capable of specific anti-tumour cffects,
presumably due to cross-linking the antigen and/or a lower dissociation rate. In the case
of an anti-CD19 antibody the Fc region was not required for anti-tumour activity, leading
to the possibility that small multimeric fragments may be capable of potent anti-tumour
effects.

Although many studies with unmodified antibodies for cancer therapy have bcen
disappointing, with no evidence of anti-tumour effects, several antibodies have shown
promising effects in the clinic. It is only in the past few years that recombinant chimeric
and humanised antibodies have reached clinical evaluation. In these studies it has been
apparent that the ability of the human constant regions to interact with the human im-
mune system plus the ability to re-treat without the generation of a prohibitive immune
response is leading to more effective therapeutic agents.

The first humanised (CDR-grafted) antibody to be used clinically, CAMPATH-1H,
recognises the CAMPATH-1 antigen, also known as CDw52, which is present on most
human lymphocytes and monocytes but not stem cells. CAMPATH-1H has been invest-
igated as a potential therapeutic agent in non-Hodgkin lymphoma (B-cell lymphoma) as
well as in several inflammatory diseases (Section 4.5.3). Although only limited studies
have been reported, use of CAMPATH-1H for the treatment of B-ccll lymphoma has led
to tumour remissions in some patients (Hale et al., 1988). Studies with different isotypes
of the rat parent antibody suggest that human effector cells are involved, as the IgM and
rat [gG2a versions, which can activate complement but not ADCC, led to only transient
falls in blood cell counts. In contrast, the rat IgG2b version which could bind to and
activate human effector cells led to much more cfficient depletion of tumour cells in vivo
(Dyer et al., 1989).

Another antibody, which has shown promising effects in B-cell lymphoma, recognises
CD20, a phosphoprotein present on the surface of B cells. A chimeric IgGl version of the
antibody 2B8, tenned C2B8, has been shown in in vitro assays to be an cffective media-
tor of both complement-mediated effects and ADCC using human effector cells (Reff
et al., 1994). In addition, this antibody has been shown to induce transmembrane signal-
ling leading to cell cycle arrest and occasionally apoptosis of CD20 positive cells, and
thus several mechanisms may be important in the anti-tumour effects observed (Demiden
et al., 1995). Phase II and III clinical studies for relapsed B-cell lymphoma have shown
tumour shrinkage of 50% or more in approximately half of the patients studied (Maloney
et al., 1997). In addition, C2B8 was found to sensitise resistant lymphoma cells to certain
cytotoxic drugs, which may lead to synergistic cffects in combination therapy. In a phase
IT clinical study of C2B8 with standard chemotherapeutic treatment, responses were seen
in all patients studied (Czuczman et al., 1995). Although as a single agent, tumour
responses were not as impressive as those observed with radiolabelled antibodies to CD20
(Section 4.2.5), treatment with this unmodified antibody was much less toxic and is more
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Monoclonal antibodies in therapeutic applications 123

straightforward than handling large amounts of radioisotope. Therefore, it is likely that this
agent will find clinical application alongside chemotherapy for B-cell lymphoma treatment.

The HER2 gene (also known as neu or c-erb-B2) is a proto-oncogenc which encodes
a transmembrane growth factor receptor (p185"%?) which is ovcrexpresscd in 25-30% of
patients with breast cancer, particularly those with a poor prognosis. A humanised anti-
body to p185"™2 has been developed which has shown significant growth inhibition of
cells overexpressing this receptor (Carter et al., 1992b). The humanised antibody was
also shown to be more efficient at mediating ADCC with human effector cells than the
parent murine antibody. In a phase II clinical study in patients with metastatic breast
cancer that overcxpressed HER2, objective responses were secn in 5 of 43 patients
including one complete remission and 4 partial remissions (Baselga et al, 1996). The
mechanisms of action of this agent are also not clear at present. The antibody induced a
clear down-regulation of the growth factor receptor which may reverse the malignant
phenotype. This antibody is also known to be capablc of activation of a signal transduction
pathway that leads to inhibition of tumour cell proliferation and possibly cell death, and
also elicits ADCC.

4.2.2 Anti-idiotype antibodies

MADbs may also be used as vaccines to generate an anti-idiotype response. The idotype of
an antibody is made up of a cluster of cpitopes at the antigen-binding site. As each MAb
has a different antigen-binding site, the idiotype of each MAb is unique. Antibodies can
be raised through an immune response to the idiotype which have a conformation that
resembles the antigen of the original antibody (Figure 4.1). These anti-idiotype antibodies
arc also known as anti-id or ab2 antibodies. Immunisation with an ab2 antibody can in
turn lead to the elicitation of an anti-idiotype to the ab2 antibody, an anti-anti-id, known
as ab3, a proportion of which will have the same or overlapping specificity as the original
abl antibody (Figure 4.1). Structural studies suggest that anti-idiotype antibodies carry an
‘internal image’ of the original antigen which allows the devclopment of ab3 responses
that recognise the original antigen. The crystallographic structure of an anti-idiotype
antibody in complex to an antibody raised against lysozyme showed that the same antigen-
binding residues used to bind lysozyme were used for binding to the ab2, and that the ab2
mimicked lysozyme (Fields et al., 1995).

Vaccination with ab2 has been investigated in attempts to raise a human ab3 response
to target antigens which may be poorly immunogenic or difficult to prepare or use in
immunisation. ab2 may also be able to raise antibodies not raised to the original antigen
through breaking immunological tolerance and also give rise to T cell responses which
may have therapeutic significance. Many studies, both preclinical and clinical, have been
conducted in attempts to achieve therapeutic effects with ab2 vaccines for cancer (re-
viewed by Herlyn et al., 1996). In several cases antigen-specific immune responses have
been achieved, including both antibody and cellular responses. For example, the antibody
105AD7 is an anti-idiotype antibody that mimics a colorectal tumour-associated antigen.
Phase I clinical studies demonstrated that a T cell response to tumour was induced on
treatment with 105AD7 and this resulted in delayed tumour growth and an increasc in
survival time compared with patients at the same stage of disease that did not receive the
antibody (Buckley et al., 1995).

It is, of course, also possible for antibodies to tumour-associated antigens administered
for tumour therapy (abl) to elicit anti-idiotype responses. The murine MAb 17-1A has
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Figure 4.1 Representation of anti-idiotype antibodies: (a) initial antibodies (ab1) recognise
the antigen to which they were raised; (b) anti-idiotype antibodies (ab2) recognise the
antigen-binding region of ab1 and thus can be considered as containing an ‘internal
image’ of the antigen; (c) anti-anti-idiotype antibodies (ab3) raised against ab2 have
similar specificity to the original antibody (ab1) and can thus recognise the same antigen

been extensively studied. It recognises the epithelial membrane antigen (EMA) present
on the majority of colorectal tumour cells. Originally developed for its ability as a murine
IgG2a to elicit ADCC in humans, early clinical studies revealed occasional responses in
patients with advanced disease which were delayed following antibody administration,
implying an active immune response. Most patients developed an anti-idiotype response
to 17-1A which may have led to the observed therapeutic effects (Fagerberg et al., 1996).
In a phase III trial of 17-1A for the treatment of minimal residual disease in colorectal
cancer patients following surgical removal of the primary tumour, 17-1A treatment re-
sulted in a statistically significant improval in survival (Riethmuller et al., 1994). After
following patients for five ycars, 17-1A therapy reduced the overall death rate by 30%
and decreased the recurrence rate by 27%. These results led to the approval of 17-1A as
a therapeutic agent, sold under the name ‘Panorex’ (Table 4.1). Analysis has identified
patients with high levels of ab3 as those that live longer, suggesting that the induction of
an anti-idiotype response is important in the mechanism of the therapeutic effect of this
antibody (Fagerberg et al., 1996).
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Figure 4.2 Mechanisms of targeting effector cells to tumours: (a) active isotypes which
can bind to Fc receptors on the effector cell can be used to target the cell to a tumour-
associated antigen; (b) alternatively, bispecific antibodies may be used which bind to both
the tumour cell and the effector cell through the antigen-binding arms of the antibody
(for further details see text)

4.2.3 Bispecific antibody-mediated effector cell targeting

The limited success that has been achieved in using antibodies to elicit ADCC responses
has prompted the search for other approaches to recruit effector cells, such as cytotoxic T
cells, to the tumour site. One such approach is to use bispecific antibodies with one
specificity for a tumour-associated antigen and one for the effector cell such that the
effector cell is linked directly to the tumour cell (Figure 4.2). A surface ‘trigger molecule’
is used as the antigen on the effector cell such that the cell is activated to lead to a
cytotoxic response. Several different types of effector cell and trigger molecule have been
investigated, including Fcy receptors and molecules of the CD3/T cell receptor complex
(Table 4.3). The advantages and disadvantages of each of these have been reviewed
(Renner and Pfreundschuh, 1995). In addition to requiring triggering, cytotoxic effector
mechanisms may also require the involvement of accessory molecules and activation via
cytokine release.

On monocytes, macrophages, eosinophils and polymorphonuclear neutrophils (PMNs),
activation is achieved through linking to Fcy receptors. Natural killer cells are activated
through FcyRIII and CD2, whereas activation of T cells is usually achieved through the
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Table 4.3 Cytotoxic effector cells and trigger molecules

Effector cell Trigger molecules
T cells CD3
T cell receptor (/)
CD2
CD28
Natural killer cells Fcyreceptor III (CD16)
CD2
Monocytes/macrophages Fcy receptor I (CD64)

Fey receptor 11 (CD32)
Fcy receptor III (CD16)

Granulocytes (eosinophils, PMNs) Fcy receptor 1I (CD32)

PMNs activated with interferon-y, Fey receptor [ (CD64)
GM-CSF or G-CSF

CD3/T-cell receptor complex. The CD3/T-cell receptor complex is normally responsible
for antigen-specific T cell responses, but thc use of bispecific antibodies allows activation
through this complex which can be redirected to the antigen recognised by the other arm
of the bispecific antibody. Activation of effector cells is greatly increased by cytokines
such as interleukin-2 or interlcukin-7, or by co-stimulatory signals. CD2 and CD28 are
co-stimulatory molecules which when stimulated increase the activation of T cells. For
example, combinations of triggering CD3 and CD28 allow particularly potent anti-
tumour effects. Cell killing by a bispecific antibody cross-linking the Hodgkin lymphoma
antigen CD30 to CD3 resulted in relatively little tumour cell killing unless co-administered
with CF30-CD28 bispecific antibody (Renner et al., 1994). The combination was also far
more potent in treatment of xenografted human tumour in immunodeficient mice
repopulated with human T cells. Cures of established tumours could only be achicved
with the combination of both bispecific molecules (Renner ef al., 1994). Similar effects
can be achieved by co-administration of anti-CD28 IgG with anti-CD3/anti-tumour
bispecific antibodies (Demanet et al., 1996). An alternative approach has been the use of
a trispecific antibody, made by cross-linking three Fab® fragments, with specificity for
tumour antigen as well as two different T cell antigens (Tutt et al., 1991b).

Several phase [ clinical studies have been carried out with bispecific antibodies with
interesting results, although these have been limited by the need to activate T cells ex vivo
and re-infuse to the patient at the time of bispecific antibody therapy. IL-2 activated cells
targeted by an anti-CD3/anti-tumour bispecific antibody administered intracranially to
glioma patients resulted in survival of 76% of patients over two years, compared to 33%
of those treated with activated cells alone (Nitta et al., 1990). Anti-FcyRIIl/anti-tumour
antibodies designed to activate natural killer cells and mononuclear phagocytic cells have
also been used clinically, with minor responses observed (Weiner et al., 1995).

The production of bispecific antibodies can be achieved using a variety of approaches,
including the production of hybrid hybridomas, chemical cross-linking and recombinant
approaches (Section 2.5). The affinity of the antibody for the triggering molecule may
also be important. Humanised Fab’ fragments to the breast tumour antigen p185&* and
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to CD3 have been expressed and cross-linked to form a bispecific antibody capable of
efficient lysis of tumour cclls (Zhu et al., 1995). In these studies a high affinity version of
the humanised anti-CD3 Fab” was found to be more effective at tumour cell lysis than a
lower affinity version. The same antibody speccificities have been used to produce a
bispecific diabody which was equally active in tumour cell lysis but was much simpler to
produce as it was directly expressed by secretion from E. coli at high yield (Zhu et al.,
1996). Under some circumstances diabodies may be more effective than bispecific IgG at
achicving tumour cell lysis, possibly due to the smaller size of the diabody bringing
target and effector cell closer together (Holliger et al., 1996).

4.2.4 Other approaches to recruit the immune system using MAbs

Superantigens are bacterial or viral proteins, such as the exotoxin produced by
Staphylococcus aureus, that stimulate T cells by cross-linking the T cell receptor to MHC
class I molecules. Superantigens bind to the T cell receptor outside the antigen recogni-
tion site and to MHC class II molecules outside the peptide binding groove normally
involved in antigenic recognition, bypassing normal immunological specificity. Super-
antigens are thus the most potent known activators of T cells. Fab’~superantigen fusion
proteins have been produced which stimulate T cells and target to tumour cells. The
fusion proteins are intended to replace MHC class II binding with tumour cell binding
through the Fab”. Such fusion proteins have been shown to be capable of inhibiting
tumour growth in animal models through causing activated T cells to infiltrate and attack
the tumour (Dohlstein et al., 1995). One problem with the use of such agents, however,
is residual MHC class II binding which leads to relatively high toxicity through systemic
T cell activation and accumulation of inflammatory cytokines in serum. Attempts to
improve Fab’—superantigen fusion proteins for tumour therapy are thus being made by
mutations in the superantigen binding site for MHC class II which prevent binding and
reduce systemic toxicity (Hansson et al., 1997).

Other approaches in attempts to improve thc rccruitment of the immune system by
antibodies have included the use of antibody—cytokine fusion proteins. Certain cytokines,
such as interleukin-2 (IL-2) are able to activate multiple- immune mechanisms, although
attempts at tumour therapy with cytokine alone have led to severe systemic toxicity. Fusion
proteins have thus been designed to target a high local concentration of cytokine to the
tumour site, minimising systemic toxicity. Several different cytokines have been investig-
ated. IL-2 stimulates T cell proliferation and T cell mediated killing and has thus been
widely investigated, but tumour necrosis factor o (TNFo.), TNFB, GM-CSF, IL-5, IL-8
and interferon o have also been tested. Fusion proteins have been produced with several
antibodies and encouraging pre-clinical results obtained. Chimeric 14.18, an antibody that
recognises the GD2 ganglioside expressed on neuroblastoma, melanoma and certain other
tumours, has been used to produce fusions with several cytokines, the most promising of
which appears to be IL-2 (Hank et al., 1996). The fusion protein maintained antigen bind-
ing and IL-2 activity and was able to exert anti-tumour effects in mice bearing human
tumour xenografts of neuroblastoma and melanoma. Activation of human effector cells
has also been demonstrated (Hank et al., 1996). Cytokine fusion proteins have also been
produced with small antibody fragments such as scFv, which may allow more effective
tumour penetration (Dorai et al., 1994). However, whether such fusion proteins will be
sufficiently less toxic than free IL-2 when administered to patients remains to be seen.
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4.25 Radioimmunotherapy

As with diagnostic tumour imaging (Section 3.9.1), the design of antibodies for
radioimmunotherapy (RIT) requires careful consideration of the individual components
of the immunoconjugate, including the form of the antibody, the radioisotope and the
means of attachment of the radioisotope to the antibody. In addition, the choice of a
suitable tumour-associated antigen becomes more critical with therapeutic doses of iso-
tope, as the presence of antigen on normal tissues will result in the deposition of activity,
which may lead to unacceptable toxicity. Many factors influence the degree of tumour
localisation in patients. These include heterogencous expression of antigen, presence of
circulating antigen, tumour vascularisation and penctration of antibody into tumour tissuc
(Boxer et al., 1992). However, there may not be a need to achieve localisation to each
individual tumour cell, as a radioisotope can be chosen with a pathlength of many cell
diameters, allowing for ‘bystander cell’ killing at the tumour site. Nevertheless, a high
proportion of tumour cells expressing the antigen is desirable. This is because the major
limitation to RIT is the dose of isotope which can be delivered at the tumour site without
resulting in unacceptable toxicity. In general, only a small proportion of the dose admin-
istered localises to the tumour site in patients. Typically tumour-localisation levels of
10% injected dose per kg of tumour (0.01% injected dose per gram of tumour) are
observed in human studies where good targeting is achieved (van Hof et al., 1996). The
total administered dose is usually dependent on the toxicity to normal body tissues. Bone
marrow is the most sensitive normal tissue to radiation and therefore doses are usually
limited by the dose to bone marrow from radiolabelled antibody circulating in the blood
(Badger, 1990). Several strategies have been investigated in attempts to reduce bone
marrow toxicity, including the use of short-range radioisotopes which require cell inter-
nalisation for cytotoxicity (Auger emitters), the use of specific clearing mechanisms to
remove circulating activity, two-step targeting strategies and the use of rapidly clearing
antibody fragments.

Careful optimisation of an immunoconjugate for RIT, through antibody engineering
and development of suitable chemistry for radioisotope attachment, can lead to improved
properties both in vitro and in vivo (King et al., 1994), and it is likely that such optimised
immunoconjugates will provide the next generation of molecules of clinical utility for
RIT. Some of the parameters which need to be considered in the design of radioimmuno-
conjugates for therapy are given in Table 4.4.

Table 4.4 Parameters for design of radioimmunoconjugates for therapy

Radioimmunoconjugate component Properties to consider

Antibody Specificity, affinity for tumour antigen
Lack of cross-reactivity with accessible normal tissues

Form of engineered antibody Immunogenicity
Pharmacokinetics
Accessibility/penetration into normal tissues
Incorporation of residues for site-specific labelling

Radioisotope Physical properties (type of emission, energy, half-life)
Stability of attachment to antibody
Ease of radiolabelling/suitability for clinical protocol
Immunoreactivity of final conjugate
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Form of antibody

In contrast to tumour imaging in vivo, generation of a high tumour : blood ratio is not the
major consideration for the optimal form of the antibody for RIT. An important consid-
eration is the absolute. amount of antibody localised to the tumour site. Therefore, the
ideal molecule would localise to the tumour in large amounts, delivering a high dose of
radiation while clearing rapidly from the circulation and the rest of the body, minimising
non-specific toxicity. In practice this ideal is not reached and thus there has been much
debate over the ideal form of antibody to use. Intact IgG circulates for a long period of
time and accumulates high levels of activity at the tumour site, whereas antibody frag-
ments clear more rapidly, sparing thc dose to normal tissues but accumulating lower
levels of activity at the tumour site.

Comparisons of IgG with F(ab’), and Fab’ fragments in both animal models and
patients have suggested that there may be a significant advantage for F(ab”), fragments.
Studies with radioiodinated F(ab’), in animal models revealed more effective tumour
therapy with less toxicity than IgG (Buchegger et al., 1990; Pedley et al., 1993). More
efficient early uptake into tumours has also been found for '*'I-F(ab’), fragments in
clinical studies, suggesting a significant advantage in tumour penetration (Lanc et al.,
1994). Also, theoretical predictions of the optimal molecule for tumour therapy based on
pharmacokinetic and tumour accumulation data suggest that F(ab’), may be the best
targeting molecule (Yorke et al., 1991). Smaller fragments such as Fab’- and Fv-based
molecules result in higher tumour : blood ratios but significantly less accumulated at the
tumour (e.g. Brown et al., 1987; Milenic et al., 1991; King et al., 1994). Although such
fragments are useful for imaging applications, the tumour levels reached are unlikely to
be useful for achieving-therapy. These findings in animal models have been confirmed in
clinical studies with scFv in which high tumour : blood ratios were generated although
absolute uptake into the tumour was low (Begent et al., 1996).

Further development of antibody fragments for delivery of '*'I has suggested that the
use of chemically cross-linked F(ab”), fragments may be particularly useful. This was
investigated due to the relative instability of some F(ab’), fragments where the exposed
hinge region may lead to proteolytic and/or rcductive breakdown. In addition, different
F(ab”), fragments have different in vivo stabilities. In a study comparing human IgGI, 2
and 4 F(ab’),, it was found that IgG4 F(ab’), was relatively unstable compared to IgG2
F(ab”),, with the stability of IgGl F(ab"), intermediate between them (Buchegger et al.,
1992). This leads to differences in the efficiency of different F(ab), fragments in tumour
localisation. The differences may be due to disulphide bond formation in the hinge
region. IgG2 has four hinge disulphide bonds whereas IgG1 has two. The least stable
F(ab’),, IgG4, also has the potential for two disulphide bonds, although it is known that
due to the structure of the hinge region in human IgG4 molecules, a proportion have only
one disulphide bond formed, and some none at all (Angal et al., 1993). This conclusion is
verified by the finding that thc introduction of more disulphide bonds into the hinge
region of a F(ab"), fragment results in increased in vivo stability (Rodrigues et al., 1993).

The introduction of a chemical cross-link between two cysteine residues in the hinge
region also leads to increased in vivo stability (Quadri et al, 1993; King et al., 1994).
Chemical cross-linked F(ab"), can be produced through the use of bis-maleimide linkers
(Section 2.4.2, Figure 2.4). The hinge region of recombinant Fab’ fragments can be
engineered to contain a single hinge thiol group to allow simple and high-yield produc-
tion of chemically cross-linked molecules (King et al., 1994). Such chemically cross-
linked molecules have been termed DFM, for a di-Fab prepared with a bis-maleimide
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linker. DFMs of the antibody chimeric B72.3 which rccognises a tumour-associated
glycoprotein have becn shown to improve targeting to human tumours in a mouse xenograft
model, resulting in both higher tumour accumulation and improved tumour : blood ratios
compared to F(ab"), (King et al., 1994). Also, DFM may have higher association rates for
antigen than F(ab”),, which may bc a consequcnce of the incrcased spacing or flexibility
of the linker. This was the case for DFM of the anti-carcinoembryonic antigen antibody,
ASB7, which led to this being the preferred molecule for RIT applications with '*'I as the
radioisotope (Casey et al., 1996).

The best form of antibody for tumour targeting also depends on the radioisotope used.
Several metallic isotopes, such as °°Y and “Cu, arc potentially attractive for RIT (sec
below), but the biodistribution of antibody fragments labelled with metallic isotopes is
very differcnt. Once taken into cclls, metallic isotopes are less readily excretcd than
halogens such as iodine, which leads to intracellular accumulation (Press et al., 1996).
This can be an advantage for metallic isotopes when internalised into tumour cells, as the
isotope is retained at the tumour site for longer. However, when taken into normal cells
the build-up of isotope can lead to high levels in normal organs. Most antibody fragments
are metabolised and excreted through thc kidneys. During excretion re-adsorption of
protein takes place in the kidney tubules. This can lead to unacceptably high levcls of
metallic isotopes depositcd in the kidney tubule cells. High kidney levels of activity have
thus been observed with many antibody fragments labelled with metallic isotopes, includ-
ing Fab-, F(ab"),- and Fv-based fragments (Brown et al., 1987; Schott et al., 1992).
Similar high kidney uptake takes place with DFM (King et al., 1994). However, very
interesting data have been obtained with chemically cross-linked tri-Fab conjugates.

Chemically cross-linked tri-Fabs (TFM) have been prepared with several different
antibodies using tri-maleimide linkers (Figure 4.3(b)). These moleculcs localise to tumour
cells at high levcls, clear from the blood relatively rapidly and yet do not give rise to
unacceptably high kidney levels when labelled with °°Y (Figure 4.3(c)). In addition,
linkers have been developed for the attachment of *°Y to the cross-linker, which allows
site-specific labelling to high spccific activity, suitable for RIT, with no loss of antigen-
binding activity (King et al., 1994; Antoniw et al., 1996). Pharmacokinetic studies of
chimeric B72.3 TFM revealed a longer alpha phase but a similar beta-phase half life to
F(ab’), and DFM (King et al, 1994). The rapid blood clcarance of TFM is surprising
considering that this molccule has a molecular weight similar to that of intact IgG.
However, the absence of an Fc region means that FcRn-mediated recycling does not
operate, as it does for IgG, to maintain blood levels (see Section 2.7) and it also suggests
that clearance through the kidney is not solely dependent on molecular weight but that
shape and possibly charge of the molecule may also be important. The longer phar-
macokinetic alpha phase probably contributes to the increased tumour levels obtained
relative to other fragments, but TFM molecules also show increased avidity for antigen
due to the presencc of an extra binding site (King et al., 1994, 1995). Comparative
radioimmunotherapy studies in nude mice bearing human tumour xenografts have been
carried out with IgG and TFM of the anti-tumour antibody A33 (Antoniw et al., 1996).
Results demonstrated that complete cures of established tumours could be achieved with
both A33 IgG and TFM when labelled with *°Y. Higher doses were required for TFM to
achieve the same therapeutic effect, but these resulted in less toxicity. Humanised ver-
sions of A33 IgG and TFM have also been prepared to allow repeat dose human studies
(King et al., 1995). Similar results have also been obscrved for a TFM prepared from the
antibody ASB7, suggesting that in this case also **Y-TFM is an attractive agent for RIT
(Casey et al., 1996).
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Figure 4.3 Tri-Fab’” production allows improved tumour targeting compared to 1gGC:

(a) tri-Fab” produced through chemical cross-linking of hinge region cysteines; (b) linkers
used to produce tri-Fab” including one containing a macrocycle for site-specific
attachment of therapeutic radioisotopes; (c) biodistribution of yttrium-90-labelled
chemically cross-linked tri-Fab” from the anti-tumour antibody A33 in nude mice bearing
SW1222 human tumour xenografts (tissue distribution was determined at 3, 24, 48, 72,
96 and 144 hours post-injection, n = 4, error bars indicate standard deviations)
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Table 4.5 Some potentially useful radioisotopes for radioimmunotherapy

Radionuclide Emission Half-life E (MeV) v (keV)
By B 193 h 0.61 364
ny B 64 h 225 —
Cu B 62 h 0.4,0.48, 0.58 185
S6Re B 89.2 h 1.07, 0.94 137
"¥8Re B 17 h 2.12, 1.96 155
7Lu B 162 h 0.50 210
MAg B 179 h 1.04 342
AU B 75 h 0.29, 0.25 159
AL o 72 h 5.87, 7.45 —
H2Bj o 60.5 min 6.09-8.79 727
1251 Auger 59 days — 35
195mpyt Auger 96 h — 65-130
“Cu B 12.8 h 0.19 511

Auger positron

Radioisotopes

In contrast to imaging applications, radioisotopes for radioimmunotherapy are required to
deliver a sterilising dose of radiation to the tumour. Therefore isotopes with a high linear
energy transfer (LET, the encrgy deposited by the isotope over its pathway) are desirable.
Three different types of radioisotopes have been investigated: Auger emitters, alpha
emitters and beta emitters. Potentially, Auger emitters offer the ability to deliver the
highest dose of radiation to the tumour cell but only over a range of less than one cell
diameter. Therapy with Auger emitters therefore requires the isotope to be taken into the
cell and localised at the nucleus. Alpha emitters also have the potential to deliver a high
radiation dose over a short range. In this case the range is about 50 |Lm in tissue, so little
‘bystander killing’ of adjacent cells can be expected. Thus both Auger and o cmitters
require a very homogeneous distribution of the antibody at the tumour to allow a good
therapeutic effect. Such homogeneous distribution may be difficult to achieve in many
cases. 3 emitters deposit less energy per cell, but have a longer range and therefore do not
require such a homogeneous distribution in tumour tissue. Ranges of [ particles in tissue
can be over 1 cm for high-energy B emitters such as *°Y. This is favourable for larger
tumours although when targeting small micrometastases, much of the energy may be
deposited outside the tumour in the surrounding tissue. Candidate radioisotopes for use in
RIT are given in Table 4.5.

In addition to suitable energy, candidate radioisotopes also need to fulfil other criteria
to allow their use for RIT. A suitable half-life is required which can be matched to the
biological half-life of an antibody delivery vehicle, the isotope must not have any hazard-
ous daughter products, suitable methods for stable attachment to antibody must be avail-
able and it must be available carrier-free to allow preparation of high specific activity
immunoconjugates. Many useful § cmitters also have a gamma emission. This is unde-
sirable as the gamma emission contributes little to therapy although it can play a major
role in the total body dose (Langmuir, 1992). Also, the presence of large amounts of
penetrating gamma radiation may present a significant hazard to medical personnel, and
in waste storage and disposal, often making paticnt handling difficult. However, the
gamma emission does allow for imaging studies to be performed using the same labelied
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immunoconjugate which allows tumour dose estimates to be determined (DeNardo et al.,
1996a).

The majority of radioimmunotherapy studies to date have been carried out using "’'I as
the thcrapeutic isotope. Although "'l has a suitable [ emission for therapy, it has a
relatively long half-life (8 days) and an abundant y emission, which are less than optimal
for an idcal radioimmunotherapeutic. The reasons for the popularity of "' stem from the
long history of its application in the treatment of thyroid malignancies, its ready availabil-
ity, and the ease of radiolabelling antibodics with '*'I without any specialised chemistry.
As mentioned above, one problem with radioiodinated antibodies is their relative instabil-
ity in vivo. Several novel methods for radiolabelling antibodies with iodine have been
developed in attempts to reduce deiodination or the loss of iodinated metabolites from
cclls. These include the use of N-succinimidyl-3-(tri-n-butylstannyl) benzoate (Schuster
et al., 1991), dilactitoltyramine, tyramine cellobiose and other non-metabolisable carbo-
hydrate adducts (Ali et al., 1990; Reist et al., 1995) or compounds designed to retain a
positive charge to aid intracellular retention (Reist et al., 1996). However, such methods
have not yet achieved the high specific activities achievable with conventional iodination
methods, and the benefit of such labelling methods in clinical studies remains to be
determined. One potential effect of such ‘residualising’ iodine labelling methods is that
the biodistribution of iodinatcd antibodies will resemble those of radiometal-labelled
antibodies, making it difficult to see any advantage for residualising iodine labels over
radiometals with more favourable physical properties. Indeed, recent data suggest exactly
this, with a similar biodistribution and therapeutic advantage seen to that of radiometals
(Stein et al., 1997).

Many alternative isotopes for tumour therapy are now becoming increasingly available
together with methods for their attachment to antibodies. Several of these alternative
metallic isotopes offer potential advantages, for example in the amount of energy depos-
ited per unit of administered activity, in increased retention in tumour tissue and in the
possibility of out-patient treatment with less specialised facilities required.

Apart from "'[ the most studied B emitting isotope for RIT has been *°Y. The shortcr
haif-life of Y and the higher energy mean that the absorbed dose per unit of activity and
the dose rate is higher for *°Y than "'l and the dose is delivered over a shorter time. This
may be a particular advantage for RIT as the biological half-life of the antibody delivery
agent should also be taken into account. Some useful theoretical examples have been
described by Harrison et al. (1991). If the labelled antibody remains at the tumour site for
infinite time then the percentage of the total dose (182 rad/g/LCi Y, 127 rad/g/pCi P'I)
delivered over 10 days is 93% for *°Y and 58% for "*'. If a biological half-life of 2.5 days
is assumed, the percentage of the dose delivered to tumour in 10 days by *Y is reduced
from 93% to 45% and from 58% to 14.8% for '*'I. This may be further reduced for *'I if
a residualising label is not used, as described above. In addition, *°Y is a pure (3 emitter
with no gamma component, which is potentially advantagcous in terms of patient handling.

In early studies with *°Y attachment to antibody was achieved largely using the chelating
group DTPA. However, in common with the imaging isotope, '''In, DTPA is a poor
chelator for in vivo use and significant leakage of *°Y occurs resulting in deposition, in
this case in the bone, leading to unacceptable toxicity at high doses. In clinical studics,
administration of EDTA has been investigated to mop up frec yttrium which has leaked
from the DTPA based immunoconjugate (Stewart et al., 1990). However, subscquently
improved chelators have been developed for ™Y, including DTPA derivatives with all
eight coordination sites for *°Y retained (Brechbiel et al., 1986). These ligands demon-
strated improved stability over DTPA in in vivo studies (Washbum et al., 1991). A
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Figure 4.4 Structures of ligands used for attachment of therapeutic radioisotopes:

(@) 1B4M-DTPA (Camera et al., 1944); (b) 12N4-maleimide for labelling with yttrium-90
(Harrison et al., 1991); (c) 14N4 derivative for labelling with copper isotopes (Morphy
et al.,, 1989)

further advance came with the development of stable macrocyclic ligands such as tetra-
azacyclododecane tetraacetate (DOTA or 12N4) (Figure 4.4; Cox et al., 1989; Deshpande
et al., 1990). Comparative biodistribution studies have demonstrated improved targeting
with Y bound through DOTA, and lower levels of activity in normal tissues, especially
bone, which is of course important to prevent unnecessary bone marrow toxicity (Harrison
et al., 1991). Initial clinical studies using DOTA to chelate yttrium resulted in an immune
response against the macrocyclic structure (Kosmas et al., 1992) which led to renewed
interest in less stable chelators such as the DTPA derivative CHX-DTPA (Figure 4.4).
Studies on the stability and biodistribution of CHX-DTPA and other DTPA derivatives
revealed that all were less stable than DOTA (Camera et al., 1994). However, DTPA
derivatives have been used to chelate *°Y in clinical studies of RIT using an antibody to
polymorphic epithelial mucin in breast carcinoma (Schrier et al., 1995). Partial responses
to treatment were observed, although it was necessary to provide autologous stem cell
support in some patients to overcome bone marrow toxicity. More recent data suggest
that immune responses against DOTA may be less of a problem than first thought: in a
study in lymphoma patients immune responses to macrocycles were no more frequent
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than those scen with other chelating groups, and were less than those to the antibody
(DeNardo et al., 1996b).

The use of DOTA for chelation of yttrium has been combined with a humanised tri-
Fab to produce an cffective immunoconjugatc for tumour therapy (Antoniw et al., 1996).
This conjugate was produced using a Fab” cross-linker which incorporates the DOTA
macrocycle, allowing site-specific labelling with *Y. Versions of cross-linkers havc been
produced with both DOTA and phosphinate DOTA derivatives, which are equally stable
chelators of *Y (Nonnan et al., 1995a). Mcthods for high-specific activity labelling have
been developed which operate at >95% labelling efficiency, allowing realistic clinical use
of the conjugate (Haines and King, unpublished data).

Stable macrocyclic chelators have also becn developed for ¢’Cu labelling, based on
tetraazacyclotetradecane tetraacetate (TETA or 14N4, see Figure 4.4) (Cole et al., 1987,
Morphy et al., 1989). ¥’Cu is potentially an attractive radioisotope for RIT but its wide-
spread application has been limited by poor availability. Nevertheless, antibodics labelled
with ’Cu via a macrocyclic ligand have been shown to be effective in therapy of tumours
in nude mouse models (Connett et al., 1996), and have shown improved biodistribution
characteristics in colorectal cancer patients compared to iodinated antibody (Bischoff-
Delaloye et al., 1997). The DOTA macrocycle used for Y can also be used for chelation
of lutetium-177, and this complex has been investigated attached to the antibody CC49,
which recognises a tumour-associated glycoprotein, both in animal models and for the
trcatment of ovarian cancer in patients (Meredith et al., 1996). In this phase I study in
patients, "’Lu-CC49 was well tolerated and showed some evidence of anti-tumour activ-
ity, particularly in patients with microscopic disease.

Two isotopes of rhenium, '**Re and "*‘Re, arc of interest for RIT (Table 4.4). Rhenium
chemistry is very similar to that of the imaging isotope technetium (see Section 3.9.1),
and thereforc similar methods for attachment to antibody are used. These include direct
labelling through reduced hinge thiol groups, and the use of chelators such as N,S, or N;S
(see Figure 3.15). Encouraging results have been obtained in preclinical studies with
'R c-antibody conjugates. Treatment of small cell lung cancer xenografts with antibody
labelled with '®Re via an N,S chelator resulted in long-term tumour regressions in some
mice (Beaumier et al, 1991), and clinical studies with rhenium-labelled antibodies are in
progress.

As an alternative to B emitting radioisotopes, o emitters emit their energy over a short
range and are therefore attractive for treatment of tumours only if homogeneous distribu-
tion of antibody throughout the tumour can be achieved. However, the other implication .
of short-range isotopes is that relatively little normal tissue damage may result. Applica-
tion of o emitters has been limited by the need to achieve a homogeneous distribution,
and also by their short half-life and the unstable daughter products produced which make
working with these isotopes a tcchnical challenge. Nevertheless, oo emitters have been
examined in a number of animal model studies. o emitters may be well suited to RIT for
therapy of easily penetrated tumours such as leukemias, micrometastases and malignan-
cies with shcet-like geometry and free floating tumour cells, such as ovarian cancer or
neoplastic meningitis where antibody can be administered directly into the body com-
partment. Astatine-211 labelled antibody has been shown to be effective in therapy of
neoplastic meningitis in a rat model (Zalutsky et al., 1994). Bismuth-212 is also a poten-
tially useful isotope, which has shown efficacy in an adjuvant setting for i.p. tumours
(Hartmann et al., 1994). It has been suggested that *'?Bi-labellcd anti-Tac antibody may
be useful for therapy of T cell leukemias. Similarly to *°Y, the biodistribution of bis-
muth-labelled antibody can be significantly improved by use of DOTA to chelate the
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isotope, compared to DTPA or DTPA derivatives such as CHX-DTPA (Junghans et al.,
1993). Studies so far have used whole antibody; however, because of the short half-life of
PB4, it is likely that the use of a rapidly clearing antibody fragment would be signific-
antly better. Studies with Fab” and F(ab”), have becn limited by their accumulation in the
kidney, and so far experiments with improved antibody forms such as those mentioned
above have not been reported.

Auger emitters which are potentially useful as therapcutic radionuclides for RIT
include ’I, #Cu, ">"Pt and some isotopcs also uscd for imaging at low doses such as
"MIn , ®Tc and “Ga. As with alpha emitters, applications are likely to be restricted to
conditions in which good tumour distribution is achicved. In this case, intcrnalisation into
the cell is required for efficacy and preferably location to the nucleus such that there is a
good chance of this intense, short-rangc energy damaging cellular DNA. Thercfore Auger
emitters have also been investigated as potential therapeutic isotopes in an adjuvant
setting, in leukemias and well-vascularised tumours. Because of the rcquirement for
internalisation for cytotoxic effects, Auger emitters are potentially less toxic in the cir-
culation than beta emitting isotopes. Modelling analysis has suggested that "**"Pt-labclled
antibody would be effective at dclivering a sterilising dose to blood-borne tumour cells
without delivering a toxic dose to bonc marrow (Willins and Sgouros, 1995). Clinical
studies have been carried out with several '’I-labelled antibodies. Studies with *I-
chimeric 17-1A and **I-murine A33 in colorectal cancer have demonstrated that high
doses of this Auger emitting radionuclide can be given without significant toxicity,
although no, or very modest, anti-tumour effects were observed in either case (Meredith
et al., 1995; Welt et al., 1996).

%Cu is an attractive isotope as a combined Auger and beta emitter which can be used
to radiolabel antibodies using the TETA macrocyclc, as for *Cu. Comparisons of *Cu
and *’Cu-labelled antibody for RIT showed that both had similar anti-tumour effects with
good therapeutic effects against small tumours (Connett et al., 1996). “*Cu is also under
investigation as an isotope for radioimmunodetection using PET (see Section 3.9). The
half-life of %*Cu suggests that improved RIT results might be expected using an antibody
fragment. Initial biodistribution experiments have used F(ab”),, although kidney accumu-
lation of this fragment has precluded RIT studies (Anderson et al., 1995).

An approach to improve therapcutic effects with Auger cmitters is to target the isotope
to the cell nucleus. One attempt at achieving this has been to prepare a synthetic linker
comprising a macrocycle for radioisotope chelation with a known DNA intercalator, such
as an acridine (Norman ef al., 1995b). When internalised into cells it is likely that many
antibodies will be degraded, but macrocyclic ligands are known to be retained in the cell.
A DNA intercalator may then bind to DNA in the cell nucleus and hence retain the
isotope where the Auger emitter may result in more potent cytotoxic effects.

Clearance mechanisms and two-step targeting

Clearance mechanisms and two-step tumour targeting strategies for RAID have been
described in Chapter 3. Many of these strategies have also been suggested as potential
approaches to improving the therapeutic ratio achievable in RIT. Clearance mechanisms
which clear circulating isotope in vivo by the administration of second antibody may
reduce bone marrow toxicity but are likely to deliver a large dose to the organ of clear-
ance, usually the liver. Hence immunoadsorption devices have been developed (Norrgren
et al, 1991). In these systems, radiolabelled antibody is allowed to bind to tumour
antigen and then circulating antibody is removed by passing blood through an extra-
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corporeal immunoaffinity chromatography column. For example, an anti-mouse antibody
can be immobilised as an immunoaffinity material and packed into a column format (scc
Section 3.7 for more details of immunoaffinity chromatography). Blood can then be
pumped outside the body and through the column which binds radiolabelled murine
antibody before the blood is returned to the patient. An altemative system of potential
application to human and humanised antibodies is to use biotinylated, radiolabelled antibody
for RIT. This can then be removed through an extracorporcal column of immobilised
avidin, sparing the radiation dose to bone marrow from circulating activity (Garkavij
et al., 1997).

Two-step targeting protocols are also under development for RIT. Antibodies to chelate—-
isotope complexes, e.g. DOTA-"Y, have been developed which may allow production of
bispecific reagents which can be localiscd to the tumour and allowed to clear from
circulation (Goodwin et al., 1994). Radiolabelled chelate can then be injected which is
bound to the anti-chelate antibody at the tumour site and readily excreted from the rest of
the body. Potential problems with this approach are that a high-affinity interaction is
required to bind the radiolabelled ligand from a relatively low concentration in blood as
it passes the tumour site. The high-affinity interaction of the avidin:biotin system has
therefore been employed in attempts to improve tumour loading levels of isotope.
Streptavidin—antibody conjugatc is localised to tumour tissue and circulating conjugate
cleared using a biotin—protein conjugate. °Y-DOTA-biotin is then administered which
localises to the tumour site and clears from the rest of the body, generating high
tumour : blood ratios. Promising results demonstrating cures of human tumour xenografts
in nude mice have been presented, and clinical evaluation of this approach is underway
(Axworthy et al.,, 1994).

Clinical results with RIT

The best clinical results with RIT to date have been obtained in leukemias and lymphomas.
These hematopoietic tumours have the advantage of being readily accessible to intrave-
nously administered antibody and are often relatively sensitive to radiation. Particularly
encouraging results have been obtained in trials for the therapy of non-Hodgkin lymphoma.
A high proportion of patients have been found to respond to treatment in phase II studies
of ¥'I-B1, a MAb which recognises CD20 (Press et al., 1995; Kaminski et al., 1996). In
these studies patients were screened with a tracer dose of '*'I-Bl, and those with a
favourable biodistribution progressed on to therapy. Therapy with non-myeloablative
doses resulted in long lasting, complete responses in 50% of patients (Kaminski et al.,
1996). Higher doses could also be used together with autologous bone marrow transplan-
tation to cope with the toxicity of the radiolabelled IgG. In this case responses in a phase
II trial were seen in 18 of 21 patients, including 16 complete remissions (Press et al.,
1995). Responses have also been observed with ®Y-labelled anti-CD20 antibody therapy
of lymphoma. In a dose-escalation study, a dose of up to 40-mCi was found not to be
myeloablative and resulted in an overall response rate of 78% even though in this study
patients were not pre-screened for a favourable biodistribution (Knox et al., 1996).
Promising results have also been obtained in leukemia studies. An early trial of *Y-
labelled anti-Tac antibody in adult T ccll leukemia resulted in responses in 9 of 16
patients treated although a relatively low dose was used (Waldmann et al., 1995). Several
studies have been carried out with antibodies to CD33 in acute myeloid leukemia. Both
murine and humanised versions of MI95 have shown significant anti-tumour effects
when labelled with '], including complete remissions in several patients. This has led to
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the incorporation of these agents into preparative regimens for bone marrow transplanta-
tion in which complete remissions were observed in most patients (Jurcic et al., 1995).
The drawback of this approach is the myelosuppression scen with high doses of radio-
labelled antibody. Complete responses havc also been obtained in studies with another
anti-CD33 antibody, P67, when labelled with '*'I (Applebaum et al., 1992). As this anti-
body intemalises into leukemic cells it is also under investigation for targeting the cytotoxic
drug calicheamicin, in an approach to reducc myelosuppression (Section 4.2.7).

Results in the major solid tumour types (colorectal, lung, breast and ovarian cancer)
have been less impressive, with few tumour responses. Occasional complete responscs to
treatment have bcen reported (e.g. Juweid et al., 1997), but these are the exception rather
than the rule. Several trials in colorectal cancer have resulted in only minor responses.
In a phase II study of the anti-TAG72 antibody CC49 labelled with "*'I, no significant
turmour responses were observed (Murray et al., 1994). Another anti-TAG72 antibody,
chimeric B72.3, resulted in stabie disease in 4 of 12 paticnts treated with '*'[-labclled
antibody, with one minor response, approx. 40% reduction in tumour size, seen in a
repeat dose study (Meredith et al., 1992b). Antibodies to CEA have also been extensively
studied in colorectal cancer. Treatment with '*'I~A5B7 resulted in one partial response in
a lung metastasis and one complete resolution of liver metastasis (Lane et al., 1994). In a
study of "“'I-labelled chimeric L6 in 10 women with metastatic breast cancer, partial
responses of up to 5 months’ duration were seen in four patients, with two other minor
responses (DeNardo et al., 1994). Following on from successful results for lymphoma
when combining RIT with bone marrow support to overcome the toxicity of the circulat-
ing labelled IgG, a study has been carried out in breast cancer with **Y-labellcd BrE3
antibody to polymorphic epithelial mucin (Schrier ef al., 1995). In this study of 9 pati-
ents, 4 required bonc marrow support and partial responses were observed in approxim-
ately 50% of patients treated.

There is now increasing evidence that although doses delivered to large tumour depos-
its are inadequate for therapy, significant tumour doses can be achieved to small tumours.
Investigations have bcen made into the use of RIT as an adjuvant therapy, for the trcat-
ment of minimal residual disease following surgical cxcision of primary tumour, or
for treatment after tumour reduction by conventional chemotherapy. A clear correlation
between tumour response and size of the tumour has been demonstrated in both animal
models and paticnts, presumably as a result of better tumour penetration into smaller
tumours. With "*'[-antibody administered intraperitoneally for ovarian cancer, no responses
were seen in patients with tumours of diameters greater than 2 cm, two responses were
seen from 15 patients with smaller tumours (13% response) and three of six (50% re-
sponse) patients with malignant cytology but no measurable disease had their malignant
cells cleared from the peritoneum (Stewart et al., 1989). Encouraging results have also
been observed in a study of '*'I-anti-CEA F(ab’), in patients with tumours less than 3 cm
in diameter (Juweid et al., 1996). Disease stabilisation was observed in approximately
half of the patients treated with some tumour shrinkage. However, strong HAMA re-
sponses to this murine antibody fragment prevented re-treatment. In another ovarian
cancer study with intraperitoneally administered '*'I-labelled antibody, treatment of min-
imal residual disease resulted in complete responses in 5 of 16 patients with a mean
disease-free period of over 10 months (Crippa et al., 1995). Also in ovarian cancer, a
study with *Y-antibody to polymorphic epithelial mucin resulted in increased survival in
patients treated with the antibody and whohad no measurable disease at the time of treat-
ment (Hird et al,, 1993). These patients were viewed as having received adjuvant therapy
for the minute micrometastases present, and were compared to historical control groups
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of patients. Over four and a half years, more than 90% of paticnts treated survived
comparced to less than 40% in a large group of historical controls. It is not known how
much of this cffect is due to cytotoxicity from the radioisotope or to biological effects of
the antibody administered, such as the induction of an anti-idiotype response {sce Sectioi
4.2.2), and these promising results are thus the subjcct of further study.

Although initially disappointing, RIT is now bcginning to prove clinically useful in
some discase situations, particularly the liquid tumour types and as an adjuvant therapy or
for treatment of minimal residual disease. The majority of agents tested to date have been
murine antibodies, often labelled with "*'I, which have not taken advantage of the ability
to develop improved targeting agents through the developments in molecular biology and
improved chemistry mentioned above. As these developments allow improved agents for
RIT to be brought forward for clinical testing, it is likely that clinical benefit will be seen
in an increased range of diseases. Combinations of RIT with conventional cancer therapy
by chemotherapy or external beam radiation are already beginning to be explored in
experimental systems, with synergistic effects observed, allowing better therapy than
either approach alone (Tschmelitsch et al., 1997; Vogel et al, 1997).

4.26 Immunotoxins

Protein toxins are extremely potent cell killing agents and have been widely investigated
as potential cytotoxic agents for antibody targeted cancer therapy. Antibody—toxin conjug-
ates, or immunotoxins, are bcing evaluated with plant toxins such as ricin and abrin and
bacterial toxins such as diptheria toxin (DT) and Pseudomonas exotoxin (PE) (Table 4.6).
The target of these toxins is the inhibition of protein synthesis. In the case of the plant
toxins this is achieved through inactivation of ribosomes by modification of ribosomal
RNA, whereas the bacterial toxins inactivate the elongation factor, EF-2, which normally
interacts with the ribosomal RNA.

Immunotoxins require internalisation into the cell to exert their cytotoxic effect; how-
ever, protein toxins arc enzymes, and therefore catalytic, and small numbers of toxin
molecules may be sufficient for cytotoxicity. The mode of action of toxins (Figure 4.5)
requires not only internalisation but translocation of the toxin across a membrane of the
endosome or the trans-golgi network (depending on the toxin used) to reach the site of
action in the cytosol. Therefore, although under some conditions a single toxin molecule
may be sufficient to kill a cell (Yamaizumi et al., 1978), many more must be delivered to
the cell surface as internalisation and translocation to the site of action are inefficient.
Many toxins have a subunit or domain of their own which is responsible for cell binding
and internalisation and this must be removed or blocked to reduce non-specific toxicity.
PE has three domains, one of which is responsible for cell binding. Truncated versions of

Table 4.6 Toxins under evaluation for the preparation of immunotoxins

Plant toxins Bacterial toxins

Ricin Pseudomonas exotoxin (PE)
Abrin Diptheria toxin (DT)
Gelonin

Saporin

Pokeweed antiviral protein (PAP)
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Inhibition of
protein synthesis

" Acidified
endasome

Figure 4.5 |Illustration of the mechanism of cytotoxicity of immunotoxins. Immunotoxins
bind to cell surface antigen and are internalised by endocytosis. Toxins such as ricin
A-chain and Pseudomonas exotoxin are routed to the trans-golgi/endoplasmic reticulum
network whereas diptheria toxin is routed to an acidified endosome. in these
compartments release of toxin is achieved which can be translocated to the cytoplasm
and inhibits protein synthesis.

PE have been expressed comprising the catalytic and translocation domains of the toxin,
but not the cell binding domain. Ricin comprises an A- and B-chain, the A-chain being
responsible for catalytic inactivation of ribosomes whereas the B-chain is responsible for
cell binding and internalisation. Immunotoxins have therefore been constructed using
ricin A-chain alone, which must be stringently purified away from B-chain and intact
toxin. An alternative approach is to block the cell binding site using an affinity ligand.
Blocked ricin conjugates have been prepared by covalent linkage of an affinity ligand
(Lambert et al., 1991). Blocked ricin conjugates have the advantage that the intact toxin
is retained with its full ability to translocate into the cytosol, a property which is reduced
in A-chain conjugates.

Immunotoxins can be prepared either by chemical linkage or by expression of
recombinant fusions of the toxin gene to the antibody gene. Linkage of toxin to antibody
must be stable enough to remain intact in the circulation, but be able to release free toxin
inside the cell to allow cytotoxicity. Toxins such as PE contain an internal disulphide
bond which is reduced as part of its mechanism of release inside the cell. Stable linkages
of PE to antibody therefore result in effective immunotoxins, and these have been pre-
pared through thioether linkages or as recombinant fusions (Pai et a/., 1996; Benhar and
Pastan, 1995). Ricin A-chain is normally linked to B-chain through a disulphide linkage
which is also reduced intracellularly. This cysteine on the A-chain has thus been the site
of conjugation to antibody, in the place of B-chain. Initial work with disulphide linked
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ricin A conjugates resulted in constructs which werc unstable in the circulation, therefore
linkers containing ‘hindered’ disulphide linkages were developed with a methyl or phenyl
group adjacent to the disulphide. These are more stablc in circulation but still effectively
reduced inside the cell (Thorpe et al., 1988). An additional problem with plant toxins
such as ricin is their glycosylation which promotes binding to cells of the reticuloendothelial
cell system, particularly the liver. Thercfore chemically deglycosylated ricin, or A-chain
produced by recombinant means in £. coli has been used to avoid non-specific toxicity
through carbohydrate binding (Thorpe et al., 1988). Alternative linkage of ricin A-chain
has been achieved through proteolytically scnsitive peptides in a recombinant ricin A-
chain fusion protein. When internalised, the proteolytically sensitive site is cleaved to
gencrate free ricin A-chain which is then cytotoxic (O’Hare et al., 1990).

The optimal form of antibody for use in immunotoxins has been less well studied.
Intact IgG conjugates can bc efficiently intenalised and have the highest degree of
accumulation at the tumour due to their long circulating half-life. One drawback is their
large size which reduces penetration into tumour tissue. Antibody fragments may there-
fore be advantageous in achieving more effective penetration into tumour tissue. In
animal model experiments, antibody fragment toxin conjugates have proved to be super-
ior to intact IgG. Conjugates of BR96, an antibody which recognises a variant of the Le*
antigen on human carcinomas, have been prepared with the intact IgG and PE40 (trun-
cated Pseudomonas exotoxin) and as a recombinant scFv fusion protein (Friedman et al.,
1993). The IgG conjugate was able to retard the growth of human tumour xenografts in
mice, whereas thc scFv fusion protein was capable of inducing complete regressions.
Similar results have been obtained with immunotoxins prepared with other antibodies. An
scFv-PE immunotoxin of the antibody B3, which recognises the same antigen, was
shown to be more effective than an IgG conjugate at producing cures of carcinomatous
meningitis in a rat model (Pastan et al.,, 1995). Similarly, a Fab’—PE fusion protein was
also shown to be more effective than the equivalent IgG based iimmunotoxin (Debinski
and Pastan, 1995). Both scFv—PE and dsFv—PE immunotoxins have been prepared and
shown to be equipotent in their ability to cause long-term regressions of tumour xenografts
(Benhar and Pastan, 1995). The scFv—PE conjugate was less stable yet retained more of
the binding activity of the IgG, whereas the dsFv was more stable but lcss immunoreactive,
with the overall result that they werc approximately equipotent in vivo.

Bispecific antibodies have also been suggested as means of delivery of toxins to
tumour cells. Antibodies in which one arm recognises a lymphoma-associated antigen
and one the toxin saporin have been produced, and complexes of the bispecific antibody
with saporin shown to be capable of cell killing (Bonardi et al., 1993). A potential
advantage of this approach is that the toxin is held via non-covalent forces in the antibody-
binding site and is therefore not damaged through chemical modification. Also, the toxin
may be released more easily on internalisation into the cell, and non-specific binding sites
on the toxin may be blocked through the antibody interaction. A small clinical study
using this aproach for lymphoma therapy has been carried out using an anti-CD22, anti-
saporin bispecific di-Fab (French et al., 1995). In this study all of the four patients treated
appeared to show rapid and beneficial responses to treatment with only mild toxicity.

Clinical studies have been carried out with a number of different immunotoxins pro-
duced by direct linkage of the toxin to antibody (reviewed in Ghetie and Vitctta, 1994).
Anti-tumour activity has been reported in lymphomas, and recently in breast and colorectal
tumours (Pai er al, 1996). In this phase I study of 38 patients objective anti-tumour
activity was observed in 5 patients, 18 had stable disease and 15 progressed. Two major
problems have limited efficacy in this and other studies: immunogenicity and toxicity.
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The major toxicities seen in immunotoxin trials have been hepatotoxicity, neurotoxicity
and often the most limiting, vascular lcak syndrome. Vascular leak syndrome is probably
caused through effects on endothelial cells, and rescarch is ongoing to attempt to over-
come this problem through cngineering or inhibition with anti-inflammatory drugs {Sicgall
et al., 1997).

Protein toxins used to date have becn derived from plant or bactcrial sources and are
highly immunogenic. This immunogcnicity has limited the number of doses which can be
given in paticnts and thercfore limits anti-tumour effects. Attempts to overcome this
through engineering, immunosuppressive agents or PEGylation are being explored. One
approach is to use a human enzyme as a toxin which would hopcfully be less immunogenic
in man. Human ribonucleases which kill cells only after internalisation have bcen ex-
plored as potential immunotoxins both by chemical conjugation to antibody and as
recombinant fusion proteins (Gadina et al., 1994). However, the cytotoxicity of such
‘humanised immunotoxins’ is poor compared to those produced with ricin or PE. Attempts
to design improved immunotoxins using scFv-RNAse fusion proteins arc a subject of
current research (Newton et al., 1996).

4.2.7 Drug conjugates

Chemotherapy using cytostatic or cytotoxic drugs has been the mainstay of cancer therapy
over the past 50 years. However, therc is little selectivity of these drugs for tumour cclls
over rapidly dividing normal cells, such as those in the bone marrow, and consequently
chemotherapy is limited by normal tissue toxicity, and usually rcsults in severe toxic
side-effects. The ability to target chemotherapeutic drugs such that they are inactive until
taken into tumour cells is thus an attractive concept with the potential to allow higher
doses to tumour cells without exposing nonnal cells to high concentrations of drug. in
common with immunotoxins, drug conjugates require internalisation to be able to kill
cells, but they have the potential advantage over toxins of being small molecules which
are less likely to raise an immune responsc. Attempts to address this problem have
suggested that choice of suitable chemical linkers, and the use of humanised antibodics,

- may result in non-immunogcnic or only weakly immunogenic conjugates (Johnson et al.,
1991a). The other major problem of immunotoxins, non-specific toxicity, may also be
overcome with the use of drug conjugates, as many drug derivatives may be screencd to
identify optimal characteristics.

Initial attempts to produce conjugates of cytotoxic drugs with anti-cancer MAbs
focused on drugs used in the clinic. Conjugates have been prepared with many of these,
including methotrexate, doxorubicin, mitomycin C, neocarzinostatin, daunorubicin and
vinca alkaloids. Early attempts suffered from loss of activity of both the antibody and
drug on conjugation, and relatively poorly active immunoconjugates resulted. Several
problems were identified, including identifying drugs of sufficient potency given the
inefficiency of antibody uptake by solid tumours, and identifying suitable chemistry to
generate linkage of the antibody to the drug without a major loss of activity. Since these
early experiments, improved linkage methods have been developed (reviewed by Pietersz
et al., 1994). The best linkage chemistry varies from drug to drug, but a key feature is to
allow stable conjugates in circulation which can also release active drug during antibody
degradation inside the ccll. In addition, site-specific linkages to antibody have been
investigated, for example, to antibody carbohydrate (see Section 2.6.2) which allow re-
tention of antibody activity (Schrappe et al., 1992). However, the low potency of many of
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these drugs has required many molecules of drug to be coupled per antibody to achicve
sufficient doses for therapeutic effects. Nevertheless, some good anti-tumour effects have
been observed with optimised conjugates of several of these drugs in animal models.
Long-term growth suppression of glioma xenografts have been observed with conjugates
of vinblastine (Schrappe et al., 1992) and cure of xenografted lung, breast and ovarian
tumours has been observed in some mice with doxorubicin conjugates of the anti-Le’
antibody BR96 (Trail et al, 1993). In general, however, such responses have required
treatment before establishment of the tumour or the use of doses close to the maximum
tolerated dose, which may lead to limited benefits over non-conjugated drug in the clin-
ical situation.

Attempts to improve potency have included the use of polymeric carriers to conjugate
large numbers of molecules of drug to antibody without loss of antigen-binding proper-
ties. In this strategy the polymeric carrier is conjugated to many molecules of drug before
site-specific attachment of a single polymer to the antibody. Polymers can be synthetic,
proteins such as HSA or carbohydrate such as dextran (Shih et al., 1991). However,
results with such conjugates have been disappointing, with little real improvement over
directly linked conjugates observed either in vitro or in vivo.

Attempts have also been made to produce immunoliposomes to target large amounts
of the drug to the tumour site. Liposomes are synthetic vesicles consisting of one or more
concentric phospholipid bilayers which can be used to encapsulate an aqueous compart-
ment, which can be filled with drug. Antibody can be attached to the surface of the
liposome, resulting in an immunoliposome. Interaction of the liposome with the target
cell either by direct fusion with the cell membrane or by endocytosis should result in the
release of large numbers of drug molecules to the tumour cell. However, immunoliposomes
are rapidly taken up by the reticuloendothclial system in vivo, and thus PEG-modified
phospholipid is often incorporated into the liposome, resulting in ‘sterically stabilised’ or
‘stealth’ immunoliposomes which are less prone to reticuloendothelial uptake and can be
used to target to tumour cells (Allen et al., 1995). Attempts to deliver doxorubicin using
immunoliposomes have shown promising tumour targeting, although little improvement
over free doxorubicin has been demonstrated in some studies (Park et al, 1995).
Immunoliposome mediated targeting of drugs may find a niche, however, in the treatment
of newly established micrometastatic’ disease or metastatic cells migrating in blood or
lymph (Allen et al,, 1995).

More impressive results have come with the development of more toxic cytotoxic
agents. Several classes of extremely potent new drugs have been identified, at least 100-
fold more cytotoxic than drugs used for chemotherapy in the clinic. Such drugs are too
toxic for use as the free drug, but can give rise to very potent immunoconjugates. These
are principally the enediynes (Nicolaou et al., 1993), maytansinoids (Chari et al., 1992),
tricothecenes (Liu, 1989) and analogues of CC-1065 (Chari et al., 1995). Immuno-
conjugates have been produced with these agents which have impressive anti-tumour
effects in mouse xenograft experiments. Calicheamicin, a member of the enediynes, has
been conjugated to an anti-PEM antibody, CTMO01, and shown cures of established breast
and ovarian tumour xenografts in nude mice (Hinman et al., 1993). In this case, several
derivatives of calicheamicin were compared to identify the optimal drug for conjugate
activity without toxicity. A hindered disulphide was used to allow a stable linkage in
circulation which was labile inside the cell, a strategy also used for ricin immunotoxins
(see Section 4.2.6). This antibody has been humanised (Baker et al., 1994), and human-
ised CTMOl—calicheamicin conjugates prepared which retain the potent anti-tumour
effects of the murine antibody. Clinical trials with this conjugate are under way. A similar
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calicheamicin conjugate has been developed for the anti-CD33 antibody, hP67. Early
clinical studies with this molecule for the therapy of acute myeloid leukemia have revealed
an excellent safety profile and encouraging anti-tumour cffects, with several complete
and partial responses seen (Bernstcin, 1996). Similarly potent anti-tumour effects have
been obscrved with maytansinoid conjugates for therapy of colorectal cancer (Liu et ¢l.,
1996). Eradication of established xenograft tumours was achieved even though aniigen
distribution was heterogeneous, a model in which immunotoxins with PE linked to the
same antibody performed relatively poorly. Such potent drug immunoconjugates thus
represent considerable promise for cancer therapy.

4.2.8 Antibody-directed enzyme prodrug therapy (ADEPT)

ADEPT is a two-step targeting method for cytotoxic drug therapy. Similarly to drug
conjugates, ADEPT aims to improve the therapeutic ratio of cytotoxic drugs using anti-
body targeting, but in this case an enzyme is attached to the antibody and targeted to
tumour tissue. The enzyme is then used to convert an inactive prodrug to a cytotoxic drug
which generates a high local concentration of drug at the tumour site (Figure 4.6). This an
attractive concept, as less antibody conjugate may be required at the tumour site due to
the enzyme acting catalytically and being able to turn over many molecules of prodrug
to drug. Also, there is less need to target every cell as killing of bystander cells should
be possible by the high local drug concentration. The disadvantages of this approach in-
clude the fact that free drug is generated which may diffuse away from the tumour site,
damaging non-target tissues. Also, an enzyme must be chosen which does not occur in
humans, or at least not in extracellular locations, to avoid activation of the prodrug in
normal tissues.

Several different enzyme systems have been investigated for ADEPT (Table 4.7)
(reviewed by Melton and Sherwood, 1996). The first system to be developed was based
on carboxypeptidase G2 (CPG2) cleaving a glutamate derivative prodrug to liberate a
nitrogen mustard drug (Searle et al., 1986). Subsequently this and other enzyme systems
have shown anti-tumour effects in mouse xenograft experiments. Studies with an anti-
CEA F(ab’), linked to CPG2 revealed only modest anti-tumour effects at first. This was
improved by the introduction of a third step to the system, a clearing antibody (Sharma
et al., 1990). In this revised three-step system the antibody—enzyme conjugate is admin-
istered and allowed to localise to the tumour. After localisation has taken place residual

Drug

Prodrug\)

Figure 4.6 Conversion of prodrug to active drug through ADEPT. Antibody-enzyme
conjugate is localised to tumour and allowed to clear from the circulation. Inactive drug
is then administered which is converted to a cytotoxic drug by the enzyme attached to
antibody at the tumour site. This results in a high local concentration of drug with
resultant tumour cell cytotoxicity

HOSPIRA EX. 1029

celtfisn the. 1195
Celltrion v. Genentech
152 of 254 IPR2017-01374



Monoclonal antibodies in therapeutic applications

Table 4.7 Enzymes used for construction of antibody—enzyme conjugates for ADEPT

Enzyme

Crigin

Active drug

Substrates

Carboxypeptidase G2
Carboxypeptidase A
Alkaline phosphatase

B-lactamase

Cytosine deaminase

Penicillin amidase

Pseudononas
Bovine

Bovine

E. coli
Enterobacter

Yeast

Fusarium

E. coli, human

Benzoic acid mustards
Methotrexate

Etoposide, doxorubicin,
phenol mustards

Nitrogen mustards,
vinblastine, taxol

S-fluorouracil

Doxorubicin, melphalan

Doxorubicin, epirubicin,

Glutamic acid derivatives
Phenylalanine derivatives

Phosphate derivatives

Cephalosporin derivatives

5-fluorocytosine

Hydroxyphenylacetyl
derivatives

Glucuronide derivatives

B-glucuronidase

placental aniline mustards

B-glucosidase Sweet almond Hydrogen cyanide Amygdalin

circulating conjugate is removed by the administration of a clearing antibody against the
CPG2 enzyme. This clearing antibody was galactosylated to allow rapid clearance through
galactose receptors in the liver. After clearance of circulating conjugate the prodrug is
administered for activation at the tumour site. This approach was found to reduce non-
specific activation of prodrug and allowed successful anti-tumour effects in xenografts to
be seen.

Early conjugates were prepared by chemical coupling of IgG or F(ab"), to the enzyme
of interest, but subsequently recombinant constructs have been designed and expressed as
scFv—enzyme fusions (Goshorn et al., 1993). These have the advantage of smaller size
which may assist penetration into tumour tissue and more rapid clearance which may
avoid the need for clearing antibody. scFv-f-lactamase conjugates were expressed in
E. coli in an active form and were therefore relatively simple to produce, and as defined
molecules, simpler to characterise compared to chemical conjugates (Goshom et al.,
1993). Disulphide-linked Fv—fB-lactamase conjugates have also been produced which are
more stable in circulation than the scFv fusion proteins, although a direct comparison has
not yet been rcported (Rodrigues et al., 1995).

The CPG2 system has been examined in a pilot clinical study which confirmed the
suspected major drawback of ADEPT, i.e. immunogenicity of the enzyme in humans
(Bagshawe et al., 1995). In this study repeat dosing was limited by immune responses to
both the murine F(ab’), used and the bacterial enzyme, and attempts to suppress the
immune reponse with cyclosporin were unsuccessful. Overcoming the immune response
to the antibody may be achieved by use of a human or humanised antibody, although
overcoming responses to non-human enzymes may be more difficult. A humanised
antibody-human enzyme conjugate has been prepared using 3-glucuronidase, which has
shown anti-tumour effects in mice (Bosslet et al., 1994).

An altemnative approach which may be non-immunogenic is the use of catalytic anti-
bodies (Miyashita et al,, 1993). Antibodies can be produced to transition state analogues
which are capable of catalysing a variety of chemical reactions (see Chapter 6). These
can be humanised to reduce immunogenicity, and used to produce a bispecific antibody
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with binding specificity for a tumour-associated antigen as well as catalytic activity. Use
of such bispecific antibodies may be a feasible approach, and a catalytic antibody capable
of activating a carbamatc prodrug to a nitrogen mustard has been produced (Wentworth
et al., 1996). The catalytic activity of this antibody was too weak to be of use in vivo, and
thercfore it has been used to sct up assays to screcn phage librarics for improved catalytic
activity.

4.2.9 Vascular targeting

The continucd growth and viability of a tumour is critically dependent on maintaining an
effective blood supply which can supply the oxygen and nutrients required. An altcrn-
ative strategy for tumour therapy is thus to shut off tumour blood vessels, cutting off
nutrient supply which rapidly leads to tumour cell death. Two approaches have bcen
investigated, targeting existing blood vessels or preventing the formation of the new
blood vessels required to support growth. The process of blood vessel formation is known
as angiogenesis, and thus these two approaches can be termed anti-vascular and anti-
angiogenic. As these targets are vascular the problem of accessibility of antibodies to
solid tumours is overcome, and thus antibody approaches have played a major part in
attempts to develop such therapy.

Several growth factors secretcd by tumours are known to be involved in the process of
tumour angiogenesis, such as basic fibroblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF). Secrcted factors cause migration and proliferation of vascular
endothelial cells from existing blood vessels to form new tumour vasculature. Blocking
this process has been attempted using antibodies which bind to bFGF or VEGF and block
receptor interaction. Alternatively, antibodies to the growth factor receptors could be
used. Both antibodies to bFGF and VEGF have shown inhibition of tumour growth (Hori
et al., 1991; Kim et al., 1993). Particularly exciting data have arisen from inhibition of
VEGF-induced angiogenesis which appears to be applicable to several types of tumour.
Antibodies to VEGF are capable of inhibiting tumour growth and metastasis in experi-
mcntal systems (Asano ef al., 1995). Completc inhibition of angiogenesis and growth of
micro-tumours has been observed following treatment with anti-VEGF, changing the
characteristics of a rapidly growing malignancy to a dormant microcolony (Borgstrom
et al., 1996).

Cell adhesion interactions, mediated by integrins, are also crucial in the process of
angiogenesis. The integrin 0.3, (CD51/CD61) is required on vascular endothelial cells
during angiogenesis for their differentiation, migration and division. Blocking o, with
a MAD can inhibit the growth of human tumours by causing apoptosis of the proliferating
cells while leaving pre-existing blood vessels unaffected (Brooks et al., 1994).

Early anti-vascular therapies were directed at killing tumour endothelial cells. Destruc-
tion of tumour blood vessels could lead to the death of many tumour cells, as many cells
arc supplicd by each blood vessel. Animal model studies in which an antibody—toxin
conjugate was targeted to tumour vasculature resulted in impressive anti-tumour cffects,
with eradication of large solid tumours (Burrows and Thorpe, 1993). Another approach is
to block tumour blood vessels through inducing blood clots. Targeting of tissue factor, a
protein that normally triggers blood clotting at sites of injury, has been shown to be cap-
able of inducing blood clots specifically in the tumour vasculature leading to regression
of large tumours (Huang et al., 1997). However, the utility of these approaches may be
limited by the availability of markers which are selectively expressed on human tumour
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vasculature and not normal vasculature. Although several markers which are at least
partially selective for tumour vasculaturc, such as cndosialin and endoglin, have been
described (Rettig et al., 1992; Burrows et al., 1995). An anti-endoglin antibody has been
raised that cross-reacts with mouse endothelial cells, facilitating studies in mouse tumour
models (Seon et al., 1997). The antibody reacted strongly with human endothelial cells
and more weakly with mouse vasculature. Nevertheless, anti-tumour effects were seen
with an inununotoxin made from this antibody and ricin A chain, with prevention of
tumour growth in immunodeficient mice (Seon et al., 1997).

4.3 Infectious disease
4.3.1 Antiviral antibodies

Although most bacterial infections can be well controlled by the use of antibiotics, the
control of some viral diseases is far more difficult. Vaccination has allowed the control or
even eradication of some viral diseases such as smallpox, poliomyelitis and measles, yet
others have been more difficult to control. Antibodies have long been considered as
potential protective or therapeutic agents for such conditions and MAbs may have a role
to play in some cases. MAbs are under development for therapy of a variety of viral
diseases, including respiratory syncytial virus (RSV), rabies, hepatitis B and C (HBV and
HCV), herpes simplex viruses (HSV-1 and HSV-2), cytomegalovirus (CMV) and human
immunodeficiency virus (HIV).

RSV is the leading causc of pneumonia and bronchitis in infants, and immunity
appears to be only partially effective since re-infection can occur within a few weeks. In
infants with cardiopulmonary disease or with inununodeficiency RSV can be fatal. Anti-
bodies can protect against serious disease and current therapy uses polyclonal sera en-
riched with antibodies to RSV. There has been considerable interest in developing MAbs
for RSV therapy. MAb preparations allow a higher concentration of specific antibody and
arc hence more potent therapeutic agents which are easier to use as they can be adminis-
tered intramuscularly (i.m.) rather than intravenously (i.v.). The major surface antigens of
RSV are the F and G proteins, and animal studies suggest that MAbs to certain epitopes
on the F protein efficiently neutralise virus. Also, the F protein is conserved between
strains and subgroups of RSV, making it an attractive target for a therapeutic MAb.
Several anti-RSV antibodies have been humanised and shown to be effective in neutral-
ising virus in animal models (Tempest et al., 1991). The long half-life of humanised IgG
is helpful in providing protection against infection for a prolonged period, and humanised
IgG is therefore currently under clinical evaluation.

Anti-RSV antibody specificities have also been obtained from phage libraries (Barbas
et al., 1992). In some cases isolation of neutralising antibodies from phage libraries may
be difficult due to the dominance of a non-neutralising epitope, such that only antibodies
to this epitope are isolated. This has been the case for RSV F protein, and has been
overcome by use of selection against antigen which is pre-blocked with an antibody to
the dominant epitope. An antibody isolated from initial screening has been used to block
the F protein dominant epitope such that antibodies to other less dominant epitopes,
including neutralising antibodies, can be isolated (Tsui et a/., 1996).

Phage libraries have also been used for the isolation of human antibodies to other viral
targets including HIV-1 and herpes simplex viruses (Barbas and Burton, 1996). Fab
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fragments to the HIV-1 envelopc protein gpl20 have becn isolated. The majority of Fabs
were raiscd to the dominant epitope, the CD4 binding site, although as with RSV it has
proved possiblc to block this epitope to isolate Fabs against other epitopes (Ditzel e al.,
1995). Several ncutralising Fabs have been isolated, one of which, to the CD4 binding
site, has been used to generatc a recombinant human IgG and shown to be capable of
neutralisation of primary isolates of HIV-1 in vitro, and of protecting immunodeficient
micc containing human lymphocytes from infection. Attempts to improve binding af finity
using mutagencsis have proved successful in some cases. Anti-HIV-1 Fab was improved
in affinity by ‘CDR walking’, in which CDRs are mutated either in turn or in parallcl, and
favourable mutations combined to develop a high affinity variant (Yang et al,, 1995).
Antibodies with affinities in the picomolar range have been isolated, and it has been
suggested that such high affinity antibodies may have improved in vivo potency, possibly
extending the time an individual could be protected from disease (Barbas and Burton,
1996). However, the correlation betwcen affinity and potency in vivo is not straightfor-
ward. Studies with a panel of antibodies to vesicular stomatitis virus (VSV) demonstrated
that although there was a clear relationship between avidity and neutralisation in vitro,
protection in vivo was not dependent on avidity provided a minimum threshold value (K,
2 % 10°-5 x 10%) was reached (Bachmann et a/., 1997). In this study protection depended
simply on a minimum serum concentration, suggesting that the isolation of very high
affinity antibodies for viral protection may not be beneficial.

Anti-HIV antibodies such as those isolated by phage display, against gpl120, may
block infection through preventing the gp120/CD4 binding event which is involved in the
entry of the virus into T cells. Fc mediated phagocytosis of the virus should also be
enhanced. Another approach is to usc immunotoxins directed towards the HIV envelope
proteins (Pincus and McClure, 1993). Infected cells in which viral replication is occurring
express the envelope proteins on the surface of the cell, such that as new virion cores are
produced and bud through the ccll membrane they become coated with the envelope
proteins. Anti-gpl20 immunotoxins can therefore be targeted to infected cclls in an
attempt to kill them before release of further virus. As described in Section 4.2.6, ricin A-
chain conjugates can be potent cell killing agents, and anti-gp120-ricin A-chain con-
jugates can be produced with activity against HIV infected cells (Pincus and McClure,
1993). Antibody conjugates which arc capablc of virus neutralisation as well as cell
killing activity may be additionally beneficial.

4.3.2 Bacterial sepsis

Bacterial sepsis is a clinical syndrome associated with severe bacterial infection from a
wide variety of conditions ranging from acute diseases such as meningococcal meningitis
to chronic conditions such as sepsis associated with cancer or surgical trauma. Once in
the circulation, bacterial products such as the cell wall component lipopolysaccharide
(LPS or endotoxin) elicit an inflammatory response that results in activation of an array
of host defence systems and the release of a complex series of inflammatory mediators,
including a variety of cytokines such as TNF and IL-1. In conjuction with the bacterial
products over-activation of such systems can lead to shock, organ failure and death. In
fact mortality rates in patients with sepsis are high, 25-70%, despite the availability of
potent antibiotics for both Gram-positive and Gram-negative infections. There has been
much interest in developing MAD based therapy for sepsis, based on antibodies to endotoxin
or to mediators such as TNF. Encouraging results have been seen in preclinical and
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small-scale clinical studies yet, to date, extensive clinical studies have all resulted in the
failure to demonstratc efficacy (reviewed by Quezado et al., 1995).

Endotoxin is a component common to all Gram-negative bacteria, and the lipid A
component of endotoxin is conserved across different species. Several antibodies to lipid
A have been developed including the murine IgM, E5 and a human IgM HA-1A. Both of
these antibodies have been extensively studied and been progresscd to large-scale clinical
trials. After protective effects werc demonstrated in animal models, clinical trials with
E5 were believed to show some survival benefit in a subgroup of patients with sepsis
who had not gone into refractory shock. However, this finding could not be backed up
in a subsequent trial (Bone et al., 1995). HA-1A also demonstrated improved survival
in animal models and, in contrast to E5, was believed to have benefit in patients with
Gram-negative sepsis accompanied by shock. Again, this finding was not confirimed in
subsequent trials (Natanson et al., 1994), and further studies revealed a high degrce of
non-specific binding of HA-1A to a variety of different antigens and variable results in
animal models (Quezado et a/., 1995). In addition, mortality was apparently increased in
patients without Gram-negative infection.

Antibodies to TNF are under investigation for a range of inflammatory diseases (see
also Section 4.5.2) and, as a key mediator in sepsis, inhibition of TNF has also been
studied as a potential therapeutic for septic shock. Inhibition of a key mediator may have
advantages over antibodies to endotoxin, as both Gram-positive and Gram-negative sep-
sis should be affected. Selection of TNF as a target to inhibit was based on the evidence
that TNF can be measured in the plasma of patients with septic shock, and high levels
tend to be prognostic of mortality. The symptoms of septic shock can be reproduced by
injection of TNF into animals and anti-TNF antibody can reduce mortality in animal
models of septic shock (Beutler ef al., 1985). In preclinical studies it has been demon-
strated that antibodies with isotypes that are active at recruiting effector functions (human
vl and murine y2a) are less effective than inactive isotypes such as human y4 or murine
Y1 (Suitters et al., 1994). This effect may be a consequence of activated complement or
effector cells causing the release of additional inflammatory cytokines which in tum
potentiate the effects of TNF. However, again studies have failed to show efficacy of
anti-TNF antibodies in paticnts, underlining the complexity and diverse pathology of
sepsis and septic shock.

4.4 Cardiovascular disease
4.4.1 Inhibition of platelet aggregation

Perhaps the most succesful MAb based therapeutic to date is a mouse/human chimeric
Fab fragment from the antibody 7E3. This Fab fragment binds to the gplIb/IIla receptor
on platelets and blocks the interactions of fibrinogen and von Willebrand factor which are
crucial steps in platelet aggregation. Chimeric 7E3 Fab, also known under its tradename
ReoPro, is approved for prevention of complications following angioplasty. Angioplasty
1s an effective treatment for blocked blood vessels which is widely used. In this proced-
ure a balloon catheter is introduced into the vessel and inflated such that the blockage is
broken up or displaced. However, some damage to the vascular endothelium usually
results, and in a significant proportion of patients, reocclusion of the vessel can occur
through activation of platelets leading to their aggregation and adhesion to the damaged
endothelium. On activation of platelets there is a conformational change in gpllb/ilia
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which leads to binding of fibrinogen and hence platelet aggregation. Blocking with ¢7E3
prevents platelet cross-linking and thus prevents the formation of a platclet-rich thrombus
which might otherwise reocclude the vessel.

c7E3 is used as a Fab fragment as the function required is purely a blocking one,
bivalent IgG might cross-link cells and thc presence of Fc might cause unwanted ccll
binding through Fc receptors, which would be counter-productive to preventing cellular
aggregation. Fab fragments are also known to be less immunogenic than IgG (see Chap-
ter 2) and chimeric Fab was developed to reduce immunogenicity further (Knight et al.,
1995). The chimeric Fab was considerably less immunogenic in humans than the murine
version, cven though the entire variable domains were still of murinc origin. This was the
case even though most of the responsc detected to the murine Fab was to the variable
region, suggesting that in this case the constant region is responsible for modulation of
the response to the variable domains (Knight et al., 1995). CDR-grafted antibodies to
gplIb/Illa have also been produced which are able to prevent platclet-induced thrombosis
(Kaku et al., 1995), although the immunogenicity of ¢7E3 is sufficiently low to allow its
therapeutic use.

The efficacy of c7E3 was demonstrated in a 2099-patient trial for the prevention of
acute cardiac complications following high-risk angioplasty. In this trial ¢c7E3 demon-
strated a 35% reduction in acute ischacmic events (death, myocardial infarction and
urgent coronary intervention) at 30 days and a 23% decrease in ischaemic events (Califf,
1994). Principal adverse events were major bleeding at sites of vascular puncture or
coronary artery bypass grafting and associated transfusions. Bolus injection followed by
a prolonged infusion produced the best results, indicating the importance of inhibiting
platelets for a sustained period. Subsequent trials have been designed which have reduced
the problems of associated bleeding through fine tuning of the dose of heparin which is
co-administered with ¢7E3, and have examined the rolc of ¢7E3 in patients with unstablc
angina and in lower-risk angioplasty patients with positive results.

4.4.2 Thrombolysis

The ability to lyse blood clots (thrombi) using thrombolytic therapy with plasminogen
activators has led to its widespread use in the trcatment of acute myocardial infarction,
resulting in a significant reduction in mortality. However, present agentsare not ideal and
have limitations in their ability to lyse all thrombi, they often lead to high rates of
reocclusion and in some cases they result in severe side-effects such as cerebral haemor-
rhage. The ability to target thrombolytic agents to blood clots may offer advantages, with
the potential for increased potency and reduced side-effects. Antibodies to fibrin have
been examined for this purpose. Importantly, antibodies that recognise fibrin in clots but
not circulating fibrinogen have bcen isolated and used to produce chemically linked
conjugates with plasminogen activators. Both two-chain and single-chain urokinase (uPA)
could be made fibrin-selective by conjugation to anti-fibrin IgG or Fab fragments (Bode
et al., 1990). Similarly, the efficiency of tissue plasminogen activator (tPA) could also be
enhanced by conjugation to anti-fibrin antibody (Runge et al., 1988). Attempts to make
active fusion proteins were disappointing with tPA, resulting in material which was less
effective at clot lysis; however, fusion proteins of anti-fibrin Fab with uPA were con-
structed which retained the ability to lyse clots effectively (Runge et al., 1991). Fusion
proteins have also been produced in the format of scFv—uPA using a 32 kDa truncated
version of uPA, resulting in a single-chain plasminogen activator. This protein demon-
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strated incrcased thrombolytic potency in vitro compared to singlc-chain uPA, but not
comparcd to two-chain uPA (Holvoet et al., 1991).

Bispccific antibodies have also been examined for their ability to target plasminogen
activators to clots. Bispecific antibodies have the potcntial advantage of not causing any
damage to the plasminogen activator on conjugation to the antibody or in the construction
of fusion proteins. A bispccific antibody with specificity for fibrin and tPA has been
produced from a hybrid hybridoma with better thrombolytic activity than tPA alone in
a rabbit model of thrombolysis (Kurokawa er al., 1989). The potential to combine
thrombolysis with anti-platelet effects in a single agent has also been cxplored using a
bispecific conjugate. The anti-gplIb/Illa Fab’, 7E3, described above has bcen used to
prepare a bispecific di-Fab by cross-linking to a Fab’ fragment that recognises tPA (Neblock
et al., 1992). The bispecific agent was able to block platelet aggregation as effectivcly as
7E3 Fab alone, and could recruit tPA to platelets. Such an agent may be useful in
preventing reocclusion of vessels as well as hastening reperfusion.

45 Disorders of the immune system/inflammatery diseases
4.5.1 The inflammatory response

Inflammation is the body’s protective reaction to injury or the presence of forcign mater-
ial from infection. However, over-activation of the inflammatory response is also associ-
ated with a number of human diseases including autoimmune diseases such as rheuma-
toid arthritis and multiple sclerosis, inflammatory bowel disease, psoriasis, transplant
rejection and allcrgy. The inflammatory response is characterised by increased blood flow
to the site, dilation of blood vessels and migration of lymphocytes acoss the vessei wall
into the tissue. The events required to achieve this form a complex series of interactions
including both soluble factors such as pro-inflammatory cytokines and the up-regulation
of cell adhesion molecules involved in adherence, rolling and migration of leukocytes
(reviewed by Springer, 1994; Figure 4.7).

Injury or infection within the tissue causes the release of pro-inflammatory cytokines
from macrophages, such as IL-1 and TNF, which activate vascular endothelial cells and
induce the up-regulation of the adhesion molecules P-selectin and E-selectin. These selectins
are responsible for the initial attachment of leukocytes to the endothelium. Leukocytes
have considerable momentum in the circulation and once captured they continue rolling
along the vessel wall. The relatively weak attachment allows the leukocytes to respond to
chemoattractant signals mediated by a range of substances including leukotriene By, PAF,
complement fragment CSa, N-formylated peptides, MCP-1, MIP-1 and IL-8. Such factors
cause up-regulation and activation of adhesion molecules on the leukocyte such as the
integrins CD11a/CD18 (LFA-1), CD11b/CD18 (MAC-1) and CD29/CD49d (VLA-4).
Such integrins mediate tighter binding to the endothelium through interaction with their
receptors CD54 (ICAM-1) and CD106 (VCAM-1). In some cases other adhesion interac-
tions such as L-selectin with MAdCAM-1 may also be involved (Table 4.8). The strongly
bound leukocytes are then seen to flatten against the endothelium and migrate through to
the injured tissue.

Autoimmune diseases are a result of the immune system reacting to sclf antigens
either systemically or in tissues, leading to chronic inflammation. At the heart of many
autoimmune diseases are inappropriately activated T cells which interact with antigen
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Figure 4.7 Representation of the mechanism of leukocyte-mediated inflammation.
The release of pro-inflammatory mediators from tissue macrophages induces the vessel
endothelial cells to up-regulate selectins and causes the synthesis of a range of
chemokines. Leukocytes are attracted and attach weakly to the endothelium. The flow
through the vessel causes rolling of weakly attached leukocytes along the endothelium.
As the leukocytes become fully activated, and integrins are up-regulated, the binding
becomes stronger and cells flatten and migrate through the endothelial layer to the
surrounding tissue. (See text for further details).

Table 4.8 Interactions involved in leukocyte adhesion to the endothelium
during inflammation

Endothelium Lcukocyte

P-selectin PSGL-1, sialyl Lewis* and others
E-selectin ESL-1, sialyl Lewis* and others
CD54 (ICAM-1), CD102 (ICAM-2) CD11a/CD18 (LFA-1)

CD54 (ICAM-1) CD11b/CD18 (MAC-1)

CD106 (VCAM-1) CD49d/CD29 (VLA-4)
GlyCAM-1, Cp34 L-selectin

MAdCAM-1 04f7, L-selectin

presenting cells (APCs) presenting self antigen leading to a number of direct and indirect
effects mediated through cytokine release including the infiltration of activated cells
described above. Antibodies to T cells and APCs which could block activation have
therefore also been considered as potential therapeutics.
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The inflammatory process offers many points of potcntial therapeutic intcrvention
with MAbs, including antibodies to block T cell activation, antibodies to cytokines such
as TNF and adhcsion molccules such as selectins and integrins on either the endothelium
or the leukocyte. These are all blocking interactions and as such are characterised by the
need for antibodics which efficicntly block ligand binding. These events are largely
taking place in the vasculature and hence there is little need for fragments which would
penetrate tissues more effectivcly. The therapeutic reagent is often required to be present
for a long period and thus the long circulating half-life of IgG makes this an ideal form
for therapy. Neutral isotypes of IgG are also desirable in most cases as triggering effector
functions would exacerbate inflammatory processes.

One problem with developing therapy in such situations is that many antibodies to
human proteins do not cross-react with the same protein in animal species. Animal model
studics are therefore difficult and usually rely on the use of parallel reagents — antibodies
to the equivalent animal protein, to generate information on potential efficacy. Parallel
reagents may bind to different epitopes with different affinity to the agent intended for
clinical use, and thus great care is needed in extrapolating from animal studies to man.

4.5.2 Blocking inflammatory mediators

Anti-TNF antibodies in rheumatoid arthritis and inflammatory
bowel disease

Blocking of TNF with MAbs has been investigated for the therapy of rheumatoid arthritis
and inflammatory bowel disease as well as for septic shock (see Section 4.3.2).

Rheumatoid arthritis (RA) is a common autoimmune disease with a prevalance of
about 1% of the population, yet it is still poorly understood in molecular terms. RA is
characterised by inflammation of synovial joints which can progress to joint damage and
eventually destruction. Affected joints are heavily infiltrated with cells, especially T
lymphocytes and macrophages, and elevated TNF levels have been found in joint synovial
fluid in more than 50% of patients. TNF has many biological effects, including not only
endothelial activation and adhesion molecule expression but also granulocyte activation
resulting in increased phagocytosis, degranulation and generation of oxygen radicals and
prostaglandin E2, stimulation of fibroblast growth, stimulation of cytokine production,
and co-stimulation with IL-2 of T cell proliferation. All of these may be important in the
RA disease process.

Antibodies to mouse TNF completely prevent collagen-induced arthritis even after the
inflammatory process has begun (Williams et al., 1992), and two recombinant anti-human
TNF antibodies, a mouse:human chimeric [gGl (cA2) and an engineered human IgG4
(CDP571) are being examined in clinical trials for RA. CDP571 has been examined at
doses up to 10 mg/kg in a double-blind study in patients with active RA (Rankin et a/.,
1995). The treatment was well tolerated, and patients treated at the top dose demonstrated
significant improvements in disease severity measured through reduction in pain, number
of tender and swollen joints and serum markers. Similar encouraging results have been
seen with cA2 in both open and double-blind clinical studies with rapid improvement in
disease symptoms following treatment (Elliott et al., 1994).

Anti-TNF antibodies are also under investigation for the therapy of inflammatory
bowel disease (IBD). IBD consists of two histologically distinct disorders, namely ulcer-
ative colitis and Crohn’s disease. Crohn’s disease is an inflammatory disease that can

HOSPIRA EX. 1029
Page 161
Celltrion, Inc. 1195
Celltrion v. Genentech
161 of 254 IPR2017-01374



154 Applications and Engineering of Monoclonal 4ntibodics

affect any portion of the gastrointestinal tract whereas ulccrative colitis is restricted to the
large bowel. TNF is believed to be pivotal to the diseasc process, particularly in Crohn’s
disease and both CDP57] and cA2 have been examined in early clinical irials. Ina 3i-
paticnt double-blind study, a single dose of 5 mg/kg CDP571 was found to reduce disease
activity for two weeks, with some patients experiencing sustained remission (Stack et al.,
1997). cA2 treatment also resultcd in significant improvements in Crohn’s disease. In a
108-patient trial, clinical responscs were observed in 81% of patients treated with 5 mg/
kg comparcd to 17% in the placebo group (Feldmann et al., 1997). There was apparcntly
little benefit of highcr doses, as response rates of 50% and 64% were secn with 10 and
20 mg/kg doses respectivcly. Beneficial effects of anti-TNF antibody have also been
reported in ulcerative colitis, with a consistent reduction in disease activity detenmnincd in
a phase II trial.

Anti-C5

Activated components of the complement system are potent mecdiators of inflammation.
Antibodies that block the complement cascade at C5, block the generation of the major
chemotactic and pro-inflammatory factors C5a and C5b-9. In animal models neutralisa-
tion of C5 can both prevent the establishment of arthritis and alleviate established diseasc
(Wang et al., 1995). Similarly, amelioration of disease has been seen in a mouse model
for the autoimmune disease systemic lupus erythematosus (Wang et al., 1996). A human-
ised antibody for such chronic indications has been developed, but for acute conditions
where complement mediated damage is indicated, such as myocardial infarction, stroke
or cardiopulmonary bypass, it has been suggested that a single-chain Fv may be more
suitable due to rapid tissue pecnetration. An anti-C5 scFv fragment has becn shown to
inhibit complement activity both in vitro and in vivo, and is currently under clinical
evaluation (Evans et al., 1995).

4.5.3 Blocking adhesive interactions

Blocking adhesion interactions of the vascular endothelium with leukocytes results in
anti-inflammatory effects through inhibition of the process of leukocyte adhesion as
described above. Antibodies have been described to all of the adhesion molecules known
to be involved in the inflammatory process and several of these are under active invest-
igation as anti-inflammatory agents in a number of different diseases.

Binding of leukocytes to E-sclectin on the vascular endothelium is an early event in
leukocyte recruitment (Springer, 1994). An engineered human antibody to E-selectin has
been produced which is capable of blocking leukocyte accumulation into TNF-stimulated
baboon skin (Owens and Robinson, 1995). The antibody was designed such that effector
functions such as complement binding and Fc receptor binding were not likely to take
place, as these might exacerbate the inflammatory process. The relatively neutral isotype,
[gG4, was used, and a mutation in the CH2 domain, leucine 235 to alanine, was intro-
duced to make the sequence similar to an IgG2. This mutation has been shown to reduce
high affinity Fc receptor binding even further (Lund et al., 1991). This antibody is under
clinical investigation for treatment of the inflammatory skin disease psoriasis.

Antibodies to the leukocyte integrins, CDI11a/CD18 (LFA-1), CD11b/CD18 (MAC-1)
and CD49d/CD29 (VLA-4) as well as to receptors on the endothelium such as CD54
(ICAM-1), CD102 (ICAM-2) and CD106 (VCAM-1) (Table 4.8) have been widely
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investigated. RA treatment with 5 doses of anti-CD54 was shown to result in clinical
improvement in 13 of 23 patients, in 9 of which benefit persisted until day 60 at the end
of the study (Kavanaugh et al., 1994). Antibodies to CD18 and CD49d/CD29 have also
becn shown to improve disease in animal models of arthritis (Issekutz et al., 1996).

The problem of antibodies which do not cross-react with the same protein from animal
tissues can be approached in several ways. One approachrecently developed for a human-
ised anti-human CDlla antibody has been the re-enginecring of the antibody to allow
binding to rhesus monkey CD1 la, allowing pre-clinical studies to be carried out (Werther
et al., 1996). Alanine scanning mutagenesis was initially carried out and CDR residues
important for binding human and rhesus CDI 1a identified. An engineered variant was then
made in which four amino acids in CDR2 of the heavy chain, found to be important in the
difference between binding human and rhesus CD1la, were changed. Although it did
not prove possible to develop an antibody which bound both human and rhesus CD1la
effectively, the resulting antibody was able to bind rhesus CD11a and could be used as a
parallel reagent for pre-clinical studies. Anti-CD11a antibodies are currently under devel-
opment as immunosuppressive therapy of autoimmune diseases and transplant rejection.
Several antibodies to CD18 have also been humanised (c.g. Sims et al., 1993) and are
currently under evaluation.

Antibodies to CD49d/CD29 (VLA-4) are under development as therapecutic agents
for multiple sclerosis (MS). MS is an autoimmune disease characterised by lesions
(demyelination) of the central nervous system which lead to the clinical symptoms of
weakness of the limbs, paracsthesia and visual disturbances. MS commonly progresses
through a series of relapses separated by remissions, to a progressive decline. As disease
progresses further symptoms are revealed such as spasticity, fatigue, ataxia, tremor, loss
of bladder and bowel control and neuropsychological abnormalitics. Lesions in the CNS
arc caused by activated T cells crossing the blood:brain barrier and initiation of a serics
of cvents leading to activation of endothelial cells, recruitment of additional leukocytes,
release of pro-inflammatory cytokines and subsequent demyelination of nerve cells. MAb
to CD49d has been shown to block binding to CD106 (VCAM-1) and inhibit leukocyte
migration. In an anima! model of MS, experimental autoimmune encephalomyelitis (EAE),
anti-CD49d was able to block onset of the disease (Yednock et al., 1992). In addition,
reversal of established EAE has been demonstrated with clearance of leukocytes from the
central nervous system (Kent et al., 1995). A humanised form of the antibody has been
produced with retention of blocking activity and the ability to reverse active EAE in
guinea pigs (Leger et al., 1997). Human IgG4 constant regions were chosen to minimise
effector function and maximise half-lfe. A phase I trial demonstrated that the antibody
was well tolerated, and phase II studies are currently in progress.

4.5.4 Antibodies which directly inhibit T cell activation
and proliferation

The murine IgG2a MAb OKT3 was the first to be licensed for human therapy. It recog-
nises the e-subunit of the CD3 complex (the T cell receptor) on the surface of T cells and
is a potent immunosuppressive agent. As such it has found application for the prevention
of acute rejection in kidney, liver, heart and lung transplant patients. OKT3 also has T
cell activating properties which are thought to be due to cross-linking of T cells via CD3
“to Fe receptor bearing cells leading to massive cytokine release. Cytokine release can
cause severe side-effects on treatment with OKT3 and these have limited its use in less
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acute conditions such as autoimmune discases. Also, an immunc response is rapidly
gencrated to OK.T3 which can block its effectivencss. Scveral humanised forms of OKT3
have becn produced in aitempts to overcome immunogenicity which retain full C53
binding ability and immunosuppressive properties (Adair ¢/ al, 1995). Human igG4
constant rcgions were used to minimise Fe receptor binding of the humanisced antibody,
yet Fe receptor mediated cross-linking still occurs. Mutation of a residue in the Fc
receptor binding site, leucine 235 to glutamate, resulted in a 100-fold decreasc of the
affinity of the antibody for Fe receptor bearing cells (Alegre ef al., 1992). This rcsulted in
a marked reduction in T cell activation as measured by prolifcration and cytokine release,
and may offer an attractive profile for human therapy, maintaining strong immuno-
suppression while minimising toxicity.

CD4 functions as a co-receptor for stabilising the T cell receptor with antigen pre-
sented by the MHC class IT molecule and is also involved in signal transduction pathway
which leads to the activation of a T helper cell. The binding of anti-CD#4 antibodics leads
to a down-regulation of T cell activity and suppression of immune responses. Antibodies
to CD4 have been widcly investigated in a number of inflammatory conditions, including
RA, MS, psoriasis, diabetes and systemic lupus erythematosus as well as in prevention of
transplant rejection. Antibodies that either deplete all CD4 positive cells or merely block
the CD4 molecule have been shown to be effective in preventing and reversing the
symptoms of autoimmune disease in animal models. Small open trials with two depleting
antibodies, one murine and one chimeric, showed promising results, but large randomised
placebo-controlled trials in RA did not show any effectiveness of these antibodies
(Wendling et al., 1996; van der Lubbe et al., 1995). Non-depleting anti-CD4 antibodies
may have an advantage in thcir ability to temporarily inhibit T ccll activation with-
out major inhibition of other immune functions. Sevcral non-depleting antibodies have
been humaniscd (Pulito et al., 1996) and a monkey-human chimeric antibody, termed a
primatised antibody, has also been produced (Newman ei al, 1992). The primatised
antibody may be less immunogenic than mouse:human chimeric antibodics due to the
increased homology of monkey and human variablc regions. Clinical results with such
antibodies seem to be more promising. For example, a double-blind, placebo-controlled
study with the primatised antibody in RA resulted in clinical improvement in 77% of
patients at the highest dose compared to 17% in the placcbo group (Levy et al., 1996).
CAMPATH-1H, which recognises the CDw52 antigen, has been described above (Sec-
tion 4.2.1) as a potential therapeutic antibody in non-Hodgkin lymphoma. As the antigen
is also widely expressed on T cells, there has been interest in its use to deplete T cells in
vivo for therapy of autoimmune diseases. This humanised antibody binds to an epitope of
CDwS52 close to the membrane, which may contribute to its effcctiveness in mediating
cell lysis. Treatment with this antibody leads to severe lymphocyte depletion from the
blood followed by a gradual repopulation. Encouraging effects in early RA trials were seen
with some significant clinical benefits (Isaacs et al., 1992). However, subsequent larger
studies revealed significant toxicity due, at lcast in part, to cytokine release, suggesting
T cell activation takes place (Brett et al., 1996). In addition, treatment resulted in dose-
related susceptibility to infection, suggesting lymphocyte depletion with this antibody
may be too severe for use in RA.

Interaction between IL-2 and its receptor is requircd for the activation of cytotoxic
T cells and for their proliferation. The IL-2 receptor is made up of threc subunits (¢,
and v), and antibodies to both the ¢ and P chains have bcen investigated as potential
immunosuppressive therapies to prevent transplant rejcction. IL-2 binds to all three sub-
units individually but it binds with much higher affinity to the non-covalently associated
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combination of all three chains. It was hoped that transplant rejection would be reduced
through targeting those T cells involved in immune rcjection; antibodies to the IL-2
receptor might be expected to inhibit antigen activated T cell responses without suppress-
ing natural immunity. Initial studies used antibodies to the ¢ chain, also known as the Tac
receptor (T activated cell) or CD25. A humanised antibody to the ¢ chain has been
produced which retains high antigen-binding affinity and can activate ADCC with human
effector cells (Junghans et a/., 1990). The humanised antibody was more effective than
the murine parent antibody in prolonging survival of monkeys undergoing heart trans-
plants (Brown et al., 1991). However, although graft survival was prolonged without
toxic side-effects, antibody treatment was not sufficient alone to prevent eventual rejec-
tion. The [L-2 receptor (3 chain is shared by several cytokine receptors including that for
IL-15 which is also involved in T cell proliferation. A humanised antibody to the [ chain
has also been produced and shown to prolong primate heart transplant survival (Tinubu et
al., 1994). Antibody to the  chain showed synergistic effects with antibody to o chain in
vitro, leading to increased inhibition of T cell proliferation. However, there was no bene-
ficial effect of combined therapy in vivo (Tinubu et al., 1994). A humanised bispecific
antibody compiising one arm to the o chain and one to the B chain has also been
produced (Pilson et al., 1997). This was more active in inhibiting proliferation in vitro
than the mixture of the two parent antibodies, though in vivo studies remain to be carried
out. Antibodies to the y chain may also be attractive as this subunit is also shared by
several other cytokine receptors involved in T cell responses, including those for IL-4 and
[L-7; however, the effects of blocking the y chain have not yet been reported.

An attempt to combine the properties of anti-CD3 and anti-[L-2 receptor o chain
(CD25) antibodies has been made by the preparation of a bispecific antibody with specificity
for both CD3 and CD25 (MacLean et al., 1995). The antibody, produced from a hybrid
hybridoma (Section 2.5), was as effective an immunosuppressant as the anti-CD3 alone
and more effective than anti-CD25 alone. In addition the toxicity of the anti-CD3 anti-
body was greatly reduced through the inability to activate T cells via CD3 cross-linking
on the surface of the cell. Alternatively, inhibition of IL-2 interaction may be important,
although this was less likely as combination of the two original antibodies did not have
the same effect. Whether univalent CD3 binding molecules, or F(ab’), fragments, would
be equally effective was not addressed.

Anti-CD25 antibodies have also been investigated as potential therapeutics for graft
versus host disease. Graft versus host disease (GVHD) is a life-threatening complica-
tion of bone marrow transplantation which is widely used in treatment of leukemia,
immunodeficiency and certain other diseases. In GvHD mature T cells carried in the
marrow graft recognise the recipient’s tissues as foreign and cause immune attack leading
to multi-organ damage. GvHD can be reduced by T cell depletion of the marrow before
transplantation to the recipient. However, this often lcads to increased incidence of graft
rejection, relapse of leukemia and delayed reconstitution of the immune system, leading
to susceptibility to infection. Antibodies have been investigated as potential treatments to
selectively target T cell populations carried in the marrow graft. Treatment with humanised
anti-CD25 antibody resulted in improvement in approximately 40% of patients (Anasetti
et al., 1994). This relatively poor response may be due to loss of the IL-2 receptor on
memory T cells. :

CDS5 is a marker found on all T cells and a subsct of B cells, and antibodies to CD5
have been used in attempts to depletc T cells for therapy of RA and GvHD. Anti-CD5
immunotoxins have been produced in which ricin A-chain was coupled to the antibody
as used for anti-cancer immunotoxins (Scction 4.2.6). Anti-CDS immunotoxins were
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effcctively internalised into T cclls and depleted cells cffectively in vitro. However, little
therapeutic benefit was scen in clinical trials for RA, and although short-term benefit has
been observed in GvHD, long-termn bencfit did not result (Martin e7 al., 1996). Anti-CD3
immunotoxins arc also under investigation for GvHD, and in animal models anti-CD3
F(ab”),~ricin A-chain conjugates have proved morc effective (Vallera et al,, 1995). The
use of F(ab”), conjugates rather than intact IgG removes Fc receptor mediated cross-
linking which is at least in part rcsponsible for toxicity of anti-CD3 antibodies as dc-
scribed above. Recombinant immunotoxins consisting of anti-CD3 scFv linked to truncated
dipthcria toxin have also becn produced, although attempts at therapy of GvHD resulted
in only tcmporary alleviation of symptoms, probably due to thc shert half-life of this
molecule in vivo (Vallera et al., 1996).

4.5.5 Antibody treatment of allergy

The allergic reaction is an excessive immune response to a common substance which is
normally harmless. These substances, termed allergens, include pollen, some foods, dust
mites, animal fur and some drugs. In some individuals, termed atopic, who have been
sensitised by exposure to an allergen, a second exposure can result in a hypersensitivity
reaction. Atopic individuals have high levels of circulating IgE and produce large amounts
of allergen-specific IgE in response to the allergen. The clinical symptoms depend on the
route of exposure and can include atopic dermatitis or eczema (skin contact), allergic
rhinitis or asthma (inhalation) or food allergy (ingestion). The mechanism of allergic
reactions is shown in Figure 4.8. On first contact with allergen, allergen-specific IgE is
produced which is bound to high-affinity receptors present on mast cells in tissues and on
basophils in the circulation. On second cxposure, allergen can cross-link two rcceptor
bound IgE molecules leading to signal transduction and degranulation — the release of a
range of inflammatory mediators including histamine, cytokines and others, which cause
the inflammatory reaction.

MAbs to IgE have been raised which bind to IgE at the Fce receptor binding site and
block binding to basophils and mast cells. Importantly, such antibodies do not bind to IgE
bound to thc receptor as this would result in cross-linking, signalling and subsequent
degranulation (Presta er al., 1994). A humanised version has been produced with high
affinity for IgE which is effective at inhibition of allergic reactions in vitro (Presta et al.,
1993). Allergic reactions may be more difficult to block in vivo, but recent evidence
suggests that treatment with anti-[gE also results in down-regulation of Fce receptors on
basophils in treated patients, presumably as receptor levels are regulated by levels of IgE
(MacGlashan et al., 1997). The combination of reduced IgE levels and reduced receptor
levels may allow significant therapeutic effects, and clinical studies in allergic rhinitis
and asthma are ongoing.

Other approaches to therapy of allergic diseases include the use of antibodies to
specific allergens which might neutralise them in the circulation and prevent IgE receptor
cross-linking. Human antibodies have been generated to a number of allergens such as
pollen, either from immunised donors or by phage display (De Lalla et al., 1996). Altern-
atively, recombinant IgA molecules can be constructed which can bind the allergen on
mucosal surfaces, such as the nasal linings or the lower airways, and inhibit the entry of
the allergen across thc mucosal epithelium (Sun et a/., 1995). Such approaches suffer
from the drawback of being specific to cne allergen, and thus of limited general utility.
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Figure 4.8 Allergen-induced activation of mast cells (see text for details)

A more general approach to asthma therapy may be the neutralisation of key mediators
such as IL-5. Eosinophils infiltrate into the lungs during asthma and may cause the
damage associated with inflammation of the lung. In animal models antibodies to IL-5
inhibit eosinophil infiltration in the lung and prevent tissue damage and hyperreactivity
(Egan et al., 1995). A humanised antibody to IL-5 has been produced which is also
effective and is currently under clinical evaluation. Similarly, antibodies to adhesion
molecules which are involved in cosinophil migration into the lung may also be effective.
Antibodies to CD49d/CD29 (VLA-4) have been shown to inhibit eosinophil accumula-
tion and asthmatic response in a guinea pig model of asthma (Sagara et al., 1997).
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51 Introduction

The ability to apply MAbs in any situation is obviously dependent on the ability to make
them! The purpose of this chapter is to revicw the expression and purification of MAbs,
particularly with regard to the ability to manufacture antibodies in an economically viable
manner.

The requirements of the production system depend on the form of the antibody re-
quircd and its intended application. The application will determine the scale of produc-
tion: for example, MAbs for diagnostic purposes may be required at a scale of tens to
hundreds of grams per year, whereas some therapeutic antibodies may be required at tens
to hundreds of kilograms per year. In addition, the application will determine the speci-
fication for purification of the antibody. The requircment for highly purified antibody is
more stringent for antibodies to be used in humans compared to those used for in vitro
applications. Therefore, it is important at the beginning of a project to develop antibodies
with the manufacturing system in mind, including at the design stage where choices can
impact on eventual manufacturing processes.

5.2 Expression of antibodies in mammalian cells

Conventional mouse and rat MAbs are expressed from hybridoma cells (see Chapter 1).
The selection of the MAD in the first place is often partially dependent on the productivity
of the hybridoma for expression and secretion of the antibody. Typical yields of antibody
from hybridoma cells are 10—-100 pLg/10° cells/day leading to accumulation of between 50
and 500 mg per litre depending on the culture medium used and the cell biomass avail-
able (Brown et al., 1992). Other important factors for antibody production are the stabil-
ity of the cell line and the absence of undesirable adventitious agents such as viruses or
mycoplasma. Adventitious agents can sometimes be removed by a number of methods
followed by repeated cloning and selection, but unstable or low productivity hybridomas
arc often more problematic. The simplest solution to unstable lines is to clone the antibody
genes from the hybridoma and re-express them as a recombinant antibody. Although in
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many cases re-expression of antibody genes in myeloma ccll lines has led to lower yields
than those secn in hybridomas, high level production systems are now availablc in both
myelomas and nonlymphoid cells (see bclow), and use of such an improved expression
system can lead to higher yields of antibody production, from cells which are suitable for
large-scale manufacturing.

The expression of IgG is achieved with high efficency in mammalian cells, and main-
malian cells are the only system currently used for large-scale production of intact
monoclonal antibodies. Mammalian cells have the most appropriate cellular machinery to
allow assembly and secretion of IgG as well as the ability to carry out appropriate post-
translational modifications, notably glycosylation. As described in Chapter 1, glycosyiation
of IgG can bc important for maintaining the conformation of the CH2 region of the
antibody, and lack of glycosylation leads to a loss of Fc effector functions (Lund et al.,
1990). The type of sugar residues attached is also important to allow maintenance of
effector function; for example, the attachment of high-mannose carbohydrate by yeast
cells in place of the complex carbohydrate attached by mammalian cells leads to loss of
the ability to activate complement (Horwitz ef al., 1988). Subtle differences in glycosylation
between different types of mammalian cells, or between different types of growth condi-
tions, may also be important in some cases (see below).

Two types of expression system need to be considered, transient expression and stable
expression. Cloned DNA can be introduced into the nuclei of mammalian cells by several
transfection techniques, where it may persist for several days in a high proportion of cells
resulting in transient expression of the genes present on the vector. Alternatively, low-
frequency integration events can be selected by use of an appropriate marker gene, during
which the vector DNA becomes inserted into random sites within the genome. In this
case the DNA is replicated along with the host cell genome, and a permanently transfected
stable cell line is produced. A substantial investment in time and effort (usually 2-3
months) is required to produce a stable transfected cell line capable of producing large
amounts of antibody. Therefore, transient expression systems are very valuable in allow-
ing the rapid generation of small amounts of recombinant antibody, up to a few milli-
grams, to allow initial analysis of multiple engineercd forms of antibody.

5.2.1  Transient expression systems

COS cells are the most commonly used cell type for transient expression of antibody
genes. COS cells are derived from a monkey kidney cell line, CV1 transformed with an
origin-deficient SV-40 virus (CV1 Origin-deficient SV40). COS cells express the SV40 T
antigen which is the only protein required to support SV40 replication in these cells.
Therefore a plasmid containing the SV40 origin of replication will be replicated to approx.
10*-10° copies per cell within a few days. This high copy number allows high-level
transient expression of genes on the vector. Commonly the genes for light and heavy
chain are introduced on separate plasmids, each containing the SV40 origin. This facilit-
ates a range of different combinations of heavy and light chains to be tested with each
other, to determine the best combination. For example, several CDR-grafted heavy chains
can be tested with the same light chain, and vice versa, to select the best combination of
chains for further study. A strong promoter/enhancer is required for efficient expression,
such as the adenovirus major late promoter in combination with the SV40 enhancer, or
the MIE (major immediate early) promoter/enhancer fiom human cyiomegaloviius (h\CMV)
(Stephens and Cockett, 1989). Yields of antibody achieved in a few days from transient
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expression in COS cells depend on the particular antibody but are usually in the range
0.1-10 pg/ml (Whittle et al., 1987; Emtage ef al., unpublished data).

Alternative transient expression systems have also been developed which use the
hCMV-MIE promoter in an adenovirus transfonmed human embryo cell line, 293 cells,
together with a transcriptional activator. One of the carly adcnovirus proteins, Ela, en-
hances transcription from a number of promoters including hCMV-MIE when coexpressed
in the same cell and allows high levels of transient expression: 7-15 pg/ml has been
reported (Carter et al., 1992b). Similarly, a Chinese hamster ovary (CHO) cell line has
been developed for transient expression by introducing the Ela gene into the genome,
resulting in a system capable of similar expression levels (Cockett et al., 1991).

5.2.2 Stable expression systems

The most successfial cell lines for stable expression of antibodies have been the myeloma
lines SP2/0 and NSO, and CHO cells. Most recombinant antibodies produced on a large
scale have been produced using myeloma cclls. As these are the fision partners used in
hybridoma production, they are known to be capable of secreting large amounts of
antibody and they grow well in suspension culture in fermentors. CHO cells have also
been developed as a system capable of producing large amounts of antibody; they are
readily transfectable and grow well in both attached and suspension culture. In addition,
as described below, efficient expression systems based on vector amplification have been
established for CHO cells (Bebbington, 1991).

Development of stable cell lines requires the use of a selectable marker to select cells
in which the relatively rare event of vector integration into the host cell genome has taken
place. Bacterial genes are widely used which are incorporated into the vector with mam-
malian transcription signals. The gpt gene encodes the xanthine—guanine phosphoribosyl
transferase enzyme from E. coli and can be used to confer resistance to mycophenolic
acid. This enzyme allows guanosine monophosphate (GMP) synthesis from xanthine via
the salvage pathway when #e novo GMP synthesis is blocked by mycophenolic acid
(Mulligan and Berg, 1981). Alternatively the neo gene can be used, as this confers
resistance to the antibiotic G418, an analogue of thc antibiotics neomycin, kanamycin
and gentamycin that block protein synthesis (Southern and Berg, 1982). A third, though
less commonly used, system is the Aph gene from E. coli which confers resistance to
hygromycin (Gorman, 1990).

The use of these markers in combination allows the selection of cells containing two
vectors, and therefore the separate transfection of heavy and light chain genes. This can
be usefill if several variants of an antibody are to be made such as an IgG isotype series
and Fab’ variants. In this case a light chain expressing cell line can be made which can be
re-transfected with the heavy chain genes as appropriate (e.g. King et al, 1992a). It
should be remembered when using this sequential approach that the light chain must be
introduced first. This is because heavy chain alone is retained in the endoplasmic rcticulum
through association with the heavy chain binding protein, grp78, and accumulation of
large amounts of heavy chain in the endoplasmic reticulum is usually toxic to the cell
(Hendershot er al., 1988). On the other hand, free light chain is readily secreted by
the cell.

Vectors which contain both heavy and light chain on the same plasmid are often pre-
ferred, as these offer a more balanced production of heavy and light chain (reviewed by
Bebbington, 1991). The two genes should be arranged such that there is not interference
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between them as this might lead to an imbalance of chains. In particular transcription
from the first promoter may extend beyond the end of thc first gene and interfere with
transcription initiation at a second promoter downstream. For this reason the light chain
is commonly put upstream of the heavy chain, such that excess heavy chain is less likely
to be produced. Also a transcriptional terminator can be introduced between thc two
genes to minimise interference (Stephens et al., 19995).

Iinmunoglobulin promoters and cnhancers have often been used to direct expression in
myeloma cells. Early recombinant antibody expression used V regions obtained from
hybridomas by genomic cloning which normally cloned the Ig promoter and enhancer at
the same time. Use of these to direct expression of recombinant antibody genes usually
results in considerably lower expression levels than seen in the parcnt hybridoma, with
yields often in the range 1-5 pg/10¢ cells/day accumulating antibody from 1-40 milli-
grams per litre (Sahagan et al., 1986; Crowe et al., 1992). This is because sequences
distant from the V region genes are required for efficient expression. Sequences with
additional enhancer activity have been identified for both heavy and light chain genes
which are several kilobases downstream of the coding regions (Meyer and Neubcrger,
1989; Pettersson et al., 1990). Improved expression levels may be achieved by using
strong viral or cellular promoters such as hCMV-MIE or the mouse metallothionein
promoter (Gillies et al., 1989a).

Expression levels are also highly variable from one transfectant to another, and many
cell lines must be screened to identify the best producers. This is probably dependent on
the site of integration into the genome and the level of transcription in that region. For
example, the identification of a cell line expressing 5 pg/10° cells/day of the humanised
antibody CAMPATH-1H required screeening of 700 transfectant clones (Crowe et al.,
1992). Attempts have been made to simplify this process using homologous recombina-
tion to target gene integration to a highly transcribed region of host DNA. An extensive
region of homology between the vector and a sequence on the host cell genome can lead
to homologous recombination resulting in the integration of the vector sequences ai a
defined site. This is a relatively rare event compared to random integration, but never-
theless this approach has resulted in high-level expression in some cases (Yamold and
Fell, 1994). )

The most productive cell lines have been produced using selection for gene amplifica-
tion to obtain increased copy number of vector sequences integrated into the genome.
Gene amplification is a relatively common event in mammalian cells, leading to multiple
tandem repeats of large regions of a chromosome. These can be selected for by use of a
marker such as an essential cnzyme which can be inhibited using a selective inhibitor.
Two systems have been widely used, based on dihydrofolate reductase (DHFR) and
glutamine synthetase (GS), although others such as adenosine deaminase (ADA) are also
available. DHFR is a key enzyme in nucleoside biosynthesis which can be inhibited by
methotrexate. Following transfection using a vector containing the DHFR gene, selection
is achieved by adding methotrexate and resistant colonies, in which the DHFR gene has
been amplified (hopefully along with the antibody genes), are isolated. This is a widely
used system for expression in CHO cells. For example, chimeric anti-CD20 antibody has
been produced at 30 pg/10° cells/day using a single round of amplification in the presence
of methotrexate (Reff et al., 1994) and the humanised antibody CAMPATH-1H has been
produced at up to 100 pg/10° cells/day, accumulating 200 mg per litre of antibody (Page
and Sydenham, 1991). DHFR mediated amplification can also be used in myeloma cells,
although because myeloma cells contain endogenous DHFR activity, a gene containing
a methotrexate resistant DHFR has been used, and high levels of methotrexate, up to
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500 1M, were required to achicve amplification (Dorai and Moore, 1987). Alternatively
DHFR expression can be driven from a stronger promoter, allowing selection against the
background of endogenous enzyme.

Glutamine synthetase (GS) catalyses the formation of glutamine from glutamaic and
ammonia and provides the only pathway for the biosynthesis of glutamine. Therefore, in
the absence of endogenous glutamine, GS is an cssential cnzyme. Methionine sulphoximine
(MSX) is a selective inhibitor of GS which can be used to select for gene amplification.
CHO cells express sufficient GS to grow without added glutamine, but high-expressing
cell lines can be isolated using low levels of MSX. Cell lines producing 15 tg/10° cells/
day, and accumulating 200 mg/litre of chimeric B72.3, have been produced using GS
(Bebbington, 1991), and accumulated yields of antibody greater than 500 mg/litre have
now been reached using this system in CHO cells (Brown et al., 1992). Myeloma cells do
not express sufficient GS of their own and thus have an absolute requirement for glutamine.
Thereforc when grown in glutamine-free media, GS selection can be used at lower levels
of MSX than required for CHO cells. Expression of chimeric B72.3 in NSO cells reached
10-15 pg/10° cells/day, and could accumulate 560 mg/litre (Bebbington et al., 1992).
Yields of other recombinant antibodies have also been very high using GS selection in
NSO cells, for example 700 nig/litre of hA33 (King et al., 1995) and over 1 g/litre for
hCTMOI (Baker et al., 1994).

Vectors which contain a selectable, amplifiable marker can also be used to select for
integration into particularly active transcriptional sites. For example, the GS expression
vector has been set up with GS under the control of the relatively weak SV40 promoter.
If a low concentration of MSX is added to suppress GS activity during the selection
process, then clones in which the GS gene is integrated at a particularly active site are
selected. This reduces the number of transfectants isolated, yet increases the proportion
which are high-level producers. Charactcrisation of such a transcriptionally active region
of the chromosome in a clone of a high-yielding NSO cell line selected using GS identi-
fied a site in the IgG2a genomic region as the integration site (Hollis and Mark, 1995).
Vectors which allowed targeting to this region via homologous recombination were then
produced which increased the frequency of integration at this site and thus the frequency
of high-level producers.

NSO cells arc particularly well suited to growth in fermentation due to their ability to
grow to high cell density in suspension (approx. 107 cells/ml). NSO cells have also been
shown to be capablc of maintaining stable expression over many generations following
transfection and selection using the GS vector system (Brown et al., 1992). The combina-
tion of these factors has allowed the development of fed-batch fennentation systems
capable of producing titres of antibody routinely over 500 mg/litre and often between 1
and 2 grams per litre (Figure 5.1) (Brown et al, 1992; Bibila and Robinson, 1995).
Although more difficult to scale up to fermentation growth, after fermentation develop-
ment DHFR-amplified CHO lines have also been shown to be capable of producing
antibody titres in cxcess of a gram per litre (Trill et al., 1995).

Comparisons of NSO and CHO cells for production of antibodies have been camied out
by scveral groups. Expression of ¢cB72.3 IgG4 from both CHO and NSO cells using the
GS system resulted in CHO cells being approximately half as productive as NSO cells in
fed-batch ferimentation (Adair et al., 1993). There was no apparent difference in antigen
binding or physical properties of the antibodies produced, and pharmacokinetic and
biodistribution studies of the antibodies in mice showed identical results. A detailed
comparison of the production of an anti-CD4 antibody has been carried out using DHFR
amplified CHO cells compared to GS amplified NSO cclls (Peakman et al., 1994). In cell
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Figure 5.1 Production of chimeric 1gG4 in NSO cells using GS system (see text for
details): fed-batch 5 litre fermentations carried out in serum-free air-lift fermenters
(adapted from Bebbington et al., 1992)

lines producing equivalent amounts of antibody, the copy number of antibody genes in
the CHO cells was significantly higher than the NSO cells, though mRNA levels produced
were similar, suggesting that more active transcriptional sites were targeted using GS.
Antibody from both types of cell line was identical in antigen binding and effector
function.

One potcntial difference between cell types is the nature of the glycosylation of the
antibody molecule. Subtle differences in the structure of the carbohydrate attached by
different cell types, and even between different growth conditions for one cell type, have
been observed which may affect the ability of the antibody to elicit effector functions
(Lund et al., 1996). In addition, it has been shown in one case for a human IgM that
alteration in culture conditions could affect the glycosylation of the antibody leading to
alteration of pharmacokinctic properties (Maiorella ef a/., 1993).

Although there is considerable microheterogeneity in the carbohydrate structure of
antibodies produced in mouse myeloma or CHO cells, this is also reflected in the analysis
of normal human IgG, and overall the structures are rather similar. One difference is the
presence of a bisecting N-acetylglucosamine residue between the two ‘antennae’ of the
complex carbohydrate chain which is seen in human [gG and not in mouse or hamster
antibodies. As expected, humanised antibodies produced in myeloma cells have sugar
groups characteristic of the mouse cell, i.e. without the bisecting N-acetylglucosamine
(Ip et al., 1994). In addition, myeloma cells have been shown to attach a terminal a(1,3)-
galactose residue in some cases, which is not present in human IgG or those produced
from CHO cells (Lund et al., 1993). For IgG the carbohydrate is buried within the
structure of the paired CH2 domains, and alterations may affect biological properties,
probably through changes in the conformation and disposition of the domains relative to
each other and to the rest of the molecule. At present it is not known whether subtle dif-
ferences will Icad to differences in performance of antibodies in their intended applications,
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particularly in vivo. Concern has been raised over the presence of terminal o 1,3}-galactose
residues in antibodies for human therapy because humans often have pre-existing anti-
bodics which recognise this structure (probably as a result of cross-reacting E. coli antigens)
(Borrebacck et al., 1993). However, during studics of the many chimeric and humanised
antibodies produced in myeloma cells and administered to humans, an immune response
to the constant region has not been detected (see Chapter 2).

5.2.3 Expression of antibody fragments in mammalian celis

Co-expression of light chain with Fd or Fd’ results in the secretion of Fab or Fab’
fragments. High yields of Fabs (grcater than 100 mg/litre) can generally be achieved by
mammalian cell expression in much the same way as IgG expression is achieved. For
example, chimeric B72.3 Fab” has been expressed to 200 mg/litre in CHO cells (King
et al., 1994), and humanised A33 Fab’ to 500 mg/litre in NSO cells (King et al., 1995).
In common with bacterial expression (Section 5.3), there is generally little material
expressed as F(ab’), unless hinge modification is undertaken (see Chapter 2). However,
oxidation of Fab’ produced in CHO cells to F(ab’), has been achieved with high yield,
demonstrating that the hinge cysteine residues are present (King et al., 1992a).

Smaller antibody fragments such as Fv and scFv have also been expressed in mamma-
lian cells, though in general this has been more difficult, and yields have been lower.
Expression of Fv fragments in both myeloma and CHO cells has been achieved (Riechmann
et al., 1988b; King et al., 1993). A direct comparison of the same Fv fragment expressed
in CHO cells and E. coli (see Section 5.3 below) revealed that only 4 mg/litre could be
achieved from CHO cells compared to 40 mg/litre in E. coli shake-flask culture, rising to
450 mg/litre in fermentation. Similarly, expression of scFv is far less cfficient in mamma-
lian cells than in E. coli, with yields of up to 10 mg/litre reported in myeloma cells after
amplification (Dorai et al., 1994). Mammalian cells may be more useful for scFv-based
fusion proteins, particularly if the protein being fused to the scFv is structurally complex
or requires glycosylation. Several fusion protcins have been expressed and shown to be
active, including scFv-IL2 and scFv-B domain from Staphylococcal protein A (Dorai
et al., 1994).

5.3 Expression in Escherichia cofi

The most widely used and convenient host for gene expression remains the simple
prokaryote Escherichia coli. E. coli has several advantages for gene expression, includ-
ing the availability of a wide range of expression vectors which can be readily intro-
duced into the cell and tested. E. coli is also easy and quick to grow, allowing protein
expression to be evaluated rapidly. E. coli does, however, suffer two major disadvantages
for gene expression; its inability to carry out post-translational modification such as
glycosylation, and the tendency of proteins expressed in the cell to accumulate as insol-
uble aggregates known as inclusion bodies. In many cases, soluble active protein can be
recovered from inclusion bodies by in vitro protein solubilisation and refolding, although
this is a time-consuming and often inefficient process which is not always successful. An
alternative approach is to attach a bacterial signal sequence to the gene of interest in an
attempt to direct secretion of the expressed protein into the cell periplasm or surrounding
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medium. In some cases, including those of antibody fragiments, this allows the recovery
of soluble active protein directly without the need for complicated refolding protocols.

intact 1gG is not readily produced in soluble form in bacterial expression systems.
Although full-length heavy and light chain have been co-expressed intracellularly in ~.
coli and refolded material could be associated to form IgG, yields of assembled IgG were
low (Boss et al., 1984; Cabilly er al.,, 1984). Also, as E. coli docs not contain the ccllular
machinery to produce glycosylated proteins, the heavy chain is produccd in unglycosylated
form. Therefore, rescarch has switched to the investigation of E. coli as an expression
system for antibody fragments. Rapid progress in this field has taken place since the
development of E. coli secretion systems which allow soluble, fiinctional antibody frag-
ments to be produced in high yields (Skerra & Pluckthun, 1988; Better ez al., 1988), so
that now £. coli expression has become the system of choice for producing many anti-
body fragments.

In contrast to expression in mammalian cells, expression of smaller antibody frag-
ments is particularly efficient in £. coli, and this has enabled research on novel fragments
such as Fv and scFv to progress rapidly. In addition, production of antibody fragments in
E. coli is relatively inexpensive compared to marmalian cells, leading to more economic
manufacture.

5.3.1 Intracellular expression of antibody fragments in E. coli

Intracellular expression of antibody fragments can lead to the rapid accumulation of large
amounts of insoluble protein and has been used to prepare a range of antibody fragments
including Fv, scFv and Fab fragments (Field et a/., 1989; Bird et al., 1988; Buchner and
Rudolph, 1991). However, refolding of solubilised protein is complex and often has to
be developed specifically for individual antibody fragments. Therefore it is often the
optimisation of a refolding procedure and the demonstration of a homogencous, fiilly
functional state for the refolded product which limits the speed and efficiency of the pro-
duction of antibody fragments by this route. Nevcrtheless, this method of production can
be valuable for antibody fragments for which the secretion route fails, or for the produc-
tion of fusion proteins which are toxic to the cell in native form, such as immunotoxins.

In common with expression of any foreign gene in E. coli, cDNA for the antibody
fragment is inserted into the expression cassette of an expression vector. Suitable vectors
contain a plasmid origin of replication, an antibiotic selectable marker and an expression
cassette comprising a strong promoter and transcriptional terminator separated by a multi-
cloning site with an cfficient translational initiation region. Expression of foreign proteins
exerts a considerable strain on the cells and leads to strong selection pressure in favour of
cells which have lost the expression plasmid (segregational instability) or which have
deletions in the expression cassette (structural instability). It is therefore desirable to use
a tightly controlled promoter to prevent expression during most of the growth phase of
the culture. There is little difference in the transcriptional rate achieved from a number of
strong promoters available such as ptac, ApL and T7. The method of transcriptional
regulation varies, however, with expression from lac based promoters such as tac induced
by IPTG (isopropyl-B-p-thiogalactopyranoside) or by a switch of carbon source to lac-
tose, whereas the A promoters are controlled by a temperature switch. Translation of
mRNA is achieved efficiently through use of an appropriately positioned ribosome bind-
ing site sequence which is complementary to ribosomal RNA. A spacing of 6-10 base
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pairs between the ribosome binding site and the initiation codon usually allows efficient
translation. Many commercially available expression vectors contain thesc features, and
allow the accumulation of large amounts of expressed protein.

Inclusion bodies are readily isolated by cell lysis and centrifugation, and antibody
fragments solubilised using high concentrations of denaturants such as guanidine hydro-
chloride or urea, usually in the presence of reducing agents to ensure that all incorrectly
formed disulphide bonds are reduced. Refolding is then achieved by a variety of methods
depending on the particular antibody fragment expressed. Many variables need to be
examined to identify the optimal procedure for refolding, including solubilisation agent,
pH and redox conditions, protein purity and concentration, temperature and rate of change
to native conditions. The main problem is preventing the re-aggregation of partially
unfolded protein before the native state can be achieved. For some scFvs, renaturation
has bcen achieved by simple dilution or dialysis into a non-dcnaturing buffer, although
thc exact procedures requircd for individual scFvs vary and yields are often low, in the
range of 5-15% of the solubilised material (Bird et al., 1988; Huston et al., 1988). The
inclusion of a redox coupling system (comprising reduced and oxidised glutathione in a
ratio of 10:1) to catalyse disulphide interchange may allow improved yields through
permitting reshuffling of disulphides in incorrectly folding structures. After optimisation
of refolding conditions using such a procedure, native Fab has been recovered with a
yield of 40% of the expressed protein (Buchner and Rudolph, 1991). In cases of refolding
Fv or Fab’ fragments with two protein chains it has generally been found advantageous to
purify the individual chains before attempting final refolding and association to active
material (Field et al., 1989; Buchner and Rudolph, 1991).

An alternative method, developed for scFv, has attempted to forrn disulphide bonds
before refolding into the active conformation. The presence of correct disulphides might
be expected to improve the recovery of native material, while incorrect disulphide bonds
will lead to non-native material. scFv solubilised in sodium lauroylsarcosinc was allowed
to form disulphide bonds by air oxidation before gradual removal of denaturant, resulting
in a yicld of 50% of the solubilised protein (Kurucz et al., 1995).

After refolding, the purified material must be characterised to demonstrate that soluble
material is in the native state. Soluble, inactive forms of the protein can be produced
through alternative protein folding pathways, and may be difficult to separate. In many
cases it is difficult to determine the presence of these. For example, when producing an
scFv for the first time, a loss of antigen-binding activity is sometimes observed compared
to the parent IgG or monomeric antibody fragments produced from the IgG (e.g. Bird
et al, 1988). In cases where the scFv has been produced by refolding it is difficult to
ascertain whether this is a result of interference in the binding site conformation as a
result of the scFv format or a proportion of incorrectly refolded protein.

The uncertainties in refolding efficiencies which can be achieved make it difficult
to compare yields achieved using this system. The yield reported may often depend on
the procedurc used and the amount of development work carried out to achieve high-
efficiency refolding. Yields of active protein reported vary from less than a milligram
per litre to typically 1-10 mg per litre. It has been reported that higher yields of dsFv can
be obtained compared to scFv (Webber ef al., 1995). A yield of 1.6 mg/litre has been
reported for anti-Tac scFv whereas the same antibody in dsFv format could be refolded
with a yield of 7 mg/litre. Similarly, fusion proteins of this antibody with the bacterial
toxin PE38 could be produced at 10-40 mg/litre in the scFv format, whereas 3070
mg/litre was achieved with dsFv-PE38 (Reiter et al., 1994).
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5.3.2 Secretion of aptibody fragments from E. coli

High-yielding systems have becn described for the secretion of Fv, scFv, Fab and other
antibody fragments to the £. coli periplasm (Skerra and Pluckthun, 1988; Better et a/.,
1988). Soluble, active protein can often be purified directly from the periplasm and in
some cases from the medium. Recovery from the medium is generally a result of accu-
mulation of the antibody fragment in the periplasm causing the cell outer membrane to
become leaky, leading to leakage of the antibody fragment into the medium (e.g. King
et al., 1993). A signal sequence from an efficicntly exported bacterial protein is fused to
each antibody gene to direct secretion. There appears to be little difference in the effeci-
iveness of thosc signal sequences commonly used including pelB, ompA, phoA or stll.

Antibody fragments are efficiently transported across the inner membrane, the signal
scquence is efficiently processed to form the mature protein chains and disulphide bonds
appear to form efficiently. There is, however, a tendency for some antibody fragments to
accumulate as insoluble protein in the periplasm, probably due to the aggregation of
folding intermediates (Whitlow and Filpula, 1991). Aggregation of folding intermediates
competes with correct folding, and is often the limiting factor in the yield of soluble
antibody fragment (Knappik et al., 1993). The extent of this problem varies markedly
between fragments of different antibodies and between different fragments of the same
antibody. In general, smaller fragments are less prone to insolubility in the periplasm,
with Fv-bascd fragments produced more efficiently than Fab-based fragments of the same
antibody. For example, B72.3 Fv could be expressed at 40 mg/litre in soluble fonn in
shake-flask culture whereas a Fab fragment of the same antibody was expressed at 5 mg/
litre (King et al, 1992a). The main determinant of insolubility appears to be the primary
sequence of the antibody fragment itself. After comparing the sequences of antibody
fragments which fold well or poorly, point mutation studies could identify residues which,
when changed, improved folding and consequently the yield of soluble protein recovered
(Knappik and Pluckthun, 1995). Similar findings have been made with other residues
which affect folding pathways (Kipriyanov et al., 1997b). ,

Several other protein engineering strategies have been used to improve expression of
soluble antibody fragments. Switching Fab constant regions has been shown to result in
higher yields in some cases (MacKenzie et al., 1994). scFv variants have been engineered
by mutation of residues in the hydrophobic patch created in the scFv where the variable/
constant domain interface is normally present. Engineered scFv variants were isolated
with improved folding properties resulting in higher yields of soluble protein (Nieba
et al., 1997). A particularly usefiil strategy for achieving high-level secretion of active
antibody fragments has been exemplified by Carter et al. (1992a). A well expressed,
soluble humanised Fab” fragment has been identified which allowed yields of 1-2 grams
per litre to be accumulated in fermentation culture. The subsequent CDR-grafting of
other antibodies onto the same Fab’ framcwork region allowed high-level secretion of
other binding specificities (Carter et al., 1992a).

Control of cell growth parameters can also aid expression of soluble secreted protein.
Growth at lower temperature during gene expression can lead to improved yields, prob-
ably due to decreased periplasmic aggregation (Skerra and Pluckthun, 1991). Also, the
addition of certain non-metabolisable sugars may be beneficial in reducing aggregation.
The yield of soluble scFv was increased over 100-fold by addition of 0.4 M sucrose to the
growth medium in shake-flask culture (Kipriyanov et al., 1997a).

The rate of protein synthesis is critical to achieving high yields of soluble secreted
protein. This can be modulated either through control of induction of transcription or by
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altering translational efficiency. Maximal induction of gene expression may lcad to pro-
fein synthesis being too rapid to allow the antibody fragment to fold cfficiently, lecading to
increased insolubility through aggregation of rapidly produced folding intermediatcs.
Similarly, translational ratc has been demonstrated to be of critical importance for the
secrction of heterologous protcins from £. coli (Simmons and Yansura, 1996), the opti-
mal rate for secretion of active matcrial being lcss than the maximum achievable, and
variable for different protcins. The optimal yield is thereforc often achicved through
reducing the rate of protein synthesis by partial induction of expression at a ratc which is
optimal for sccretion and folding. Lower inducer concentrations have been shown to
allow higher lcvels of soluble scFv to be accumulated (Sawyer et al., 1994), and Fab
fragments can also bc accumulated in higher yiclds when expression is induced in a
controlled fashion over a prolonged period (Yarranton and Mountain, 1992). Accumula-
tion of high levels of foreign protein in the periplasm often leads to the outer membranc
becoming leaky, and eventually to cell lysis. Suitable control of induction can also reduce
the amount of cell lysis and lead to improved rccoveries.

Suitable promoters which allow tight control of cxpression during cell growth and
which can be induced to allow regulation of transcriptional rate are therefore desirable.
These include the wild type lac promoter/operator, lacUVS and the tac promoter, all of
which can be induced with the chemical inducer IPTG or by a switch in carbon source to
lactose (c.g. Yarranton and Mountain, 1992), the phoA promoter which is induced by
phosphate starvation (Carter et al., 1992a), thc araB promoter induced by arabinose
(Better et al., 1988), and temperature inducible systems such as that described using the
trpE promoter controlled by a temperature-induced incrcase in plasmid copy number
titrating out chromosomally expressed trp repressor (Yarranton and Mountain, 1992).

Co-cxpression of protcins involved in assisting protein folding in E. coli has also been
investigated in attempts to boost yiclds of soluble pcriplasmic protein. The co-expression
of the intracellular chapcronins GroES/L had no cffect on soluble scFv expression (Ducnas
et al., 1994). Similarly, over-expression of the periplasmic protcins proline cis—trans

isomerase and dsbA, a protein involved in disulphide bond fonmation in the periplasm, °

docs not result in improved yields (Knappik et al., 1993). The presence of dsbA is
required for assembly of Fab fragments in the periplasm, but does not appear to be
limiting. The co-cxpression of the human enzyme protein disulphide isomerase (PDI) has
been shown to improve the yield of a relatively poorly produced Fab” with 4 constant
regions (Humphreys et al., 1996). The same antibody with yl constant regions was
produccd in higher yield, and in this case therc was no effect of PDI co-cxpression. There
are several other periplasmic proteins known to be involved in disulphide formation in
E. coli, currently dsbA, B, C and D have been described, but as yet studics of their role
in folding and assembly of cxpressed antibody fragments have not been described.
Growth of cells to high cell density in fermentation has led to very high yields of
antibody fragments in several cases (Figure 5.2). Fermentation culture also allows greatly
improved control of the parameters governing cell physiology such that optimal pro-
duction levels can be achieved. For example, cxpression of a chimeric Fab has been
improved from 1 mg/litre in shake-flask culture to 500 mg/litre in optimised fermenters
(Better et al., 1990), and B72.3 Fv expression from 40 mg/litre to 450 mg/litre (King
et al., 1993). Bispecific diabodics have been produced at 935 mg/litre in femmentation cul-
ture (Zhu et al., 1996). Yields of over a gram per litre have been obscrved for humanised
Fab’ fragments (Carter et al., 1992a), and a bivalent scFv construct has been expresscd at
over 3 g/litre in functional form (Horn et al., 1996). In such cases expression of antibody
fragments in E. coli is a highly competitive option compared to mammalian cell expression.
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Figure 52 Expression of soluble engineered human Fab’ in the periplasm of E. coli:
data from a 1 litre fermentation by courtesy of Neil Weir and Volker Lang (Celltech
Therapeutics)

E. coli grows rapidly; transformed cclls can be readily produced and cloned leading to
shorter development times than those scen with mammalian cells. Fermentation of micro-
bial cells at very large scale is a well-established industrial procedure which is possible at
much larger scale than the scale at which mammalian cells can be grown currently. This
could lead to significant cconomic advantages of using E. coli for the expression of anti-
body fragments at the scale required to satisfy large potential markets.

54 Expression in other microbial systems

Alternative microbial hosts have been relatively poorly explored for antibody or antibody
fragment expression. The Gram-positive bacterium Bacillus subtilis has been shown to be
capable of expressing scFv fragments of an antibody to digoxin at 5 mg/litre in shake-
flask culture (Wu et al., 1993). In contrast to £. coli, B. subtilis is capable of secreting
large amounts of protein directly into the growth medium, although it can also secrete a
variety of extracellular proteases which can lead to breakdown of heterologous secreted
proteins. Multiple protease deficient strains have been developed to allow accumulation
of intact protein which may be isolated simply from the growth medium. Expressed scFv
was isolated and purified in a single step by affinity purification from the growth medium
(Wu et al., 1993).

Eukaryotic microorganisms have also bcen investigated. The yeast Saccharomyces
cerevisiae can synthesise, process and secrete heavy and light chains. Expression of a
mouse IgM resulted in the production of functional antibody, though secretion was rel-
atively inefficient with most of the assembled antibody remaining inside the cell (Wood
et al., 1985). Heavy and light chains were expressed from different plasmids undei the
control of the strong phosphoglycerate kinase promoter, and expressed heavy chain was
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shown to be glycosylated. Chimeric IgG and Fab have also becn expressed in S. cerevisice,
resulting in the secretion of antibody and Fab fragment with full antigen binding activity
(Horwitz et al., 1988). Sccreted levels of antibody were low, with light chain measured at
100 ng/ml and heavy chain ai 50—80 ng/mi, 50-70% of which was associated with light
chain. The expressed [gG was able to mediatc ADCC but could not activate complement,
probably as a result of the ‘yeast type’ carbohydrate added to the constant region.

The methylotrophic yeast Pichia pastoris has been developed as a high yielding ex-
pression system for several heterologous proteins. P. pastoris combines fast growth prop-
crties with the general features of eukaryotic protein expression and secretion. The alcohol
oxidase gene (AOX!) is used as the basis of expression, and can be used to direct either
intracellular expression or secretion. The AOX1 promoter is tightly regulated and drives
rapid transcription on addition of mcthanol, the substrate of alcohol oxidase. Use of the
AOXI promoter therefore allows regulation of expression by supplementation of meth-
anol as the carbon source. Use of this system has allowed secretion of an scFv of a rabbit
MAD to more than 100 mg/litre, greater than 100-fold more than could be produced with
the same scFv from E. coli (Ridder et a/., 1995). Two murine scFv fragments have also
been expressed, in one case reaching 250 mg/litre, which could be easily recovered from
the cell growth medium (Eldin ez a/., 1997). The expression of other formats of antibody
fragments in P. pastoris has not yet been reported, but such results with scFv expression
merit investigation of this system as a potentially productive alternative.

The filamentous fungus Trichoderma reesei has also been investigated for the secre-
tion of antibody fragments (Nyyssoncn et al., 1993). This organism has a long history in
industrial production of hydrolytic enzymes, which it is capable of secreting at levels of
40 g/litre of culture, and has therefore been investigated as a host for heterologous protein
production. The major cellulase, cellobiohydrolase, cbhl represents 50% of secreted
protein and is produced from a single-copy gene, and thus the cbhl promoter is very
strong. This has been used along with the cbhl signal sequence to direct expression and
secretion of a Fab fragment (Nyyssonen et al., 1993). Fab was expressed at only approx.
1 mg/litre, but when a cbh1-Fd fusion protein was co-expressed with light chain, secreted
levels reached 150 mg/litre. A T. reesei protease was able to cleave some of the cbh1-Fd
fusion protein in the culture medium, but resulted in only small amounts of assembled Fab.

5.5 Expression in plants

Transgenic plants have been shown to be capable of producing and assembling both
antibody fragments and intact antibodies, including the complex secretory IgA molecule.
Plant systems are currently being investigated both as a potential source of large quanti-
ties of antibodies for diagnostic or therapeutic application and for potential in situ uses
within the plant itself (Franken ez al., 1997). Such plant-derived antibodies, often termned
‘plantibodies’, have the potential to be manufactured very cheaply as plant agriculture is
the most economical system for production of large quantities of biomass. It has been
estimated that expression of antibody in soybean at a level of 1% of total protein (a level
already achicved in some cases — see below) could result in production of antibody at a
cost of $100 per kilogram (Hiatt, 1990). However, estimation of total cost is difficult as
extraction and purification costs following harvest are likely to be significantly higher
than other types of production techniques.

The first report of expression of functional antibody from plant cells described the
production of intact murine IgG at a level of 1.3% of total protein (Hiatt et a/., 1989). The

m
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most common mcthod of transfonming plant cells is to introduce the genes of interest into
the Ti plasmid of Agrobacterium tumefaciens. Reccombinant bacteria can then be used ic
infect plant cells, introducing the gene of interest. Tobacco plant (Nicotiana) cells are
often used due to their rclative ease of transformation using this system. Heavy and light
chain ¢cDNAs including the signal scquences were introduced into individual leaf scg-
ments and used to regencrate mature plants. The plants expressing heavy and light chain
werc then crosscd and progeny producing assembled antibody isolated (Hiatt et al.,
1989). The signal sequences were required for production of functional assembled anti-
body, and resulted in accumulation of antibody in the intercellular spaces, which is a
stable environment in plants and may facilitate antibody isolation. In plant cell suspen-
sion cultures the antibody was produced at approx. 20 mg/l in the culture medium.

Both scFv and Fab’ fragments have also been produced in plants at levels similar
to those achieved with intact IgGs (Owen et al,, 1992; DeNeve et al., 1993). It has
also proved possible to produce secretory IgA in tobacco plants which requires the co-
expression of four protein chains: heavy chain, light chain, joining chain and secretory
component (Ma et al., 1995). Each protein chain was introduced into separate plants and
a series of crosses carried out to produce plants capable of producing assembled functional
sIgA. The antibody used recognises Streptococcus mutans, which is largely responsible
for dental caries in man. Oral application of the antibody leads to cross-linking of bact-
eria and protects against dental caries. Sccretory [gA is more stable at mucosal surfaces
than IgG and may be a suitable molecule for passive immunotherapy under such condi-
tions. The production of such antibodies in plants offers the intriguing prospect of an oral
dclivery route in edible plant tissue. If expressed in edible plant tissue, a food formulation
of antibody may be possiblc to exert a therapeutic or prophylactic effect in the mouth or
gastrointestinal tract, avoiding the need for isolation and purification of antibody (Ma and
Hein, 1995).

An alternative plant source of antibody may bc seeds. scFv fragments have been
shown to be capable of production in seeds at 0.67% of total seed protein (Fiedler and
Conrad, 1995). This also appears to be a stable method of storage of scFv, as seeds con-
taining scFv were stable for a ycar at room temperature without any loss of scFv protein
or antigen-binding ability.

The production of antibodies for therapeutic application in plants has not yet becn
attempted and thus the regulatory implications are at present unknown. Carbohydrate of
plant-produced antibodies is different to that attached to antibodies by mammalian cells,
as 1s also the case with several other expression systems as described above. Some sugar
residues may be unique to plants and lead to immunogenicity of administered antibody.
However, antigen-binding fragments such as Fab and scFv are not normally glycosylated
and their use may overcome such concems. Plant-specific contaminants such as second-
ary metabolites may be a cause for concern and would need to be demonstrated to be
removed from an antibody product. On the other hand, plant-derived antibodies are not
likely to be contaminated with animal viruses or other animal-derived agents. It will be
interesting to monitor the progress of transgenic plants as an antibody production system
over the next few years.

5.6 Production in transgenic animals

The production of MAbs in the milk of transgenic animals is also a potentially low-cost
route to the production of antibodies which is currently under development. Genes are
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introduced into the fertilised egg by microinjection. A numbei of heterologous protcits
have been expressed in the milk of lactating transgenic animals and current research is
engaged in the development of such systems to generate proteins for therapeutic use
(Colman, 1996). Transgenic sheep, goats and cows are being investigated for their ability
to produce large volumes of milk containing the expressed protein. High-level cxpression
of functional antibody in transgenic goats has been rcported, with levels of 10 g/litre
produced in some animals (Parkinson, 1995); however, full details have not yet becn
published. Onc drawback of this approach is thc long lag time required to generate a
reasonable number of mature animals capable of high-level expression of foreign protcin.

5.7 Expression in insect cells

Insect cell expression systems have been developed using baculovirus expression vectors
which allow rapid production of recombinant proteins. High-efficiency expression and
secretion can be achieved in a cost-effective manner using the Sf9 insect cell line. Expres-
sion vectors have been developed using the promoter from the baculovirus polyhedrin
gene and insect cells transfected using this system are capable of signal peptide cleavage,
glycosylation and efficient secretion from the cell. The baculovirus expression system
produces a lytic infection which kills the cells after a short time and therefore production
levels are relatively low, typically in the range 5-10 mg/l (Hu et al., 1995). Advantages
of insect cell expression compared to mammalian cells include the absence of mamma-
lian viruses and any possible mammalian DNA encoding oncogenes.

Antibodics have been expressed in inscct cells by several groups. Heavy and light
chains are efficiently processed and assembled into intact antibody when expressed by
coinfection with two recombinat viruses or when heavy and light chain are introduced on
a dual transfer vector containing the two transcription units in opposite orientations
(Hasemann and Capra, 1990; Zu Pulitz et al., 1990). Insect cell-specific carbohydrate is
added to the antibody in place of that seen from hybridoma cells, and effector functions
of antibodies produced in this system have not always been maintained (Poul et al.,
1995). Nevertheless, expression in insect cells can be uscful for rapid generation of mil-
ligram quantities of antibody, particularly in laboratories that have the system set up for
other purposes.

Murine, chimeric and humanised IgG have been expressed in insect cells, as has
functional human IgA (Carayannopoulos et al., 1994). scFv fragments have also been
expressed at 32 mg/litre in insect cell fermentation culture (Kretzschmar et al., 1996).
scFv from insect cells could be easily purified by a two-step method without the need for
affinity purification.

5.8 Production of monoclonal antibodies — cell culture

MAbs from hybridoma cells or recombinant antibodies from alternative mammalian cell
types can be grown using a number of different methods. The scale and characterisation
of the production process is determined by the requirements of the intended application.
For example, the production of MAbs for use in humans requires stringent control of the
entire production process from preparation of cell banks to characterisation of the purified
product, whereas small-scale preparation of antibody for laboratory use presents a differ-
ent range of problems, such as requiring rapid production often of many different anti-
bodies for evaluation purposcs.
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Cell culture at small scale (up to a few litres) can produce reasonable amounts of
material from cells grown in either attached or suspension culture. More concentrated
antibody can be derived by growing hybridoma cells as ascites tumours in mice or rats
(Brodeur and Tsang, 1986). Typically antibody is produced rapidly within 1-2 weeks
following hybridoma inoculation into mice at concentrations of 1-10 mg/ml. However,
the use of animals for antibody production in this way is difficult to justify on ethical
grounds when alternative methods are available, and it is prohibited or restricted in
several countries. There is also a risk of introducing adventitious agents from the animal
into the preparation of antibody. Many in vitro cell culture techniques are available
including the use of attached cells in roller bottles, shake-flask or spinner cultures of cells
in suspension, and a range of bioreactors at cither small or large scale, such as hollow
fibre perfusion systems and air-lift fermentors (Jackson et al., 1996; Birch et al., 1987).
Bioreactors can also be scaled up for industrial manufacture, and both airlift fermentors
and perfusion systems arc currently used for commercial scale manufacture of MAbs
with batch sizes of several thousand litres.

Process development to maximise the productivity of a cell line in fermentation be-
comes crucial to allow economic manufacture. Such development requires optimisation
of culture media, nutrient supplementation throughout the fermentation and key enviro-
mental parameters such as pH, dissolved oxygen concentration and temperature (Brown
et al., 1992; Bibila and Robinson, 1995). The degree of process development undertaken
in the manufacture of a particular MAb will depend on the balance between the require-
ment to develop the best process at the lowest cost and the time available.

59 Purification of monoclonal antibodies

5.9.1 Purification of IgG

For most applications purified MAbs are required, and for therapeutic puposes they must
meet a very high purity specification as described below. Purification of MAbs uses the
molecular properties of the immunoglobulin molecule in the same way as any protcin
purification process relies on the molecular properties of the protein of interest. Affinity
chromatography is commonly used because of the high degree of purification which can
be achieved in one step. This can be based on the specific binding properties of the
immunoglobulin either through Fe-binding ligands such as the bacterial immunoglobulin-
binding proteins, Staphylococcal protein A and Streptococcal protein G, or using the
antigen-binding site itself through binding to immobilised antigen. Alternatively a number
of lower resolution methods can be used either alone or in combination, such as ion-
exchange purification based on overall molecular charge, hydrophobic interaction chro-
matography based on hydrophobicity and gel filtration based on the size of the molecule.

The design of the purification process can be considered in two stages: sample pre-
paration, also known as primary recovery, and purification. After production in cell culture
the antibody sample must be prepared by removal of the cells and particulate matter,
typically by centrifugation and filtration. At a small scale such steps are relatively trivial
and easily accomplished using standard laboratory equipment. At large scale such steps
may represent more of a challenge, requiring the use of continuous centrifuges which are
not capable of delivering the high g forces obtained in laboratory equipment. Precipita-
tion of antibodies, for example, with ammonium sulphate may atso be used in primary
recovery. This allows concentration of the antibody in the sample as well as a partial
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Table 5.1 Binding of immunoglobulin G subclasses to Staphylococcal
protein A and Streptococcal protein G

Species IgG subclass Protein A Protein G

Mouse IgGl + +
Ing& ++ ++
IgG2b ++ ++
1gG3 ++ ++

Rat IgGl + +
igG2a e ++
1gG2b - +
IgG2c ++ ++

Human 1gGl ++ ++
1gG2 ++ ++
IgG3 — ++
1gG4 ++ ++

purification and is often used on a small scale. This method is difficult to use on a large
scale because of the requirement for handling and centrifuging the volumes involved.
Before purification, the sample may also need to bc in solution under certain conditions
of pH or ionic strength, depending on the particular method to be used, and therefore the
solution may need to be adjusted (conditioned) before purification takes place. Purifica-
tion is usually achieved through column chromatography using one or more steps. For
most laboratory purposes a single step of affinity chromatography is usually sufficient,
typically producing MAb at >90% purity. For therapeutic purposes it is necessary to
improve the purity to >95% and this is commonly achieved by a combination of affinity
chromatography with other techniques such as ion-exchange chromatography or gel
filtration.

The best place to start in designing a small-scale purification scheme for IgG is with
the bacterial immunoglobulin binding proteins. Both protein A firom Staphylococcus
aureus and protein G from group C and G Streptococci bind to the Fc region of antibod-
ies and are widely available immobilised to suitable solid phases for chromatography
applications. Protein G is most useful in recombinant form in which the albumin binding
domains, also present on natural protein G, have been removed. Different subclasses of
antibody bind to protein A and protein G with different affinities, and thus the subclass is
of critical importance in selection of the purification method (Table 5.1). The binding
sites for both protein A and protein G for IgG Fc have been defined, and mapped to
overlapping sites at the CH2/CH3 domain interface (Deisenhofer, 1981; Sauer-Ericksson
et al., 1995).

Clarified culture supernatant is applied directly to a column of protein A or protein G
under conditions in which the immunoglobulin will bind. Antibodies which bind strongly
to protein A or G often require little pre-conditioning of clarified culture supernatant,
whereas those which bind weakly may require special buffer conditions to promote
binding. For example, mouse [gGl requires the inclusion of 4 M sodium chloride in the
sample to allow binding to protein A. After washing, antibody is eluted from the column,
commonly using a decrease in pH (Figure 5.3). Some antibodies may be unstable at low
pH and thus require the use of alternative eluents such as chaotropic ions or agents such
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Figure 5.3 Purification of engineered human IgG1 from NSO cell culture supernatant.
Cell culture supernatant was adjusted to pH8 and applied to a column of Poros

S50A, immobilised protein A (Perseptive Biosystems) at 600 cm/h which had been
pre-equilibrated with 50 mM glycine/glycinate buffer pH8.8. After washing with
equilibration buffer, 1gG was eluted with 0.1 M glycine-HC1 pH3.5. (a) Absorbance
at 280 nm, showing peaks due to non-bound protein (flow through) and eluted IgC.
(b) SDS-PAGE under non-reducing and reducing conditions. Lane 1, molecular weight
markers; lane 2, culture supernatant sample applied to column; lane 3, flow through

peak; lane 4, eluted IgC.

as ethylene glycol (Bywater et al., 1983). Most MAbs will be prepared from clonal cell
lines and thus there is little contamination with other rodent. or human antibodies when
prepared in cell culture. Therefore preparation of total immunoglobulin will allow a high
degree of purity to be obtained. Some bovine IgG may be present, however, from the
bovine serum often used in cell culture techniques. This can also be removed using
bacterial immunoglobulin binding proteins, depending on the subclass of the antibody.
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Removal is straightforrward from subclasses of antibody which bind strongly to protein A,
but more difficult from weakly binding antibodics such as mouse IgGl. In this case it
may be necessary to include a scparate step specifically to remove bovine IgG, such as
ion-exchange chromatography, or the usc of anti-bovine IgG affinity chromatography.
Purification of antibodies from ascitic fluid may be more difficult for two principal
reasons. Firstly, ascitic fluid contains a high proportion of cells and particulatc material
and also lipid which must be removed by high speed centrifugation, oi* other means,
before purification. Sccondly, therc is considerable contamination with host mouse IgG
which may be difficult to remove from the MAb.

Altematively, affinity chromatography using antigen can be considered. If sufficient
antigen is available, antigen can bc immobilised onto a solid phase and used to purify the
antibody using immunoaffinity chromatography in the reverse of the immunopurification
operation described in Section 3.7. Immobilised antigen can result in a high degree of
purification and is one of the few techniques capable of resolving mixtures where scveral
antibodies may be present, such as during the preparation of bispecific antibodies. How-
ever, antigen is rarely availablc in sufficient quantity for more than small-scale operations,
and elution conditions required are often harsh for high-affinity antibodies which can lead
to losses in affinity of the isolated antibody.

Although the use of protein A or protein G is the first choice purification method in
most cases, in others alternative methods may be preferable. The main reasons for choos-
ing an alternative method arc the instability of the antibody to elution conditions, and
cost. In practice it is usually possible to develop elution conditions which are suitable for
retention of activity of the antibody, and antibodies for which this cannot be achieved are
rare. Affinity materials using protein A or G are relatively expensive, however, with other
materials such as ion-exchange resins being an order of magnitude less expensive in
many cases. There is often, therefore, commercial pressure to remove affinity steps from
a purification process to minimise costs. However, it is important to consider the cost of
the affinity matrix compared to the time and cost of sevcral steps (with consequent yield
losses) which might be necded to replace it. It may also be possible to reduce costs
through use of repeated cycles on a relatively small column.

Alternatives to affinity chromatography rely on conventional purification techniques.
Ion-exchange purification of antibody is a useful tecchnique either as an additional step to
affinity chromatography or as an altemative. The isoelectric point of MAbs varies widely
from antibody to antibody, in my experience from 4.5 to 8.5, and thus a general method
for purification cannot be universally applied. Anion exchange is particularly useful as a
second step in purification protocols after affinity chromatography and can lead to the
generation of highly purified product. In addition DNA binds very strongly to anion
exchange materials and the inclusion of anion exchange steps in purification schemes is
useful for therapeutic antibodies, as separation of any residual DNA in the preparation
will be achieved.

As a first line antibody purification stcp anion exchange is often problematical, due to
binding of serum albumin which is present in most ccll culture fluid at high concentra-
tion, and which reduces the capacity of the anion exchange material to bind antibody. In
addition, phenol red which is added to small-scale cell cultures as a pH indicator also
binds very strongly. Cation exchange has been found to be more suitable for antibody
purification, although this is highly dependent on the pl of the particular antibody. In
some cases extensive conditioning of the material is necded prior to purification to reduce
pH and/or conductivity, often resulting in the need for considerable dilution or the use of
diafiltration. The purity of the antibody is not as high as that which is obtained from
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affinity chromatography, but the use of high-resolution anion exchange materials which
are now available from sevcral suppliers may still allow acceptable purity to be reached
in one or two steps (Carlsson et al., 1985). Mixed-mode ion-exchange is also a particu-
larly useful technique. Mixed-mode ion-exchangers, such as Bakerbond Abx (J.T. Baker),
contain both wcakly anionic and cationic groups. However, over the pH range used for
antibody purification (pHS5-7 in most cases) the operation of such materials resembles
cation cxchange. Antibody purity of 70-95% is rcadily achievable using an Abx mixcd-
mode ion-exchanger, and mixtures of antibodies may also bc resolvable (Ross et al.,
1987). Hydroxylapatite, a form of calcium phosphate, is thought to operate along similar
principles and can also result in high-purity antibodics after a single stcp (Stanker et al.,
1985). Hydroxylapatite is more difficult to use, however, as lower flow rates must be
used and the resin has lower capacity than many other materials. Ion-exchange methods
operate without the need for harsh conditions and are therefore particularly useful for
antibodies which are sensitive to low pH or other reagents required for elution from
affinity chromatography columns.

Hydrophobic interaction chromatography is a commonly used protcin purification pro-
cedure which separates proteins on the basis of hydrophobicity. The resolution achievable
with this technique is relatively low, and therefore it is useful only in combination with
purification steps based on other modalities such as ion-exchange. The combination of
ion-exchange with hydrophobic intcraction chromatography is useful, however, and can
result in the generation of highly purified material, equivalent to affinity purified anti-
body, without the high cost of expensive affinity resins. One problem with some MAbs is
precipitation during sample preparation. Binding to hydrophobic interaction columns
requires the use of high concentrations of salts such as ammonium sulphatc which can
cause antibody precipitation and in some cases loss of antigen-binding activity.

Gel filtration chromatography is also widely used as a final clean-up step following
purification by affinity chromatography or other methods. It is particularly useful in
removing antibody aggregates which are a common problem in antibody preparations.
However, gel filtration is time-consuming and difficult to scale-up, and thus processes
which can avoid the use of such steps are preferred at large scale.

Thiophilic adsorption of MAbs has also been developed as a method capable of single-
step purification (Belew et al, 1987). In this method high salt concentrations promote
binding of a wide range of antibody types to a thiophilic resin produced by coupling
mercaptoethanol to divinylsulphone activated agarose. Although similar to hydrophobic
interaction chromatography in being salt-promoted, binding to this material is believed to
be by a different, though unknown, mechanism. Elution from the adsorbent is achieved
by reduction of the salt concentration. The preferential affinity of this material for
immunoglobulins has allowed mouse MAbs to be obtained directly from culture medium
or ascites fluid at purity levels similar to those achieved with ion-exchange chromato-
graphy methods.

One approach to simplify purification processes is to remove the need for primary
recovery through the use of fluidised, or expanded, bed adsorption. The use of such
techniques allows the application of whole cell fermentation harvest directly onto the
expanded bed column without removal of cells and particulates, thus avoiding any yield
loss due to centrifugation and filtration of the sample. Expanded bed chromatography
operates through the use of a dense solid phase which can be suspended in solution, or
expanded, such that particulate matter can flow through the column while the antibody
binds to the dense particles and remains within the column. The column material is then
packed into a conventional packed bed by reversing the flow, allowing elution of bound
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material in a sharp peak. Both ion-cxchange and protein A materials are available which
allow cfficicnt purification of MAbs without clarification (Thommes ef ai., 1995; Chaplin,
1996). Purification of a murinc IgG2a from hybridoma culture was achieved by direct
application of the culture to an expanded bed column using immobilised protein A.
Material was recovered at a high yield at >95% purity with less than 0.3% aggregates in
this single step (Chaplin, 1996). This technology can result in a significant improvement
in the efficicncy of large-scale operations and is likely to become increasingly important
over the next few years.

5.9.2 FPurification of Igi

The purification of MAbs of the IgM class is more difficult than IgG, substantially due to
their lower stability. However, a number of methods have been devised to obtain pure
material, including to the cxacting standards required for clinical trials. Ion-exchange
chromatography using mixed-mode ion exchangers such as Abx is an cfficient method
although care must be taken to avoid antibody precipitation at low ionic strength (Chen
and Epstein, 1988). The high molecular weight of IgM at 900 kDa also means that gel
filtration is an efficient purification method. Few contaminants have similar sizes and thus
purc material can be obtained. Selective precipitation can also be used to prepare IgM in
its pentameric form, taking advantage of the precipitation of IgM at low ionic strength
(Vollmers et al., 1996). In this method culture medium is simply concentrated and dia-~
lysed against distilled water, resulting in the selective precipitation of IgM. However, the
efficiency of recovery using this precipitation process may be low and a more reliable
method may be to use ammonium sulphate precipitation followed by gel filtration.

An affinity chromatography method for purification of IgM is also available based
on mannan binding protein. Mannan binding protein (MBP) is a mannose and N-
acctylglucosamine a specific lectin found in mammalian sera which is structurally similar
to the complement component Clq, and binds to IgM and not IgG. Immobilised MBP has
been developed in kit form for the purification of IgM (Nevens et al., 1992). Binding to
MBP is calcium-dependent and thus elution can be achieved under gentle conditions by
use of EDTA. Also, some IgM molecules are capable of purification through the Fab
rcgion binding sites on protein A and protein L (see below).

The human monoclonal IgM COU-1 has been purified for clinical use using a four-
step chromatographic procedure (Tomoe et al., 1997). In this case antibody was purified
from hybridoma cell supernatant using sequential chromatography with hydroxylapatite,
hydrophobic interaction, cation exchange and anion cxchange. The antibody was sub-
stantially pure with regard to protein after step 3 but the fourth step was required to
remove contaminating DNA to acceptable levels for human administration. An overall
yield of 57% was reported.

5.9.3 Purification of monoclonal antibody fragmenis

The purification of MAb fragments uses a range of techniques, many of which are similar
to those uscd for IgG purification. The purification required depends on the source of the
antibody fragment, with those prepared by digestion of IgG having different requirements
to recombinant antibody fragments cxpressed by mammalian cells or £. coli.

After digestion of purified IgG the objective of the purification scheme is to separaie
the required antibody Fab or F(ab’), fragment away from any undigested 1gG, other
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antibody fragments and the enzyme used for digestion. Removal of the enzyme is sim-
plest when it is used in immobilised form linked to agarose beads which can be simply
removed by centrifugation or filtration at the end of the digest period. Pepsin and papain
are readily available in immobilised foim, though the use of alternative enzymes such as
bromclain may require usc of thc cnzyme in solution. In some cases a simple negative
purification can be successfully carricd out using protein A or protein G to bind undigested
[gG and Fc fragments and collccting Fab or F(ab’), in the flow-through. This often results
in Fab or F(ab’), which is pure enough for many purposes. However, some Fab and
F(ab”), fragments bind to protein A and/or protcin G (sec below) such that this strategy
can be unsuccessful. Also a mixturc of Fab, F(ab”), and smaller fragments may be prescnt
in the flow through from the column, requiring a further purification step to be carricd
out. Ion-exchange chromatography is usually the most reliable purification method, though
some optimisation of thc method may be required for each individual antibody. Both
anion exchange and cation exchange may be useful depending on the particular antibody
and fragment (e.g. Mhatre et al., 1995). lon-exchange also has the advantage of separat-
ing soluble enzymes used in the preparation. Gel filtration is also a usefull method at small
scale, with good separation of Fab and F(ab’), from IgG and small fragments achieved
with either HPLC or conventional gel filtration columns. Scparation of Fc fragments from
Fab will not be achieved, however, and if Fc is present, an affinity chromatography or
1on-exchange step will be required to remove it.

Purification of recombinant antibody fragments is more of a challenge, with the anti-
body fragment usually present in a complex mixture of proteins eithcr from mammalian
cell supernatant or from an E. coli extract. Some Fab and F(ab’), fragments, including
several human and humanised fragments, are capable of binding to low-affinity binding
sites on protein A and/or protein G. The successful purification of recombinant human-
ised Fab’s expressed in both mammalian cells and £. coli has been demonstrated using
immobilised protein A (Carter et al,, 1992b; King et al., 1995). Similarly, protein G can
be successfully used for Fab purification from either of these expression systems (Proudfoot
et al., 1992; King et al., unpublished data). Protein A binds to Fab’s, paiticularly of the
human gene family VH3, and the sequences involved in binding have been localised to
the second CDR region and framework regions | and 3 in the heavy chain V domain
(Potter et al., 1996). Some Fab fragments from other species including mouse, rabbit and
guinca pig have also been shown to bind to protein A (Young et al., 1984). The region of
Fab interaction with protein G has been defincd by structural studies and shown to lie
within the CH1 domain of the heavy chain (Derrick and Wigley, 1992). Approximately
50% of human Fab fragments are believed to bind to protein G (Eratell et al., 1983). At
present it is difficult to determine which Fab fragments will bind to these proteins, which
would greatly simplify purification, except by trial and error. In the author’s laboratory
we routinely test all newly expressed Fab fragments for their ability to bind to protein A
and protein G before beginning purification studies.

For Fab fragments which do not bind protein A or G, an alternative bacterial Ig
binding protein may be used, protein L. Protein L from Peptostreptococcits magnus binds
specifically to the variable region of light chains and can be used for the purification of
many human and mouse IgG, IgM and [gA antibodies and Fab fragments (Nilson et al.,
1993). In addition, humanised antibodics could be produced using light chain variable
region frameworks designed to bind to protein L. Protein L has also been shown to be
useful for the purification of scFv fragments of several, though not all, antibody types.
Human light chain subtypes of the k1, A2 and 2.3 families were found to bind to protein
L, whereas k4 and Al scFvs were unable to bind (Akerstrom et al., 1994). As expected,
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Figure 5.4 Reducing SDS-PAGE analysis of the purification of engineered human
Fab” from E. coli cell extract using Streamline A (Pharmacia) in expanded bed mode:
lane 1, molecular weight markers; fane 2, Fab’ standard; lanes 3 and 4, cell extract;
lanes 5 and 6, eluted Fab’

many scFv fragments containing VH3 heavy chain domains were also able to be purified
using protein A. Novel Ig binding proteins have also been produced by gene fusion
techniques in attempts to widen the number of Ig molecules which can be purified using
a single material. A fusion of protein G and protein L, protein LG, has been prepared
which can be used to purify a wide range of MAbs and fragments (Vola et al,, 1995). It is
likely that the use of such proteins for small-scale purification of antibodies and their frag-
ments will become more widespread as they become increasingly commercially available.

The use of immobilised protein A in cxpanded bed mode is particularly valuable for
the purification of Fab’ fragments from E. co/i. It is possible to apply crude E. coli extract
to an expanded bed column and recover purc Fab’ in a singlc step (Figure 5.4) (Chapman
et al., 1996). Extracts from E. cofi often contain a large amount of particulate material,
and although this can be removed by a combination of centrifugation and filtration, this is
often at risk of a large yield loss. For Fab” and other antibody fragments which do not
bind to protein A, expanded bed absorption using an ion-exchange material is a valuable
first step in the purification process.

Ion-exchange chromatography can also be used to purify recombinant antibody frag-
ments, though this requires a purification protocol involving several steps to be devel-
oped. A combination of cation exchange and anion exchange methods may be used to
give pure Fab’ fragment expressed from mammalian cells (King er al., 1992a). Alternat-
ively, combinations of ion-exchange and hydrophobic interaction which are suitable for
scale-up may be developed which allow high-purity material to be purified from E. coli,
suitable for clinical use (King et al., unpublished data). Although more steps are required,
such protocols are likely to be considerably cheaper than the use of protein A or other Ig
binding proteins. This is particularly important when considering the cconomic advant-
ages of expression in bacterial systems.

Affinity chromatography using the antigen-binding specificity of the antibody frag-
ment to bind to immobilised antigen is an cffective purification method and is particularly
useful for small antigen-binding fragments such as Fv or scFv which may be difficult to
purify by other means (King et al/., 1993). As mentioned above, the disadvantages of such
purification methods are that antigen may be expensive or simply not available in suffi-
cicnt quantity and that elution conditions required to dissociate the antibody fragment are
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Figure 5.5 SDS-PAGE analysis of the purification of scFv from E. coli using immobilisec!
antigen: lane 1, cell extract; lane 2, column flow-through; lane 3, wash fraction; lanes 4
and 5, eluted scFv (positions of molecufar weight markers are indicated)

partially denaturing using extremes of pH or chaotropic agents. Monomeric antigen-
binding fragments have an advantage in this respect as they can often be eluted under
gentler conditions than those required for divalent fragments. When suitable methods are
developed, the degree of purification which can be achieved is very high, as demonstrated
for the purification of an Fv fragment expressed in E. coli (Figure 5.5). Alternatively,
immunopurification using an antibody directed against the antibody fragment to be puri-
fied can be used. The use of an immobilised anti-human light chain antibody to purify a
chimeric Fab” fragment has been described (King er al., 1992a).

The purification of scFv and other small antigen-binding fragments where antigen is
not available can be difficult by conventional means. The most popular approach to
achieving their purification has become the use of purification ‘tags’ which are engin-
eered into the protein specifically for the purpose. A short peptide sequence can be added
to the antibody fragment designed to allow simple purification under gentle conditions.
Suitable peptides include hexa-histidine which allows purification in a single step of
immobilised metal ion affinity chromatography (Skerra et al., 1991); a biotin mimetic
peptide, known as strep-tag, which can be used to bind to immobilised streptavidin
(Schmidt and Skerra, 1994); and peptides recognised by specific antibodies for which
gentle elution systems have been developed, such as the FLAG system described in
Section 3.7. Of these the hexa-histidine tag appears to be the most universally applicable,
and it has allowed the simple preparation of scFv for clinical application (Casey et al.,
1995). Nickel, copper or zinc ions can be used which are bound to the resin through the
use of immobilised chelators such as iminodiacetic acid. Clusters of histidine residues
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allow specific binding to such metal ions through coordination to unused metal coordina-
tion sites. Bound protcin can then be eluted under gentle conditions with excess imidazole
to compete for metal-binding sites.

5.9.4 Purification for therapeutic use

When antibodies and antibody fragments are purified for use in humans, particular care
must be taken to ensure safety by achieving high purity and the absence of potentially
harmful contaminants. The stringent purity requirements normally require several puri-
fication steps to be integrated into a process designed to achieve high purity in a repro-
ducible manner. Guidelines for the preparation of antibodies for use in humans are
available from the regulatory authorities. Particular care must be taken not just to remove
protein contaminants but also DNA and endotoxin. DNA and endotoxin are both highly
charged materials and thus ion-exchange chromatography is useful for their removal. For
mammalian cell derived products, specific viral inactivation and removal steps may also
be required, even though cell banks need to be characterised with respect to any adventi-
tious agents present. Many viruses are inactivated by low pH, such as used in elution
from protein A columns. Specific filtration steps may also be used to improve clearance
(Maerz et al., 1996). During process development small-scale replicas of the process can
be set up and spiked with large amounts of DNA, viruses or endotoxin to ensure they can
be efficiently removed. Processes also need to be carried out under clean conditions such
that contamination does not occur, and sterile product can be generated. Good manufac-
turing practice (GMP) is required as this ensures the preparation of high-quality material
reproducibly from batch to batch. Additionally, purified material needs to be well char-
acterised with specific assays required for antibody identity, purity and activity as well as
checking for specific contaminants. Specific contaminants may include materials used
during the purification. For example, in the case of protein A purified antibodies, specific
measurement of protein A levels in the product may be required.
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Prospects for Engineered Antibodies
iotechnology

6.1 Gene therapy
6.1.1 Intraceflular antibodies

New avenues are already under investigation to extend the range of applications for
which the exquisite specificity of MAbs can be exploited. The use of antibodies to
interfere with cellular processes inside the cell, i.e. intracellular targeting, is onc new area
in which the potential of antibodies is being explored for both rescarch and therapeutic
purposes. Antibody gencs can be introduced into a cell and expressed to produce intra-
cellular antibody which can be used, for example, to modify cellular properties through
blocking interactions between macromolecules, to modulate enzyme action through fix-
ing the enzyme in an active or inactive state, or to bind proteins and prevent them from
reaching their normal cellular compartments. Attempts to express intact IgG within the
cell have been less successful than the expression of a single gene encoded molecule
such as a single-chain Fv. scFv can be directed to different cellular compartments using
intracellular trafficking signals. For example, the sequence Lys-Asp-Glu-Leu (KDEL) at
the C-terminus can retain the scFv in the ER (Beerli et al., 1994), while removal of the
signal sequence will direct the protein to the cell cytosol (Biocca et al., 1994). In some
cases cytoplasmic Fabs may be more suitable than scFvs due to increased stability in the
cytoplasm (Levin et al., 1997). Intracellular antibodies can also be directed to the nuclear
compartment through the use of nuclear localisation signals (Mhashilkar et al., 1995).
The specific inhibition of expression of cell surface molecules has important potential
applications both in the analysis of the role of cell surface molecules and for therapeutic
effects through down-regulation of cell surface receptors. The erb-b2 reccptor tyrosine
kinase, important in the growth of many breast and ovarian tumour cells, can be inhibited
by expression of an ER-located scFv which prevents the transit of erb-b2 through the ER
to its cell surface location, resulting in reversal of the transformed phenotype (Beerli et
al., 1994). Similarly, cell surface expression of the IL-2 receptor o chain can be inhibited
using an ER-located scFv, resulting in cells which are no longer responsive to IL-2
(Richardson et al., 1995), therefore opening up the possibility of controlling the growth
of IL-2 receptor-dependent tumour cells. Inhibition of cytosolic oncoproteins such as
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p21"* has also been demonstrated to bc a feasible approach, through directing a suitable
antibody to interfere with cytoplasmic protein function (Biocca ef al., 1994). However,
the development of gene therapy techniques which can be used to achieve in vivo
iransfection of large numbers of tumour cells is beyond current technology, preventing
therapeutic use of such approaches at present. Nevertheless, such techniques are powerful
tools in the analysis of the function of cytosolic or cell surface proteins, complementing
other techniques such as antisense RNA and gene disruption. For example, an scFv
against the integrin VLA-4 has been used to prcvent cell surface expression and analyse
adhesive interactions (Yuan et al., 1996). The KDEL ER rctention signal is not always
nccessary, and secretcd scFv molecules which are well expressed dwell sufficiently in the
ER to prevent cell surface expression in some cases (Greenman et al., 1996).

Intraccllular antibodies are also under investigation as potential therapeutics against
infectious agents such as HIV. Expression of an intracellular scFv against the HIV envel-
ope protein gpl20 resulted in disruption of virus assembly and a large decrease in the
infectivity of virus particles released (Marasco ef al., 1993). Other HIV targets have also
been studied including the regulatory proteins rev and tat, reverse transcriptase and the
matrix protein pl7 (Duan et al., 1994; Mhashilkar et al., 1995; Maciejewski e al., 1995;
Levin et al., 1997). Not all antibodies are effective, however, and the choice of antibody
or epitope may be critical to blocking function. For example, one scFv against tat was
effective in blocking HIV replication and a second one to a different epitope was ineffect-
ive (Mhashilkar et al., 1995). Again, this approach is currently limited by the availability
of effective gene transfer methods.

6.1.2  Other applications of MAbs in gene therapy

The development of gene therapy in general, as well as the case of intracellular antibod-
ies above, has been limited by the ability to producc vectors which can deliver DNA to
cells in vivo in a form which can be subsequently expressed to produce a therapeutic
effect. MAbs themselves may also play a role in improving selective gene delivery. At
present two types of vector are under investigation for the delivery of genes: engineered
viruses and non-viral systems such as DNA bound to polycations or liposomes. A major
problem with both of these systems is the ability to target the vector to the required tissue
in vivo. The targeting specificity of antibodies is one approach which is being invest-
igated to overcome this. Antibodies coupled to the vector of choice, which specifically
bind to, and are internalised into, target cells can be used to deliver the therapeutic gene.
Antibodies have been linked to engineered viruses (Roux et al, 1989), to liposomes
encapsulating DNA (Leonetti et al., 1990), to polycationic substances which bind DNA
tightly, such as polylysine (Merwin et al., 19995), or directly to DNA (Poncet et al., 1996).
All of these approaches have advantages and disadvantages, and at present it is too early
to say which may be most successful in achieving targeted gene delivery in vivo.
Although preliminary results have shown that all of these approaches may be successful at
low-efficiency gene transfer, high-efficiency delivery has not been achieved. Engineered
antibodies can also be designed with desirable properties, for example a Fab’—protamine
fusion protein can bind plasmid DNA encoding a toxin gene which can be used to
achieve selective cell killing (Chen et al., 1999).

Gene therapy may open up altemative formats for using the specificity of antibody
variable regions. For example, the delivery of genes for antibody variable regions in the
form of novel fusion proteins has been investigated. Fusions of scFv to intracellular
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signalling domains can lead to expression of novel cell surface rcceptors which can use
the specificity of the antibody-binding region to activate intracellular pathways. One
cxample of this is the construction of chimeric T cell receptors for the activation of
cytotoxic T lymphocytes (Eshhar et al., 1993). This is a similar therapeutic approach to
the usc of bispecific antibodies to re-target effector cells to tumours as discussed in
Section 4.2.3. In the case of chimeric receptors the T cell is the object of gene transfer,
and is transfected with a gene encoding an scFv to a tumour-associated antigen fused
directly to transmembrane and signalling domains of the T cell receptor. In this way a T
cell is produced which is directly activated by binding of the scFv to its antigen. Such
transfected T cells can lyse tumour cells in an antigen-dependent manner. For example,
chimeric receptors produced from an scFv against p185"*? and the (-signal-transducing
subunit of the T cell receptor or the y-signal-transducing subunit of the Ig Fc receptor
CD 16 were transfected into T cells and shown to be able to lyse pl 85" expressing cells
(Stancovski et al., 1993). Similarly, a chimeric receptor produced from an scFv against a
renal carcinoma antigen fused to the 7y chain of the FceRI receptor was transfected into
human T cells using a retrovirus, and shown to be capable of tumour cell lysis (Weijtens
et al., 1996). T cells transfected with such chimeric receptors have been re-introduced
into animal models and have shown some anti-tumour activity, but the extension of this
technology to transfection of T cells in vivo, resulting in anti-tumour activity, has yet to
be achieved.

6.2 Applications of antibodies in plants

In situ applications of antibodies in plants are being increasingly investigated. Resistance
to viral attack may be conferred by antibody expression in the plant. A cytoplasmically
expressed scFv against artichoke mottled crinkle virus could reduce infection and delay
onset of symptoms even though expression levels were low (Tavladoraki et al.,, 1993). An
intact IgG has also been shown to protect against tobacco mosaic virus attack when
secreted from plant cells (Voss et al., 1995). However, secreted antibody has not been
shown to be effective at protecting plants in all cases. For example, antibody against the
harmful salivary secretions of a nematode could not protect the plant from attack (Baum
et al., 1996). This may be because the ncmatode saliva is injected directly into the cell
cytoplasm, and a cytoplasmically expressed antibody may be more effective. Research is
ongoing on the use of antibodies to protect against attack from a range of plant patho-
gens, and intracellular antibodies may also be used to affect the action of plant horrnones.
Expression of an scFv to abscisic acid, targeted to the endoplasmic reticulum of the plant
cell, led to a similar wilty phenotype to that seen in abscisic acid deficient mutants

(Artsaenko et al., 1995).

6.3 Catalytic antibodies

Antibodies are thought of principally as binding molecules which can target a range of
effector functions to their antigen. However, antibodies are also capable of catalysing a
number of chemical reactions, in a similar manner to enzymes. Such catalytic antibodies,
also known as abzymes, were first prepared by raising MAbs to transition state analogues
of hydrolytic reactions (Tramontano et al., 1986; Pollack et al., 1986). For example,
during hydrolysis of an ester bond, the reaction mechanism requires attaclk by a hydrox-
ide anion at the carbonyl carbon atom, resulting in a tetrahedral transition state before
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cleavage to the carboxylic acid and alcohol products. The production of the transiiion
state is the ratc-dctcrmining step in the reaction and rcquires the input of sufficient
activation energy. The stabilisation of a transition state lowers thc activation energy
required and thus catalyscs the rate of reaction. Antibodies which bind to, and stabilise,
the transition state would therefore be expected to be catalytic. It is usually not possible
to raise antibodies directly to transition states of reactions, as by their very nature they are
unstable, but antibodics raiscd against structural analogues of the transition state, which
cross-react with the reactants at the transition stage, can be used as catalysts.

Since the early reports the range of chemical reactions which can be catalysed has
becn greatly extended and the efficiency of many reactions has been improved (Schultz
and Lemer, 1995). However, catalytic antibodies remain rclatively poor catalysts com-
pared to enzymes, with most rate enhancements in the order of 10°~10° over thc uncatalysed
rcaction, compared to 10" or more for comparable enzymes. Several strategies are bcing
pursued in attempts to improve cfficiency, including both random and site-directed
mutagenesis, as well as screening large combinatorial libraries of antibodies directly for
catalytic activity (Janda et al., 1997). Several chemical transformations which are diffi-
cult to achieve by conventional chemistry have already been achieved as well as reactions
which are not catalysed by any known enzymes (Schultz and Lerner, 1995), suggesting
that catalytic antibodies may find a role in organic chemistry. A particular advantage may
be the ability to carry out reactions for selective enantiomers. The ability to produce large
amounts of antibody fragments cheaply in bacteria and other systems may be particularly
relevant here (see Chapter 5). Applications for catalytic antibodies have also been sug-
gested for converting prodrugs to drugs in cancer therapy (Wentworth et al., 1996; see
Section 4.2.8), for other in vivo applications such as inactivation of cocaine (Landry
et al., 1993), and for in vitro applications such as biosensors (Blackbum et al.,, 1990).
However, most of these requirc a further leap forward in current technology. Whether
such applications will ever be realiscd or whether catalytic antibodies will remain a rc-
search curiosity, usefill only for studying the mechanisms of catalysis, remains to be seen.

6.4 Towards drug design

As well as being drugs themselves, antibodies can also be used in strategies to design low
molecular weight, organic drugs. Antibodies are protein molecules, which restricts their
delivery to parenteral routes of administration. For many therapies, low molecular weight
drugs which may be orally active are desirable. Antibodies may also assist the develop-
ment of such drugs in some cases. The desire to produce smaller antigen-binding com-
pounds as a starting point for drug design has prompted several studies of CDR-based
peptides. Peptides can be designed based on CDR sequences and structures, or con-
strained analogues can be produced based on modelling or structural information. Peptides
have been designed from an anti-lysozyme antibody based on CDR2 of the heavy chain
and CDR3 of the light chain (Welling et al., 1991). Despite relatively low binding
affinity, both peptides were immobilised and could be successfully used to ‘immunopurify’
lysozyme. In a study of an anti-HIV antibody, all six CDR peptides were prepared and
compared for their ability to inhibit binding of the parent antibody to the HIV envelope
protein (Levi et al., 1993). CDR3 of the heavy chain was most effective, though com-
binations of the other CDR pcptides were synergistic. A cyclised version of the peptide was
also produced with improved binding affinity which was able to inhibit HIV replication.
CDR-based peptides have also been designed for in vivo imaging applications. Peptides
based on the heavy chain CDR3 of an anti-platelet antibody were designed and shown to
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be ablc to detect vascular thrombi in animal models (Knight et al., 1994), and a peptide
also based on CDRH3, in this casc of an antibody to a tumour-associated antigen, has
been shown to be able to image breast cancer sites in patients (Sivolapenko et al., 1995).
These studies demonstrate that some structural propertics of the antigen-binding loops atc
retaincd in short peptides, which may have practical applications.

One approach to design is to use the antibody to gather stiuctural inforimaticn about
target molecule, which may be inaccessible to direct structural analysis, and use the
information in attempts to design a peptide or peptidomimetic drug. Antibodies can be
raised to the key drug action sites of receptors, enzymes or viruses which contain a
complementary image of the structure in question. Raising anti-idiotype antibodics io
these may result in antibodies with a positive image of the target site. Inforrmation can
then be gathered by sequencing the antibody and carrying out structural studics cither by
modelling or, for example, by solving thc three-dimensional structurc of the Fab fragment
by X-ray crystallography. In some cascs sequences of the CDR regions of anti-idiotypc
antibodies have homology to the initial antigen which can locate key regions. For ex-
ample, a 17 amino acid peptide from the CDRL2 of an anti-reovirus receptor MAb was
found to inhibit binding of the parent antibody to receptor, and sequences within the CDR
were shown to be similar to those of the viral haemaglutinin (Williams et al., 1991).
Organic mimetic compounds could then be designed using a macrocyclic structure as a
framework and introducing synthetic modifications. In this way inhibitors with affinities
in the low nM range have been reported (Dougall et al., 1994). Similarly, antibodies to
GM-CSF have been used to generate a library of anti-idiotype light chains which could
be screened for inhibition of binding of thc original antibody to GM-CSF (Monfardini
et al., 1995). Weak structural homology was found between the CDR 1, CDR2 and frame-
work 3 sequences of an antibody light chain from the screen with helices on GM-CSF.
A synthetic peptide based on the CDR1 sequcnce could then act as an antagonist of
GM-CSF binding to cclls and blocking bioactivity.

In all cases the binding of thc CDR peptides is weak compared to the parent antibody
as a consequence of the loss of thc large contact region between antibody and antigen.
One approach to help maintain binding affinity is to begin with a high-affinity single
domain antibody which uses three CDRs rather than six to contact antigen. Both heavy
and light chain domains can have high antigen-binding affinity alone in somc cases,
although isolated domains are poorly soluble due to exposed hydrophobic residues which
normally pair with the other V domain (Ward et al.,, 1989; Masat et al., 1994). Camels
have been found to produce antibodies which do not have light chains and thus have
evolved single V domains which are more soluble. A crystal structure of a camel anti-
body fragment in complex with its antigen, lysozyme, has revealed that contacts between
antibody and antigen in this case were dominated by one CDR, CDR3, which may be a
more suitable starting point for small drug design (Desmyter et al., 1996). Phage display
libraries set up to display ‘camelised” VH domains have been used to identify binding
domains (Davies and Riechmann, 1995). For example, a camelised VH against hepatitis
C virus protease was isolated to serve as a potential pharmacophore model to design
antiviral compounds (Martin et al., 1997).

6.5 Improving affinity

The ability to modulate affinity of antibodies, particularly to increase affinity by protein
engineering, has been a desirable objective for some time. Attempts to rationally design
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antibodics with increased affinity have been made using modelling techniques and struc-
tural information, including crystallographic structures of antibody—antigen complexes.
The first report of engineering an antibody which resulted in increased affinity for aniigen
resuited from a mutation which was predicted from modelling studies to decrease affiniiy
(Roberts ef al., 1987). There have subsequently been some modest successes in redesign-
ing the binding site of anti-hapten antibodies to incrcase affinity bascd on structural data.
The affinity of an anti-phenyloxazolone antibody was increased three-fold by a single
amino acid substitution predicted from modelling and NMR studics (Riechmann et al.,
1992). However, attempts to rationally design antibodies with increased affinity have not
generally been successful. This is probably as a result of our limited understanding of
antibody—antigen intcractions at the structural level, which may differ between differ-
ent antibody—antigen pairs. Combinations of hydrophobic interactions and elcctrostatic
interactions may well be involved in antigen binding to different extents in each case, and
in some antigen-binding events conformational changes to the antibody variable region
are known to take place (see Chapter 1). The ability to redesign variable regions for
increased affinity therefore remains a goal for improved modelling based on further
understanding of antibody—antigen interaction. Eventually the design of an antibody
variable region to an antigen without a pre-existing antibody may even be possible (Rees
et al., 1994).

At present the best methodology for improving antibody affinity is the use of phage
display to select improved variants. This is achieved by screening large numbers of
changes introduced by random mutagenesis of all or part of the variable regions, or by
chain shuffling techniques (see Chapter 1). The affinity of antibodies isolated by phage
display have been improved in this way, including to very high affinity (Schier et al.,
1996; Yang et al.,, 1995), although, as with any mutagenesis strategy, it is important to
ensure that the specificity of the antibody is not altered during this process, as changes to
the fine specificity of the antibody can result (Ohlin et al., 1996).

6.6 Summary and prespects

As I have attempted to illustrate, the ability to design and produce antibody-based mol-
ecules for specific applications is leading to an increase in both the range and the number
of applications in which MAbs can be successfully used. In addition, the ability to
generate MAbs in new ways through technologies such as phage display opens up the
possibility of generating antibody specificities which were not previously obtainable.
New production methods through expression in recombinant cells, or transgenic organ-
isms, may allow the generation of low-cost MAb-based reagents, and the combination of
genetic engineering and chemical modification approaches allows a wide range of mol-
ccules to be made and tested. As more is understood of the nature of antibody structure
and function and the basis of specific interactions, design of molecules with optimal
properties becomes achievable, allowing the development of a generation of new reagents
for diagnostic and therapeutic applications. In this way many of the problems which have
hampered the development of MAb-based therapeutics may be overcome, and entirely
new applications such as those described in this chapter will be developed.

The range of applications of MAbs now extends from the research laboratory and the
diagnostic laboratory to diagnosis in the home, therapy in the clinic, purification in the
biotcchnology production plant and potentially in drug design, delivery of therapeutic
genes and plant protection.
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As therapeutic agents, engineered antibodies will no doubt be of value for a limited
time. As injectables, antibodies are not ideal therapeutics, and small molecules which can
be taken orally will likely be developed to take their place in many cases. However, the
unique targeting ability of antibodies may not easily be replaced with current technology
and thus a role for antibody-based therapeutics seems likely for the foreseeable future.
Indeed, at present the number of antibody-based therapeutic agents under development is
increasing as the benefits of antibody engineering in reducing immunogenicity, targeting
novel effector functions and designing appropriate pharmacokinetic properties are real-
ised. In addition, the ability of antibodies to bind cell surface receptors and directly
activate intracellular signalling mechanisms is of great potential for developing further
therapeutic agents.

Another hurdle in the development of antibody-based agents as therapeutics as well as
in other applications has been the cost of antibody production. New methods of produc-
tion at large scale in microbial fermentation or in transgenic organisms are likely to make
antibody-based reagents available at lower cost and in larger quantities than possible
previously, and this is likely to be a major factor in developing the role of antibodies in
new areas. With such developments and the continued increase in our understanding of
the nature of the antibody:antigen interaction and in antibody effector mechanisms, the
prospects for further application of engineered antibodies in biotechnology appear bright.
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multiple spccificities 51, 52
overcoming immunogenicity 31
production of MAbs 161-4, 175-6, 181
variable region genes 28, 29
hydrophobic interaction chromatography 176, 180,
181, 183, 192
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hypermutation 2, 13
hypervariable regions 5--6
hypogammaglobulinemia 68

imidoesters 59-60
immobilisation
cancer therapy 136
immunoassays 78-9, 81, 85--8, 89~90
immunopurification 103-6
immunosensors 94, 95-6
production of MAbs 176, 178-9, 181-4
immortalisation 16, 19, 23
inunune response 1, 2, 119, 120
cancer therapy 122--4, 134, 142, 45
generation of MAbs 16-18
inflammatory disease 156, 158
overcoming immunogenicity 29, 33, 37, 38, 40
production of MAbs 167
immunisation 119, 123
generation of MAbs 15-20, 22, 23, 26
immunoadhesins 75
immunoaffinity chromatography 24, 102-5, 136
immunoassays 77-92
immunoaffinity chromatography 104
western blotting 102
immunoblotting 1002
immunochromatographics 90
immunocon jugates 128, 132, 133, 134
immunocytochemistry 87, 97-9
immunofiuorescence 18
immunogenicity 28, 29-40, 193
antibody fragments 37-8, 49
cancer therapy 32, 121, 123, 126, 142, 145
cardiovascular diseases 150
chemical modification 38~40
chimeric and humanised antibodies 29-37, 38
effector functions 55
inflanunatory diseases 156
multiple specificities 53
production of MAbs 174

RAID 108, 116
immunoglobulin (lg) 2-15, 27, 28, 31, 98, 183,
189

antibody fragments 46, 50

effector functions 54-8

generation of MAbs 15, 19, 20-1

igA 4, 6,9-11, 13,42, 57
production of MAbs 173-5, 182

IgAl 9-10, 56

IgA2 9-10, 56, 57

IgD 4, 6, 9-11, 42, 56

IgE 4, 6, 9-11, 13,42, 105, 158-9

[gG 4-15, 21, 85, 96, 177, 187
antibody fragments 40-2, 49, 50
cancer therapy 122, 127, 129-31, 141, 144
cardiovascular diseases 150
effector fnctions 54-9, 62, 63, 65, 66
immunopurification 103, 104, 105
infectious diseases 147-8
inflamunatory diseases 153, 158
multiple specificities 51, 52-4
overcoming inununogenicity 30, 35, 37, 38,

40

phannacokinetics 68-75
production of MAbs 1624, 166--9, 173-3

HOSPIRA EX. 1029
Page 249
Celltrion, Inc. 1195
Celltrion v. Genentech
IPR2017-01374



purification 176, 177, 178-82
RAID 109-11, 117, 118
western blotting 101, 102
[gGl 6-9, 12-13, 41, 42, 153
cancer therapy 121, 122, 129
effector functions 54--5, 56
pharmacokinetics 68, 71, 73
purification 177-9
[gG2 6-9, 13, 154, 177
cancer therapy 129
effector functions 54, 55, 56
phanmacokinetics 68
[gG2a 6-8, 42, 55, 165, 177, 181
cancer therapy 121, 122, 124
1gG2b 6-8, 42, 55, 177
cancer therapy 121, 122
pharacokinetics 73
1gG2c 177
1gG3 6-9, 11, 13, 42, 177
cancer therapy 121
effector functions 54-5, 56
pharmacokinetics 68, 73
18G4 6-9, 42, 101, 166, 177
cancer therapy 129
effector functions 54, 55, 56
inflammatory diseases 153-6
pharnmacokinetics 68, 71, 73
Igh 11
1gM 4, 6, 9-11, 13~15, 19-21, 149, 181
antibody fragments 42
anti-idiotype response 37
cancer therapy 122
effector functions 56, 57, 58
pharmacokinetics 68
production of MAbs 166, 172
purification 181, 182
immunohistochemistry 18, 50
immunoliposomes 143
immunopurification 102-6
see also purification
inununoradiometric assay (IRMA) 79~-83, 85, 91
inununosensors 92-7
electrochemical 93, 94-5
mass detecting 93 -4
optical 93, 95-7
immunosuppression 29, 35, 40
immunotherapy 122, 174
inununotoxins 139-42, 148, 157--8, 168
cancer therapy 132, 139-42, 1434, 147
inclusion bodies 167, 169
infectious diseases 107, 116, 11718, 147-9
inflammatory bowel discase 151, 153-4
inflammation and inflammatory diseases 122,
147-9, 151-9
imaging agents 107
RAID 116, 117-18
insects 175
integrins 188
intercellular adhesion molecule-1 (ICAM-1) 55,
118
interleukins (IL) 34, 99, 104, 148, 167, 187
cancer therapy 121, 126, 127
fusion proteins 66, 67
inflammatory diseases 151, 153, 156-7, 159
iodogen 80
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J chain 9-11
jellyfish 88

keyhole limpet haemocyanin 15
kidneys 72, 120, 130, 135, 136, 189
RAID 114

lactose 168, 171

lanthamide chelates 87-8

leucine zippers 48, 49, 51, 53

leukemias 120, 135, 136, 137, 157

leukocytes 7, 117-18, 151-5

ligands 96, 153
cancer therapy 121, 133-7, 140
RAIDD t11, 112, 113, 115

light chains 4-13, 28, 29, 85, 190, 191
antibody fragments 42, 43, 45, 46, 48
effector functions 58, 63, 65, 67
generation of MAbs 17, 21, 25, 26
multiple specificities 51, 52, 53
overcoming inununogenicity 31, 33, 34
production of MAbs 162-4, 167-8, 172-5, 182,

184

linkers 30, 54, 102
antibody fragments 44-9
cancer therapy 130, 131, 136, 141, 142
effector fitnctions 58-60, 63, 65

lipids 89, 179

liposomes 89, 143, 188

liquid tumour types 138-9

liver 18, 74, 75, 136, 144
cancer therapy 136, 141, 144
RAID 109, 113, 114

lung cancer 107, 135, 138, 143
RAID 108, 109, 111, 115

lymphocytes 2, 19, 20, 118, 189
therapeutic applications 122, 148, 151, 153, 156
see also B cells; T cells

lymphomas 108, 120, 134, 137, 141-2
Hodgkin 126
non-Hodgkin 35, 36, 122, 137, 156

lysine 38,42, 59, 60, 102
effector functions 59, 60, 63, 65
immunoassays 79, 83

lysis and lysing 2, 6, 89, 121-2, 169, 171, 189
cancer therapy 126-7
effector functions 54, 55, 57, 58
thrombi [50

lysozymes 46, 58, 69, 123, 190, 191

macrophages 4, 7, 125, 145, 151, 153
major histocompatibility complex (MHC) class II
molecules 2, 15, 127, 156

maleimide 38, 39,53, 104, 113
antibody fragment 43, 44, 50
cancer therapy 129, 130, 134
effector functions 59-60

mannose 181

mast cells 158-9

mediate signal transduction 119

melanoma 32, 70, 108, 127

memory cells 2, 3, 13, 15, 157

meningococcal meningitis 148

metastatic carcinoma 99

methotraxate 164
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mice 11,41-2, 51, 119

cancer therapy 120-3, 126, 130-1, 135-7,
143-4, 147
cardiovascular discases 150
effector functions 54, 55, 56
generation of MAbs 14-15, 17-21, 25-6
inununocytochemistry 97, 98
immunoglobulins 6-8
infcctious diseases 148, 149
inflammatory diseases 153, 155, 156
overcoming inununogenicity 29-37, 38, 40
pharmacokinetics 69, 71-4, 75
production of MAbs 161, 165-6, 172-3,
175-82

transgenic 20-1, 31

microbial hosts 172-3

milk 174

monkeys 31, 35, 72, 155, 156, 157, 162

monocytes 7, 122, 125, 145

monomers 46, 47, 58

mononuclear phagocytic cells 126

multiple sclerosis 151, 155, 156

multivalent antibody fragments 48-50

mutagenesis 6, 26, 148, 155, 190, 192
overcoming immunogenicity 30, 34
phannacokinetics 68, 73

mycobacteria 17

mycoplasma 161

mycotoxins 91

myeloid leukemia 36, 37, 70, 108, 137, 144

myelomas 15-20, 42, 68, 122, 162-7

natural killer (NK) cells 7, 20, 125, 126, 145
nematodes 189

neoplastic meningitis 135

neuroblastoma 32, 108, 127

non-Hodgkin lymphoma 35, 36, 122, 137, 156
non-isotopic immunoassays 83-3
nontymphoid cells 162

NSO cells 165-6, 167, 178

oligonuclecotides 23, 28, 30, 34, 89
ovarian cancer 32, 70, 75, 107, 108-9, 187
therapy 135, 138, 143

pancarcinoma 108
papain 40-2, 182
pepsin 41-2, 182
peptides 2, 104, 151, 175, 184, 190, 191
antibody fragments 45, 46, 48, 49
cancer therapy 127, 141
effector functions 54, 67
generation of MAbs 15, 23
multiple specificities 53
RAID 117
Peptostreptococcus magnus protein L 182-3
periodate oxidation 63, 64, 65
peroxidase 50
pH 41, 59, 94, 102
pharmmacokinetics 69, 74
production of MAbs 169, 176, 178-80, 184
phage display 21~6, 28, 54, 106, 158, 192
cancer therapy 121, 146
inununoassays 92
immunosensors 95
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infcctious diseases 147, 148
pharmacokinetics 73
RAID 109
phagocytosis 4, 7, 8, 119, 120, 148, 153
effector functions 54, 58
phamiacokinetics 28, 40, 67-75, 165, 166, 193
cancer therapy 70, 75, 126, 129, 130
effector functions 66, 75
RAID 108
phenotypes 189
phosphate starvation 71
plants 67, 173 -4, 189, 192
toxins 132, 139, 141
plasmids 24, 188
production of MAbs 162--3, 168, 171,172, 174
plasminogen 150--1
polyacrylamide gel clectrophoresis (PAGE) 100
SDS-Page 50, 56, 178, 183, 184
polycations 188
polyclonal antisera 77-9, 97, 100, 119, 147
poly(ethylene glycol)(PEG) 15, 17, 59, 73
cancer therapy 142, 143
overcoming inununogenicity 29, 38, 39, 40
polylysine 188
polymerase 34
chain reaction (PCR) 22, 23, 29, 30, 34-5, 89
polymers and polymerisation 9, 11, 100
cancer therapy 122, 143
effector functions 57, 58
overcoming immunogenicity 29, 38
polymorphonuclear neutrophils (PMN) 125
polypeptides 4, 9, 11, 45, 48, 53, 100
positron emission tomography (PET) 110, 114, 136
pregnancy testing 90-1
primary recovery 176, 180
primatised antibody 31, 156
primer anncaling 23, 29
prodrugs 75, 120, 190
ADEPT 139, i44-6
promoters/enhancers 162-5, 168, 171, 173
prostate cancer 91, 95, 107, 108
proteases 172, 173
protein disulphide isomerase (PDI) 171
proteins 1, 2, 4-5, 10, 12, 65-7, 106, 187-8
antibody fragments 42, 43, 45, 46, 49, 50
cancer therapy 127, 130, 137, 139-43, 145-6
cardiovascular diseases 150-1
effector fianctions 56, 58, 59, 61, 63, 65-7
generation of MAbs 14-15, 17, 23-4
inununoassays 83, 85, 87-9, 92
immunopurification 102-5
immunosensors 94
intectious diseases 147-8
inflammatory diseases 153
multiple specificities 52, 53
overcoming immunogenicity 30, 33, 34, 38, 40
phanmacokinetics 67, 68, 71, 73, 75
production of MAbs 162-3, 167-85
purification 102-5, 176, 177-85
RAID 111
westem blotting 100, 101-2
see also fusion proteins
proteolysis S, | 1, 15, 38, 40-2, 129
antibody fragments 40-2, 43, 50
effector functions 55, 63, 65
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multiple specificities 53
overcoming immunogenicity 37
pharmacokinetics 73
reverse 63, 65, 67
Pseudonionas exotoxin (PE) 20, 139-42
psoriasis 151, 154, 156
pulmonary embolism 92
purification 42, 51, 102-6, 176-85
production of MAbs 161, 169, 175, 176-85
prospects 190, 192
therapeutic use 185
pyridyl disulphides 59, 60

quadromas 51

rabbits 15, 38, 151, 173, 182
radioimmunoassay (RIA) 18, 77, 78-9, 91-2
radioimmunoconjugates 126
radioimmunodetection (RAID) 106, 107-16
cancer therapy 108, 109, 11415, 136
non-tumour 116-18
radioimmunoguided surgery (RIGS) 106, 116
radioimmunoscintigraphy (RIS) 106, 114, 116
radioimmunotherapy (RIT) 105, 113, 128-39
radioiodination 75, 82, 110-11, 133
radioisotopes 58, 120, 132-6
cancer therapy 123, 128, 130, 131, 132-06, 138
radiolabelling
antibody fragments 44, 45, 48
cancer therapy 122, 126, 128, 131, 133~8
effector functions 59, 63, 65, 67
immunoassays 78, 79, 83
immunopurification 105
in vivo diagnostics 106
pharmacokinetics 72, 74
RAID 107, 110--15, 117
RIGS 116
radionuclides 28, 67, 71
cancer therapy 128, 135, 136
RAID 110, 111, 114
random coupling 102
rats 15,17, 51, 55, 119
cancer therapy 122, 135, 141
production of MAbs 161, 176, {77
recombinant antibodies 21, 29, 40, 42-50, 119-20,
192
cancer therapy 122, 126, 129, 140-2, 144
effector functions 54-5, 56-7
immunoassays 88, 90
infectious diseases 148
inflammatory diseases 153, 158
multiple specificities 52, 53
overcoming immunogenicity 31, 37
pharmacokinetics 72
production of MAbs 161-5, 174-5, 177, 181, 183
RAD 111
westem blotting 101, 102, 104, 105
redox 169
respiratory syncytial virus (RSV) 147-8
retroviruses 189
rheumatoid arthritis 35-7, 100-1, 118, 153-4
therapy 151, 153-8
rhinitis 158
ribosomes 140, 168-9
ricin 139--43, 147, 148, 157-8

salmon calcitonin 91
saporin 141
sarcoidosis 99
SDS-Page 50, 56, 178, 183, 184
selectins 151-4
selective precipitation 181
sclectively infective phage (SIP) 24
self antigens 15, 26, 152
sensitivily 85-9
flow cytometry 99
immunoassays 85-9, 90, 91
immunosensors 93-4
RAID 115,117
RIGS 116
western blotting 100
sepharose 79
sequential af finity purification 51
serine 56, 57
severe combined immune deficiency (SCID) mice
20
sheep 175
shock 148, 149, 153
side-effects 142, 150, 155, 157
signal transduction 121, 123
single chain Fv (scFv) 45-6, 47-50, 187-9
cancer therapy 127, 129, 141, 142, 144, 145
cardiovascular diseases 150
fusion proteins 66, 67
immunoassays 85, 88, 89
immunopurification 104-6
inflammatory diseases 154
multiple specificities 51, 53, 54
phage display 23, 24
pharmacokinetics 72, 73
production of MAbs 167-75, 182-4
RAID 109-11, 117
RIGS 116
western blotting 101
single domain antibodies (dAbs) 46
single photon emission computerised tomography
(SPECT) 106
site-specific attachment 63-5
size of antibodies 15, 27-8, 34, 66, 72, 176
RAID 108
wester blotting 100
sodium dododecyl sulphate (SDS) 100, 101
SDS-Page 50, 56, 178, 183, 184
sodium iodide 79, 82
somatic mutation 21
specificity 1, 11, 27, 28, 42, 58
cancer therapy 123, 126, 127
cardiovascular diseases 151
generation of MAbs 14-15, 21, 24, 26
immunoassays 78, 84, 85, 91, 92
infectious diseases 147
inflammatory diseases 157
multiple 50-4
overcoming immunogenicity 35
prospects 187-9, 192
RAID 107, 108
structure of antibodies 2-4, 6
stable expression system 162, 163-7
staphylococcal nuclease 65, 66
staphylococcal protein A 68
production of MAbs 167, 176-83, 185
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streptavidin 24, 49-50, 74, 98, 137, 184
immunoassays 83, 88-9
RAID 114, 115, 116
Streptococcal protein G 176, 177, 17983
superantigens 127
surface plasmon resonance (SPR) 95-6
systemic lupus erythematosus 154, 156
systemic vasculitis 36, 37

T cells 2, 148, 155-8, 189
cancer therapy 123, 125-7, 145
generation of MAbs 15, 20, 21
inflammatory diseases 151-3, 155
Tac-rcceptors 36, 37, 157
targeted therapy 109, 110, 114-16, 125-7, 146--7
tetrameric fragments 49-50
thioesters 59
thiols 38, 53
antibody fragments 41, 43, 44
cancer therapy 129, 135
effector functions 59, 60, 63
immunopurification 104, 105
RAID 111, 112
thiophilic adsorption 180
thrombi 117, 150-1, 191
thyroid cancer 132
TNF 37, 148, 149, 151, 153-4
tobacco mosaic virus 189
toxins 28, 51, 54, 91, 119, 120
diptheria 139, 140, 158
pharmacokinetics 71, 75
plants 132, 139, 141
see also endotoxins; immunotoxins
transgenic organisms 20--1, 31, 174-5, 192, 193
transient expression systems 162-3
transplant rejection 99, 120, 137, 151, 155, 156-7
tresy! chloride 38, 39
triabodies 47, 48
trimers 47, 48, 50
triomas 19, 51
trispecificity 27, 53
trypsin 42
tryptophan 59, 65

|
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£
Rel

tumour-associated antigens 107--9, 123, 128, 146
tumours 37, 46, 50, 119, 120-47, 187-9, 191
effector functions 54, 57
generation of MAbs 15, 17, 19, 26
immunocytochemistry 97,99
inununopurification 104, 105
overcoming immunogenicity 37, 40
phaanacokinctics 71, 72, 74, 75
production of MAbs 176
RAID 107-16
RIGS 116
see also cancer
tyrosine 59, 79-80, 187

unmodified antibodies 121-3

vaccination and vaccines 120, 123, 147
valency 27, 28, 66
variable domains 4-6, 12, 28-9, 105, 188, 191-2
antibody fragments 458
cardiovascular diseases 150
generation of MAbs 20-1, 23, 25-6
multiple specificities 54
overcoming immunogenicity 30, 31, 33, 34-5,
38
purification 182, 183
vascular leak syndrome 142
vascular targeting 146-7
vectors 24, 188
production of MAbs 165, 167, 169, 175
veneering 34
vesicular stomatitis virus (VSV) 148
vinylsulphone 59
viruses 1, 17, 19, 93, 127, 147-8
production of MAbs 161, 162-3, 175, 185
prospects 188-9, 191

westem blots 18, 100-2
xanthinc 163

yeasts 172-3
yield of MAbs 19, 161-71, 176, 179~80, 183, 193
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