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Introduction

Antibodies have long been viewed as potential agents for targeted drug
delivery and other therapeutic interventions, largely with a view to exploiting
the combination of high specificity and affinity of the antibody-antigen
interaction. Since the development of rodent monoclonal antibody (MAD)
technology (Kohler and Milstein, 1975) it has been possible in principle to
produce rodent MADbs to virtually any antigen, and a large number of rodent
MADbs relevant to human therapy have been generated. MAbs have already
been used clinically for the diagnosis and therapy of several human disorders,
notably cancer and infectious diseases, and for the modulation of immune
responses. The target antigens have been tumour-associated antigens (TAAs,
Bover et al., 1988; Herlyn, Menrad and Koprowski, 1990}, specific cell type
markers, viruses, bacteria and specific human proteins of physiological
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importance (particularly cytokines or their receptors). At the end of 1991
there were 132 biotechnology-based medicines in formal clinical development
(Pharmaceutical Manufacturers Association Report, 1992) or awaiting final
approval from the US Food and Drugs Administration (FDA). Sixty-six of
the 132 were for cancer therapy and 58 of the 132 were MAbs. Three rodent
MAbs have so far been approved and launched as products: OKT3 is a naked
MAD and has been approved by the FDA for treatment of acute kidney
transplant rejection; OncoScint and MyoScint are Mab-isotope conjugates
which have been approved outside the US as imaging agents for colorectal
cancer and myocardial infarction, respectively. The human MAb ‘Centoxin’
has also been approved in Europe for treatment of septic shock. The total
market for MAbs is presently around $330 million per annum and is estimated
to grow approximately ten-fold by 1996. Therapeutic MAbs will account for
most of this market.

Although the specificity of MAbs undoubtedly gives them immense poten-
tial in medicine, rodent MAbs are certainly not ideal therapeutic agents. The
five most important issues and technical challenges in the development of
MAb-based therapies are: (1) identifying MAbs of suitable affinity and
specificity; (2) overcoming human immune responses against rodent MAbs
and against any cell-killing agents attached to them; (3) identifying and
harnessing appropriate cell-killing agents; (4} achieving appropriate pharma-
cokinetics and biodistribution; {5) achieving economic manufacture, which is
of particular relevance for highly engineered MAbs and for MAb-cytotoxic
agent conjugates {as opposed to naked MAbs).

As the above statistics indicate, a large proportion of the MAb-based
agents presently in clinical development are for treatment of cancer and in
this review the development of anti-cancer MAbs and MAD conjugates will
largely be used to illustrate the approaches being taken to address the five key
issues. The review begins with a brief description of the structure of
antibodies and antibody genes, followed by a summary of the arguments and
evidence relating to the importance of affinity and specificity for MAb-based
therapies. We then briefly summarize the available clinical results with naked
rodent MAbs. Next we describe the approaches being taken to overcome the
immunogenicity in patients of rodent MAbs, which is certainly the most
serious and general problem for MAb-based therapies. This section concen-
trates largely on antibody humanization, which is the most promising solution
to the problem. The processes developed for efficient cloning of antibody
genes and for production of engineered whole antibodies are then described.
This is followed by a summary of the approaches being taken to improve the
pharmacokinetics and biodistribution of MAbs, focusing particularly on the
development of engineered antibody fragments, and then by a summary of
production systems being used for such fragments. The first half of the review
is then completed by a summary of the various cell-killing strategies being
developed for MAb-based therapies. The second half of the review is largely
devoted to a detailed summary of the construction, expression, pre-clinical
studies and data on efficacy and immunogenicity for engineered MAbs and
MAD conjugates that have been used in clinical studies by the time of writing.
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The review finishes with some conclusions and a summary of recent advances
in antibody technology which may lead eventually to the successors of
humanized rodent MAbs for therapy.

The structure of antibodies and antibody genes

In order to understand the later sections of this review (especially those on
antibody gene cloning and humanization) it is necessary to have some
knowledge of the structure and organization of antibodies and their genes.
We give a brief description here.

Higher mammals have five classes of immunoglobulin, termed IgG, IgM,
IgA, IgE and IgD. The structures and functions of these five classes have
been very well described by Roitt, Brostoff and Male (1987). Almost all
MAbs of therapeutic potential are of the IgG class, and have the basic
structure shown in Figure IA. IgG antibodies have a tetrameric structure
consisting of two identical 55 kDa glycosylated proteins (termed ‘heavy
chains’} and two identical 25 kDa proteins, which are normally not glycosy-
lated {termed ‘light chains’), covalently linked by disulphide bridges. The
proteins are organized into discrete folding domains of around 110 amino
acids which are encoded in the genome on separate exons {Figures IB and
IC). Each light chain associates with and is covalently linked via a disulphide
bridge to a cysteine in the N-terminal region of one heavy chain, and the
C-terminal half of the heavy chains associate with each other to form a Y- or
T-form structure. The heavy chains are also covalently linked to each other
via disulphide bridges in the hinge domain.

Sequence information is now available for hundreds of antibodies of many
different species and reveals that the N-terminal domains of each chain are
much more variable in sequence than the other domains. The N-terminal
domains are therefore termed ‘variable domains’ and the others ‘constant
domains’. Three non-contiguous regions within these variable domains are
particularly variable and are usually referred to as ‘hypervariable loops’ or
‘complementarity determining regions’ (CDRs). This sequence variation is
postulated to provide the variability (within these otherwise highly conserved
proteins) which enables antibodies to recognize and bind to a very wide range
of antigens (Wu and Kabat, 1970; Kabat er al., 1987). The proposal has been
confirmed by structural studies, which show that the hypervariable sequences
are (in most cases) associated on the surface of the antibody as a set of loops.
The loops form a large surface patch and are in contact with antigen in cases
for which structural information on the antibody-antigen complex is available
(Amit et al., 1986 Boulot et al., 1987; Colman et al., 1987; Sheriff et al., 1987
Davies et al., 1989; Padlan er al., 1989; Tulip er al., 1989, reviewed in Alzari et
al., 1987; Bentley et al., 1990; Bhat et al., 1990; Davies, Padlan and Shenff,
1990 and Poljak, 1991). The variable region residues that are not part of the
CDR or loops together constitute the ‘framework’ of the variable region. It
has been shown that the exons for the variable domains are assembled from a
number of repeated gene families — V and J for the light chain and V, D and
J for the heavy chain - by a serics of recombination events during the
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development of the antibody-producing B-cell lineage. The variable region
exon along with the signal sequence exon and the promoter/enhancer
{involved in transcription)} is then juxtaposed with the constant region gene
family by further recombination events for subsequent expression (Figures
1A, 1B: reviewed by Alt, Blackwell and Yancopolous, 1987). The organiza-
tion of the Ig loci in mice and humans has been reviewed recently by Lai,
Wilson and Hood (1989).

The constant regions tend to be conserved in sequence among antibodies of
a given species, and also to 2 lesser extent between species. Light chains have
a single constant domain for which there are two gene loci, Ck and Ch. IgGs
have three constant domains on the heavy chains, CHl, CH2 and CH3.
Between the CH1 and CH2 domains (for IgGs) is a short proline-rich peptide
sequence termed the ‘hinge’ which contains the cysteines that bridge the two
heavy chains. IgGs also have a site in the CH2 domain for N-linked
glycosylation, which is required for structural integrity of the antibody and for
some of its effector functions. Sequence motifs within the CH2 and CH3
domains are responsible for the effector functions, such as complement
activation and binding to other cells of the immune system. In humans and
rodents there are four different types of IgGs, termed ‘isotypes’, which vary
in their spectrum of effector functions as a result of amino acid sequence
variation in the constant regions (Burton, 1990). In humans there are a
number of immunologically distinct variants of IgGl, 2 and 3, termed
allotypes (Gorman and Clark, 1990). These allotypes are racially distributed,
for example the Glm(3) marker predominates in Caucasian IgGl whereas
G1m(1,17) predominates in Asian and Japanese individuals.

Until the advent of recombinant DNA technology antibody fragments
{Figure 2} were generated by proteolytic digestion. Pepsin cleaves IgGs on
the C-terminal side of the hinge, liberating an antigen binding fragment
referred to as the F(ab'),. Papain cleaves on the N-terminal side of the hinge
and liberates two F(ab) fragments and a single Fc fragment. The F(ab)
fragments have a single antigen binding site (monovalent}, while the F(ab'),
bas two (bivalent). The term F(ab') means monovalent but with the hinge
sequence also present. The heavy chain of the F{ab) or F(ab"} is usually
referred to as the Fd or Fd'. The variable domains of the heavy and light
chains (Vi and V) together comprise a fragment called the Fv. This is the
smallest fragment which retains the full antigen binding activity of the
monovalent antibody. Although the Fv can be obtained for some antibodies
by proteolytic digestion of the IgG the process is very inefficient. Fvs
dissociate into Vi and V| under phystological conditions, and so are not
useful for therapy. The single chain Fv (scFv) represents the most successful
strategy for stabilizing the Fv. It has Vy; and V| linked by a short peptide
linker (between the C-terminus of one domain and the N-terminus of the
other) and expressed as a single polypeptide chain. It is possible to make scFv
variants for most MAbs which retain most or all of the monovalent antigen
binding activity of the MADb. In some cases Vy alone displays significant
antigen binding activity, an observation which has led to use of the term
‘single domain antibodies’ (DAbs; Ward et al., 1989). Molecular biology
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procedures now allow the efficient production of the F(ab), F(ab'), F{ab’),
and Fv, as well as novel engineered variants of these fragments and of course
whole IgG.

MAD affinity and specificity

Laboratories developing MAbs for therapy usually choose the highest affinity
MADb available because it is widely assumed that high affinity confers a
therapeutic advantage. There is, however, very little actual experimental data
relevant to the importance of affinity. This is largely because all comparative
studies in patients or animal models have concerned MADbs which recognize
different epitopes as well as having different affinities. For example compar-
ative studies have been performed in an animal mode] with rodent MAbs
which neutralize human TNF-« as part of a programme to develop a MAD for
treatment of septic shock, in which TNF-« is an important mediator. Two
mouse MAbs were compared for ability to prevent pyrexia induced in rabbits
by human TNF-« (R. Foulkes, personal communication). The 100-fold
difference of the MAbs in ability to bind TNF-« in vitro was shown to give a
seven-fold difference in the doses required for complete neutralization. A
similar correlation between affinity and effective dose has also been observed
for MAbs neutralizing IL-5 (M. Bodmer, personal communication). These
demonstrations of the importance of affinity are not quite conclusive,
however, since the antibodies were directed to different epitopes.

Most other relevant data concern MAbs recognizing TAAs, for which the
affinity issue is complicated by several factors, including the tendency of such
antigens to be shed from the tumour into the circulation, and tumour
penetration. Circulating antigen may in some cases interfere with MAb
localization to the antigen on the tumour, and MAbs which recognize
different epitopes of the antigen on the tumour cells may also be differentially
affected by the presence of circulating antigen. It has also been suggested that
higher affinity antibodies may show poorer tumour penetration through an
increased tendency to bind tightly to the antigen on the tumour cells close to
the blood vessel through which the MAb gains access to the tumour. Many
studies have been performed on the tumour localization in colorectal cancer
patients of MAbs recognizing the TAA’s carcinoembryonic antigen (CEA)
and polymorphic epithelial mucin (PEM). For both antigens the affinities of
the MAbs concerned have been measured and reported to be different.
Although marked differences between the MAbs in tumour localization are
also reported the data do not ailow the effect of affinity differences on
localization to be distinguished from differences in circulating half-life
(conferred by differences in isotype and immune response), tumour site and
size, tumour vascularity and permeability. Perhaps the most direct evidence
(Schlom et al., 1992) on the importance of MADb affinity for tumour therapy
concerns two MADbs recognizing the TAA TAG72, which is expressed on
several human tumour types. MAb B72.3, which binds this antigen, has been
administered to over 1000 patients and shown to localize to about 75% of
gastrointestinal, ovarian, prostate and breast tumours. B72.3 has gained
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regulatory approval as part of a colorectal cancer imaging agent called
‘OncoScint’, Recently a MAb CC49 has been characterized which binds to an
overlapping epitope on TAG72 and which has approximately seven-fold
greater affinity for this antigen than B72.3 (dissociation constants are
16-2 x 107 and 2:5 x 10" M, respectively). The two MAbs have the same
range of reactivities to normal adult tissues. The higher affinity MAb was
clearly shown to have a greater anti-tumour effect (two- to three-fold at the
same dose) than B72.3 when both MAbs were conjugated to the therapeutic
radioisotope ' and used in tumour regression experiments in nude mice.
Other studies in animal models have concluded that higher affinity MAbs give
greater tumour uptake at low doses which do not saturate the antigen, but not
at higher doses (Sung et al., 1992).

Other relevant data concern comparisons of MAbs and MAbs conjugated
to cytotoxic agents for ability to bind to, and kill, cancer cells in tissue culture.
Cell killing by MADbs carrying low molecular weight cytotoxic drugs or protein
toxins requires internalization of the conjugates and intracellular release of
the active cytotoxic agent. A humanized variant of the MAb CTMO01, which
binds to PEM, has been identified which has an affinity two- to three-fold
greater than its parent murine MADb but retains the same specificity {(J.R.
Adair et al., unpublished). Calicheamicin conjugates of the humanized and
murine forms have been compared for binding to tumour cell lines expressing
PEM, for internalization and cell killing in viro and for tumour regression in
animal models. The higher affinity humanized form performs better for all
three parameters (L. Hinman, personal communication).

In summary, there are not yet sufficient data to demonstrate conclusively a
general correlation between affinity and efficacy for therapeutic MAbs or
their conjugates in animal models or in patients. Indeed, ethical consider-
ations make it very difficult to carry out such comparisons in the clinic. Such
demonstrations will require thorough head-to-head efficacy comparisons in
animal models of MAbs with different affinities but which recognize the same
epitope and have equivalent pharmacokinetics and biodistribution. Recently
murine B72.3 and a humanized variant with a 100-fold lower affinity have
been compared for ability to localize to tumours in mice (D). King, personal
communication). The murine antibody showed somewhat greater localiza-
tion. Although definitive studies on the importance of affinity remain to be
done, it is very likely that for most therapeutic applications MAbs with
minimum dissociation constants of 10°° to 107" M will be essential to achieve
efficacy and to permit economically realistic doses. It is therefore extremely
important to retain at least most of the MAbs affinity for its antigen through
the antibody engineering and conjugation procedures required to render it
suitable for therapeutic use.

One of the important advantages of MAbs and MAD conjugates over
conventional low molecular weight drugs is their specificity for the target
molecule. This is very likely to be reflected in a lower failure rate of
therapeutic MADs in development at the stage of toxicology. Specificity is of
particular importance for anti-cancer MAbs because unfortunately no anti-
gens have yet been identified which are expressed exclusively on tumour cells.
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This is why the term ‘tumour-specific antigen’ has largely been replaced by
the more accurate ‘tumour-associated antigen’. Expression of the antigen on
normal tissues is a major potential problem for tumour therapy with MAbs
and MAb conjugates, since it can lead to dose-limiting toxicities. It is
therefore important when selecting such MAbs for development to include a
step in the screening cascade which evaluates binding of the MAb to normal
tissues. Immuno-histochemical studies are usually performed which indicate
the ability of the MADb to bind to tumours and to a range of normal tissues.
MAbs can then be chosen which bind antigens that are highly expressed on
tumours and also on a large proportion of cells within any one tumour. The
most suitable of these MAbs will be those for which the antigen shows little
expression on normal tissues — especially those likely to be involved in
dose-limiting toxicities — or shows expression on a much smaller proportion
of the cells. In some favourable cases the antigen may be expressed on
important normal tissues but may be in a cellular location that is much less
accessible to a therapeutic MAD in the circulation than is the antigen on the
surface of tumour cells. The most frequent normal tissue expressing the TAA
is of course the tissue of origin of the tumour. In many cases the TAA is much
more highly expressed on tumour cells than on these normal cells, and this
may be reflected in the levels of MAb uptake by tumour and normal tissues at
relatively low doses. There are many TAAs for which it is suggested that the
tumour form of the antigen is structurally different from that found on normal
cells. Considerable effort is presently going into identifying MAbs recogniz-
ing specifically the aberrantly glycosylated forms of glycosphingolipid and
glycoprotein TAAs suggested to be present on tumour cells (Hakomori,
1991a, b).

A related potential problem of specificity is caused by the tendency of
many TAAs to be shed from the tumour into the circulation. In some cases
this circulating antigen may interfere with localization of the MAD to the
tumour, especially at low doses. MAb-antigen complex formation in the
circulation may cause toxicity when the MADb carries a cytotoxic agent
through deposition of the agent in the organs of clearance of the complex. In
one targeting study with colorectal cancer patients a particular anti-CEA
MADb was shown to localize efficiently to 42 out of 43 tumours examined
(Boxer er al., 1992). In the remaining case the patient had a high level of
circulating CEA. On the other hand the presence of circulating PEM was
shown to increase levels of immune complexes in the circulation and to
enhance tumour localization in colorectal cancer patients administered the
anti-PEM antibody ICR2 (Davidson et al., 1991). It is thus far from clear yet
whether circulating antigen will be a general problem for cancer therapy with
MAbs or MADb conjugates. In cases where circulating antigen is shown to
interfere with MAb targeting, the specificity of MAbs is such that it may well
be possible to identify and use MAbs capable of binding preferentially to the
tumour-bound form of the antigen. The MAb CTMO1, for example, appears
to bind preferentially to tumour-bound PEM rather than to PEM shed into
the circulation (T. Baker, personal communication).
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Clinical data with naked rodent MAbs

The clinical use of naked rodent MAbs has so far largely focused on the
treatment of cancer, and on suppression of immune responses involved in
auto-immune disease, graft versus host disease (GVHD) and transplant
rejection. Naked rodent MAbs have in general proven very ineffective in
cancer therapy, with only 23 partial remissions and three complete remissions
reported among the initial 185 patients included in 25 clinical trials (Catane
and Longo, 1988). This is partly because most of these MADbs were not
directed against cell surface structures with functions required for tumour cell
proliferation, partly because HAMA responses prevented repeated adminis-
tration, and partly because most rodent antibodies are very inefficient at
recruiting human immune effector mechanisms. (Murine 1gG2as and rat
IgG2bs are rather more efficient in this respect than other isotypes.) Some
partial responses have been observed in B-cell lymphoma patients treated
with MAbs directed to B-cell Ig idiotypes (Meeker ef af., 1985). The MAbDb
most widely used clinically is OKT3, which binds to the CD3 antigen of the
T-cell receptor {TCR) complex that is expressed on virtually all circulating
T-cells. OKT3 has been approved by the FDA for the treatment of acute
renal allograft rejection on the basis of its superiority in randomized clinical
trials (Ortho Multi-Center Transplant Study Group, 1985) over conventional,
broad spectrum immunosuppressive agents (93% reversal of acute rejection
episodes for OKT3 compared to 75% for conventional agents). Despite being
itself an immunosuppressive agent, murine OK'T3 elicits HAMA responses in
patients (see later), and also leads to toxicity problems arising from cytokine
release which accompanies T-cell activation in response to binding of the
MAD. OKT3 therapy also leads to much broader immunosuppression than is
desirable, with increased incidence of viral infections and B-cell neoplasms.
Anti-Tac 18 another rodent MAb which is intended for use in clinical studies
of renal allograft rejection and which appears much more promising. This
MADb blocks the binding of IL-2 to the IL-2 receptor, which is expressed on
T-cells participating in allograft rejection, in certain auto-immune disorders
and in one type of acute T-cell leukaemia (ATL). Of 20 ATL patients treated
with anti-Tac seven showed remission lasting from one to at least 17 months
{Waldmann, 1989, 1991a, b). Murine anti-Tac is presently in clinical evalua-
tion for acute allograft rejection, and has been successfully humanized (see
below).

Approaches to overcoming rodent MAbD immunogenicity

There is a great deal of evidence demonstrating that the administration of
antibodies from rodents (and other species) to humans results in an immune
response in the great majority of patients, which limits the use of such
antibodies to one or perhaps two doses (Lind ef al., 1991, and references
therein). For mouse antibodies the response has been termed the ‘HAMA’
{(human anti-mouse antibody) response. Administration of further doses
leads to accelerated clearance and in many cases to complete abrogation of
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efficacy. It can also lead to allergic reactions and in severe cases to
anaphylactic shock. Clearance of the complexes which form between the
administered MAb and the HAMA antibodies can also occur through routes
which deposit cytotoxic agents carried by the former in undesirable locations,
giving toxicity in the organs of clearance or in the reticulo-endothelial system
(RES). In some cases the HAMA titre increases with the kinetics expected of
a secondary response, consistent with the presence of a pre-existing antibody
with anti-mouse specificity (Schroff er al., 1985; Shawler er al., 1985;
Courtenay-Luck et al., 1987; Khazaeli er al., 1991). Antibody detected during
the early phase of the response tends to be directed to the Fe portion of the
antibody, but later on reactivities outside this region — and especially to the
variable region — can be detected. In some cases components of the response
are directed to the antigen binding site, termed ‘anti-idiotype’ responses. It
has been clearly demonstrated that HAMA interferes with tumour localiza-
tion by anti-TAA antibodies (see for example Ledermann et af., 1988;
Goldenberg, Sharkey and Ford, 1987) and with the imnmunosuppressive effect
of OKTS3 in the course of acute allograft rejection (Chatenoud et al., 1986).
Most antibody-based therapies are very unlikely to achieve success with a
single dose. The only exceptions to this are likely to be in acute indications
such as septic shock, for which it is possible that a single dose of an anti-TNF
or anti-IL1 antibody can neutralize sufficient of these cytokines to prevent the
serious (and usually fatal} organ damage which otherwise occurs. It is
abundantly clear that it will not be possible in general to eradicate solid
tumours with a single dose of an antibody or an antibody conjugate. Many
different approaches are therefore being taken to allow repeated administra-
tion of therapeutic antibodies. One obvious approach is to isolate and use
human rather than foreign antibodies. Although there are some human
antibodies presently in clinical evaluation — notably the anti-LPS antibody
‘Centoxin’ for treatment of septic shock — the technology does not yet exist
routinely to isolate human antibodies of suitable affinity and specificity.
Recent technology developments which may eventually lead to more routine
isolation of therapeutically useful human MAbs are summarized at the end of
this review. In the short term the use of at least the binding site from a
non-human antibody remains the only generally applicable method of exploit-
ing the specificity and affinity of the antibody—antigen interaction for therapy.
Several approaches have been suggested and attempted for overcoming the
HAMA response to allow repeated administration of therapeutic mouse
MADs. One is to use conventional immunosuppressants at sub-toxic doses to
reduce the patient’s ability to mount an effective immune response.
Co-treatment with corticosteroids and azathioprine, for example, was shown
to delay and diminish the HAMA response to murine OKT3 (Chatenoud et
al., 1986). Similarly co-treatment with cyclosporin A was shown to reduce
and delay the HAMA response of colorectal cancer patients treated with the
radiolabelled anti-CEA antibody A5SB7 (Ledermann et al., 1988). The effect
was sufficient to allow four doses of the conjugate to be administered.
Tumour uptake of the conjugate increased with each dose in the cyclosporin
co-treated patients but not in those who were not given the immunosuppres-
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sant. Although the use of conventional immunosuppressants in these cases
allowed more than a single administration the number of effective doses was
still quite small. Such general immunosuppression is clearly undesirable in
any case since it leads to the risk of infection and since the involvement of the
patients immune system may well often be required in order to achieve cures.
It is also possible that one consequence of general immunosuppression will be
accelerated cancer progression.

A second approach to circumventing the HAMA response involves a
sequential multi-antibody treatment regime in which each time a response to
the therapeutic antibody is detected treatment switches to the administration
of a different antibody from a different species, or from the same species but
with a different isotype and idiotype (Jonker and Den Brok, 1987). Although
this approach is technically feasible, and has been used with radiclabelled
polyclonal antibodies for treatment of hepatoma and lymphoma (Order,
Klein and Leichner, 1987b), it is economically very unattractive because of
the costs associated with developing several different MADs as therapeutic
agents. The use of antibody fragments lacking some of the immunogenic
regions of antibodies has also been suggested, but such fragments retain some
immunogenicity and have pharmacokinetics and biodistribution which are
inappropriate for many MAb-based therapies. Several approaches have been
proposed which would aim to induce tolerance to the therapeutic rodent
MADb. These include pre-administration or co-administration of an anti-CD4
antibody intended to ablate T-helper cell involvement for treatment of
auto-immune disease (Mathieson ef al., 1990), and administration of small
doses or very large doses of the therapeutic MAb {Khazacli et al., 1988; Sears
ef al., 1987; Blottiere ef al., 1991), strategies which are commonly used to
induce tolerance in animals. Another approach involves the covalent attach-
ment to the MAD of polyethylene glycol (PEG), which has been reported to
diminish the immune response in patients to several other highly immuno-
genic proteins such as bovine adenine deaminase for treatment of adenine
deaminase deficiency, and bacterial asparaginase for treatment of childhood
leukaemia. The therapeutic value of PEG-modified proteins has been
recently reviewed {Nucci, Shorr and Abuchowski, 1991). As yet there are no
reports on the use of PEG to overcome HAMA in patients treated with
rodent MAbs but PEGylation of a mouse MADb has been shown to render it
non-immunogenic in rabbits (Kitamura et al., 1991). The mechanism of these
effects is not yet clear but it seems likely that PEG is capable of both shielding
epitopes from the immune system and inducing specific tolerance to the
PEGylated protein (Katre, 1990). The humanization of MADbs, however, is
undoubtedly the most generally applicable and economically viable approach
to overcoming the HAMA response.

Construction, expression and manufacture of humanized whole antibodies

Antibody humanization involves replacing as many as possible of the non-
human residues of the antibody with those from a human antibody. The
constant regions of a rodent MAb can readily be humanized by replacing the
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DNA sequences encoding the mouse heavy and light chains with equivalent
sequences from human constant regions. The resulting recombinant antibod-
ies with rodent variable domains and human constant domains have become
known as ‘chimeric’ antibodies. The conserved three-dimensional structure of
antibodies together with the organization of the proteins into domains and of
the genes into exons make this a relatively straightforward and reproducible
procedure to accomplish. However, the available evidence on the usefulness
of such rodent-huimric antibodies in clinical studies (outlined below) suggests
that they will in general show only partly reduced immunogenicity, and
although chimerization may expand the therapeutic opportunities for MAbs
somewhat, it is already clear that a significant proportion of patients mount
an immune response to the mouse variable region. An extension of the
humanization process has therefore been developed in which only the
residues required for antigen binding are transferred from the parent non-
human MAD to an acceptor human antibody framework. Several slightly
different approaches to generating such fully humanized MAbs have been
taken and are described below.

CLONING OF VARIABLE REGIONS AND CONSTRUCTION OF CHIMERIC
ANTIBODIES

Several different procedures have been developed for the construction and
expression of chimeric genes. In the most commonly used procedure (histori-
cally) genomic DNA from a hybridoma producing the MAb of choice is
cloned, usually in a phage A vector (exemplified by Sun et al., 1986; Hutzell et
al., 1991). Using Southern blotting techniques it is possible to identify the
expected size of a restriction fragment which will include the correctly
rearranged VJ and VDJ sequences and to perform size selection of the
genomic DNA digest to reduce the complexity of the phage library. The
desired sequence can be identified with restriction fragment probes covering
the J minigene regions or with oligonucleotides specific to the VI and VDJ
recombinational events. Sequence information about the VJ and VDI joining
regions can be obtained by sequencing first strand complementary DNA
(cDNA) made from the hybridoma messenger RNA (mRNA). The VJ or
VDJ exon along with the signal sequence exon and the Ig promoter and in
some cases the Ig enhancer can then also be isolated as a single DNA
fragment using suitable restriction sites. This DNA is inserted 5 of the
required human constant region DNA and the resultant chimeric gene is
assembled in a suitable vector for expression, typically pSV2neo and pSV2gpt
or derivatives (Mulligan and Berg, 1980, 1981). In this form of construct
expression of the antibody genes is usually achieved by transfection into a
myeloma cell line which has been selected for loss of expression of one or
both of the resident antibody chains, for example Sp2/) or NSO. Such vectors
can, however, also be used for expression in non-myeloid cell types such as
CHO cells (Neumaier et al., 1990, which is perhaps surprising since the Ig
promoters and enhancers have been regarded as lymphoid cell-specific. A
potential disadvantage of this genomic cloning procedure is that hybridoma
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lines often harbour aberrantly rearranged variable region gene segments,
some of which are transcribed. For example Sp2/0 cells possess an aberrant
light chain, x138 (Cabilly and Riggs, 1985), which is transcribed. Both the
genomic sequence and cDNA have been inadvertantly cloned during chimeric
antibody construction (Cabilly er af., 1984; Hoogenboom ef al., 1990;
Neumaier et al., 1990; our unpublished observations). It is therefore impor-
tant to be able to characterize the potential clones quickly to avoid wasting
significant effort on such incorrect genes.

The second commonly used procedure involves construction of a ¢cDNA
library from mRNA of the chosen hybridoma. This library can be prepared
using Oligo-dT as primer for first strand synthesis on the polyA-containing
mRNA to produce full length dDNAs for the heavy and light chains.
Alternatively specific primers can be used which are complementary to
sequences in the 5’ region of the first constant domain, or even in the J
sequences, in order to clone the variable regions only. The variable region
cDNAs are then fused to DNA encoding the constant domains of the chosen
human antibody. The constant regions can be in the form of cDNA (Liu et al.,
1987a, b, ¢) or genomic DNA (Whittle et al., 1987). In each of these cases the
variable region DNA becomes fused to the CHI domain DNA. of the human
constant region in such a way that none of the coding sequence is lost or
altered. Alternatively chimeric antibody construction can be achieved by the
use of oligonucleotide linkers which extend from a convenient restriction site
in or near the 3’ of Vi; and V; and which recreate the coding sequence.
Sequences are included for a splice donor site immediately 3’ to the J
sequence and also for a short section of intron sequence up to a convenient
restriction site for cloning of the adapted V-regions 5’ to the required
constant region genes. The chimeric antibody genes can also be expressed
from heterologous promoters (see Gillies, Lo and Weslowski, 1989 action on
chimeric 14.18 below). This cDNA approach allows the chimeric genes to be
expressed using promoter/enhancer systems other than the Ig promoter and
using myeloid or non-myeloid mammalian host cells (Liu ef al., 1987a;
Whittle et al., 1987; Colcher et al., 1989; Gillies, Lo and Weslowski, 1989;
Bebbington, 1991; King er al., 1992a). A potential complication for this
cDNA approach is that mRNAs for antibody chains which are derived from
the fusion partners and which are still transcribed in the hybridomas (Cabilly
and Riggs, 1985) are often cloned along with those of the desired antibody
(Queen et al., 1989; Gorman et al., 1991; J. Adair, unpublished).

Recently a third general approach has been developed which is becoming
the most commonly used because of its greater speed. It involves using the
polymerase chain reaction (PCR) procedure to amplify the antibody
sequences. In this method primers are used that allow amplification of a DNA
sequence derived from a first-strand cDNA synthesis. The primers used are
designed to be complementary to regions in the signal sequence (Jones and
Bendig, 1991) or the first framework region (Gavilondo-Cowley et al., 1990;
Orlandi et al., 1989), and in the J region or constant region of the antibody
(Gavilondo-Cowley et al., 1990; Jones and Bendig, 1991; Orlandi et al.,
1989). At each priming position in the signal and variable regions a level of
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redundancy needs to be incorporated into the primer design to allow for the
sequence differences seen between antibodies. The primers also incorporate
restriction sites suitable for subsequent rapid cloning of the amplified
sequences into expression vectors. The primers can be designed to allow
subsequent assembly of the chimeric gene as cDNAs, as genomic forms or as
any convenient intermediate conformation, ¢DNAs derived from fusion
partner mRNAs are also co-isolated by this PCR cloning approach (J. Adair,
unpublished} but primers which anneal specifically to the k138 or MOPC-21
light chains (the ones most commonly arising from the fusion partners) can be
used as probes to rapidly screen them out of the PCR libraries.

Antibody gene sequences can be rapidly cloned from a very small number
of cells with this PCR amplification approach. Indeed, the amplification of
variable gene sequences from single hybridoma cells has recently been
reported (Liu, Creadon and Wysocki, 1992). Great care must be taken with
the PCR procedure, however, to avoid cloning errors due to inadvertent
cross-contamination of the reactions. It is also necessary to ensure that the
sequences cloned do not contain replication errors incorporated during the
error-prone amplification procedure, and this is usually accomplished by
sequencing several independently amplified clones. The most significant
evidence that the correct sequences have been cloned is the demonstration
that when expressed they give antigen binding activity equivalent to the
rodent MAb.

It is also technically feasible to construct chimeric antibodies by homoto-
gous recombination in hybridoma cells (Fell ef al., 1989; Holzschu and Daiss,
1989}. In this process a plasmid containing the genes for the human constant
region of choice is targeted to the immunoglobulin locus in the hybridoma cell
and replaces the murine constant region so that the hybridoma expresses a
mouse variable-human constant region chimeric antibody. The disadvantages
of this approach are the poor efficiency of the gene-targeting process
(especially considering that it must be performed for both heavy and light
chains}, its applicability only to chimeric rather than fully humanized antibod-
ies, and also the restriction of the expression level for the chimeric antibody
to that of the murine form in the parental hybridoma, which may not be
sufficient for an economically viable process.

DESIGN AND CONSTRUCTION OF FULLY HUMANIZED ANTIBODIES

Results (described below) on a number of rodent-human chimeric antibodies
in clinical studies show that in general they are less immunogenic than their
parent murine MAbs but are nevertheless still immunogenic in a substantial
proportion of patients. (It is conceivable that monkey-human chimerics —
so-called ‘primatized antibodies’ (Newman ef al., 1992) — may prove less
immunogenic in humans than rodent-human chimerics.) Characterization of
the HAMA responses observed in some of these clinical studies with
rodent-human chimeric antibodies indicates an anti-V region response with
components directed against both the antigen binding site and the frame-
work. Technology has therefore been developed to construct more fully
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humanized MAbs. Several different approaches have been taken, termed
‘CDR grafting’ (Jones et al., 1986; Verhoeyen, Milstein and Winter, 1988),
‘reshaping’ (Riechmann er al., 1988; Tempest ef al., 1991), ‘hyperchimeriza-
tion’ {Queen et al., 1989), ‘civilization’ (Kurrle ef af., 1990; Shearman ef al.,
1991b) and ‘veneering’ (Law ef al., 1991) or ‘surface replacement’ (Padlan,
1991). These all involve redesigning the variable region so that the amino
acids comprising the non-human binding site are integrated into the frame-
work of a human antibody variable region. This can now be accomplished
routinely with retention of most (or all) of the antigen binding activity of the
non-human MAb. This is a considerable feat of protein engineering, and its
feasibility is a consequence of the close structural and sequence relationship
between IgGs from different species.

In order to accomplish this full humanization process two important
decisions need to be taken, namely the choice of human framework and the
extent of rodent variable region sequence to be transferred. The choice of
human framework for the humanization process is often based on the desire
to use an antibody for which a structure has been determined by X.ray
crystallography, for example NEWM or KOL for the heavy chain and REI
for the light chain (referenced in Kabat ez al., 1987), so that some positional
information is available about framework amino acids. Alternative strategies
favour: use of a light and heavy chain from the same human antibody, for
example EU (referenced in Kabat ef al., 1987); use of a representative
example from the various human subgroups (the heavy chains EU, NEWM
and KOL are each examples of the three major human heavy chain
subgroups; and use of a human variable domain which has high homology to
that of the rodent antibody in question. A human x light chain (for example
REI or EU) is usually chosen, reflecting the bias towards the use of k chains
in mice and the high degree of homology between mouse and human x chain
sequences.

The other important decision to be made concerns the extent of the mouse
sequences that are to be transferred. An examination of the database of
structures of antibodies and antigen-antibody complexes suggests that only a
small number of antibody residues make direct contact with antigen (Amit ef
al., 1986: Colman et al., 1987; Sheriff et al., 1987; Padlan et al., 1989; Boulot
et al., 1990; Poljak, 1991). The residues chosen for transfer can be identified
in a number of ways. Firstly, as described earlier, the antigen binding surface
is predominantly located on a series of loops, three per domain, which extend
from the p-barrel framework.

In most but not all cases the CDRs correspond to, but extend a short way
beyond, these structural loop regions. Secondly, residues not identified in the
structural loops or hypervariable regions may contribute to antigen binding
directly or indirectly by affecting binding site topology, by inducing a stable
packing of the individual variable domains, or by stabilizing the inter-variable
domain interaction. Such residues may be identified for example by superim-
posing the sequences for a given antibody on a known structure (and if
necessary adjusting loop lengths) to produce a molecular model of the Fv and
then evaluating particular residues for their contribution (¢.g. Queen et al.,
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1989). Alternatively such residues can be identified by sequence alignment
analysis and noting ‘idiosyncratic’ residues, followed by examination of their
structural location and likely effects (Riechmann et af., 1988; Gussow and
Seemann, 1991), or if time and cost permit by determination of a structure for
the murine variable regions by X-ray crystallography and inspection of the
structure for interacting non-CDR residues. Another general approach
involves making the assumption that only surface residues are involved in
immunogenicity, replacing only surface residues which are not in the antigen
binding region with human positional equivalents (Padlan, 1991).

Once the relevant sequence choices have been made the humanized
variable region DNA can be generated by any of several procedures: by gene
synthesis using suitable overlapping oligonucleotides (exemplified by Jones er
al., 1986); by using long, alternating oligonucleotides and filling the single
strand gaps with T4 DNA polymerase (Queen er al., 1989) or by PCR
procedures to gap-fill and amplify the synthetic DNA (Daugherty er al.,
1991); or by using simultancous or sequential site-directed mutagenesis of
existing DNA sequences (Riechmann et al., 1988; Verhoeyen, Milstein and
Winter, 1988; Gorman et al., 1991). Some groups favour designing the
humanized variable sequences to reflect the codon preferences observed for
antibody variable domains, since these tend to differ from those of antibody
constant regions and other eukaryotic genes (Grantham and Perrin, 1986).
Suitable restriction enzyme recognition sites are often included in the design
of the humanized sequences to facilitate easy replacement of sections of the
gene around the CDRs in case further changes are required to achieve affinity
similar to that of the parent rodent MAb. Once the humanized variable
region sequences have been generated they can be converted to humanized
whole IgG genes for expression in mammalian cells by the procedures
outlined above for chimeric antibodies. A few examples will now be given of
the various approaches which have been taken to fully humanize rodent
MADs.

Humanization by reshaping

BI.8.  The first description of the production of more fully humanized MAbs
was published in 1986 (Jones ef al., 1986) and described the formation of a
hybrid antibody with murine light chain and humanized heavy chain from the
B1.8, which recognizes the hapten 4-hydroxy-3-nitrophenacetyl caproic acid
(NP-cap). The heavy chain was humanized by replacing the CDRs — residues
31-35, 50-65 and 95-102 inclusive as defined by Wu and Kabat (1970) and
Kabat et al. (1987) — of the heavy chain of the human antibody NEWM {for
which a high resolution structure is available) with those of the B1.8 heavy
chain, and using an IgE constant region. The humanized variable region was
generated by assembly of the double-stranded form from fong synthetic
oligonucleotides and was cloned by substitution into convenient restriction
sites of the B1.8 heavy chain variable region sequence with a view to
achieving transcription, nRNA processing and translation of the humanized
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variable sequences in a manner similar to those of the murine variable domain
gene. The expression vector was based on pSV2gpt and used the murine Ig
promoter/enhancer. It was introduced into J558L cells for co-expression with
the resident light chain, which is known to associate with the murine B1.8
heavy chain to create a binding site for NP-cap. The dissociation constant of
the resultant hybrid antibody was shown to be 1.9 uM compared to 1.2 uM
for the murine antibody, equivalent to 63% relative potency. Interestingly a
monoclonal anti-idiotype antibody against B1.8 was not able to bind to the
hybrid antibody and a second anti-idiotype antibody bound less well. Poly-
clonal rabbit anti-B1.8 idiotypic serum also recognized the humanized
antibody less well than the murine antibody. This result, albeit based on
reactivity towards a hapten antigen, suggested that the humanization strategy
might indeed prove useful as an approach to alleviating HAMA responses.

DI.3. Humanization and reconstitution of activity for the B1.8 heavy chain
stimulated interest in the humanization of an antibody recognizing a protein
antigen (most antigens of clinical interest being proteins). A useful model is
the lysozyme/anti-lysozyme system for which several murine MAbs are well
characterized and for which structures of MAb-lysozyme complexes have
been deduced from X-ray crystallography (Amit et al., 1986; reviewed in
Poljak, 1991). Initially only the heavy chain was humanized (Verhoeyen,
Milstein and Winter, 1988) because the X-ray structure of the antigen—anti-
body complex (Amit et al., 1986) suggested that 9 out of the 12 hydrogen
bond contacts to the antigen made by D1.3 are through the heavy chain. The
light chain has since also been humanized (Riechmann, Foote and Winter,
1988; Foote and Winter, 1992). The heavy chain was humanized by substitut-
ing the CDRs, as defined by Kabat, into the NEWM heavy chain framework
of the humanized B1.8 Vy; gene, and using an IgG2 constant region. The
CDRs were replaced by sequential mutagenesis using long single-stranded
oligonucleotides on M13 templates. The variable region was re-introduced
into the expression vector and transfected into J558L cells. The J558L light
chain in the hybrid antibody produced was then replaced in vitro by the D1.3
light chain. The binding of the resulting antibody to lysozyme was compared
to the murine antibody in a competition binding assay and was judged to be
around 10-fold less (Verhoeyen, Milstein and Winter, 1988). A number of
possible reasons for the loss of binding affinity were suggested, including the
lack of a potential contact between residue 32 in CDR1 and a residue in the
adjacent structural loop at position 27. Also the crystal structure of the
D1.3-lysozyme complex shows that the antigen makes contact with the
threonine at residue 30 in the loop region immediately N-terminal to CDRI1
on the heavy chain (Amit et al., 1986). The light chain was later humanized
using the human REI Bence-Jones protein sequence as the framework
(Riechmann, Foote and Winter, 1988; Foote and Winter, 1992) and using
CDRs from the mouse antibody as defined by Kabat ef al. (1987).
Subsequently work with other antibodies {see below) has established the
requirement to consider non-CDR residues in the transfer of binding activity,
and Foote and Winter (1992) have recently disclosed a further series of
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experiments in which the affinity of the humanized I31.3 has been improved
by a number of mutations in the framework. The affinities of the murine and
humanized antibodies were first measured. The K, for D1.3 was stated to be
3.7 nM with a K, of 1-4 x 10° s7" M~ while that for the humanized D1.3
(HuLys0) was 260 aM (K, of 0-7 x 10° s7! M™") (K, is the rate constant for
formation of the antibody-antigen complex). Residue 71 on the light chain is
a packing residue which interacts with light chain CDR1. When this residue
was altered from the phenylalanine in the humanized framework to tyrosine
as found in the murine sequence, the resultant antibody showed an improved
K, of 64 nM, with an improvement in K, to 1-8 x 10° 5! M~!. A number of
sequential changes were then made to the heavy chain (using the y1 gene)
which resulted in affinity improvements without affecting K_,. In the first
heavy chain change the serine at residue 27 in the NEWM framework was
altered to the phenylalanine found in the murine sequence as suggested from
the initial study. The resultant antibody (HuLys6) has a K, of 48 nM (K.,
1-48 x 10° 57! m™). Residue 71 on the heavy chain has been proposed as a
key residue involved in the positioning of heavy chain CDR2 (Chothia and
Lesk, 1987; Chothia et al., 1989; Tramontano, Chothia and Lesk, 1990).
Replacement of the human residue (valine) with the murine residue (lysine)
to give HuLys10 caused a further improvement of affinity to 18 nM. Finally,
the sequences in the surface loop adjacent to heavy chain CDRI1, at amino
acids 28-30 inclusive, were replaced. This resulted in the sequence thre-
onine—phenylalanine-serine being replaced by serine—leucine—threonine. The
resultant antibody (HuLys11) showed a further improvement in affinity to
14 nM, a relative potency of 26.4% for the final antibody compared to 1.33%
for the first humanized form. Several MAbs of therapeutic interest have now
been fuily humanized successfully with the reshaping approach, notably the
MAbs YTH34.5HL, RSV19, BW431/26 and H17E2. Humanization and other
studies with these four MADs are described later.

Humanization by hyperchimerization

The studies with B1.8 and D1.3 suggested it is possible to transfer binding
activity from a rodent MAb to a human framework with reasonable success.
An aiternative procedure involves using the human sequence of greatest
sequence homology as the acceptor framework. Within this framework
idiosyneratic residues are generally also replaced with those more commonly
found in human antibodies. If structural information is not available for the
rodent MADb (as is usually the case) a computer model of its Fv is then
generated and used to identify non-CDR residues which may interact with the
CDR sequences, either because they are adjacent to the CDRs in the linear
sequence or are within 3A of amino acids in the CDRs (Queen and Selick,
1990). Some or all such residues of the rodent antibody are then included in
the design of the humanized variable domains. The humanized antibodies
designed by this procedure share very significant homology to the parent
non-human MAb, which may help to give the former a greater proportion of
the latter’s antigen binding activity. This approach has been termed ‘hyper-
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chimerization’ and has been used to humanize several rodent MAbs of clinical
interest, notably anti-Tac, Fd79, Fd138-80, YTH12.5, M195 and 4D35 (see
later). Humanization and other studies on these MAbs are described later,
but in all these cases humanized variants were identified which showed in
vitro potencies relative to the parent rodent MAbs of at least 33%. For both
M195 and 4D5 humanized variants were identified with relative potencies
apparently greater than the parent rodent MAbs.

Comparative humanization by reshaping and hyperchimerization

A few MAbs have now been humanized by both reshaping and hyperchimer-
ization, enabling the two strategies to be compared from the viewpoint of
affinity retention.

0.5B. Maeda et al. (1991) have humanized the murine antibody 0.58
(Matsushita et al., 1988). This MAb recognizes an epitope on the gp 120
glycoprotein from the virus HTLV-I1I, neutralizes viral infection in vive and
inhibits syncitium formation between HIV-infected cells and uninfected
CD4* cells in vitro. Chimeric antibodies were produced using the genomic
cloning approach and following transfection into myeloma cells. For the
humanization study expression in COS cells from the hCMV immediate early
promoter/enhancer was used (Whittle et al., 1987) for rapid analysis of newly
constructed antibody genes. Chimeric antibodies were first reconstructed for
expression by isolation of the V regions by PCR extraction from the original
clones with simultaneous introduction of 5" and 3’ cloning sites and cloning
into pSV2 based vectors containing the Pstl-m fragment of h(CMV (Boshart et
al., 1985) and either the human x or IgG1 constant region sequences for light
and heavy chain, respectively.

Only a single humanized V, was designed and constructed. It was based on
the modified RET sequence used by Riechmann and co-workers (Riechmann,
Foote and Winter, 1988; Riechmann et al., 1988) and used the CDRs from the
murine antibody as defined by Kabat et al. (1987). The 0.5 CDRs were
substituted for the D1.3 CDRs by simultaneous site-directed mutagenesis.
When this humanized V| sequence (RVL) was assembled in the expression
vector and co-expressed in combination with the chimeric heavy (cH)
expression plasmid the antibody produced, RVL/cH, was found to bind {in an
ELISA format direct binding assay) to a peptide of the appropriate region of
gp 120 from HTLV-III as well as the chimeric 0.58 antibody. Humanized
variants of the heavy chain variable region were designed and constructed
using both reshaping and hyperchimerization strategies. For the former
NEWM was used as the human framework, but was modified so that packing
residue 27 was phenylalanine as used by Riechmann et al. (1988) and Gussow
and Seemann (1991), rather than the 0.5 residue, tyrosine. The CDRs were
as defined by Kabat ef al. (1987) and were introduced into the humanized
D1.3 sequence {Verhoeyen, Milstein and Winter, 1988) by simultaneous
site-directed mutagenesis. Three reshaped heavy chains were made: the first
RVHa had no other framework changes except residue 27; the second RVHb
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had the murine residues at 23, 24, 25, 27 (tyrosine), 30 and 94; the third
RVHd had in addition murine residues at 37, 38, 40 and 66-70 inclusive.
When these variable region sequences were assembled with the IgG1 constant
regions in the expression vector and co-expressed with the chimeric light (cL)
gene expression vector no antigen binding activity could be detected. The
RVHd chain differs from the cH chain sequence by only 28 residues in the V
region.

The hyperchimerization approach was therefore also used in an attempt to
identify a humanized variant with antigen binding activity. Human subgroup I
(Kabat ef al., 1987) was identified as having the most homologous consensus
sequence and rather than choosing a particular highly homologous sequence
from within this subgroup the consensus sequence itself was used as the
framework region. The subgroup I consensus sequence had been previously
constructed by gene synthesis (Kettleborough et al., 1991) and the 0.58 CDRs
were substituted by site-directed mutagenesis. For RVHe in addition to the
CDRs the 0.5 specific amino acids were used at positions 30, 71 and 94,
based on their identification by Chothia et al. (Chothia and Leck, 1987,
Chothia ef al., 1989} as being potentially involved in the generation of the
canonical forms of the CDRs. Antibody RL/RVHc showed detectable
binding to the HTLV-Iliy peptide but had negligible competitive ability for
the HTLV-1Il; peptide against the murine antibody. Two further variants,
RVHe and RVH{, were therefore made. RVHe had, in addition to the
murine framework residues in RVHc, the murine amino acid at 37, 38, 40, 48
and 66-69 inclusive, while RVH{ had, in addition to the murine framework
residues in RVHgc, the murine residues at 37, 38, 40 and 48. The RL/RVHe
antibody was also able to bind to the peptide and to compete with the murine
antibody for the viral peptide, although with an eight-fold lower potency. In a
viral neutralization assay involving inhibition of syncitium formation the
RL/RVHe antibody showed two-fold lower potency than either the murine or
chimeric forms. The RL/RHf form had 17-fold lower potency in this assay.

CAMPATH-9. Anti-CD4 MAbs are being intensively studied as immuno-
suppressive agents. Despite causing immunosuppression, rodent and chimeric
MAbs have nevertheless been shown to be immunogenic themselves. Gor-
man et al. (1991) have humanized a rat anti-CD4 MADb called CAMPATH-9.
The V;_ and Vy sequences were isotated by cloning in M 13 vectors after PCR
amplification by a modification of the PCR procedure of Orlandi ef al. (1989),
using a specific forward primer for the heavy chain. Chimeric IgGl/x
antibody genes were constructed using the vectors described by Page and
Sydenham (1991}, which use the B-actin promoter. Expression was achieved
in CHO cells following DHFR selection. The first approach to full humaniza-
tion involved reshaping with the REI and NEW sequences as light and heavy
chain frameworks, respectively, and with phenylalanine at position 27 on the
heavy chain as used for YTH34.5L (see later) rather than the leucine found in
the rodent sequence. Similarly a threonine was used at position 30 rather than
the serine found in the CAMPATH-9 and NEW sequences. The reshaped
variable regions were constructed by simultaneous site-directed mutagenesis
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of the rat cIDNAs, and the full length IgGl/x antibodies constructed and
expressed as for the chimeric form. This first humanized variant bound poorly
to the CD4 antigen presented on the surface of a rat T-cell line transfected
with a construct for expression of human CD4. The REI and NEW frame-
works had 67% and 47% sequence homology respectively with the light and
heavy chain of the rodent MAb, and it was suggested that the NEW
framework was insufficiently homologous for retention of good antigen
binding activity. A second humanized heavy chain was therefore constructed
using the KOL framework, which is 72% homologous to that of
CAMPATH-9, and also the rat residue (threonine) at position 108. Antibody
with this second humanized variant bound to the cell line presenting the
antigen with approximately 31% relative potency compared to the chimeric
form.

Humanization by ‘civilization’

Another procedure for antibody humanization has recently been described
(Kurrle er al., 1990) which has been called ‘civilization’. It is similar to the
hyperchimerization procedure but uses a different means of predicting
non-CDR residues which may contribute to affinity. The procedure involves
first selecting heavy and light chains from the same human antibody to be the
frameworks, with a view to retaining the relevani domain interactions. The
human antibody chosen is the one with the most homology to the rodent
antibody for both heavy and light chains. The human J-regions most closely
homologous to that of the rodent antibody are also used. A first generation
civilized antibody, CIV1, is then designed and built using the CDR definitions
of Kabat et al. (1987). If CIV1 fails to show suitable affinmity a number of
iterative steps are used to incorporate an increasing number of non-human
residues until adequate affinity is recovered. First, sequences within four
amino acids on each side of the CDRs are examined and any rodent residues
which differ in size or charge between human and non-human are substituted
into CIVT to give CIV2. The rationale for this is that the CDRs and the loop
structures observed in crystal structures can vary by up to four residues. If this
proves unsuccesstul a third variant CIV3 is made in which all the rodent
residues within four amino acids each side of the CDRs are substituted into
CIV1. Finally information from X-ray crystal structures of homologous
antibodies is used to identify any other residues close to or potentiaily
contacting the CDRs in either the rodent MAD or the human acceptor
framework, and the non-human residues are also incorporated into the design
of the humanized antibody.

The only antibody humanized thus far by this procedure is the murine MAb
BMAO31, which recognizes an epitope on the human T-cell receptor TCR-
a/b. This receptor is present on all mature lymphocytes and — in association
with the CD3 complex — is responsible for signal transduction after antigen
binding as the first step in T-cell activation. BMAQG31 is therefore being
evaluated for immuno-maodulatory interventions, and chimeric and human-
ized variants have been constructed (Shearman et al., 1991a, b). The human
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EU framework was found to have 67% sequence identity with the BMAO31
heavy chain and 63% homology with its light chain, and was therefore chosen
as the human framework. The human Jy4 and J, 4 J regions were also chosen
on the basis of sequence homology. A CIVI humanized construct was made
by assembling the humanized V sequences from oligonucleotides and using
them to replace the murine V region of a IgG1 chimeric form. The CIV1
antibody, produced after co-transfection of heavy and light chain expression
plasmids into SP2/0 cells, was unable to bind antigen. A CIV2 variant was
therefore made with an extra five murine residues substituted into the heavy
chain and two into the light chain. This variant was also inactive in antigen
binding assays. A CIV3 variant was then made with an extra seven murine
residues in the heavy chain and an extra three in the light chain compared to
CIV2. The CIV3 variant showed good antigen binding, with an affinity two-to
three-fold lower than the murine and chimeric forms.

Humanization by ‘surface replacerment’

In this procedure, which was suggested by Padlan (1991) and is also termed
‘veneering’, as many solvent-accessible residues of the rodent antibody as
possible are replaced by residues from a human antibody. The solvent-
inaccessible residues, CDRs, inter-domain contact residues, and residues
immediately flanking the CDRs all remain rodent. This strategy is intended to
mimic the surface of a human antibody while retaining all of the packing and
interface interactions from the rodent antibody, which may aid in retention of
full antigen binding activity. Recognition of the humanized antibody by
antigen-processing celis should be minimized, reducing the possibility of
presentation to T-cells of the foreign peptides generated by processing of the
hybrid variable regions. The choice of surface residues is determined by
homology matching between the rodent antibody variable domains and those
of available human sequences (either individual or consensus human
sequences). The solvent-accessible residues are identified by inspection of the
high resolution structures of the human antibody KOL or the murine
antibody J539. Padlan (1991) also notes other regions of the antibody which
may be relevant to humanization: buried residues which make contact with
the CDRs and are different between the murine and human antibodies (in
such cases the rodent residue is used); the N-terminal regions, which are
positioned near the CDRs for both domains and may play a role in antigen
binding; electrostatic interactions may also play a part, even at long distance.

There are no examples yet published of antibodies humanized by this
procedure, but a very similar procedure has been used to humanize antibody
1B4. This murine MAb 1B4 binds to CD18, the 2 chain of the leukocyte
integrin heterodimers. It has been humanized (Daugherty ef al., 1991) with a
view to using the MAD for treatment of inflammatory responses in indications
such as graft rejection and GVHD. Two light chain frameworks were used in
the humanization studies, REI and LEN, which have 69% and 81% sequence
identity with 1B4. Similarly three different heavy chain frameworks were
used, these being NEW, GAL and JON with 55%, 82% and 78% identity to
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1B4, respectively. x and 1gG4 constant regions were used for the light and
heavy chains, respectively. These frameworks were chosen to examine the
effects on affinity retention of sequence identity, espectally for the non-
solvent exposed regions. The REl-based humanized light chain, when
co-expressed with the chimeric heavy chain, bound antigen as well as the
murine MAD in cell-based assays with the anfigen on stimulated polymorpho-
nuclear lymphocytes (PMNs). When the REI-based humanized light chain
was co-expressed with the NEW, GAL and JON-based humanized heavy
chains the resulting antibodies showed potencies of 6-5%, 31%, and 8:8%,
respectively, relative to the murine MAb. Two features of JON are worth
noting in this context: first, it has a potential site for glycosylation, which used
may influence antigen binding; second, JON has two more residues than
GAL adjacent (in resolved antibody structures) to CDRs which are different
from murine 1B4. The second humanized light chain, with the LEN frame-
work, was also co-expressed with the GAL-based heavy chain. The resulting
antibody showed the same potency relative to murine 1B4 as the REVGAL-
based humanized antibody, so no significant effect could be observed of using
the more homologous Hght chain framework. Finally, a variant of the
GAL-based heavy chain was constructed with three further mouse residues
incorporated, at position 16 -— which is solvent accessible — and 47 and 109
— which are buried residues. This GAL-based variant was co-expressed with
the REI-based light chain to give an antibody with 75% relative potency.

Further examples of full antibody humanization are described in later
sections, and conclusions on humanization strategies are drawn at the end of
the review.

EXPRESSION AND MANUFACTURE OF HUMANIZED ANTIBODIES

The development of recombinant MAb-based therapies can be regarded as a
three-stage process. In the early stage only small guantities (ug) of the
engineered MAb are required for in vitro tests of its ability to bind to purified
antigen or to cells presenting the antigen. In the second stage larger quantities
(10s to 100s of mg) of somewhat purer material are required, typically to
perform more demanding bioassays, in vitro cell-killing studies and in vivo
efficacy studies in animal models. In the final stage large quantities (g) of
material purified by rigorous (and usually costly) procedures to therapeutic
grade are required to allow development of manufacturing processes accept-
able to regulatory authorities, for animal toxicology studies and finally for
evaluation in clinical studies. In general the second and third stages will
require more material for highly engineered MAb conjugates compared to
naked whole antibodies. The issues involved in producing MAbs for clinical
studies by processes which comply with good manufacturing practice (GMP)
have been summarized by Bright, Adair and Secher (1991), and the regula-
tory considerations relevant to producing recombinant MAbs or other
recombinant proteins by Brown (1990}. It is important that the final manufac-
turing process is efficient, safe and economically viable on a large scale. The
priority in the early stages of MADb development, on the other hand, is
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producing the material rapidly and easily such that many engineered variants
can be compared by in vitro tests. The development of several different
expression systems for engineered MAbs in part reflects these different
priorities at different stages of therapeutic MAb development. Table I shows
the wide range of approaches that have been taken to express recombinant
MADs. They have been expressed in mammalian cells, insect cells, plant cells,
yeast and E. coli. Most of these systems are mentioned in the following recent
reviews: Morrison and Oi {1989); Gold (1990); Gorman (1990); Morrison and
Schiom (1990); Bebbington {1991); Pluckthun {1991); Yarranton and Moun-
tain (1992). While whole antibodies can be expressed in soluble form and
glycosylated in the appropriate position in yeast, insect cells and plant cells,
these expression hosts do not give the pattern of sugars when glycosylated
that is found in non-recombinant MAbs or those expressed in mammalian cell
systems (Kukuruzinska, Bergh and Knackson, 1987; Hasemann and Capra,
1990; Hein, 1990}, Such glycosylation is important for effector functions
(Horwitz er al., 1988) and structural integrity of the antibody. Whole
antibodies cannot readily be expressed in soluble or glycosylated form in E.
coli. In this present review we therefore focus now on mammalian cell
systems, which are at present the preferred route for production of whole
antibodies, and later on E. coli systems, which are rapidly becoming the
preferred route for production of antibody fragments.

Mammalian cell expression

The most commonly and successfully used cell lines for the production of
engineered whole antibodies are the myeloid lines SP2/0 (Shulman, Wilde
and Kohler, 1978) and NSO (Galfre and Milstein, 1981; Bebbington er al.,
1992), and the non-myeloid line CHO (Bebbington, 1991). Features which
are advantageous for large-scale production of antibody by these or other cell
lines are: an efficient means of inserting the expression plasmid(s) into the
host cell; a means of maintaining the plasmid(s) stably within the cell after
transfection; a means of selecting for cell lines in which multiple copies of the
antibody genes have become integrated into the genome; a strong promoter/
enhancer sequence to direct transcription; a means of ensuring efficient
initiation of translation; a means of ensuring approximately equal expression
of heavy and light chains; for CHO cells a means of inducing suspension-
adapted rather than attached cell growth; and a means of inducing the cells to
grow to high biomass in serum-free medium. Many of these technical
difficulties have now been overcome. Techniques such as fusion of the
recipient cells to bacterial protoplasts (Sandri-Goldin e al., 1981}, DEAE-
dextran treatment (Queen and Baltimore, 1983), calcium phosphate DNA
precipitation {(Graham and Van der Eb, 1973; Wigler et al., 1979), electropo-
ration (Toneguzzo, Hayday and Keating, 1986), and lipofection (Felgner ef
al., 1987), can be used to generate stably transfected cell lines. Electropora-
tion and calcium phosphate DNA precipitation are presently the most
commonly used procedures, and can be used to generate stable cell lines with
frequencies of around 107°-107° per cell. For myeloma cells electroporation is
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almost always used because calcium phosphate precipitation is very inefficient
with them.

Development of such stable cell lines requires the use of selectable markers
and several dominant markers are in common use. For example, resistance to
mycophenolic acid, which inhibits the conversion of inosinmic acid (IMP) to
xanthylic acid (XMP), can be conferred on mammalian cells by the presence
within the cells of the bacterial enzyme 5-phospho-a-D-ribose-1 diphospha-
te:xanthine phosphoribosyl transferase (XGPRT). This enzyme is encoded by
the gpt gene, the use of which has been reviewed by Bebbington (1991) and
which features in the generic and widely used expression vector pSV2gpr
(Mulligan and Berg, 1980, 1981). A second marker that is commonly used is
neo, which confers resistance to the aminoglycoside G418 (Davies and
Jiminez, 1980), a structural analogue of the antibiotics neomycin, kanamycin
and gentamycin that also blocks eukaryotic protein synthesis (Southern and
Berg, 1982; reviewed in Morrison and O1i, 1984). A third marker often used in
mammalian cell expression systems is hygromycin resistance, conferred by
the product of the E. coli Aph gene {Gritz and Davies, 1983; Gorman, 1990}.

These markers can be used in combination, which offers the flexibility of
introducing the genes for the antibody light and heavy chains by sequential or
co-transfection of the genes on separate plasmids (Gorman, 1990; Bebbing-
ton, 1991; see ). Sequential transfection is of particular value if several
variants of the antibody are to be made using the same antigen binding
domains, e.g. an Ig isotype and/or allotype series, Fab’, or Fab or
antibody—enzyme/toxin hybrids. Then a stable cell line producing suitable
levels of the common light chain can be generated into which a second
plasmid capable of expressing a series of heavy chain variants can be
introduced (Beidler ez al., 1988; Colcher et al., 1989; King et al., 1992a). It is
important when using the sequential transfection approach to introduce the
light chain constructs first. This is because many heavy chains are not released
from the endoplasmic reticulum {ER) until they associate with the appropri-
ate light chains because they associate with the abundant ER protein grp78
(Hendershot, Ting and Lee, 1988), and accumulation of some heavy chains in
this location is toxic to the cells (Kohler, 1980).

More recently vectors in which both light and heavy chain genes can be
co-expressed following introduction on the same plasmid have been devel-
oped and now tend to be preferred because they give a better chance of
achieving more balanced synthesis of the two chains {reviewed in Bebbing-
ton, 1991). Care must be taken with the design of such single vector
expression constructs, however, to ensure expression of one chain is not
reduced by promoter occlusion by upstream transcription (Bebbington,
1991). This possibility can be avoided by placing a transcription terminator
from an Ig gene between the two transcription units (C. Bebbington, personal
communication). In these plasmids dominant markers such as dihydrofolate
reductase {(DHFR) or glutamine synthetase {GS) (reviewed in Bebbington
and Hentschel, 1987) are used which — after the initial transfection — permit
the selection of cells which have undergone amplification of the selected
marker. Amplification is selected by methotrexate {MTX) resistance for the
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DHFR marker, and by methionine sulphoximine (MSX) for the GS marker.
Co-amplification of the antibody genes usually occurs in such cells, which
often gives higher yields of antibody per cell.

The choice of promoter used for expressing the antibody genes has, in the
past, been partly dictated by the way in which the antibody pgenes were
isolated, Genomic cloning of antibody genes usually has the added benefit
that the Ig promoters from the hybridoma are also cloned and can be used to
drive expression of the reconstructed genes (see Table 3). However, expres-
sion of cloned antibody genes (whether murine, chimeric or fully humanized)
from their natural promoters usuaily gives expression levels which are much
lower than those of the murine genes in the original hybridoma. This is
because DNA sequences quite distant from the exons are normally required
for expression of Ig genes, and these are not usually present on the cloned
fragments. When the antibody genes are isolated as cDNAs it is therefore
advantageous to express them from heterologous promoters, and many
strong viral and cellular promoters have been tested. High level expression of
antibody can be achieved in myeloid cells with the human cytomegalovirus
major immediate early promoter/enhancer (hCMV; Colcher et al., 1989), the
Rous sarcoma virus promoter (RSV; C. Bebbington, personal communica-
tion), and the mouse metallothionein promoter (mMT; Gillies, Lo and
Wesolowski, 1989). High expression in non-myeloid cells can be achieved by
the use of the hCMV and $-actin (Page and Sydenham, 1991) promoters.

Many highly expressed mammalian genes share a common sequence
immediately preceding the translation start codon (Kozak, 1987). In some
cases expression levels for recombinant antibody genes can be increased two-
to five-fold by including this sequence in the expression constructs (J.R.
Adair and C. Bebbington, unpublished observations).

As suggested earlier, the priority in the early stage of therapeutic MAb
development is producing the material rapidly and easily such that many
engineered variants can be compared by in vitro tests. This applies especially
to antibody humanization, for which loss of affinity in many of the humanized
variants is very common. Transient expression systems are usually used at this
stage rather than those giving stable cell lines, since the isolation of the latter
is a relatively slow process taking at least one month following transfection.
The most commonly used transient systems are COS cells (Whittle et al.,
1987}, CHO L761h cells {Cockett, Bebbington and Yarranton, 1991) and 293
cells {Daugherty et al., 1991; DeMartino ef al., 1991; Carter et al., 1992b).
COS cells, which are monkey kidney cells transformed with a replication
origin-defective SV40 virus, support the replication of a wide range of
bacterial plasmids providing these carry a short sequence from SV40 which
includes its replication origin, and providing also that certain sequences from
the widely used bacterial colE1 replicon are removed because these poison
replication in the mammalian cells. CHO-L761h and 293 cells contain an
adenovirus E1A transactivator gene which can stimulate expression from
several promoters. Any of these can be used to produce recombinant
antibodies secreted into the culture medium at levels of 1 pg mi™ or greater
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within two to three days of transfection. The 293 system has been reported to
yield 15 ug mi~* (Carter ef al., 1992b).

It is now routine to isolate stable cell lines, especially myeloma lines, with
yields of recombinant whole antibody as great or better than those of murine
MAbs from hybridoma cultures (Table 3). Accumulated yields of greater
than 200 mg I"' have been achieved using the GS amplification system in
CHO-K1 cells (Bebbington, 1991) and 0-5-1-0 mg ["! has been achieved using
the GS amplification system in NSO cells (Bebbington ef al., 1992; H. Brand et
al., unpublished data). Recombinant antibody production processes using
both of these types of cell line have been scaled up to manufacturing scale
production using 2000 ! fermentors to obtain GMP quality material for
clinical trials. It is important to stress, however, the importance of media and
fermentation development in achieving such high yields. Seven- to ten-fold
yield improvements are commonly achieved by these development activities
(Bebbington et al., 1992). It is also important to stress that maximal
production rates for recombinant cell lines vary between different antibodies
(Bebbington, 1991). Mutant light chains (Nakaki, Deans and Lee, 1989) and
heavy chains (Hendershot, Ting and Lee, 1987) vary significantly in the
extent of their interaction with the ER protein grp78, with consequences for
their secretion rate. Engineered proteins may also be retained by the
secretory pathway and directed for degradation rather than secretion, for
reasons that are as yet not clearly understood (Klausner and Sitia, 199(;
Dorner, Bole and Kaufman, 1987).

As yet there are few reports of direct comparisons of the properties of
recombinant antibodies made in different mammalian cell types. Chimeric
B72.3 made in CHO and NSO cells appears indistinguishable in terms of in
vitro antigen binding activity and biodistribution in mice (D. King, personal
communication). It is nevertheless possible that glycosylation patterns for
some MAbs will be affected by both the polypeptide conformation and the
host cell type, as they are for other recombinant proteins (Hamaguchi er al.,
1989; Parckh er al., 1989; Takeuchi er al., 1989). The significance of subtle
differences in attached carbohydrate structure for pharmacokinetics and
biodistribution in patients remains to be determined.

The identification and development of such high yielding cell lines suitable
for recombinant antibody production on the manufacturing scale is a lengthy
(9-12 months from transfection) and labour-intensive process. Various
approaches are being explored towards deriving processes which are faster
and require less effort. The use of frans-activator genes to further enhance
expression from strong promoters (Cockett, Bebbington and Yarranton,
1991) can permit levels of recombinant protein production on a small scale
with low copy number vectors that approach those obtained with amplified
cell kines. It is not yet clear whether culture of cell lines carrying such
trans-activators can readily be scaled up. Another promising approach
involves attempts to direct the recombinant antibody gene efficiently to
chromosomal locations which are highly transcribed, in particular to the Ig
loct themselves. Such gene-targeting approaches have been reviewed by Plon
and Groudine (1991). They involve integration of the engineered antibody
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gene into the desired chromosomal locus by homologous recombination with
flanking sequences. The feasibility of this approach has been indicated by the
chimerization of a mouse antibody chain by targeting a human constant
region into a mouse Ig gene (Fell et al., 1989; Holzschu and Daiss, 1989). An
alternative approach involves attempts to clone large ‘dominant control
regions’ (or ‘locus organizers’) from the mouse genome which contain all the
sequences required for very high level expression irrespective of the eventual
chromosomal location of the transfected antibody genes (Plon and Groudine,
1991).

Approaches to manipulating antibody pharmacokinetics and biedistribution

The design of therapeutic strategies with MAbs and MAb conjugates must
take into consideration their pharmacokinetics and biodistribution. In virtu-
ally all animal mode! and patient studies on MAbs clearance of the antibody
from the blood shows two component kinetics, comprising a shorter a-phase
and longer B-phase. In general the decline in the blood level in the a-phase
represents distribution of the antibody from the blood into the rest of the
tissues, and the decline in the J-phase represents its subsequent clearance
from the body. In man there is considerable patient-to-patient variation in the
ty, (half-life) of the B-phase, only some of which is likely to be caused by
variation in magnitude of the HAMA response. Considerable data are
available for chimeric MAbs in man, but very little for fully humanized
MAbs. Upon first administration (which is relatively unaffected by HAMA
responses) chimeric antibodies show a fi,o of 12-20 h and a #,,p of 2-10d
when administered i.v. The only data available for fully humanized antibodies
concerns H17E2, for which a £, of 73 h is reported (Hird, Snock and
Kosmas, 1991}. Fully humanized MAbs will no doubt prove in general to
have haif-lives which are similar to or longer than those of chimeric MAbs.
For several MAbs (B72.3, L6, 17.1A, 14.18 and H17E2) pharmacokinetic
data are available for both murine and humanized forms (fully humanized for
H17E2, chimeric for the others, see below for details). In each case the #,.p of
the humanized form proved to be at least two- to three-fold longer than that
of the murine MAb.

The pharmacokinetics of humanized IgGs are not the most appropriate for
many therapies. This is especially true for tumour diagnosis and therapy with
Mab-radioisotope conjugates. For diagnosis with such conjugates long half-
lives limit the tumour-to-background ratio and hence the sensitivity of lesion
detection. For therapy they lead to long-term irradiation of the normal tissues
and hence to dose-limiting toxicity, this being almost always myelosuppres-
sion resulting from bone marrow irradiation. Several approaches are being
taken to manipulate the pharmacokinetics of MAbs, and these usually also
affect their biodistribution. The approaches include: the use of particular
1sotypes; the use of antibody fragments; PEGylation; galactosylation; the use
of in vivo or ex vivo clearing regimes.

Limited data from animal and clinical studies suggest there may be
significant differences in t,,p between the different Ig isotypes {reviewed by
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Mariani and Strober, 1990}. IgG1 and IgG4 chimeric variants of B72.3, for
example, have been compared for pharmacokinetics in cynomolgus monkeys
(Hutzell e al., 1991). The IgG4 variant showed a ¢,/ about three-fold longer
than the IgG1 equivalent (260 and 90 h, respectively). No such directly
comparative studies have been performed in humans, but the available data
are consistent with the y4 isotype persisting longer in the circulation (LoBu-
glio et al., 1989; Merdith er al, 1991; Saleh et al, 1992a). There are
comparable data from studies with nude mice, however, which have led to
different conclusions. Pharmacokinetic studies with IgG1, 1gG2, 1gG3 and
Ig(G4 chimeric variants of B72.3 have been performed with tumour-bearing
nude mice (A. Phipps ef al., unpublished). I these animals the IgGl and
1pG?2 variants were observed to persist longer in the circulation than the 1gG3
and IgG4 equivalents. The difference in clearance time between the IgG1 and
IgG4 variants led to greater tumour loading for the former. It should be noted
that, although human tumour xenografts in nude mice are the most com-
monly used animal models for efficiacy studies with anti-cancer MAbs, the
available comparative data suggests that pharmacokinetic behaviour in mon-
keys is much more predictive for humans than that in nude mice. It is possible
that shorter half-lives for humanized antibodies could be achieved by using
IgM rather than IgG constant regions. The £, of Centoxin, one of the few
IgM MADs for which pharmacokinetic data are available, is typically about
30 h in clinically stable cancer patients (Khazaeli er al., 1990). Efficient
production of recombinant IgMs, however, is presently more difficult than
that of [gGs, partly because of the need to co-express J chains in the chosen
host cell line.

Galactose conjugation of antibodies allows them to be recognized by the
asialo-glycoprotein (ASGP) receptor in the liver, giving rapid clearance from
the blood through that organ (Mattes, 1987). Galactosylation can be accom-
plished with retention of ability to bind antigen and to mediate recruitment of
immune effectors (Ong et al., 1991). The procedure was originally developed
to enhance regional immunotherapy, and was shown for example to allow
high tumour:non-tumour ratios to be achieved in mice with tumours in the
peritoneal cavity when a radiolabelled antibody was injected. The prospects
of using it to manipulate clearance time of radiolabelled antibodies injected
i.v. for tumour therapy are now being explored. The optimal time in the
circulation for such conjugates is 2448 h, a time period which allows high
tumour loading while minimizing irradiation of the bone marrow and other
organs. Recently it has been demonstrated that high tumour:non-tumour
ratios together with high tumour loading can be achieved in animal models
following i.v. administration by co-treatment with an inhibitor which binds
competitively to the ASGP receptor, and can delay clearance of the galacto-
sylated MAb for 2-3 d. After this time the conjugate is cleared rapidly
through the liver. This approach may have some clinical utility, but will be
restricted to MAbs conjugated to cytotoxic agents which can be rapidly
eliminated by the liver without damaging it, as appears to be the case for the
isotope '*°I (Ong e al., 1991). A galactosylated anti-enzyme antibody has
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been used in a clinical study to achieve rapid clearance of a MAb-enzyme
fusion {Bagshawe et al., 1992, see later).

Two alternative approaches have been suggested to allow maintenance of
high blood ievels of MAb conjugates for 1-3 d followed by rapid clearance.
One involves removing the conjugate after the desired time period by
administration of a second ‘clearing’ antibody which binds to the first
antibody, giving immune complexes which are cleared rapidly through the
liver, spleen and perhaps other organs. This method has been demonstrated
to be capable of reducing background and enhancing detection of tumours
with radiolabelled antibodies (Bradwell et al., 1983; Begent et al., 1981;
Goldenberg, Goldenberg and Primus, 1987). Two drawbacks of this approach
are the time and cost implications of developing a second antibody and the
possibility that clearance of immune complexes through several organs might
give dose-limiting toxicity in one of them. A similar approach, with similar
drawbacks, involves the use of biotinylated MADb conjugates and their
subsequent clearing by the administration of avidin (Klibanov et al., 1988;
Sinitsyn et al., 1989). Extracorporeal immunoadsorption {ECIA) is a similar
but more sophisticated approach to manipulating clearance times in which the
MADb or MAD conjugate is removed from the blood ex vivo at the desired
time by the use of an affinity column. The affinity reagent can be the antigen
or an anti-antibedy, and the procedure requires processing the blood through
an extracorporeal shunt. In the only clinical study in which this procedure has
yet been used it was demonstrated that 55-80% of the circulating *''In-
labelled antibody couid be removed, with very significant dose-sparing to the
bone marrow and other organs, without compromising the dose delivered to
the tumours, in this case to lung and breast tumours (Johnson et al., 1991).
The obvious drawback to this approach is its complexity and expense in the
clinical setting.

The simplest and most generally applicable approach to manipulating
antibody pharmacokinetics is the use of antibody fragments. It is clear that
Fab and Fv fragments and their derivatives are cleared more rapidly from the
circulation than whole antibodies. These fragments distribute much more
rapidly from the blood to the tissues, which is an advantage for MAb-based
therapies in which the target antigen is not in the circulation, and especially
for tumour imaging and therapy with antibody-isotope conjugates. As
mentioned above, whole antibodies injected i.v. distribute from the blood to
the tissues with a half-life of 1220 h, then clear from the body with a half-life
of 2-10 d, in both animal models and in man. Results from animal models
suggest that F(ab'), fragments are cleared from the body with a half-life of
5-10 b {Brown et al., 1990; Milenic et al., 1991; Molthoff et a/., 1992), and
Fab or Fv fragments with half-lives between a few minutes and one hour
(Milenic et ai., 1991; Owens et al., 1991a; King e a/., 1992b). In one mouse
study {Covell et al., 1986) it was calculated that the mean residence times in
the body for 1gG, F{ab'), and Fab’ forms of the same murine antibody were
8-5,0-5and 0-2 d, respectively. The F(ab’), was calculated to give 17-fold less
exposure of the body to the emissions of the isotope used, in this case '*'1.

Two crucially important parameters in the design and prospects for success
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of imaging and therapy with antibody-isotope conjugates are: the tumour
loading, which refers to the proportion of the administered dose that binds to
the tumour and is usually expressed in terms of per cent injected dose per
gram of tumour (%i.d.g '); and the tumour:non-tumour ratio (sometimes
called the tumour localization index), which is a measure of the dose
delivered to the tumour compared to the exposure of the other organs. The
most important tumour:non-tumour ratio is usually that of tumour:blood,
since irradiation of the bone marrow from the MAb-isotope conjugate in the
circulation usually gives the dose-limiting toxicity. The factors which deter-
mine these two parameters include the residence time of the MADb in the
circulation, the degree of vascularization of the tumour, the density of the
antigen and the avidity of the MAD for the latter. Whole lgGs persist longer
in the circulation and give the best tumour loading, but more rapid clearance
of fragments gives better tumour:non-tumour ratios. The choice of optimal
MAD form for isotope delivery in patients is thus a complex issue. The most
detailed comparisons of different antibody forms so far have concerned IgGs
and their F(ab'),;s (Buchegger er al., 1986; Colapinto er al., 1988; Endo,
Kamma and Ogata, 1988; Pervez ef al., 1988; Brown er al., 1990; Gerretsen et
al., 1991; Molthoff ez al., 1992), largely because this fragment was the easiest
one to prepare by non-recombinant means. In general F(ab'),s have been
found to give tumour loading in these animal models two- to ten-fold lower
than IgGs, but tumour:non-tumour ratios five- to ten-fold higher. A few
similar studies have recently been performed for Fab’, Fv and scFv fragments
of the anti-tumour MAbs B72.3 and CC49 (Milenic et al., 1991; Owens ef al.,
1991a; King et al., 1992b; Yokota et al., 1992). All three fragments show very
rapid distribution after injection, with (for example) the CC49 scFv showing a
ti of 3—4 min in both mice and monkeys (Milenic er al., 1991). All three
fragments also showed very rapid clearance from the circulation, with (for
example) only 5% and 0-8% i.d.g”' remaining in the blood after 1 h for the
B72.3 chimeric Fab’ and Fv, respectively (King et al., 1992b). The rapid
clearance was reflected in relatively poor tumour loading. The B72.3 chimeric
Fab’ showed no significant benefit in tumour:blood ratios over the chimeric
F(ab’),, despite its more rapid clearance. The B72.3 Fv on the other hand,
showed tumour:blood ratios at all time points which were superior to those of
the F(ab’),. The CC49 scFv showed tumour:non-tumour ratios which were
equal to or superior to those of IgG, F(ab’), and Fab’ forms of this antibody
at all time points (Milenic er al., 1991).

Many groups have concluded that for tumour imaging and diagnosis the
reduced loading of the F(ab'), or Fab’ compared to the IgG is likely to be
more than compensated by their reduced background, and therefore isotope
conjugates of these fragments are likely to give more sensitive tumour
detection that those of whole antibody. Fab’ and F{ab’), fragments are now
quite widely used for tumour detection in patients by immunoscintigraphy
{Delaloye et al., 1986; Bischof-Delaloye er al., 1989). Recently three '2I-
labelled forms of the anti-CEA antibody IMMU-4, these being murine IgG,
F(ab'), and Fab’, were compared in a randomized, double-blind Phase II
study to determine the optimal antibody form for colorectal cancer detection
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(Serafini er al., 1989), All three forms gave similar lesion detection rates. The
Fab' form is being used in further trials because it was found to be less
immunogenic.

The choice of antibody form for tumour therapy with antibody-isotope
conjugates is even more complicated. Rapidly cleared fragments such as the
Fab’' or scFv give tumour loading which is adequate for successful tumour
detection, but not for successful tumour therapy. Thus only IgG and F{ab'),s
have been compared for therapeutic effects in the nude mouse xenograft
model. In most of these studies IgG and the fragment have been compared by
injecting equal activities of the radiolabelled proteins. Interpretation of
results with such protocols is complicated by the dependence of tumour
loading on many different factors, including size and vascularity of the
tumour, retention of antigen binding through radiolabelling, retention time
on the tumour and immune response by the animal. Recently, though, a
comparison of Ig(G and F(ab’), fragments of murine anti-CEA antibodies has
been reported (Buchegger ef af., 1990) in which efforts were made to give
equivalent radiation doses with the antibody forms. "*!I-labelled F(ab')ss
were observed to give much better therapeutic efficiency together with similar
or reduced toxicity than *'I-labelled IgGs. Although nude mice carrying
human tumour xenografts constitute the best available animal model for
testing efficacy of new anti-cancer drugs, and for testing anti-cancer MAb
conjugates in particular, it has many very significant differences from the
clinical situation for human cancer. The pharmacokinetics of MAbs often
differ between the mouse and man, no allowance i1s made for HAMA
responses, and uptake of the conjugate by normal tissues which express the
antigen is generally not a problem in mice since the antibodies rarely
cross-react with the equivalent murine antigens. In addition, xenograft
tumours in nude mice are a great deal better vascularized than human
tumours, and therefore give dramatically higher tumour loading. It is
common, for example, to achieve 20-30% i.d.g”' with IgGs in the nude
mouse system, while figures of 0-01% i.d.g™' have rarely been achieved in
human patients. Nevertheless it is extremely likely that antibody fragments
will ultimately prove superior to whole antibody for tumour radioimmuno-
therapy.

It is likely also that the optimal 1,8 for tumour therapy with antibody-iso-
tope conjugates will prove to be somewhere in between those of F(ab'),
tragments (5-10 h) and IgG (up to 10 d). A 1,.p5 of 2448 h will probably give
high tumour loading with the highest tumour:non-tumour dose ratios per
dose. The more rapid clearance of humanized fragments compared to
humanized IgG will aiso allow more sub-toxic doses to be administered per
unit time. The metabolism of F(ab’), fragmentis occurs partly by cleavage of
the disulphide between the Fab monomers. More stable bivalent Fab
fragments have been constructed by chemical cross-linking with half-lives
falling in the desired range (D). King, personal communication}. Unfortu-
nately monovalent and bivalent Fab fragments have less favourable biodistri-
bution than whole IgG. Like Fvs and scFvs (King e af., 1992b; Yokota ef al.,
1992), these fragments are cleared through the kidney. This probably would
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not preclude their use in humans with 1 as the therapeutic isotope, since
this is readily released from cells as iodinated amino acids or after
de-iodination (Geissler, Andersen and Press, 1991). Kidney localization and
accumulation of metallic isotopes such as *°Y, however, would probably give
dose-limiting toxicity,

The recent studies with CC49 fragments (Yokota ef al., 1992) suggest one
advantage in biodistribution for small fragments, in that tumour penetration
was observed to be size dependent. Thus autoradiographic analysis on
tumours from nude mice which were sytemically administered '>*I-labelled
IgG, F(ab'),, Fab’ or scFv showed that most of the IgG was concentrated in
the region immediately adjacent to the blood vessels, while the scFv was
much more evenly distributed. The Fab fragments showed properties in
between the scl'v and IgG. The ScFv achieved maximum penetration within
30 min of administration, while the IgG took 48-96 h to achieve this degree
of penetration. This is a very significant result, and one which complicates
further the choice of most suitable fragment for tumour therapy. The ideal
fragment would probably be as small as possible to give maximum tumour
penetration, but give overall tumour loading equivalent to IgG. Tumour
loading is determined partly by clearance time and partly by avidity. Because
Fab and sckv fragments are monovalent they have antigen binding activity i
vitro 7- to 10-fold lower than the bivalent IgG and F(ab’),. The avidity
disadvantage of Fab and scFv fragments can readily be overcome by
engineering onto them a hinge sequence with a site for chemical cross-linking,
and bivalent and trivalent forms of both Fab’ and scFv have been made with
this approach (Owens er al., 1991b). The bivalent fragments have been shown
to bind antigen as well as IgG in vitro, and both trivalent fragments to bind
antigen approximately three-fold better than IgG.

PEGylation of several proteins has been shown to prolong half-life in the
circulation and biological effectiveness in animal models and in man, as well
as to reduce their immunogenicity (Nucci, Shorr and Abuchowski, 1991).
PEGylation of a murine antibody has been shown to affect both clearance
times and biodistribution for both IgG and a F(ab’), fragment (Kitamura et
al., 1991). The PEGylated F(ab”), showed reduced uptake by the kidney and
liver, and its slower clearance gave higher tumour loading. It is conceivable
that a PEGylated multi-scFv will ultimately prove to give the optimal
combination of clearance time, avidity and tumour penetration.

Recent evidence implicates the CH2 domain in controlling clearance of
IgGs. Deletion of this domain from a chimeric IgG1 antibody recognizing the
ganglioside GD2 (which is expressed on human tumours of neuroectodermal
origin) conferred upon the antibody pharmacokinetic properties in nude mice
very similar to those reported for F(ab'), fragments, i.e. more rapid distribu-
tion from the blood followed by more rapid body clearance, and superior
tumour:non-tumour ratios (Mueller, Reisfeld and Gillies, 1990). Although
the CH2 deletion removes the only site in the antibody for N-linked
glycosylation, Mueller and co-workers {Mueller, Reisfeld and Gillies, 1990)
suggest it is unlikely that this is responsibie for the dramatic difference in
pharmacokinetics since a site-specific substitution of the glycosylated residue



36 A. MOUNTAIN AND J.R. ADAIR

{(asparagine at position 297) in another chimeric antibody had no effect on its
pharmacokinetics (Tao and Morrison, 1989). Mueller and co-workers there-
fore suggest that the CH2 deletion aiters pharmacokinetics through confor-
mational effects on the whole molecule. On the other hand an aglycosylated
IgG4 variant of chimeric B72.3 has been found to be cleared faster than the
glycosylated form in mice (Rhind et al., 1990).

Therapeutic MAbs and MAbD conjugates are most frequently administered
i.v., which is clearly the preferred route for most therapies — certainly for
therapy of most cancers, especially those for which the disease is dissemi-
nated. Intra-cavity, intra-tumoral, intra-lymphatic and intra-arterial adminis-
tration are all feasible and are capable of giving much more limited
biodistribution. Intra-peritoneal administration of MAb-isotope conjugates
targeting antigens expressed on ovarian carcinoma is the best-studied exam-
ple, and has been shown to give slower localization to the ovarian tumours
but with greater penetration (Ward et af., 1987).

In summary, it is clear that the use of antibody fragments is the most
promising and generally applicable approach to manipulating pharmacokinet-
ics and biodistribution of MAbs and MAb conjugates. It is extremely likely
that for many therapies fragments will give superior therapeutic ratios, and
this applies particularly to tumour therapy. Because the nude mouse
xenograft model has only limited predictive value for the human clinical
situation, it will be some years yet before optimal fragments are clearly
identified.

Construction, expression and manufacture of antibody fragments

The advent of PCR technology has accelerated both the primary cloning of
antibody variable sequences to make chimeric forms (as described above) and
subsequent engineering of the genes for production of antibody fragments.
The two most suitable expression systems for either small- or large-scale
production of such fragments are mammalian cells and E. coli. Fabs, F(ab’),s,
Fvs and scFvs can be made in either system. High yields have been achieved
for Fabs in both mammalian cells (King ef al., 1992a; Adair et al., 1993) and
E. coli (Better, Horwitz and Robinson, 1990; Carter ef al., 1992a). High
yields of Fvs have been achieved in E. coli and low yields in mammalian cells
(King et al., 1992b, 1993; Adair et al., 1993). For mammalian cells yields in
excess of 100 mg I"! of Fabs can routinely be achieved (H. Caskey-Finney,
personal communication). Although yields of Fabs and Fvs in E. colf in excess
of 500 mg 1! have been reported (Better, Horwitz and Robinson, 1990;
Carter et al., 1992a) there is considerable variation in yield between frag-
ments of different antibodies (Adair, Mountain, Weir ef al., manuscript in
preparation). Overall E. coli is now the expression host of choice for Fvs and
scFvs, on both small and large scale, while for Fabs the preferred system
varies between antibodies.

Two types of E. coli expression system are in common use, giving either
secretion or intracellular accumulation of product. Both types of system have
been used to produce antibody fragments. Bird et al. (1988), Field, Yarranton
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and Rees (1989) and Buchner and Rudolph (1991) describe examples of
intracellular expression. As with most recombinant mammalian proteins
produced intracellularly in E. coli, antibody fragments accumulate as insclu-
ble inclusion bodies with the protein in a denatured and aggregated state.
Because the refolding of such proteins to give material which is soluble and
active in antigen binding is an inefficient process, secretion systems are
preferred for the production of antibody fragments. The impact of the
discovery that antibody fragments can readily be made in active form in such
E. coli secretion systems has recently been reviewed (Pluckthun, 1991,
Skerra, Pfitzinger and Pluckthun, 1991; Ward, 1992). A number of plasmid-
based systems for secretion of antibody fragments from E. celi have been
developed. The features required if such systems are to be suitable for
large-scale manufacture are: a suitable signal sequence to direct the heavy
and light chains of the fragments into the secretion pathway; a controllable
promoter and efficient translation initiation region to direct transcription and
translation; a strong transcription terminator to prevent read-through inter-
ference on plasmid genes involved in plasmid replication and stability; a
plasmid replicon which is not prone to segregational or structural instability; a
plasmid architecture which allows the expression of both chains of the Fab or
scFv to be transcribed from the same promoter as a bi-cistronic mRNA; a
host strain which is relatively resistant to cell lysis by the antibody fragments
as they accumulate in the periplasm; and fermentation processes allowing
controlted growth to high biomass, preferably in a defined medium and
without the need for antibiotics to maintain the plasmid within the cells.
Secretion to the periplasm requires the use of a signal sequence (reviewed
in Briggs and Gierasch, 1986) and although the secretion of an antibody light
chain has been accomplished using its natural signal sequence (Zemel-
Dreasen and Zamir, 1984), it is preferable to use one from an efficiently
exported bacterial protein, such as pelB (Better et al., 1988) ompA (Skerra
and Pluckthun, 1989), phoA (Skerra dn Pluckthun, 1989), or s#l (Carter et
al., 1992a). Secretion of heterologous proteins is deleterious for E. coli and
leads to strong selection pressure in favour of cells which have lost the whole
expression plasmid (segregational instability) or which have deletions of the
antibody gene insert {structural instability). For this reason it is essential to
use a tightly controlled promoter to prevent expression during most of the
growth phase of the culture. Antibody fragments can readily be translocated
across the inner membrane of E. coli, but they also have a tendency towards
insolubility in the periplasm. The extent of this problem varies markedly
between fragments of different antibodies and between different fragments of
the same antibody. As fragments accumulate in the periplasm they tend to
permeabilize the outer membrane and leak into the culture medium, along
with other periplasmic proteins. At higher concentrations in the periplasm
they cause cell lysis and release of many cellular proteins into the culture
medium. It is highly advantageous to use promoters which allow partial
induction to allow a production rate that is optimal for secretion and folding
with minimal cell lysis. In most cases the best yields are given by sub-maximal
production rates which allow continued cell growth after induction and allow
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the most favourable balance between secretion and cell lysis. Promoters
which have been used include: the lacUV35 promoter/operator (p/o: Back-
mann, Ptashne and Gibert, 1976) controlled by IPTG induction; the wild-type
lac plo (Charnay et al., 1978) controlled by IPTG induction (Skerra and
Pluckthun, 1989); the Salmonella typhimurium araB promoter controlled by
arabinose induction (Better er al., 1988); the AOx/Pg (Queen, 1983) con-
trolled by temperature-induced inactivation of the Acl857 repressor (Colcher
etal., 1991); the tac promoter (Amann, Brosius and Ptashne, 1983) controlled
by IPTG induction (King et al., 1992b, 1993; Owens et al., 1991 a, b;
Yarranton and Mountain, 1992); the phoA promoter, which is induced by
phosphate starvation (Carter et al., 1992a); and the trpE p/o (Yarranton and
Mountain, 1992) controlled by temperature-induced plasmid copy number
increase which titrates the chromosomally expressed trp repressor (Wright,
Humphreys and Yarranton, 1986). Of these the temperature and IPTG
induced systems allow the most flexible control. (Yarranton and Mountain,
1992).

Transcription terminators which have been used include the Ipp terminator
(Skerra, Pfitzinger and Pluckthun, 1991), the rrnB terminator (King et al.,
1992b; Owens et al., 1991a, b) and the phage At, terminator (Carter et al.,
1992a; Shalaby et al., 1992). All of these give highly efficient termination.
When mammalian genes fail to express or express poorly in E. coli the
problem is very often caused by poor transtation initiation. This is usually
attributable to an unfavourable secondary structure in the mRNA which
conceals the ribosome binding site and can be avoided by translational
coupling of the antibody cistrons to an efficiently translated cistron (Yarran-
ton and Mountain, 1992).

The secreted antibody fragments can conveniently be recovered in assem-
bled, active form from either the periplasm or the culture medium. The
former allows recovery in a smaller volume while the latter requires fewer
steps. Much greater yields can be achieved in fermentors because they allow
greater control over the parameters that govern cell physiology than shake
flasks. For example Better, Horwitz and Robinson (1990) reported yield
improvements for the production of ¢L6 Fab from 0.5-1.0 mg }"! in shake
flasks to 500 mg I'" in fermentors. Structural and segregational instability
have been shown to be a problem for high copy number expression plasmids
such as the pUC-based vectors at fermentor scale. This is especially true when
using a defined medium, which is advantageous for GMP processes because it
obviates the need to demonstrate clearance of multiple media components,
but which tends to exacerbate plasmid instability problems. Stability is a
particularly important issue with large-scale production of fragments for
clinical use, because demonstrating reproducible stability is an important
requirement for GMP compliance. [Dual origin vectors have been developed
which allow cell growth to high biomass at low copy number with very tight
control over fragment expression followed by induction of expression for the
production phase by temperature increase (Yarranton and Mountain, 1992).
A tac promoter-based vector has been developed which also allows very tight
control over expression in the growth phase (Yarranton and Mountain, 1992).
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For GMP compliance with the latter it is advantageous to induce expression
by switching carbon source from glucose to lactose because IPTG is expensive
and usually contains the carcinogenic substance dioxane, clearance of which
must be demonstrated from the final antibody fragment product.

In summary, it is possible to make large quantities of antibody fragments
suitable for clinical studies using either E. coli or mammalian cell systems.
Development times are shorter for E. coli systems, which in the long term will
also prove to give economic advantages on the very large scale required to
satisfy large markets.,

Approaches to cell killing with antibodies

Binding to or neutralizing the target amtigen is not sufficient to give a
therapeutic effect for many antibody-based therapies — killing the target cell
is required. This is particularly the case for cancer therapy with antibodies,
for which essentially five cell-killing strategies are being developed. Four of
these involve respectively radioisotopes, protein toxins, low molecular weight
cytotoxic drugs, and enzyme-activated prodrugs as the cell-killing agent.
Because human tumours are usually poorly vascularized their uptake of
MAbs or MADb conjugates is very low compared to the uptake observed in
nude mice with human tumour xenografts. For this reason only extremely
potent cell-killing agents can kill tumours to which they are targeted by
anti-TAA antibodies. The fifth strategy involves using the antibody constant
regions to recruit immune effector mechanisms to mediate cell killing.

RADIOISOTOPE CONJUGATES

The use of antibody-isotope conjugates for tumour imaging and therapy has a
long history, the first human therapy studies being performed with '*'I-
tabelled polyclonal antibodies in 1957. It has proved much easier to deliver
doses to the tumour which are adequate for tumour detection than to deliver
doses which give therapeutic benefit, and the vast majority of clinical studies
with antibody-isotope conjugates have been for radicimmunodetection
(RAID). The present status of RAID has recently been reviewed (Golden-
berg et al., 19%1a, b; Larson, 1991). Since this present review is concerned
with therapy rather than diagnosis, we will not review RAID again here, but
it is worth noting that RAID is now regarded as a very safe and valuable
adjunct to more anatomical detection methods such as CT (computerized
tomography) and MRI (magnetic resonance imaging), and that in many cases
RAID has enabled the detection of occult tumours (i.e. otherwise undetect-
able). The use of engineered antibody fragments with superior pharmacoki-
netics, together with the more widespread use of more suitable isotopes (such
as *™T¢) is very likely to improve RAID further in the next few years, and
several '''In and **™Tc-antibody conjugates are close to being launched as
approved products for tumour imaging.

The selection of isotopes for therapy is a very complicated issue, depending
largely on the following factors: the size of tumours being targeted; the range
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and intensity of the radiation delivered; the ease with which the cell can repair
the DNA damage caused by the radiation (and which is the means of cell
killing}; the availability of suitably pure isotope; the availability of chelators
and conjugation technology giving adequate in vivo stability for the conjugate
and biodistribution of the isotope; and the ease of patient handling. Thus, for
example, B-emitters such as **'I and **Y have relatively long effective path
lengths and are capable of killing adjacent tumour cells which do not express
the antigen or are inaccessible, This so-called ‘cross-fire’ or ‘bystander killing’
effect is an important advantage of isotope over other cell-killing agents. For
killing individual cells or micrometastases «-emitters such as ' At, “'?Bj or
12pp have the theoretical advantage of delivering a higher energy dose with a
shorter path length, but these isotopes are not yet readily available. Similarly
’Cu is a high-energy B-emitter with a path length between I and *°Y which
is also unavailable. Considering all these factors, the most promising isotopes
at the present time are *'], and the longer range p-emitters *°Y and '®*Re,
which have path lengths in the millimetre range, The great majority of clinical
therapy studies with antibody-isotope conjugates thus far have used *'I,
largely because of its availability and simple conjugation methodology. *°Y
offers the advantages of greater energy per emission, greater B-component,
more suitable half-life and easier patient handling, but the disadvantage of
requiring much more efficient chelators because it is a bone-seeking isotope.
Suitable macrocyclic chelators have now been developed (Farnsworth et al.
1991; Maraveyas and Epenetos, 1991; Beeley and Ansell, 1992) and *°Y is
likely to prove the most effective isotope for antibody-based therapy over the
next few years.

Radioisotopes are usually linked to antibodies by random attachment after
modification of the antibodies at various amino acid side chains (reviewed by
Beeley and Ansell, 1992). Site-specific attachment has been accomplished,
however, by engineering suitable residues into the antibody in the desired
positions. For example several IgG4 chimeric variants of B72.3 have been
constructed with surface serine or threonine residues in the CH1 domain
substituted by cysteines (Lyons et al., 1990). All these variants could be
expressed in mammalian cells with appropriate folding and assembly, and
those with introduced cysteines in concave regions of the antibody surface
could be labelled site-specifically by conjugating **°I via a maleimide linkage
to the thiols. The resulting conjugates showed localization to tumours in
tumour-bearing nude mice (Lyons ef al., 1990). In an alternative approach
site-specific labelling with "'In or *°Y at the hinge region has been accom-
plished by incorporating an appropriate macrocycle chelator into a bifunc-
tional maleimide linker used to chemically cross-link two chimeric B72.3 Fabs
to give a F(ab), (Rhind, 1990; Rhind, Millican and Millar, 1990). The hinge
region in this case was derived originally from an IgG4 antibody and
contained two cysteines. One of these cysteines was substituted with a serine
to reduce the complexity of the cross-linked Fabs. The resulting chemically
cross-linked F(ab), showed slower blood clearance than the normal F(ab),
cross-linked by disulphide bonds (D.J. King ef a/., unpublished observations).

Very few data are available yet on the use of humanized antibody-isotope
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conjugates for cancer therapy. Recently, however, encouraging data have
emerged from early clinical studies with murine antibodies on patients with
haematologic malignancies, i.e. leukaemia and lymphoma. From the view-
point of therapy with antibody-isotope conjugates such cancer types have the
advantage of much easier access for the conjugate to the tumour cells than is
the case for solid tumours, but the disadvantage that the target cells are
located largely within the most radiation-sensitive normal organ, the bone
marrow. Tumour regressions have been observed in one clinical study of
T-cell lymphoma (Rosen et al., 1987} and four of B-cell lymphoma with
murine MAbs carrying '*!I. The B-cell lymphoma trials concerned the MAbs
MBI (Eary ef al., 1990), OKB7 (Scheinberg et al., 1990; Czuczman er al.,
1991), Lym-1 (de Nardo et al., 1988) and LL2 (Goldenberg ef al., 1991a, b).
Some of these remissions occurred with doses of the conjugate as low as
6 mCi (Goldenberg et al., 1991a, b). In one study complete remissions lasting
4-29 months have been observed (Bernstein et al., 1991). All of these patients
also suffered myelosuppression and most were given infusions of bone
marrow cells. No toxicity in organs other than the bone marrow was
observed, suggesting higher doses could be administered. In a Phase I study
of acute myelogenous leukaemia (AML) administration of an '*'I conjugate
of a murine antibody recognizing CID33 on the surface of leukaemic blast cells
was shown to give very rapid and effective imaging of all areas of leukaemia
involvement at Jow doses. In a dose escalation study high doses were shown to
kill 99% of the leukaemic blast cells but also gave complete bone marrow
ablation resulting in the need for bone marrow transplants (Scheinberg et al.
1991). Killing this proportion of the leukaemic cells was not sufficient to be
curative — the patients relapsed after about 3 months and it was not possible
to administer further doses because of HAMA responses to the murine
antibody. For these haematologic malignancies it is very likely that MAb
conjugates with short path length isotopes such as c-emitters and Auger
electron emitters, or cytotoxic drugs, would be more likely to permit killing of
the cancer cells without simultaneous destruction of normal bone marrow
cells.

For the major solid tumour types (lung, breast, colorectal and prostate
cancer) there are few reports yet of tumour responses in patients adminis-
tered antibody—isotope conjugates. Partial responses have been achieved for
50% of hepatoma patients with a multi-modality therapy which involved
external beam irradiation, chemotherapy and **'I-labelled anti-ferritin anti-
body, which gives very high uptake by the liver (Order et al., 1985). Perhaps
the most interesting data so far concern a Phase I study of metastatic
colorectal carcinoma with 'I-labelled CC49 as sole therapy (Divgi ef al.,
1992). In five out of 18 patients given relatively low doses the treatment gave
disease stabilization, and one of these had a minor tumour regression.

There are several cases for which tumour loading data in patients indicate
that a single or very few administrations of *'I-labelled murine whole
antibody have delivered a dose of 10-20 Gy to the tumour (Langmuir, 1992).
Although different solid tumour types differ in their radiosensitivity, it has
been calculated on the basis of external beam irradiation that an average
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tumour killing dose will be around 60 Gy, and that the maximum tolerated
dose to the bone marrow is around 3 Gy (Mach, Pelegrin and Buchegger,
1991). 1t is likely that for many solid tumour types MAbs will eventually
prove to be capable of delivering a killing dose to the tumour without serious
damage to the bone marrow, given that humanized antibodies will allow
repeat dosing, that antibody fragments will allow superior tumour:non-
tumour dose ratios and tumour penetration, that new developments in
chelator technology now allow the use of superior isotopes such as *Y. In all
the clinical studies with *Y-MADb conjugates until very recently release of the
isotope from the conjugate has led to low dose limitation through myelosup-
pression (Order et al., 1988; Haller ez al., 1992; Hird et al., 1991a). It is also
likely that tumour loading and consequently efficacy with MAD conjugates in
patients will improve through the use of MAbs which recognize antigens that
are more highly and more homogeneously expressed than many of those used
so far. It is now much more widely accepted that such MAb conjugates are
more likely to be of clinical benefit in patients with minimal residual and
disseminated disease (i.e. after removal of most of the tumour bulk by
surgery or other means) rather than in patients with large solid tumours.
Other approaches being taken to improve therapeutic ratios for antibody—iso-
tope conjugates include radioprotection of bone marrow by systemic injection
of cytokines (Neta, Douches and Oppenheim, 1986) and increasing tumour
blood flow and vascular permeability to improve tumour loading (Jain, 1990).

PROTEIN TOXIN CONJUGATES

Several highly potent protein toxins are being evaluated as cell-killing agents
targeted to cancer cells by MAbs. The most notable are the bacterial toxins
Diphtheria toxin (DTX) and Psendomonas exotoxin (PE), and the plant
toxins ricin and abrin. DTX and PE inactivate the translation elongation
factor EF-2, while ricin and abrin are enzymes that inactivate ribosomes. This
mode of cell killing requires internalization of the toxins into the target cell,
which restricts the selection of the MAD part of the immunotoxins to those
which recognize internalizing antigens. It has been estimated that less than 10
molecules of ricin in the cytoplasm is sufficient to kill the cell, but many more
must be targeted to the cell surface because internalization and translocation
are efficient. Immunotoxins have been described which are intended for
therapy of most human cancers and which show potent and selective killing of
tumour cells in vitro and in animal models (reviewed by Wawrzynczak, 1991).
Several are undergoing clinical evaluation.

Although immunotoxins are a simple and attractive concept, the first
generation of them have proved relatively ineffective in patients. Several
problems have been encountered, notably that of achieving adequate target
selectivity. Toxins usually have subunits or domains which are responsible for
non-specific cell binding and which must be removed to avoid killing
non-target cells, Removal of the ricin B chain, however, to reduce non-
specific binding, also reduces the capacity of the A chain to translocate across
the vesicle of the endosome and therefore reduces potency. The carbohydrate
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components of plant toxins also promote binding to cells of the RES. Such
toxins may require to be unglycosylated to avoid rapid clearance and killing of
non-target cells. Another problem encountered with immunotoxins in
patients has been instability in vivo of the linkage, usually disulphide bonds,
between MAb and toxin. This problem has been partially solved by introduc-
ing methyl or phenyl groups adjacent to the disulphides to restrict access to
them, or by expressing the antibody-toxin as a genetic fusion, i.e. with
co-expression of the toxin and one antibody chain as a single polypeptide.

Promising results have been achieved for several immunotoxins in animal
models, with treatments delaying tumour appearance and growth rate and in
some cases giving complete cures. The performance of immunotoxins in
clinical studies has, however, been disappointing. In the first 10 clinical trials
127 patients with ovarian, breast, colorectal or lymphoid tumours were
treated, but only two complete remissions and eight partial remissions were
observed (Waldmann, 1991b). Serious toxicity was frequently observed, most
often a capillary leak syndrome. In some breast and ovarian trials severe
neurological toxicity occurred because of cross-reactivity of the MAb with a
central nervous system (CNS) antigen (Gould et al., 1989). More recent trials
with modified immunotoxins are giving somewhat more promising results:
60~70% of B-cell lymphoma patients with minimal residual disease showed
partial or transient responses when administered an anti-CD19 MADb conju-
gated to ricin with galactose-binding sites sterically blocked (Grossbard et al.
1992); 22 of 32 evaluable patients with GVHD showed a favourable early
response in at least one organ when administered an anti-CD5 MAb
conjugated to ricin A chain (Byers et al., 1990); and about 45% of B-cell
lymphoma patients administered an anti-CDD22 MADb conjugated to ricin A
chain showed partial responses (Thorpe, 1992). Although much effort is
presently going into engineering toxins to give superior combinations of
specificity and potency, most immunotoxins have a very serious long-term
drawback — they are foreign proteins which are highly immunogenic in
patients. Indeed such immunogenicity has already been reported to limit the
effectiveness of ricin immunotoxins in clinical studies (Thorpe, 1992). Effec-
tive therapy with such immunotoxins will be restricted to indications for
which a single dose is effective unless their immunogenicity can be overcome
by co-treatment with immunosuppressive agents, by PEGylation, or by
removing immunodominant epitopes through protein engineering techniques
without compromising potency. Recent studies suggest it may be possible
instead to use a human protein as a toxin, namely a human RNase which kills
cells only after internalization and which will hopefully not be immunogenic
in patients (Rybak et al., 1992).

DRUG CONJUGATES

Cytotoxic and cytostatic drugs have been in clinical use as anti-cancer agents
for about 50 years now. Until the recent advent of MAbs, MAb—conjugates
and ‘biological’ therapeutic agents (e.g. cytokines) such drugs represented the
only systemic treatment for patients with widely disseminated metastatic
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disease. The limitation of such drugs is their very poor selectivity for tumour
cells over other rapidly dividing cells, especially in the bone marrow, which is
usualily the organ giving dose-limiting toxicity. It is for this reason that there
has been little improvement in clinical results with chemotherapy over the last
25 years. Improving the therapeutic ratio for such drugs by targeting them to
turnour cells with MADbs in a form which is inactive until internalized into the
target cells is therefore a very attractive concept. Intensive efforts have been
made over the last 5-10 years to develop such MAb-drug conjugates for
clinical evaluation. Antibody conjugates with many different drugs, including
methotrexate, chlorambucil, adriamycin, daunorubicin, vindesine,
a-amanitin, mitomycin C and neocarzinostatin have been shown to give
targeted cell killing in vitro and in some cases in animal tumour models. As
yet, though, there are very few reports of clinical studies with such conjugates
and no tumour responses have been achieved (Starling and Mastro, 1992).
The main problems have been firstly in identifying drugs which are suffi-
ciently potent to kill cells, given the inefficiency of antibody uptake by human
solid tumours and that only a minor proportion of the activated drug reaches
its intracellular site of action, and secondly in identifying linkers for conjugat-
ing drug onto MAbs to give linkages which are stable extracellularly in the
circulation but are readily cleaved after uptake of the conjugate to liberate
the active form of the drug,

In the last few years several types of cytotoxic drug have been identified
which have greatly superior potency than the commonly used chemothera-
peutic agents and which may prove to be more suitable for MAb-targeted
cancer therapy. These are principally the enedienes (reviewed by Nicolaou et
al., 1992), the maytansinoids (Chari ef al., 1992) and the tricothecenes (Liu,
1989). The enedienes kill cells by damaging DNA and must therefore be
trafficked to the nucleus after uptake of the conjugate, while the maytan-
sinoids block microtubule polymerization and depolymerization, and the
tricothecenes are inhibitors of protein synthesis. Some of these new cytotoxic
agents are as potent as ricin, but since they are of much lower molecular
weight they will be much less immunogenic, and also much less likely to be
inactivated in endosomes. Like the immunotoxins, cell killing by MAb
conjugates with such agents requires internalization into the target cells,
which will restrict the choice of antigen somewhat. Suitable linkages and
procedures for MAb conjugation have been developed for one of the most
promising of these new agents, the enediene calicheamicin (Lee et al., 1987a,
b), which cleaves DNA after binding in the minor groove (Drak ef al., 1991).
Very promising tumour regression results have been obtained in animal
models for internalizing MAbs carrying calicheamicin, with complete cures of
large tumours, long-term survival and therapeutic ratios five-fold better than
can be achieved with non-targeted cytotoxic agents (Hinman er al., 1993).
Clinical studies with AML and ovarian cancer patients using these agents are
beginning in 1993.
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ANTIBODY-DIRECTED ENZYME PRODRUG THERAPY

ADEPT (antibody-directed enzyme prodrug therapy, also called ‘ISEC’ or
immunosensitized enzymatic chemotherapy) is an another approach which
aims to use antibody targeting to improve therapeutic ratios for cytotoxic
agents. In ADEPT the MAD is used to target an enzyme to tumours which is
capable of converting a non-toxic prodrug administered systemically into an
active form at the tumour site (Searle et al., 1986). This is an elegant concept
for which the advantages are that lower tumour loading may be required
because the enzyme acts catalytically, and that unlike MADb-drug conjugates
bystander cell killing should occur. The drawbacks are that active drug is
generated outside the cell where it can diffuse away and also kill non-target
cells, and that to avoid toxicity the enzyme must not occur naturally in
humans, or at least not in extracellular locations. The only enzymes used
successfully in animal models so far have been bacterial ones such as
carboxypeptidase G2 (Searle ef al., 1986; Bagshawe e al., 1992) or alkaline
phosphatase (Senter e al., 1988), which are highly immunogenic in man.
Complete tumour eradication in animals has been achieved with this
approach (Senter ef al., 1988). The first clinical study with this approach has
used a F(ab'), fragment of a murine anti-CEA antibody conjugated to
carboxypeptidase G2 to give activation of a prodrug to an alkylating agent
(Bagshawe et al., 1992). After administration of the antibody—enzyme fusion
sufficient time was allowed to give good tumour loading, then before
administration of the prodrug a galactosylated anti-enzyme antibody was used
to clear the fusion from the circulation rapidly through the liver. Some
objective radiologic responses were reported but immune responses to both
antibody and enzyme appeared very rapidly. ADEPT, like immunotoxin
therapy, will require serious immunogenicity problems to be overcome to
stand a realistic chance of success in the clinic.

RECRUITMENT OF IMMUNE EFFECTOR FUNCTIONS

Naturally occurring IgG antibodies can be regarded as bifunctional agents,
with the N-terminal variable region responsible for antigen binding and
sequences within the C-terminal part responsible for determining interactions
with the various cell types which participate in immune responses. Recogni-
tion of these effector signals on antibodies by specific cell surface receptors on
cytotoxic cells (lymphokine-activated killer cells, monocytes, granulocytes
and macrophages) can result in antibody-dependent cellular cytotoxicity
(ADCC). Recognition of other effector signals by components of the
complement cascade can lead to antibody-dependent complement-mediated
cytotoxicity (ADCMC). Both ADCC and ADCMC can result in killing of the
cells presenting the antigen. Various strategies are being evaluated to harness
these effector functions, especially for cancer therapy. One attraction of these
approaches is that naked antibodies are much simpler and cheaper to produce
than MAb—cytotoxic agent conjugates. Most rodent MAbs are very ineffi-
cient at recruiting human effector functions, though mouse IgG2as and rat
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IgG2bs are more efficient than other isotypes. Considerable effort has been
put into comparing the human IgG isotypes for ability to mediate cel killing
by ADCC and ADCMC, especially since recombinant DNA technology has
allowed chimeric or fully humanized isotype series to be constructed and
prepared (Bruggeman ef al., 1987; Bindon er afl., 1988; Bindon, Hale and
Waldmann, 1990; Eund et af., 1990, 1991, 1992; Canfield and Morrison, 1991;
Sandlie and Michaelsen, 1991). For technical reasons it is difficult to compare
the results of different studies on in vitre cell killing, but the data are
consistent with the conclusion that antibodies with the human IgG1 isotype
are most efficient at mediating ADCC, with IgG3s less efficient and IgG2s
and IgG4s very inefficient. The human IgG1 and IgG3 isotypes both also
appear to be much more effective in mediating ADCMC than IgG2s or
1gGds, at least under conditions of low antigen density. In general the ability
of MAbs to mediate ADCMC depends very significantly on antigen access
and density. It is likely that the constitution of the hinge, its interaction with
the CH1 domain and the segmental flexibility this allows partly determine
efficiency in mediating ADCMC . Alterations or removal of the carbohydrate
portions of IgGs have been shown to diminish both ADCC (Dorai et al.,
1991; Sarmay et al., 1992) and ADCMC (Dorai et al., 1991; Tao and
Morrison, 1989). Some types of target cell may be able to prevent lysis
through ADCMC even when complement is loaded on the cell surface —
proteins in the regulator of complement activation cluster (Liszewski, Post
and Atkinson, 1991) and homologous restriction factors (Brooimans et al.,
1992) appear to inhibit the process. It is therefore difficult to predict whether
a given humanized antibody will efficiently mediate ADCMC in patients.
Nevertheless it can be concluded that therapeutic strategies with naked
humanized MAbs which rely on recruitment of immune effector mechanisms
for cell killing are much more likely to succeed if 1gG1 or IgG3 constant
regions are employed. In practice most groups choose those of IgG1ls because
1gG3s are difficult to purify, tend to aggregate in vitro and can be difficult to
handle. The humanized IgG1 versions of the CAMPATH-1, L6 and anti-Tac
MADbs have been shown to mediate ADCC more effectively than the parent
rodent antibodies (see below). In cases where interaction with effector cells is
not desired, then IgG2 or IgG4 should be used. Once the choice of isotype is
made, then the allotype predominating in the patient group representing the
major market should also be chosen.

A second approach to the exploitation of ADCC involves so-called
‘hispecific’ or ‘bifunctional’ antibodies which link the target cell directly to
trigger molecules on the effector cells (reviewed in Fanger and Guyre, 1991),
and which are under development for treatment of cancer and infectious
diseases. To be effective the bispecific antibodies must retarget the cytotoxic
cells from their natural ligands to those identified by the MAb, and must
activate the cytotoxic cells without the normal histocompatibility complex
(MHC). The most promising candidates aim to recruit cytotoxic T-celis by
binding to their CD3 antigen, or to recruit natural killer cells by binding to
their CD16 FeyRIII receptor. In the case of T-cell recruitment it is hoped that
in addition to direct killing of cells presenting the TAA there may be release
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of cytokines from the T-cells to give therapeutically beneficial effects on
tumour cells which are sterically inaccessible to the antibody. Bispecific
MADs with one antigen binding site for either of these specificities together
with one for a TAA have been shown to give killing of tumour cells in vitro by
peripheral blood mononuclear cells, and to give regression of human tumours
in nude mouse models (Garrido et al., 1990; Nelson ef al., 1990; Mezzanzza-
nica et al., 1991; Damanet er al., 1991). Encouraging results have also been
obtained on killing of HIV—-infected cells in vitro with this approach (Zarling
et al., 1988). Although bispecific MAbs are a recent development they have
been used in several Phase I clinical studies, with interesting results. In one
trial infusions of activated T-lymphocytes targeted with anti-CD3/anti-TAA
antibodies gave considerable local lysis of lung, ovarian or breast tumor cells
(Deleij et al, 1991). In another, IL2-activated PBLs targeted by an
anti-CD3/anti-TAA antibody were administered intracranially to glioma
patients (Nitta et al., 1990). After two years 76% of patients treated with the
antibody-targeted lymphocytes were tumour free, compared to 33% of those
given non-targeted Iymphocytes.

Bispecific antibodies can be produced by chemical cross-linking of two
monovalent Fab fragments or by fusion of the two parent hybridomas to give
‘quadromas’, (though the latter are usually highly unstable). Potentially the
bispecific antibody approach is capable of recruiting cytotoxic cells more
efficiently than monospecific IgG1s, but an obvious drawback is the drop in
avidity for tumour cells which must result from monovalent binding to the
TAA. A second approach to improving the efficiency of cytotoxic cell
recruitment to tumours involves using anti-TAA antibodies conjugated to or
genetically fused to cytokines. Such conjugates or fusions have been gener-
ated for the human cytokines IL-2, IL-5 and IL-8, but the best studied cases
concern IL-2. Antibody targeting of 1L-2 to tumour cells has been shown to
stimulate killing of those cells in vitro by cytotoxic T-cells (Fell er al., 1991;
Gillies et al., 1992). A third variant involves co-administration of MAb and
cytokines. It is likely, though, that the usefulness of such approaches in
patients will be limited by the systemic toxicity of the IL-2 portion of the
molecules.

Chimeric antibodies in research and clinical development

In the first half of this review we have covered the design, construction and
production of engineered antibodies for therapy. In this second half we
review the construction, evaluation in vitro and in animals, and evaluation in
early clinical studies, of six rodent—human chimeric antibodies. Four of these
(17-1A, B72.3, 14.18 and L6) are anti-tumour antibodies, and the other two
(SK3 and M-T412) anti-CD4 antibodies. The studies reported illustrate the
various approaches that have been taken to generate useful forms of chimeric
antibodies and most of the pertinent problems and issues involved in
designing and producing MAb-based therapeutics. We also summarize in
Tables 2, 3 and 4 information on the other chimeric antibodies which were in
the literature but not in clinical studies at the time of writing. We then survey
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the development of more fuily humanized antibodies, thirteen in total, for
which pre-clinical and clinical data have been disclosed to date.

17-1A

Studies with 17-1A focused largely on isotype choice for efficient recruitment
of ADCC, and the conclusions drawn have influenced this decision for many
other MAbs. MAb17-1A was one of the earliest MAbs generated for
diagnostic and therapeutic purposes (reviewed in Herlyn ef al., 1986). The
MAD is a murine IgG2a/k, recognizes a 33 kDa protein antigen on adenocar-
cinoma- cells of gastro-intestinal origin (Gottlinger et al., 1986) and was
originally raised by immunization of mice with SW1083 carcinoma cells. The
antibody has a relatively low affinity of 0.7 x 10® M™' for antigen presented
on the SW948 carcinoma. The antigen is not shed in vitre by carcinoma cells,
unlike, for example, CEA-bearing cells. The antibody has been shown to
inhibit tumour growth in nude mice bearing SW%48 xenografts, an effect most
probably mediated by murine macrophages (Herlyn et al., 1980). The MAbD
has been used to image tumours in patients (Herlyn er al., 1983; Schlimock er
al., 1987} and also with therapeutic intention (Koprowski et al., 1984, Sears et
al., 1984; Khazaeli ef al., 1988; LoBuglio ef al., 1988; Frodin, Lefvert and
Melistedt, 1990). In all of the studies most of the patients developed a
HAMA response of 1gG type and most also showed an IgM response. High
doses of antibody led to reduced HAMA but not to tolerance for the MADb
(Sears et al., 1987). In the high dose studies the HHAMA response did not
significantly affect the B half-life of the MAD.

Construction and expression of chimeric antibodies

Initially an IgG3 chimera (c17-1A(v3)) was constructed (Sun er al., 1986,
1987). The heavy and light chain genes were isolated from a ¢cDNA library
and used as probes to isolate the corresponding genomic sequences. The
genomic light chain variable gene with the Ig promoter was cloned 5’ to the
human k constant region in a pSV2neo-drived vector. The heavy chain
variable gene and Ig promoter was cloned into a pSV2gpi-derived vector 5’ to
the human IgG3 constant region sequences. The vectors were co-introduced
into Sp2/0 cells by protoplast fusion and a cell line, SG3/5, was identified
which produced 20 mg I'! of antibody. Subsequently the IgGl, IgG2 and
1gG4 isotypes were constructed and expressed in Sp2/0 cells (Steplewski et al.,
1988) with production in the 10-15 mg I"* range. Subsequently Fogler et al.
(1989} prepared a chimeric IgM form of 17-1A. The genomic heavy variable
region was linked to the genomic Igp constant region sequences, including the
membrane exons, and cloned in a pSV2gpt-derived vector. The chimeric light
chain in the expression vector as described above and the IgM vector were
introduced into Sp2/0 cells sequentially, light chain first, by electroporation.
A yield of 5 mg I"! of antibody was produced from stable cell lines.
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Pre-clinical studies

Relative antigen binding ability. The chimeric 1gG3 (c17-1A(y3)) was first
shown to compete equivalently with murine 17-1A (m17-1A) for antigen on
SW1116 and HT29 carcinoma cells {(Shaw e al., 1987). The cl7-1A{w)
competed equivalently on a weight for weight basis with c17-1A(y1) for
antigen on HT29 colon carcinoma cells {Fogler et al., 1989). On a molar basis
the K,s were calculated to be 3-4 x 10’ M~ and 1-6 x 10° M~ for the
c17-1A(y1) and c17-1A(n), respectively.

ADCC.  [Initial experiments suggested that m17-1A may exert an effect on
xenografts via interaction with macrophages, and considerable effort has
been expended in examining the various human IgG isotypes to establish
whether this applies to chimeric forms (Shaw er af., 1987, 1988; Shaw,
Khazaeli and LoBuglio, 1988; Masucci ef al., 1988, 1990; Steplewski et al.,
1988, Fogler et al., 1989; Masucci and Mellstedt, 1991). These experiments
used a variety of effector cells, target cells, assay formats, effector cell:target
cell (E:T) ratios, antibody concentrations and in some cases included
exogenous lymphokines. Nevertheless a consistent theme emerged, in that
the c17-1A(y1) led to ADCC equivalent to or superior to the ml7-1A
antibody and was generally better than the other isotypes at effecting ADCC.
In most of the experiments the other IgG isotypes and the IgM showed much
less activity but were still clearly active compared to the no antibody controls.
Between experiments the rank order of the isotypes varied. For example the
c17-1A(y2) was shown to be equivalent to the ¢17-1A(y1) and m17-1A in an
18 h "MIn release assay using SW948 carcinoma cells as targets and lympho-
cytes as effectors, but to be only half as effective with unfractionated PBMC
(Steplewski et al., 1988). The c17-1A(y3) and c17-1A(y4) antibodies were
relatively ineffective in these assays. In a 4 h *’Cr release assay the c17-
1A(y3) demonstrated equivalent activity to the c17-1A(y1) (Shaw et al., 1988;
Shaw, Khazaeli and LoBuglio, 1988) with either lymphocytes or monocytes as
effectors, with the lymphocyte preparation showing the higher levels of
ADCC with all of the antibodies. When monocytes (NK cell-depleted) were
allowed to differentiate into macrophages by 48 h incubation in the presence
or absence of IFNvy to further stimulate the expression of FcR, ADCC was
stimulated with all of the antibodies and the order of reactivity was
Gl > ml17-1A > IgG4 > IgG2 = IpgG3. The lysis effected by the C17-
1A(y1) was 50% of maximal levels with untreated macrophages and 80% with
treated macrophages. ADCC effected by ¢17-1A(v4) with IFNy-treated
macrophages was equal to that of ¢17-1A(y1) using untreated macrophages,
while the ¢17-1A(y2) or c17-1A(y3) ADCC with IFNy-treated macrophages
was equal to ADCC with m17-1A and untreated macrophages (Steplewski et
af., 1988).

In general when PBMC were subfractionated into lymphocytes and mono-
cytes a given level of ADCC could usually be achieved by the lymphocyte
preparations with a lower E:T ratio than for the monocyte preparations. It
was also shown that NK cell-depleted monocytes were poorer at ADCC than
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undepleted monocytes. NK cell-depleted monocytes, allowed to differentiate
into macrophages in the presence of IFN-y, gave higher levels of ADCC than
non-treated macrophages. Further, when monocytes were titrated back into a
lymphocyte population ADCC, in an 18 h assay format, increased. The
activity of the c17-1A(y1) was shown to be further increased by pre-treatment
of the effector cells with a variety of lymphokines. In particular a combination
of rIL-2, GM-CSF and TNF-« led to a five-fold improvement in ¢17-1A(y1)-
directed lysis of SW948 carcinoma cells using PBMC as effectors (Masucci
and Mellstedt, 1991). These experiments suggest that in vivo cl17-1A{y1)
assisted by lymphokine co-treatment may be a useful means of activating
anti-tumour ADCC.

ADCMC. Neither m17-1A nor any of the chimeric IgG antibodies were
shown to effect ADCMC using human complement in short incubation assays
(Shaw, Khazaeli and LoBuglio, 1988). However the c17-1A(u) was efficient
at ADCMC if the time of incubation was extended to 18-24 h (Fogler et al.,
1989).

Animal studies. In a nude mouse xenograft experiment SW948 carcinoma
cells were injected subcutaneously (s.c.) and 100 pg of antibody was given
intra-peritoneally (i.p.) on five consecutive days beginning at the time of
inoculation of the cells (Steplewski ef af., 1988). The m17-1A and, perhaps
surprisingly, c17-1A(y4), showed the greatest degree of inhibition of tumour
growth. The c17-1A(yl) was slightly inferior and the ¢17-1A(y2) or c¢17-
1A(y3) showed little inhibition of tumour growth compared to a non-specific
antibody control. The c17-1A(y1) and c17-1A(y4) were shown to be able to
interact with murine macrophages in vitro to cause ADCC of the SW948 cells.
The ¢17-1A(y3) showed intermediate lysis while the ¢17-1A(y2) was inactive.

Buchsbaum et a/. (1990) examined the ability of the ¢17-1A antibodies to
localize to s.c. LS174T tumours in a nude mouse xenograft model. Initially
t23].labelied antibodies were injected into nude mice without tumours and the
relative blood half-lives were measured. After i.p. injection of antibody ¢,
values for the mi7-1A, m17-1A(Fab’),, c17-1A(y1), ¢17-1A(y2) and c17-
1A(v4) were 7-5, 0-5, 5-2, 6-9, and 1-9 d, respectively. Antibody injected into
tumour-bearing mice gave tumour:blood ratios for m17-1A, m17-1A{Fab’),,
cl17-1A{y1), c17-1A(y2) and cI17-1A{y4) of 2-7, 122, 3.2, 2.0 and 1-4,
respectively, The m17-1A achieved 12% i.d.g™! compared to 20-5%, 10% and
4-9% for the cl17-1A(y1), c17-1A{y2) and cl17-1A{y4), respectively, at 4 d
post-injection.

Different results were seen when the SW948 carcinoma cell line was used to
generate the xenografts. Here the tumour:blood ratios for the m17-1A and
¢l17-1A(y1) were similar (1-5 versus 1-6) with 1.4 and 0.7 for the ¢17-1A(y2)
and c17-1A(y4) antibadies, Antibody localized to the tumour at 4 d was 11%
1.d.g”! for the m17-1A and 7-3%, 6:5% and 2-9% i.d.g™! for the c17-1A(y1),
¢17-1A(y2) and c17-1A(v4), respectively.

To measure tumour regression m17-1A or ¢17-1A(y1) were injected i.p.
9 d after s.c. injection of LS174T cells. A single injection of 26 ug {300 uCi)
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of PI-labelled m17-1A caused a significant reduction in tumour growth
compared to unlabelled antibody. When 3 doses were given (30, 15 and
12 ug, and all approx 300 pCi) on days 9, 16 and 28 post-injection of L.S174T
cells a marked reduction in tumour growth was seen. This level of effect was
seen when a single dose (65 ug, 300 pCi) of ¢17-1A(y1) was given on day 9
after the injection of the LS174T cells.

Clinical studies

The first published study of the clinical use of a chimeric antibody described a
Phase I trial using c17-1A{y1) (LoBuglio e al., 1989; Trang et al., 1990). In
this study 10 patients with metastatic colorectal adenocarcinoma, each of
whom had an anticipated survival of at least three months and who had had
no other therapy within six weeks of the study, were given c17-1A(y1). Two
patients received a single intravenous infusion of 10 mg and two a single dose
of 40 mg, while three patients received three doses of 10 mg at 0, 14 and 28
days, and a final group of three patients received three doses of 40 mg at 0, 14
and 28 days. It was demonstrated that the plasma disappearance curves of
¢17-1A(y1) could best be described by a two-component decay with mean #,,«
of 17-5 h (range 13-23 h) and .5 of 100-5 h (range 65-139 h). For patients
receiving multiple doses of antibody the repeat pharmacokinetics were very
similar with each patient showing different, but reproducible, ¢,,p values.
Only one patient, who had received three 40 mg infusions, showed a small
but statistically significant rise in anti-chimeric antibody titre. In this case the
serum was able to bind 5-7 ng ml™" of chimeric antibody compared to >
100 ng ml™* binding usually seen in response to treatment with murine 17-1A.
This response was detected 5 and 8 weeks after the final exposure to
¢17-1A(yl). Whether the antibody response was IgG or IgM was not
determined. The antibody response could be competed by murine 17-1A and
therefore it was concluded that this response was against the variable region
of the ¢17-1A(y1). The serum from this patient was not able to interfere with
the binding of "*I-labelled murine 17-1A to the cell line SW1116, which
expresses the epitope recognized by 17-1A. It was concluded that the
anti-chimeric antibody in the serum recognizes framework regions on the
vartable domains of the antibody. No allergic or other toxic side-effects were
noted i the study.

The main intended therapeutic strategy with c17-1A has involved the use of
naked antibody to kill tumours by recruitment of immune effector functions.
However c17-1A-isotope conjugates have also been considered, and the
original study by LoBuglio et al. (1989) was followed by a second study in
which six patients with metastatic colon cancer were treated with 2 mg of
"-labelled c17-1A(y1) (5-61-8-31 mCi) by i.v. infusion (Meredith et al.,
1991}). The pharmacokinetics of the clearance of the antibody from the blood
could be described by a two component model with t,,ec of 19-7 *+ 2-9 h and
t,,f of 106-4 £ 14 h. One patient showed a much longer £,.p of 172 h,
compared to the range for the other patients of 71-4-106-7 h.

None of the patients developed an anti-antibody respomse against this
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single, low dose of ¢17-1A over a 12 week period of examination. While the
issue of immunogenicity may have been resolved for this antibody the long
circulating half-life may be unacceptable for a MAb-isotope conjugate. In
this clinical study the dose to the bone marrow was estimated to be
0.76-1.05 rad mCi*. The long half-life of the chimeric antibody in the
circulation delayed tumour imaging of tumour to 4-7 d after infusion, though
all known lesions less than 4 cm were detected. Subsequently a further nine
patients have been administered c17-1A. None have developed a HAMA
response giving a current total of 1 response in 25 patients, with the single
response a weak one (A. LoBuglio, personal communication).

B72.3

B72.3 is a murine IgG1/k generated by immunizing mice with a membrane-
enriched fraction of a carcinoma metastasis (Coicher e al., 1981). B72.3
reacts with an O-linked sialosyl-2-6a-N-acetyl-galactosylaminyl structure
(Gold and Mattes, 1988), within a glycoprotein mucin-like complex (TAG72)
of high molecular weight (220-400 kDa). This TAA is expressed on 50-80%
of gastrointestinal, ovarian, breast and prostate tumours. The association
constant of B72.3 for antigen (K,) has been measured at 2-54 x 10° M!
(Muraro et al., 1988) and is one of a number of murine anti-TAG72
antibodies which have a heavy variable sequence apparently derived from a
common germ-line gene, VTAG (Mezes, Gourlie and Mark, 1990). B72.3
shows no significant reactivity with normal adult liver, spleen, heart, breast,
uterus, bone marrow, colon, stomach, salivary gland, lymph node, or kidney
(Nuti et al., 1982; Stramignoni et al., 1983) but has been shown to be reactive
with secretory endometrium (Thor er al, 1987) and transitional colonic
epithelium (Xu er al., 1989). The antigen recognized by B72.3 is also
expressed in some human fetal tissues, including fetal gut and therefore the
antigen has been defined as an onco-fetal antigen (Thor et al., 1986).

MADb B72.3 has been used successfully to target carcinomas in sifu using
radiolabelled preparations of the antibody (reviewed by Schlom er al., 1990;
Colcher et al., 1991) and B72.3 is in clinical studies as an imaging agent for
colorectal carcinoma and ovarian and prostate adenocarcinoma (Fradd,
1992). Although the murine MAb has been administered to over 1000
patients, its usefulness for cancer therapy is limited by HAMA responses,
which have been observed in the great majority of patients (see, for example,
Khazaeli et al., 1992).

Construction and expression of chimeric antibodies and fragments

Chimeric forms of B72.3 have been constructed by cDNA (Whittle er al.,
1987, Gillies, Lo and Wesolowski, 1989; King er al., 1992a), by genomic DNA
(Primus et af., 1990; Hutzell er al., 1991) and by PCR cloning approaches
(Xiang, Roder and Hozumi, 1990). In the first approach (Whittle ez al., 1987)
the variable region cDNA sequences were fused to the Ck and CHI1 exon
sequences to give hybrid cDNA/genomic format genes. Initially the IgG4
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isotype was chosen because the cB72.3 was viewed as a carrier for radioiso-
topes and therefore the ability to interact efficiently with cells via FcR to
cause ADCC and with complement for ADCMC was regarded as undesir-
able. These chimeric genes were inserted into expression vectors for expres-
sion in CHQO-K1 cells using the hCMV promoter/enhancer, and SV40
polvadenylation signals (Stephens and Cockett, 1989; Cockett, Bebbington
and Yarranton, 1990; reviewed in Bebbington, 1991). Initially the correct
assembly and antigen binding activity of the chimeric antibody was examined
by transient expression in COS cells (Whittle ef 4/, 1987). Stable cell lines
were generated by sequential transfection by electroporation into CHQO-K]
cells (Colcher et al., 1989). Cell lines expressing 35-40 mg ' from attached
cells in shake flasks and 80-100 mg I'' in suspension culture in air-lift
fermentors and in serum-free medium were obtained from these low copy
number cell lines.

The cB72.3 heavy chains with IgG1, IgG2 and IgG3 isotypes were
subsequently constructed and after insertion into expression vectors these
were transfected into the chimeric light chain-producing cell line (A. Phipps et
al., unpublished; see also Table 3). Much higher level production of
cB72.3(y4) antibody has been achieved in CHO-K1 cells (Bebbington, 1991)
and in NSO cells (Bebbington et al., 1992) by placing both chimeric genes,
each with the hCMV-MIE and SV40 polyadenylation signals, on the same
vector along with the amplifiable glutamine synthetase (GS) selectable
marker. Expression levels of 200400 mg ! in CHO-K1 have been achieved
in batch fermentations using enriched, serum-free, media (Bebbington,
1991), while expression in NSO cells has led to yields of 560 mg ' of
cB72.3(v4). A single round of selection for amplification was required to
achieve these high productivities and the celf line continued to yield the same
high level of antibody when grown for extended periods in the absence of
MSX (used to select vector amplification).

Gillies, Lo and Wesolowski (1989), in a second approach, cloned and
reconstructed the B72.3 V regions into genomic exon format to produce a
cB72.3(y1) antibody. Variable region sequences were isolated from cDNA
and were modified by the use of oligonucleotide linkers which extended from
a convenient restriction site near the 3’ of V; and V_and which recreated the
coding sequence and included sequences for a splice donor site immediately
3’ to the J-regions of Vy; and V and intron sequence from an Ig leader-v
region intron extending up to a convenient restriction site for cloning of the
adapted V regions 5’ to the constant region genes. The V regions were cloned
into expression vectors with a mutant DHFR gene as the selectable marker,
allowing for subsequent gene amplification of the transfected DNA. The
chimeric antibody genes were arranged so as to be transcribed from natural or
synthetic Ig promoter/enhancers. The chimeric genes were assembled into a
single vector for transfection into Sp2/0-Agi4 cells by protoplast fusion. Cell
fines producing 120~150 pg mi™' were obtained using MTX selection. The
B72.3 variable region sequences have also been isolated from genomic DNA
using J region restriction fragment probes (Hutzell ef al., 1991). The genomic
V region sequences were cloned into pSV2AHgpt-HuG1 and pSV2 A Hreo-
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HuK vectors (Oi and Morrison, 1986). The vectors were transfected sequen-
tially (light chain vector first) into Sp2/0 cells by electroporation. A stable cell
line producing 10-20 mg I"! in low serum medium was established. Finally the
heavy chain V region sequence has been recloned from ¢cDNA by Xiang,
Roder and Hozumi (1990) using the PCR approach (Orlandi ef al., 1989) and
using the published sequence (Whittle et al., 1987) to provide the amplimer
sequences in the signal sequence and J regions. The V sequence was
assembled to be expressed from the Ig promoter and was linked to the human
IgG1 genomic constant region sequences. The vector, with neo selection, was
inserted by electroporation into a heavy chain loss variant of the B72.3
hybridoma to give a stable cell line expressing 2 mg I”' of mouse light
chain/chimeric heavy chain antibody.

All four IgG isotypes of cB72.3 are secreted as fully assembled tetramers
from CHO, N80 and Sp2/0 cells. Colcher et af. (1989) and King et al. (1992a)
have shown that a proportion of ¢B72.3(y4) does not form the inter-heavy
chain disulphide bridges. All 1gG4s appear to show this phenomenon (see for
example Fasler, Skarvill and Lutz, 1983; Bruggemann ef al., 1987; Tan et al.,
1990). The presence of a proportion of incorrectly bridged 1gG4 may have a
bearing on the in vivo properties observed for IgG4 (see below). Therefore a
modified cB72.3(v4) has been generated which has a single amino acid
substitution in the hinge (serine 241 to proline) which makes the core hinge
sequence the same as that in 1gG1 and IgG2 (Angal er a/., 1993). Expression
of this cB72.3(y4P) variant leads to a homogeneous antibody with full binding
properties and improved biodistribution (see below).

Fab’ and Fv forms (Figure 2) of the B72.3 have been constructed and
expressed in CHO cells (Gillies and Wesolowski, 1990; Owens et al., 1991a;
King et al., 1992a, b, 1993) and in E. coli (Owens et al., 1991a; King et al.,
1992b, 1993) to provide material for biodistribution and pharmacokinetic
analyses. For Fab’ expression the clgG4 heavy chain gene was converted into
an Fd' gene by using synthetic oligonucleotide adapters to attach the hinge
sequence exon directly to the CHI exon and following this sequence with
inframe stop codons and a cloning site. This reconstructed chimeric Fd'(v4)
gene was then placed in the heavy chain expression vector (Whittle et al.
1987) and transfected into the chimeric light chain-expressing cell line (King
et al., 1992a). Cell lines were obtained which expressed 20 mgl1™!
¢B72.3 Fab’(y4) in smali-scale culture, and 120 mg I'! in fermentors after
adaptation of the cells suspension growth in low serum medium. The chimeric
light and Fd'(v4) chain genes have also been expressed in E. cofi using the tac
promoter with IPTG induction and the ompA signal sequence to direct
secretion (A. Mountain et al., unpublished data). Yields of a few mg I'!
secreted into the culture medium were observed.

Very little, <10%, of the Fab’ secreted from the CHO cell lines is secreted
or associated in the supernatant to form F{ab’),. The hinge thiols appear to be
in an oxidized form, which may be a prerequisite for efficient secretion of
antibody (Alberini ef al., 1990). However the thiols can be regenerated with
B-mercaptoethylamine and F(ab'), efficiently formed. Similarly the E. coli-
expressed material is produced in the culture supernatant as Fab’ and has
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been processed to give F(ab’), (D. King ef al., unpublished data).

A vyl variant of the cB72.3Fab has also been produced (Gillies and
Wesolowski, 1990). In this case the CH2 and CH3 exons and CH2-CH3
intron of the ¢cB72.3(y1) heavy chain gene were replaced by a small synthetic
DNA fragment coding for a tripeptide and a stop codon and bounded by
splice donor and acceptor sequences. When expressed in Sp2/0 cells Fab’ was
produced but no F(ab'), was detected in the culture supernatant. In order to
examine the role of the hinge in the spontaneous formation of F(ab'), a series
of a further 13 ¢cB72.3 Fd' genes were constructed as described above for the
Fd’(y4) construct (Bodmer, Adair and Whittle, 1989). For this purpose DNA
hinge sequences were synthesized derived from IgG1-4, but also including
different length variants of the IgG3 hinge and a derivative of the IgG4 hinge
in which the second cysteine was converted to an alanine, (y4Acys). Each
hinge DNA. sequence was attached either to its cognate CH1 domain
sequence (e.g. IgG1 CHI with IgG1 hinge) or to the IgG4 CHI domain.
Therefore it was possible to examine the effect on spontaneous F(ab'),
formation of having between 1 and 11 cysteines in the hinge, and also the
effect of the CH1 domain on the F(ab’), formation. The genes were
assembled in expression vectors with the hCMV promoter/enhancer and
co-expressed with ¢B72.3 light chain in COS cells. Fab’ prepared using Fd'
genes with four or more hinge cysteines showed significant amounts of F(ab’),
formation, whereas Fd' genes derived from IgGl and IgG4 gave rise
predominantly to Fab’ formation (J. Adair, M. Bodmer and N. Whittle,
unpubiished).

Fab' prepared using the Fd' gene with the (y4/cys) can be cross-linked
efficiently in vifro using bifunctiopal maleimide cross-linking reagents to
produce chemically cross-linked F(ab’), (Figure 2) which shows improved
pharmacokinetic properties over normally disulphide bridged F(ab'), (Rhind,
1990; Rhind, Millican and Millar, 1990b:; D.J. King et al., unpublished data).
Dimeric truncated IgG has also been formed by a different means (Gillies and
Wesolowski, 1990; Kashimiri, 1992). In the first instance {Gillies and
Wesolowski, 1990) the CH2 domain was deleted from a cB72.3(v1) gene by
utilization of suitable intromic restriction sites. After expression of the
cB72.3(y1 ACH2) in Sp2/0 cells it was shown that tetrameric (H2L2) material
was produced but that a majority of the material was not covalently linked by
the hinge cysteine residues (see also 14.18 below). In the second example the
CH2 domain was deleted from a cDNA form of the cB72.3(y1) gene by PCR
directed mutagenesis and replaced by a small linker region { (glycine),
serine). In this case the protein was cross bridged at the hinge (Kashimiri,
1992},

The Fv of B72.3 has been constructed by placing a translation stop codon at
the 3’ of the variable domain sequences. The V, and V,; genes have been
introduced by sequential transfection into CHO-K1 celis to give stable,
non-amplified cell lines which produce about 2 mg 1! of the Fv. Expression
of the Fv in the same E. coli secretion system as the cFab’ has given yields in
the culture supernatant of 40 mgI™' in shake flasks and 500 mg I'' in
fermentors (A. Mountain et al., unpublished observations). Co-expression
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and secretion of the Vi and Vi domains of B72.3 in either CHO cells or E.
coli results in the formation of the assembled non-covalently linked Fv
(Owens er al., 1991a; King ef al., 1992b, 1993). At low concentration the Fv
dissociates into Vy and Vy (King et al., 1992b, 1993). A single chain Fv (scFv)
(Bird ef al., 1988; Huston ef al., 1988) in which the B72.3 V| and Vy; coding
regions were linked by DNA coding for 2 15 amino acid peptide linker has
therefore also been prepared and expressed in E. coli {D. Desplancq et al.,
unpublished data). Further, a novel form of the scFv has been produced in E.
coli by adding a DNA sequence coding for an antibody hinge sequence at the
C-terminus of the scFv gene and which has been chemically cross-linked to
give bivalent and trivalent scFvs (Figure 2).

It has been suggested that co-treatment with antibody and cytokines, in
particular IL-2, may lead to enhanced cell killing by tumour infiltrating
lymphocytes. Gillies et al. {1992) have constructed Fab-IL-2 fusions for
B72.3 and for the anti-ganglioside antibody 14.18 (see below). The B72.3
Fab-I1.-2 fusion was constructed by linking the IgGl CH! domain to the
mature human IL-2 gene via a short oligonucleotide such that the CH and
IL-2 sequences were reconstituted. The fusion genes were expressed in Sp2/0
cells and purified by affinity chromatography using anti-light chain antibody.
The Fab-IL-2 was expressed as a monomer with no spontaneous hinge
disulphide bridge formation.

Pre-clinical studies

Relative antigen binding ability. Chimeric B72.3(y1-4, +v4P) and
cB72.3F(ab’), bind to antigen and compete with murine B72.3 for antigen
extracted from L8174T cells in vitro with equal potency (Whittle et af. | 1987;
Colcher et al., 1989, Hutzell et al., 1991; Angal et al., 1993; King er al., 1992a;
A. Phipps et al., unpublished). ¢B72.3(y1 A CH2) showed a higher avidity for
antigen than ¢B72.3(y1) (Gillies and Wesolowski, 1990). The binding of the
¢B72.3(y1 A CH2), normalized for the amount of light chain in the antibodies,
appeared to be approximately 10 times that of the ¢cB72.3(y1). However a
second form in which the CH2 domain was replaced by a pentapeptide linker,
and in which the inter-hinge disulphide bridges were formed, showed no
improvement in affinity over the ¢B72.3(yl) parent (Kashimiri, 1992).
Hybridoma-drived B72.3 and CHO cell-drived mB72.3 and ¢B72.3(y4) were
each shown to bind to a mammary carcinoma metastasis, a colon carcinoma
xenograft and to purified TAG72, but not to extracts from several normal
tissues, to carcinoembryonic antigen or to melanoma (A375 cell) xenografts
(Colcher et al., 1989).

Equipotency of material produced in CHO cells and in E. coli has been
formally demonstrated for both the cFab’ and the Fv of B72.3 (King et al.,
1993). The scFv, expressed and secreted from E. coli, displays antigen
binding activity similar to the Fv but with the advantage of stability at low
concentration. The cFab’, Fv, scFv and scFv-hinge fragments of B72.3 bind to
antigen and compete with a reduced relative potency, due to the reduced
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avidity of the monomeric material {Owens ez al., 1991a, b; D. Desplancq et al.
(unpublished); King er al., 1992b, 1993). The bivalent scFv form has been
shown to bind antigen as well as IgG or F(ab'),, and the trivalent to bind
antigen two- to three-fold better than these bivalent species (Owens et al.,
1991a, b).

Xiang and Chen (1992) have very recently derived a higher affinity variant
of B72.3 by mutating residue 99 in CDR3 on the heavy chain from histidine to
asparagine. The resultant antibody has four-fold higher affinity for antigen
(Xiang and Chen, 1992).

ADCC.  ¢B72.3 has largely been regarded as a candidate for tumour imaging
and therapy as a MAb-isotope conjugate, but cB72.3(y1) and cB72.3(v4)
have been compared for ability to mediate ADCC as alternative therapeutic
approach (Hutzell et al., 1991; Primus et al., 1990). Because of the poor
antigen expression on cells in culture the target cells were NIH:OVCAR
ascites tumour cells grown in nude mice. In a 4 h *'Cr release assay using
rIL-2-stimulated effector cells the cB72.3(y1) showed significantly more
ADCC than the mB72.3. Without prior rIL-2 treatment there was negligible
ADCC with the mB72.3 and lowered but detectable ADCC with the
cB72.3(y1) (Primus ez al., 1990). Incubation of un-fractionated PBMC cells
for 24 h with the target cells in an '''In release assay had a pronounced effect
when the PBMC were activated with rIL-2 and was much less pronounced
with unstimulated cells, but was still higher than the 4 h result with stimulated
PBMC. After 24 h pre-incubation with rIL-2 PBMC 100% ADCC could be
achieved using ¢B72.3(y1) while the cB72.3(y4) gave maximal 20% lysis.
With lower amounts of rIL-2 the effect on ADCC in a 24 h '"'In release assay
was still noticeable. ADCC with ¢cB72.3(y1) could be more than doubled, and
with mB72.3 and ¢B72.3(y4) by a factor of 3. The ADCC was antibody
concentration dependent, most noticeably for the ¢cB72.3(y1) (Hutzell er al.,
1991). When NK cell-depleted monocytes (IFNy-matured) were used as
effectors and compared to non-adherent PBMC (rIL-2-stimulated) from the
same donor it was shown that the adherent cells could not cause ADCC with
mB72.3 and only at high E:T ratios for the ¢cB72.3(y1) and the cB72.3(v4).
However the non-adherent population showed significant ADCC with the
mB72.3 and cB72.3(y4) showing an equivalent profile which was sensitive to
the E:T ratio, and the ¢cB72.3(y1) showing higher levels at all E:T ratios.

Animal studies. The ability of the chimeric antibodies to localize to tumours
in vivo was examined in nude mice bearing LS174T xenografts. Colcher et al,
(1989) showed by co-injection i.v. of **I-labelled cB72.3(vy4) and *'I-mB72.3
that the cB72.3(y4) cleared faster from the blood with only 28% of the
injected dose remaining at 48 h compared to 68% for the mB72.3. There was
lower tissue and tumour uptake of the ¢B72.3(y4) at early time points
compared to the mB72.3. At later time points the mB72.3 still showed higher
blood and tumour values but the differences were less noticeable. The
radiolocalization indices were similar, however, showing that the cB72.3(v4)
was not being preferentially deposited in any of the major organs. When
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1257 Jabelled ¢B72.3(y1) and "*'I-mB72.3 were co-injected they showed
equivalent turnour loading and tumour:bloed ratios over a 168 h period.
Blood clearance was compared between the '*I-mB72.3, 1*'1-¢cB72.3(y1) and
1251.cB72.3(y4) in tumour-bearing nude mice by paired co-injection of the
B3l1_¢B72.3(v1) with either of the '**i-labelled antibodies (Hutzell er al.,
1991). The #.« values were 3-1, 2-6 and 4-6 h respectively and the 1, values
were 82-7, 53-7 and 57-4 h.

Gallinger er al. (1991} have also examined biodistribution and tumour
uptake of the hybrid murine light chain-chimeric(y1l) heavy chain antibody
B72.3-1-3 (Xiang, Roder and Hozumi, 1990). In these studies the mB72.3
showed very high tumour uptake compared to the hybrid antibody, reaching
53-5% i.d.g™ at 8 d post-injection compared to 8-7% i.d.g™' for the hybrid.
Blood levels remained constant for the mB72.3 but declined throughout the
time course for the hybrid. Uptake in other tissues showed no major
differences between the two antibodies. The differences in uptake of the
mB72.3 between these results and those described earlier were attributed to
the size of the xenografts used in the studies. In earlier studies tumour
xenografts of 200-1400 mg had been used whereas those used by Gallinger et
al. (1990} were 100 mg. Tumours of 100 mg were then compared with
2000 mg tumours and it was shown that with the smaller tumour the
tumour:blood radiolocalization index was 5 at day 6 compared to 1-5 for the
{arge tumour, and uptake by the smaller tumour was 18-5% i.d.g™' compared
to 1-9% i.d.g™" uptake by the larger tumour.

Using the LS174F tumour xenograft model A. Phipps et al. (unpublished)
have compared the ¢B72.3(y1-4) antibodies. After i.v. injection of '*I-
labelled ¢B72.3 the ¢cB72.3(v1) and ¢B72.3(y2) were retained longer in the
circulation and with a very similar biodistribution to give higher tumour-
:blood ratios at 168 h post-injection than the ¢B72.3(y3) and cB72.3(y4)
isotypes. At 24 h the ¢cB72.3(y1) values for % i.d.g™" in the blood and tumour
were both approximately double those for the ¢cB72.3{y4) and this difference
increased to four-to five-fold at 168 h. The ¢B72.3(y1) and cB72.3(vy4)
isotypes were then labelled with ''!In. At 24 h slightly more of the
"1n—B72.3(y1) than the **'In-cB72.3(y4) was present in the tumour and all
of the other tissues with the exception of the kidneys. At 168 h the tumour
loading was approximately double for the *'In-cB72.3(y1), at 22% i.d.g™",
compared to the "' In-cB72.3(v4). All of the other tissues and the blood had
vaues of 1-5% i.d.g™* for both antibodies, with the exception of the kidneys
where there was approximately 11% i.d.g™" of *''In-cB72.3 (y4) compared to
2-7% i.d.g™! for the *In-cB72.3(y1).

The cB72.3(y4) shows considerably higher uptake in the kidney in mouse
biodistribution studies when carrying metallic isotopes than the other iso-
types. Therefore the ¢B72.3(v4) and cB72.3(y4P) antibodies were cach
radiolabelled with I or '!In and injected i.v. into nude mice bearing
1.8174T xenografts (Angal ef al., 1993). The '*I-cB72.3(v4P) antibody
appeared to be retained in the circulation for longer and the level of antibody
in tissues and on the tumour was higher than with the ¢B72.3(v4). This was
more pronounced at 168 h where 10.1% i.d.g™" was located on the tumour for
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the cB72.3(v4P) antibody compared to 1.4% i.d.g"! for the cB72.3(y4). As
seen for the *I-labelled antibodies, the " In-labelled cB72.3(y4P) resuits in
higher tumour levels. The major difference between the two '"'In-labelled
antibodies, however, was the level of antibody retained by the kidney. At all
of the time points the kidney levels were higher for ¢cB72.3(y4). This results in
a significantly improved tumour:kidney ratio for the M In—cB72.3(v4P). The
single amino acid change in the y4P variant therefore confers a considerable
advantage in biodistribution in mice when carrying metallic isotopes.

The pharmacokinetics and biodistribution of several of the engineered
B72.3 fragments described above has also been studied. '¥I-
cB72.3(y4)F(ab’), has been tested in the LS174T xenograft model and
showed much faster clearance from blood and loss from the animals via the
kidney than the whole antibody and consequently lower tumour loading
(King ef al., 1992b). Very little radioisotope remained after 72 h. However,
radiolocalization indices were improved with the F(ab’), leading to improved
signal-to-noise ratio for tumour imaging. The '*I-cB72.3(y4)Fab’ and '%°I-
¢B72.3Fv were then compared. Both fragments cleared from the circulation
very rapidly, with 5% i.d.g™ of the Fab’ and 0-8% i.d.g™* of the Fv remaining
in the blood after 1 h. At 24 h the blood levels had fallen to 0-4 and
0.02% i.d.g™ respectively. However the Fab' and Fv did localize to the
tumour and high radiolocalization indices were obtained. At 24 h the Fv
showed the highest tumour:blood ratio (4.1) compared to 1-5 for Fab and
F(ab"), and 0-97 for whole antibody. The cB72.3(v4) still gave the highest
absolute loading to the tumour.

The scFv behaved in vivo in a very similar fashion to the Fv, showing rapid
clearance from the blood and consequently relatively low levels of activity
accumnulated on the tumour (D. Desplancq ef al.. unpublished). Again high
tumour:blood ratios were seen, indicating that these fragments may be
particularly useful for tumour imaging.

As a preparation for human studies plasma clearance in cynomolgus
monkeys was compared between the "*I-mB72.3, **'1-¢B72.3(y1) and '*I-
cB72.3(v4) using 100 pCi (20 ug) of each antibody and by paired co-injection
i.v. of the *'I-cB72.3(y1) with either of the ‘**I-labelled antibodies (Hutzell
etal., 1991). A different profile was seen from the mouse studies of Hutzell ef
al. (1991) and Meredith er al. (1992b). The #,« values were 19-3, 14-3 and
20-1 h respectively and the £, values were 79-1, 90-3 and 261-7 h, respec-
tively. These values for the chimeric antibodies are similar to those seen
recently for human studies where the Ig(G4 isotype appears to persist longer
than an IgG1 isotype (although the chimeric antibodies were not recognizing
the same antigen) (LoBuglio ef al., 1989; Meredith et af., 1991; Saleh er al.,
1992a}.

Clinical studies

Two parallel Phase I studies with ***1-cB72.3(v4) in patients with metastatic
or locally recurrent colorectal carcinoma were undertaken and similar results
were reported. In the first study six patients for whom conventional therapy



70 A. MOUNTAIN AND J.R. ADAIR

had failed were treated with up to four 10-20 mg doses of *!I-cB72.3(y4),
(20-50 mCi per dose) (Baker er al., 1991; Begent et al., 1990). In the second
study 12 patients, initially, were treated with 3-4-6-9 mg 'I-cB72.3(v4)
(34-67 mCi per dose) (Khazaeli et al., 1991) leading to doses of 18 mCi m?2
(n=3), 27 mCi m* (n=3) or 36 mCi m® {n=6). None of the patients experi-
enced clinical side-effects from infusion of the 'I-cB72.3(y4). The only
toxicity noted was bone marrow suppression when the whole-body irradiation
exceeded 60 ¢Gy, leading to a maximum tolerated dose estimate of
60-70 mCi. Both studies revealed two-compartment pharmacokinetics for
disappearance of *'I-cB72.3(y4) from blood, with mean #,,8 of 116 h (range
37-166 h) and 224 h (range 102-298 h), respectively. In contrast the mean
h,f for murine B72.3 was reported to be 65 h (range 32-106 h) (Carrasquillo
etal., 1988).

The frequency of patients developing a positive HAMA response to ¢B72.3
was similar between the two studies and was much higher than that seen in the
¢17-1A trials. In the first study three of six patients developed an immune
response, defined as a 10-fold increase over the pre-treatment anti-antibody
levels, after a single infusion of ¢cB72.3. In one case IgM which recognized
mB72.3 or ¢B72.3 rose 201- and 193-fold, respectively, over pre-treatment
levels, while IgG which recognized mB72.3 or cB72.3 rose 496- and 30-fold,
respectively. In this patient peak IgM and IgG titres coincided at 23 days
post-infusion. In the second study 7 of 12 patients developed an immune
response, defined as a two-fold increase over the pre-treatment anti-antibody
levels. Importantly it was established that when a HAMA response was
absent or minimal following infusion of chimeric antibody, repeat doses could
be given without further side-effects or gross change in pharmacokinetics. In
the first study a total of four doses were able to be given to two patients.
When HAMA was present however the result was a drastic reduction in
serum half-life for subsequently administered doses. For example Khazaeli et
al. (1991) gave second doses of *'1-cB72.3 to four patients 7-8 weeks after
the first infusion. In two cases there was evidence of a HAMA response to the
first infusion. In these patients the second dose of antibody was cleared
rapidly with whole body half-life falling from around 93 h to around 20 h. In
the third patient, with no pre-existing anti-antibody response the kinetics of
clearance were similar to the first infusion. In the fourth case the patient had
shown a modest antibody response to the first treatment but this had returned
to the normal range at the time of the second infusion. This patient showed a
slight reduction in whole-body half-life of the **-¢cB72.3, from 117 h to 84 h.

More recently each of the studies has been extended and the HAMA
response currently stands at seven instances in 14 patients treated in the first
study (R. Begent, personal communication) and in 16 of 24 patients in the
second study (A. LoBuglio, personal communication} with a combined
HAMA response in 60.5% of patients. This rate is quite similar to that
reported for murine B72.3 {Carrasquillo ef al., 1988). Recently LoBuglio and
co-workers (LoBuglio ef al., 1991; Meredith ef al., 1992a) have disclosed that
five of the patients treated with *'I-cB72.3 in the study of Khazaeli et al.
(1991) had been previously entered into the ¢17-1A study described by
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Meredith er al. (1991). This observation suggests that there may be some
feature of the c17-1A antibody structure which, if identified and applied to
other antibodies, could lead to further reductions in immunogenicity for
chimeric antibodies.

The level of patient response to ¢B72.3 prompted a more detailed
investigation of the specificity of the immune response. Baker ef al. (1991)
showed that the two strongly positive responders in the first study had a
high-affinity anti-cB72.3 component of their IgG titre representing 82% and
34% of total specific binding capacity. This binding could be inhibited by
unlabelled cB72.3, mB72.3 or B72.3 antibody fragments (F(ab’},, Fab, Fv).
This suggested that a major epitope was located within the variable region
domains. The remaining binding capacity was a low-affinity component with
specificity for the constant regions and also for a possible conformational
epitope exposed by certain configurations of murine V regions with human
constant regions (e.g. cB72.3(y3) and c¢B72.3(v4) but not ¢B72.3(y1) or
cB72.3(y2). This low-affinity component could be mostly accounted for by
pre-existing IgG also shown to be present in pre-therapy patient serum.
Khazaeli er al. (1991), using a different assay technique could not detect
binding to ¢B72.3 in pre-therapy patient serum but found a similar strong
anti-variable region response in HAMA-positive patients, accounting for
80~-90% of the binding capacity. The remaining binding component in the two
patients studied was directed to a neo-epitope shared by antibody molecules
containing murine B72.3 variable region and human CH1/k constant region
domains. Subsequently Khazaeli et al. (1992) have shown that 62% of
patients treated with murine B72.3 developed a HAMA response with V
region specificity. The data thus strongly suggest that the B72.3 variable
domain contains one or more particularly immunogenic epitopes which mask
the potential benefit of reduced immunogenicity for the chimeric antibody.
Recently the anti-light chain variable region component of the immune
response in the post-treatment sera from one of the patients who developed a
strong immune response has been mapped by identifying a number of
peptides derived from the B72.3 chimeric light chain sequence which are
specifically recognized by the serum (T.S. Baker, unpublished). These
peptides have been mapped onto the deduced structure of the Fab’ of the
chimeric B72.3 (T. Baker and J. Adair, unpublished) which has been
obtained by X-ray crystallography (Brady er al., 1991, 1992). The positive
regions form two surface patches, one of which overlaps with the antigen
binding region.

14,18

MAb 14.18 illustrates some interesting construction methods and expression
problems for the various MAb forms, and also some of the alternative
strategies for cell killing, Some of the work has been done in parallel with
B72.3 studies, affording the opportunity to compare directly various
approaches to antibody engineering. 14.18 is a murine IgG3/k antibody which
reacts with the disialoganglioside GID2 expressed on the surface of tumour
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cells of neurcectodermal origin (Mujoo ef al., 1987). GD2 expression is
associated with the invasive phase of melanoma and anti-GD2 MAbs can
block attachment of cells to substrate and prevent invasion of melanoma cells
through the basement membrane (reviewed in Herlyn, Menrad and
Koprowski, 1990). 14.18 may be of benefit as a treatment for neuroblastoma
and malignant melanoma.

An IgG2a switch variant of the original IgG3 antibody, 14G2a, has been
identified (Mujoo et al., 1989) which is efficient at mediating cytolysis by
human ADCC and ADCMC, and against which the engineered forms can be
compared. The antigen becomes internalized upon binding of antibody, but
quite slowly, and the rate of internalization varies between tumour cell lines
(Wargalla and Reisfeld, 1989). Therefore the antigen may be a good target
for several MAb-based cell-killing strategies, including direct ADCC or
ADCMC, cytokine-enhanced ADCC, immunotoxins, antibody—drug or anti-
body-isotope conjugates.

Construction and expression of chimeric antibodies and antibody-cytokine
fusions

A chimeric mouse-human (IgGl/k) antibody has been constructed by cloning
the heavy and light chain genes as ¢DNAs (Gillies, Lo and Wesolowski,
1989). Variable region sequences were isolated and cloned into expression
vectors containing the human constant region genes using oligonucleotide
linkers which extended from a convenient restriction site near the 3’ of Vi
and V| and which recreated the coding sequence. These linkers also included
sequences for a splice donor site and intron sequence extending to a
convenient restriction site for cloning of the adapted V regions 5' to the
constant region genes. The chimeric genes were cloned into expression
vectors with a mutant DHFR gene as the selectable marker, allowing for
subsequent gene amplification of the transfected DNA. Transcription was
from the mMT promoter for the chimeric heavy chain and a synthetic mouse
Ig k promoter for the light chain. In both cases the murine IgH enhancer was
placed upstream of the chimeric genes. The chimeric genes were assembled
into a single vector for transfection into Sp2/0~Ag14 cells by protoplast fusion
and cell lines resistant to MTX were selected. Initially no antibody-producing
clones were found. Although mRNA for the heavy chain could be detected
and some H chain protein was secreted, there was no transcription of the light
chain. Reconstruction experiments using a sequence from a human hybri-
doma antibody, anti-J5, which was well expressed and which showed signifi-
cant sequence homology to 14.18 human light chain V region, demonstrated
that the problem was in the 5’ region of the 14.18 cDNA.. A hybrid light chain
with the leader and framework 1 from the human sequence and the rest of the
14.18 V| sequence also led to good expression of antibody (Hu-mouse2
antibody), as did a light chain with the human leader fused to the 14.18 V
region (ch14.18a). It was concluded that either the murine leader sequence
itself or the sequence created in the cDNA after fusion by splicing together of
the leader and V region exons was having a negative effect on the expression



Engineering antibodies for therapy 73

of the light chain gene. Cell lines were established after transfection of vectors
containing the Hu-mouse2 chimeric light chain. Using 10 mM MTX selection
a cell line was established which accumulated 3545 mg ! of Hu-mouse2
chimeric antibody in the medium. Subsequently further cell lines were
developed in which the synthetic mouse Ig x promoter was replaced by the
mMT promoter and the expression of the DHFR gene was mutated to reduce
translation of the mRNA (pdHIL2 vectors). These cell lines produced
120-180 mg I of antibody at 5 uM MTX selection. The chimeric 14.18 with
the Hu-mouse2 light chain, subsequently referred to as ch14.18, therefore
contains more human-derived sequence than a normal mouse—human chi-
meric as the framework 1 region of the light chain is also derived from a
human antibody sequence.

An IgG4 form of the antibody has also been produced to act as controls for
some of the ADCC and ADCMC assays (Dorai et al., 1991). Several variant
forms of ch14.18 have been generated by manipulation of the chimeric heavy
chain gene. These include an Fd' heavy chain, an IgG1 in which the CH2
domain has been deleted (IgG1(ACH2)), an aglycosylated IgG1 formed by
mutation of the CH2 N-linked glycosylation site from asparagine to ghitamine
by oligonucleotide-directed mutagenesis, and an IgG1 heavy chain in which
the codons for the cysteines which normally form the inter-heavy chain
disulphide bridges have been mutated to serine codons (¥1S) (Gillies and
Wesolowski, 1990; Dorai et al., 1991). MAb variants fused to cytokines have
also been created with a view to recruiting lymphokine activated killer cells or
tumour infiltrating T-lymphocytes, improving vascular permeability or stimu-
lating an inflammatory response in the tumour vicinity through eosinophil
recruitment. In the first instance human lymphotoxin (I.T} was attached
immediately 3’ to the last codon of CH3 (CH3-LT) or immediately 3’ to the
last codon of CH2 replacing CH3 (CH2-LT) or was fused immediately 3’ to
the last codon of the hinge replacing CH2 and CH3 to create a Fab’-LT
(Gillies ef al., 1991b). Similar constructs have been made using the human
IL-2 gene (Gillies et al. | 1992).

All of these variants were created by manipulation of existing restriction
sites in the inter-domain intron regions or by using synthetic oligonucleotide
fragments to engineer precise exon fusions or by oligonucleotide-directed
site-specific mutagenesis (Zoller and Smith, 1983). Each of these variant
heavy chain constant regions was then placed in the pdHL2 expression vector
containing the chimeric light chain and the 14.18 heavy variable region and
stable cell lines were established in Sp2/0 cells after transfection of the
plasmids by protoplast fusion.

The ch14.18 Fab’, Fab’-LT and Fab’-IL-2 did not spontanecusly form
F(ab"), during expression and secretion. In the case of the ch14.18ACH2 a
proportion of the material (approx 50%) did not form the inter-heavy chain
disulphide bridges although all of the material was in the form of H2L2
tetramer. The analogous B72.3 construct behaved in the same way (see
earlier). The ch14.18(y1S) also formed tetrameric material which was associ-
ated through the CH3 interactions. The aglycosylated ch14.18(y1) was
shown, by reducing SDS-PAGE, to have a heavy chain which co-migrated
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with native heavy chain which had been treated extensively with N-glycanase
to remove the N-linked carbohydrate. A proportion of the CH2-LT protein
was also found to be a tetramer (L:CH2-LT),, covalently linked by inter-
heavy chain hinge disulphide bridges. This tetramer was assumed to have
formed after transient association through the C-terminal domains of the LT.
it was not determined whether these associations allowed the L:CH2-LT
fraction to form non-covalently bridged tetramer in solution. The CH3-LT
protein was all of the tetramer (L:CH3-1.T), form. The CH2-IL-2 protein was
in the form, L:CH2-IL-2, as judged by non-reducing SDS-PAGE. However
the antigen binding properties of this fusion (see below) suggest that it is
likely that (I.:.CH2-IL-2), was forming to some extent in solution. The
CH3-1L-2 protein was in the (L:CH3-IL-2}, form which was fully disulphide
bridged.

The specific activity of the LT when attached in the CH3-LT fusion was
found to be similar to that of the LT standard, but was 100 times lower in the
CH2-LT fusion. The specific activity was sensitive to the pH used in the
purification process for the fusion. The difference in the specific activity was
assumed to be a consequence of the association of the CH3 domatns in the
CH3-LT fusion, which brings the LT molecules together and may allow LT
dimerization and therefore more LT receptor binding. The specific activity of
the IL-2 in all of the constructs was found to be 5-0-6-5 x 10° U mg™,
slightly lower than that of rIL-2 made in bacteria but equivalent to that made
In yeast,

FPre-clinical studies

Relative antigen binding ability. The murine antibody 14.18, the murine
switch variant 14.G2a, and the chid4.18a(y1) antibody differ from the
Hu-mouse 2 antibody (ch14.18) in their ability to compete for antigen against
a constant amount of HRP-conjugated Hu-mouse2 antibody (Gillies, Lo and
Wesolowski, 1989). At low antibody concentration the Hu-mouse2 antibody
was stated to compete better, but at higher antibody concentration the
murine 14.18 and the ch14.18 antibodies competed better. Interestingly the
two murine 14.18 antibodies, the original 14.18, an IgG3, and 14.(G2a, also
showed a difference in their competitive abilities against the Hu-mouse?
(ch14.18) antibody. The Hu-mouse2 (ch14.18) antibody was further com-
pared against 14.G2a (Mueller et al., 1990}. The two antibodies bound to
GD2-positive M21 human melanoma cells with equal affinity (11-9 nM for
chl4.18 and 11-2 nM for 14.G2a) and with the same number of binding sites
per cell. Indirect immunofluorescence showed similar patterns of binding to
MZ21 and to the LOX and A375 human melanoma lines.

The various truncated and fusion proteins were found to vary in their
antigen binding abilities. The Fab’ and the Fab-IL-2 fusion did not appear to
bind to antigen, suggesting that bivalency is required to generate detectable
binding (Gillies and Wesolowski, 1990; Gillies et al., 1992). The ¢14.18 ACH2
antibody showed an approximately three-fold increase in antigen binding
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compared to the parental ch14.18 and was more efficient at competing with
the chl4.18 for antigen in a 2 h competition assay. However in an 18 h
competition assay the difference was much less obvious, suggesting that the
ch14.18 ACHZ variant was superior in on rate rather than in overall affinity
for antigen (Gillies and Wesolowski, 1990). Interestingly the v1S variant, in
which the CH2 domain is present but the inter-heavy chain disulphide bridges
do not form, showed slightly lower competitive ability compared to the
parental antibody (Gillies and Wesolowski, 1990). Therefore it was con-
cluded that the lack of disulphide bridges in a proportion of the ACH2
variant was not an influence on the antigen binding seen. Rather it was
suggested that the Fab portion of the antibody is normally sterically restricted
by the Fc region and that removal of the CH2 domain allows a greater degree
of freedom for initial binding of the antibody to antigen (Gillies and
Wesolowski, 1990).

The aglycosylated form of the antibody showed little difference in compet-
itive binding compared to the parental antibody in the 2 h assay, but there
was an apparent difference in the binding over 18 h, with the aglycosylated
form shwoing reduced competitive ability (two- to three-fold) (Dorai et al.,
1991). The LT fusions were stated to have higher direct antigen binding than
ch14.18 on membrane extracts from neuroblastoma cells. However, the
fusion proteins did not compete more efficiently with ch14.18 for antigen
using HRP-ch14.18 as the tracer (Gillies et al., 1991). It was proposed that the
membrane extract may contain LT receptor, which may allow higher binding
of the fusion proteins than the ch14.18.

ADCC.  The ability of the ch14.18 antibody to cause ADCC was measured
using human PBMC as effectors (Mueller et al., 1990) in a 4 h *'Cr release
assay. Using M21 cells as targets at low antibody concentrations the
ch14.18(y1) was superior to the 14.(G2a for a given E:T ratio. The difference
was less marked at higher antibody concentrations as the per cent lysis for the
14.G2a approached the levels achieved at lower antibody concentrations for
the ch14.18. However the ch14.18 antibody was 50-100-fold more effective at
ADCC on M21 cells than the 14G2a. At the highest antibody concentrations
used there was an indication of an inhibitory effect on ADCC against the M21
cells. In one experiment with A375 cells the cells were shown to be more
resistant to ADCC at low antibody concentrations, but ADCC was equivalent
to that seen for M21 cells at higher antibody concentrations. Again the
ch14.18 was superior to the 14.G2a.

In a second study, Barker er al. (1991) reported the use of ch14.18 for
ADCC of GD2 positive **Cr-labelled neuroblastoma cells. Again the ch14.18
antibody was superior to the 14.G2a antibody in that less antibody was
required to achieve maximal cell lysis of NMB-7, LAN-1 and IMR-32
neuroblastoma cell lines using PBMC from healthy donors. This lysis was
probably effected by NK cells. With the ch14.18 the NK cell population was
able to cause approximately double the ADCC compared to the same number
of the PBMCs and at E:T of 10 the ADCC approached that seen for the
ch14.18 with NK cells.
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ch14.18 antibody was also superior to the 14.G2a antibody in ADCC using
granulocytes as effectors when the antibody concentration was lower than
100 ng mI™ in the assay. Above this concentration the 14.(G2a reached the
same level of lysis. Granulocytes were also shown to be better effectors than
PBMC using chl4.18, when both cell populations were obtained from the
same donor. The effectiveness of the granulocytes could be increased using
10 ng mi™! of GM-CSF. GM-CSF had no effect on ADCC using PBMC as
effectors. Granulocytes from neuroblastoma patients showed a similar effec-
tiveness which was greater than PBMCs from the same patients. The
granulocytes were able to be further stimulated by GM-CSF to cause greater
levels of lysis, but only at low E:T ratios. It was postulated that the GM-CSF
may be causing up-regulation of Fey receptors on the celis. Finally it was
mentioned that granulocytes from neuroblastoma patients previously treated
with 14.G2a could be removed, stimulated ex vive with GM-CSF, and
returned fo the patient and would then preferentially migrate to the tumour
site.

The ability of the aglycosylated ¢h14.18 to cause ADCC of M21 cells was
measured (Dorai et al., 1991). The aglycosylated IgG1 antibody showed the
same, minimal, level of ADCC as an IgG4 version of the ch14.18 antibody.
The ch14.18 ACH2 and ch14.18(v18) antibodies showed little ability to cause
ADCC using M21 cells as targets and PBMCs as effectors. The two derivative
antibodies were over 100-fold poorer at ADCC compared to the chl4.18
cointrol. The ch14.18-LT fusions were tested for ADCC activity (Gillies et
al., 1991) using M21 cells as targets and PBMCs as effectors. In these
experiments the CH2-LT fusion showed activity only at the highest antibody
concentration used, where it was comparable to the ch14.18 and the CH3-LT
tusion. The CH3-L.T fusion showed activity comparable to the ch14.18 at all
of the antibody concentrations tested. The loss of activity of the CH2-LT
fusion at lower antibody concentrations may be a consequence of the
structural heterogeneity of the CH2-LT fusion.

ADCMC. ADCMC was measured using human complement to lyse *'Cr-
labelled M21 or A375 cells (Mueller et al., 1990}). The chl4.18 and 14.G2a
antibodies were equally able to cause ADCMC of M21 cells. However the
A375 cells were more resistant and maximal lysis was not obtained even at the
highest levels of antibody used. In this case the chi14.18 appeared to give twice
as much lysis for a given antibody concentration as the 14.G2a. The
aglycosylated ch14.18 was tested in the ADCMC assay and showed demon-
strable, although much reduced, activity (Dorai ef al., 1991) requiring 10-fold
more antibody to achieve the same level of lysis as ch14.18. This contrasts
with work by others {Tao and Morrison, 1989), who showed no ADCMC with
aglycosylated IgGt and IgG3 mouse-human chimeric anti-DNS antibodies.
The ch14.18 ACH2 and ch14.18(y1S) antibodies differed in their ability to
cause ADCMC of M21 cells with human complement (Gillies and
Wesolowski, 1990). The c¢h14.18(y1S) antibody showed approximately
10-fold lower ADCMC compared to the chl4.18 control. In these experi-
ments the chi4.18 ACH2 was completely inactive. The ch14.18-LT fusions
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were tested for ADCMC activity (Gillies ef al., 1991). In these experiments
the CH2-L'T fusion was not active while the CH3-LT fusion showed
significant activity requiring approximately two-fold more antibody than the
ch14.18 to reach 50% of maximal cell lysis. However, the maximal achievable
lysis was lower for the CH3-LT (around 70%) than for the ch14.18 antibody
{(>90%). The loss of activity of the CH2-LT fusion is consistent with the
sensitivity of ADCMC to structural alterations in the CH2 domain.

Cytokine activity in antibody-cytokine fusions. The cytolytic and cytostatic
effects of the lymphotoxin fusions were assessed using murine L929 cells (LT
receptor positive, GD2 negative) and human GD2 positive (LT receptor
negative) M21 cells (Gillies er al., 1991). It was shown that the CH3-LT
possessed activity equivalent to LT in both the cytolytic and cytostatic assays
on L.929 cells (corrected for the proportion of LT in the fusion). The CH2-LT
however showed substantially less activity, but the differences were much less
at higher LT levels, being equivalent at 2 nM of LT dose. This difference may
be due to the requirement for the LT to form a trimer to be functionally
active,

Using MZ21 cells in the cytolytic and cytostatic assays no direct cell kiltling
was seen with CH3-LT or with ch14.18 over a wide range of LT concentra-
tion. CHZ-LT was not tested. The assay was performed over 48 h, during
which time a substantial amount of the fusion could have become internalized
(Wargalla and Reisfeld, 1989; Mueller ef al., 19903. It might therefore be
expected that the Killing effect using this fusion would be by secondary
immune recruitment processes in those cases where the tumour cells did not
express, or could not be induced to express, the LT receptor.

In the case of the IL-2 fusions the assays used were the antibody-induced
proliferation or cytolysis of mouse or human T-cell lines, either a murine
cytotoxic T-lymphoceytic cell line (CTLL-2), or tumour-infiltrating T-cell line
from a metastatic melanoma (600 TIL) (Gillies et al. 1992). The CH3-IL-2
fusion induced dose-dependent proliferation of both CTLL-2 and 660TIL
ceils over the range 2-2000 ng mI™'. The specific activity of the IL-2 in the
fusions was seen to be slightly lower than that of IL-2 derived from £. coli,
but slightly higher than that of I1-2 from yeast cells.

When 660 TIL cells, freshly stimulated with antigen, were tested for their
ability to kill autologous melanoma cells (660 MEL), the CH3-IL-2 fusion was
shown to improve cell killing. In general there was a higher level of lysis if the
660 TIL cells had been pre-stimulated with IL-2 for 4 days in culture prior to
assay. The effect of the CH3-IL~2 was even more marked if the cells were
rested for one week after antigenic stimulation prior to assay.

Animal studies. chl4.18 and 14.G2a antibodies showed similar kinetics of
blood clearance in nude mice after i.v. injection of '**I-labelled antibody and
showed similar distribution patterns in nude mice bearing M21 xenografts
(Mueller et al., 1990). However tumour:blood ratios remained at about 1 at
both 24 and 96 h for both antibodies. The kinetics of clearance from the blood
of nude mice was examined for the 14.18 ACH2 and aglycosylated antibodies
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{Mueller, Reisfeld and Gillies, 1990b; Dorai ef al., 1991). For both variants
the initial clearance phase was much faster than for ch14.18. However, the
-phase for the aglycosylated antibody was stated to be the same as that for
ch14.18 with half-lives of 5 d {Dorai et 4l., 1991). This observation agrees
with that of Tao and Morrison (1989) who found no difference in the £, of
normal and aglycosylated mouse-human chimeric IgG1 and showed a 1. of
6 d. For the 14.18 A CH2 antibody the initial clearance of antibody was faster
than for the aglycosylated antibody and the #,.p was 12 h (Mueller, Reisteld
and Gillies, 1990; Dorai et al., 1991). In the latter study (Mueller, Reisfeld
and Gillies, 1990) the £, was given as 1.5 h and the clearance was stated to
be equivalent to that of F(ab'), of human IgG. At 4, 24 and 96 h post-
injection tumour:blood ratios for the 14.18 ACH2 were 1-29, 3-15 and 1-2
compared to 0-18, 0-56 and 1-08 for the ch14.18 antibody. At 4 h there was
three-fold more 14.18ACH2 on the tumour than the chl4.18. However at
24 h the sitnation was reversed with the chl4.18 showing 3-5-fold more
antibody on the tumour.

Clinical studies

Saleh ef al. (1992a) have reported the results of pharmacokinetic and
immunogenicity studies from a Phase 1 trial using chl4.18 in patients with
metastatic melanoma. Nine patients received single doses of ch14.18 by i.v.
infusion at doses of either 5 mg (n=3), 15 mg (n=3), 45 mg (n-3), while four
patients received 50 mg on two consecutive days. Serum sampies were taken
regularly for analysis of pharmacokinetics and anti-antibody responses. At
the 45 and 100 mg doses seven of the 13 patients registered infusion-related
abdominal and pelvic pain, or nausea. The pain subsided soon after the
ending of the infusion. The antibody clearance from the bilood followed
two-compartment kinetics and the mean f,o0 was 24*1 h and 1. was
181£73 h. Considerable interpatient variation was seen, similar to that seen
for the c17-1A and cB72.3 studies. The 1,,p for the chi4.18 was given as
42+6 h (Saleh et al., 1992b). Eight of the 13 patients showed a significant
increase in anti-antibody response over pre-treatment levels. (None of the
patients had been previously treated with the murine antibody or any other
MAD.) Using an assay similar to that used for the c17-1A and cB72.3 studies
{(LoBuglic er al., 1989, Khazaeli et al., 1991} five patients showed weak, and
three patients showed moderate (>10-fold increase over pre-ireatment
levels) antibody responses. In general these responses were most noticeable
15 d and longer post-infusion. In all of the cases the serum binding to ch14.18
could be inhibited by both ch14.18 and the murine antibody 14.G2a,
suggesting a predominantly anti-variable region response. This weak
response was different from that seen for the murine antibody where a 100 to
1000-fold higher response was seen (Saleh er al., 1992b). In those patients
receiving 45 mg or more antibody could be detected in tumour biopsies 3-5
days post-infusion. However saturation of GD2 in the tumours was not
achieved. Use of the antibody at these doses did not appear to affect clinical
outcome in these very early clinical studies.
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L6

L6 is an 1gG2a/k murine MAb which reacts with a cell surface carbohydrate
antigen found on many human lung, breast, colon and ovary carcinoma cells
(Hellstrom, Beaumier and Hellstrom, 1986; Hellstrom et al., 1986). The
antigen is found on some normal endothelial cell tissue (DeNardo et al..
1991b) and a putative cDNA clone expressing a 24 kDa protein to which L6
binds antigen has been identified by expression cloning in COS cells (Marken
et al., 1992). The antigen is related to other membrane proteins associated
with cell growth, including CD63 and CO-029, both of which are over-
expressed on tumour cells (Marken et al., 1992).

Construction and expression of chimeric antibodies and fragments

Liu er al. (1987b) prepared a chimeric (IgG1/x) version of the murine
antibody, cL6(y1) using a cDNA approach (Liu et al., 1987a). A cDNA
library (Gubler and Hoffman, 1983) was screened using J-specific oligonucle-
otide probes and light and heavy chain ¢DNAs identified. These were
modified to introduce cloning sites 5 to the signal sequences, in the J
sequence of the light chain, and in the 5’ region of the CH1 exon of the heavy
chain for attachment to human constant regions. At the same time the murine
CHI sequence 5’ to the cloning site was modified to the human sequence to
ensure that no novel sequence motifs were introduced in the cloning process.
The chimeric sequences were isolated and cloned into expression vectors.
Expression of the antibody genes was accomplished using the SV40 early
promoter, mouse heavy chain enhancer, and transcription termination and
polyA signals were SV40. The mouse heavy chain enhancer was placed
upstream of the promoter in the plasmids. Finally a single vector expression
system was prepared by introducing the entire chimeric light chain expression
cassette 5’ to the chimeric heavy chain cassette and in the same transcriptional
orientation to give the final vector, pING2114. The selectable marker on all
of the plasmids was the neo gene. pING2114 was transfected into Sp2/0 cells
by electroporation. In all cell lines more heavy chain was produced than light
chain. For example, clone 3E3 produced 100 pg I of light chain but
700 ug I'" of heavy chain. Subsequently the balance was redressed by
re-transfecting a second light chain vector carrying the gpt marker and
1 mg I'! of assembled, secreted antibody could be obtained. Material was also
produced from ascites fluid after injection of 10° cells of the cell line into
pristane-treated mice. Material from ascites fluid and cell culture appeared to
be equivalent in potency in the in vitro tests described. More recently cL6&(y1)
has been re-expressed in X63.Ag8.653 cells (Hellstrom et al., 1990). of cL6
was expressed in Sp2/) cells by reconstructing the chimeric heavy chain gene
so that the codon for the first of the two cysteines in the hinge which normally
form the inter-heavy chain disulphide bridges was mutated to a termination
codon, simultaneously introducing a restriction site for sub-cloning into the
heavy chain expression vector. The cFab expression vector and the chimeric
light chain expression vector were then transfected into $Sp2/0 cells and cell
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lines secreting cFab were identified. No yields have been reported (Better et
al., 1988). Expression of cL6(y1) and cL6 (F{ab’), was attempted in yeast
cells (Horwitz et al., 1988; Better and Horwitz, 1989). ¢L6(v1) was the first
antibody with therapeutic potential to be expressed in yeast cells. Yeasts are
attractive potential expression hosts because of their well understood technol-
ogy for large-scale handiing, and because, unlike E. coli, yeasts are capable of
glycosylation of proteins at the asparagine-X-serine/threonine motif used in
higher eukaryotes. However the glycosylation is not identical to that seen in
hybridomas and myelomas and the carbohydrate is found as a high mannose
form (Kukuruzinska, Bergh and Kackson, 1987). Cassettes for cL6(y1)
expression were assembled which consisted of the yeast PGK promoter, the
yeast invertase signal sequence, and the antibody genes in ¢cDNA format
followed by the PGK transcriptional terminator. The cassettes were bounded
by convenient cloning sites. A two-vector system was used in which the light
chain cassette was placed on a 2 um plasmid with the len2 marker, and heavy
chain casseties were placed on 2 derivative of 2 um which contained the origin
of replication and the Rep3 sequence. The seiectable marker was the wra3
gene. The chimeric Fd gene was also cloned into a ura3 vector.

The light chain vector was co-transfected with each of the heavy chain
vectors into S. cerevisiae (leu2 ura3). Antibody was shown to be secreted into
the medium. For cL6(y1) around 70% of the secreted light and heavy chains
were shown by ELISA {0 be assembled together. Yields were approximately
100 ng mi™ for the light chain and 50-80 ng ml™! for the heavy chain. One
clone was grown at 10-l scale and antibody purified by protein A. The
antibody appeared to have two heavy-chain forms on reducing SDS-PAGE,
probably glycosylation variants, but the light chain and the heavy chain with
the higher apparent molecular weight co-electrophoresed with the Sp2/0-
derived material. On non-reducing SDS-PAGE an M, 150 kDa band was
seen. Other products, possibly H,L and HL products, were also observed.
Fab was secreted in the same way and accumulated to 100200 ng mi™. It was
purified on S-Sepharose and resolved into M, 23 and 25 kDa bands on
reducing SDS-PAGE and M, 47 kDa on non-reducing SDS-PAGE.

L6 was aiso the first antibody for which expression and secretion of an
active Fab in E. coli was reported (Better ef al., 1988). The light chain and Fd
genes were essentially the same as in Horwitz er af. (1988, see above) but with
the Ig signal sequences replaced by those of pelB, and were transcribed from
the Salmonella typhimurium araB promoter in a bi-cistronic gene format.
When introduced into E. coli MC1061 90% of the exported Fab could be
found in the culture medium. Yield before purification was 2 mg I™'. The
material was found to be M, 48 kDa on non-reducing SDS-PAGE and to
consist of 23 and 25 kDa species on reducing SDS-PAGE. Therefore the
inter-chain disuiphide bridges were formed during export. It was shown that
significant amounts of material remained within the cell (Better and Horwitz,
1989), suggesting yield improvement was possible. Better, Weickmann and
Lin (1990) reported improvement by fermentation optimization which have
improved yields to >500 mg 1! in controlled fermentation conditions.

More recently a Fab-11-2 fusion has been constructed (Fell ez al., 1991) in a
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manner similar to that described earlier for 14.18. In this case the light and
heavy chain variable regions were cloned from the L6 hybridoma as genomic
fragments along with their respective promoters and enhancers. The chimeric
light chain was assembled in a gpt-based expression vector. The heavy
variable region was assembled along with the human IgG1 CHI exon and
relevant splice sites and a synthetic hinge region in which the two codons for
the cysteines which normally form the inter-heavy chain disulphide bridges
were mutated to proline and serine, respectively, together with a linker
region coding for 13 amino acids and followed by a PCR-generated cDNA
sequence coding for the mature form of human IL-2. This whole cassette was
assembled in a neo-based expression vector. The two vectors were
co-transfected by electroporation into the X63.Ag8.653 cell line. A cell line
was identified producing a fusion protein which gave the same signal in a
sandwich ELISA using anti-idiotype V, and Vy; monoclonal antibodies as
8.5 mg I"' cL6(y1). The fusion protein was shown to have both L6 and IL-2
properties by binding to the human 2981 carcinoma cell line (L6 antigen
positive) and to PHA-activated human peripheral blood T-cell blasts (which
are IL-2 receptor positive).

Pre-clinical studies

Relative antigen binding ability. The Sp2/0 derived cL6(v1) and the mL6
antibodies bound to antigen on the human colon carcinoma cell line C-3347
{also referred to as H-3347 in associated papess; Hellstrom er al., 1986, 1990;
Liu er al., 1987c) and were equally capable of inhibiting the binding of
FITC-labelled mL6. Neither antibody bound to the human T-cell line HSB-2.
Binding by both antibodies to the melanoma cell line M-2669 was low but
detectable (Liu ef al., 1987b). Similarly the Sp2/0 and yeast-derived cLo(yl)
antibodies bound equally well to antigen on C-3347 cells and were equally
capable of inhibiting the binding of FITC-labelled mL6 (Horwitz ef al., 1988).
cFab derived from cL6(y1) by papain digestion and murine Fab derived from
mL6 by papain digestion also bound to the C-3347 cells and competed for
binding sites with mL6 but with lower efficiency due to monovalency, as did
the cFab produced from yeast (Horwitz et al., 1988). The E. coli-derived Fab
was shown to compete with murine L6 for binding to the antigen on the
carinoma cell line C-3347 in a manner identical to ¢L6 Fab produced from
Sp2/0, Fab produced by papain digestion of cL6(y1) from Sp2/G cells, and
mL6 Fab produced by papain digestion of hybridoma-derived material
(Better et al., 1988).

ADCC. The cL6(y1) was more effective in a 4 h *'Cr release ADCC assay
using C-3347 cells as target and lymphocytes (<5% NK activity) as effectors
than the mlL6, reaching 50% maximal lysis at 100-fold lower antibody
concentration than for the murine antibody (Liu er al., 1987b). Significant
ADCC by cL6(y1) was seen at very low E:T ratios. The cL6(y1) differed from
the mL6 in that it was also able to cause low, but significant, ADCC of the
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M-2669 melanoma cell line on which the Lé antigen is poorly expressed. In
previous studies (Hellstrom, Brankovan and Hellstrom, 1985; Hellstrom,
Beaumier and Hellstrom, 1986) the effector celis in these separated lympho-
cyte preparations used by mlo6 to cause ADCC had been shown to be
Leullb+, a marker for NK cells. Separation of the lymphocytes into T-cells
and large granular leukocytes showed that the ADCC activity was associated
with the latter cells. Removal of adherent cells by overnight incubation of the
lymphocytes on plastic increased the ADCC activity of the effector cells.
More recently Adams er al. (1992) have used mL6 and cL.6(y1) derived from
ascites culture of the hybridoma and Sp2/0 cells in pristane-treated mice in an
18 h *'Cr release assay. The target cells were HBT-3477 cells and the effectors
were PBMCs depleted of adherent cells. The cL6(y1) was three times more
effective than the mL6 at causing ADCC, with 50-60% maximal lysis
occurring. cL6(y1) derived from yeast cells has been shown to cause ADCC at
a higher level than that for the Sp2/0-derived material (Horwitz et al., 1988).
From the data presented it appears that, at sub-saturating levels of antibody
in the assay, the same level of lysis can be achieved by 10-fold lower amount
of the yeast-derived cL6 than the Sp2/0-derived cL6(y1).

ADCMC.  clb{yl) achieved approximately two-fold more ADCMC com-
pared to mL6 (Liu et al., 1987b) at all dilutions of complement used. Similarly
Adams ef al. (1992} showed that human complement-mediated lysis of
HBT-3477 cells was more effective when the cl.6{y1) was used rather than the
ml6. In these assays the ADCMC mediated by the cL6(y1) was significantly
higher at lower antibody concentrations. Yeast-derived cL6(y1) was unable to
cause ADCMC, presumably due to the variation in glycosylation between the
material from the mammalian cell and yeast sources (Horwitz er al., 1988).

Cytokine activity in antibody—cytokine fusions. The cL6 Fab-IL-2 fusion
induced the same pattern of rapid, post-receptor binding and phosphorylation
of specific intra-cellular proteins in PHA-stimulated T-cell blasts as rIL-2, and
in the same dose range (Fell et al., 1991). The fusion was shown to be capable
of supporting the growth of IL-2-dependent CTLL cells (CTLL-2 cells).
However the specific activity of the fusion protein was approximately 200-foid
lower than an equivalent molar quantity of rIL-2. When the cL6(y1)
antibody, or the ¢L6 Fab-IL-2 fusion was added to antigen-positive tumour
cells (3347 cells) irradiated prior to assay to reduce their proliferation, and
these were then used to stimulate proliferation of the CTLL-2 cells, it was
shown that the cL.6(y1) was ineffective but that the fusion, in the amounts
used in the assay, could induce a 600-fold stimulation over the control values.
The fusion protein was less able to recruit resting PBMC (bearing the
low-affinity IL-2 receptor) to lyse L6 antigen-positive 2981 cells, but a 10-fold
higher molar concentration of IL-2 equivalents was needed compared to rIL-2
in the assay. However activated blast cells stimuiated for 3 d prior to assay
with immobilized anti-CD3, and then depleted of NK cells and bearing the
high-affinity receptor, showed activity equivalent to the rIL-2 over the range
tested. Both rIL-2 and the fusion were much less active with the activated
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cells than was the rIL-2 with the resting PBLs. It was concluded that while the
specific activity of the fusion was much lower than that of the rIL-2, coupling
to the antibody could give lower non-specific systemic toxicity with a higher
degree of specific tumour cell killing.

Animal studies. The cL6(y1) and the mL6 have been compared for pharma-
cokinetics and biodistribution in a nude mouse xenograft model (Adams et
al., 1992). HBT-3477 cells were established as intra-peritoneal xenografts and
when the tumours reached 100-200 mg in size the **I-labelled antibodies
were injected i.v. The observed half-lives for the cL6(y1) and the mL6 were
very similar (approximately 5 d versus 6 d, respectively) with a larger initial
loss of the '**I-cL6(y1) from the blood than that seen for the '*’I-mL6. The
mlL6 accumulated more efficiently at the tumour with approximately double
the levels present at 24 h post-injection. All of the organs had higher
accumulation of mL6 than cL6(y1). However the non-specific uptake into
tissues was reflected by tissue:blood ratios which remained at around 0.25 for
both ¢L6(y1) and mL6 over a 120 h period. During this time tumour:;blood
ratios increased from around 0.5 to 0.75 for the cL6(y1) and from 0.75 to 1.1
for the mL6. From calculations of blood half-life and the expected tumour
perfusion and antibody extraction rate it was concluded that the differences in
tumour uptake could be entirely accounted for by the longer blood half-life of
the mL6.

Clinical studies

**![-labelled cL6 has been used in a clinical study in patients with metastatic
breast cancer (DeNardo et al., 1991b, ¢). Preliminary studies with the murine
antibody showed that normal lung tissue expressed the antigen recognized by
L6 but non-specific binding could be blocked by pre-treatment with cold
antibody. Therefore cL6 was given i.v. after previous treatment with either
cold murine 1.6 or cL6. Blood clearance (1,,8) was stated to be 0-8-1-5 d for
the murine L6 and 1-5-2-5 d for cL6, with 0-06-0-12% i.d.g™ tumour uptake
and tumour clearance #,, of 1-8-2-7 d. Three patients, each given two doses of
131 labelled cL6, showed 50%, 70% and 75% reduction of tumour load,
respectively. However grade 2 marrow toxicity was seen at doses of 50 and
60 mCi m™ and grade 4 toxicity at 70 mCi m™2 In a study reported by
Goodman (1991) on the immune response to patients treated with ¢L6
HAMA was measured in four of 17 patients tested two weeks after treatment
and the number rose to 50% after 11 weeks of study.

ANTI-CD4 CHIMERIC ANTIBODIES

CD4 is the cell surface antigen which specifies the T;; subset of T-cells. As
mentioned above, anti-CD4 MAbs are under evaluation as immunosuppres-
sive agents (initially for allograft rejection, rtheumatoid arthritis psoriasis and
as a means of overcoming HAMA responses to therapeutic murine MAbs)
and for treatment of T-cell lymphoma.
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SK3

Knox et al. (1991) have briefly reported the construction of a chimeric version
of SK3 (a murine MAD), and preliminary evaluation in patients. The initial
intention was to produce a non-immunogenic version of the murine anti-CD4
antibody to treat mycosis fungoides (MF), a T-cell lymphoma primarily of
CD4+ cells, which infiltrates the skin and eventually other organs. Antibody
SK3 had not previously been tested in patients so baseline efficacy and
HAMA response data were not available.

Construction and expression of chimeric antibodies

The variable regions of SK3 were cloned using the genomic cloning proce-
dure. The variable sequence DNAs were cloned 5’ to human IgG1 and k
constant region sequences and the expression vectors introduced into mouse
myeloma cells by protoplast fusion, Stable cell lines expressing ¢SK3 were
produced and used to produce antibody as ascites in pathogen-free mice. In
general this would not be a preferred route for the production of a chimeric
antibody because of the possibility of cross-contamination with murine IgG.
Antibody was purified and shown to have immunoreactivity similar to that of
the murine SK3.

Clinical studies

A limited clinical study with MF patients using ¢cSK3(y1) antibody has been
described (Knox er al., 1991). Seven patients with persistent or progressive
CD4+ MF and no history of prior antibody therapy or recent chemo-, radio-
or UV-therapy were treated with doses of either 10, 20, 40 or 80 mg of
antibody i.v., twice weekly for three weeks, and were followed for 12 weeks
post-treatment. The haif-life of the antibody ranged from 21 to 42 h and of
the seven patients only the one who had the highest absolute dose
(1-83 mg kg™'), showed detectable antibody remaining prior to the proceed-
ing infusion. All patients treated showed some modest improvement in one or
more of the clinical parameters measured, and some patients showed
transient partial or minor disease remission. Patients whose lymphocytes
were scored as responders in a mixed lymphocyte (MLR) reaction and which
reacted to keyhold limpet haemocyanin (KLH) or tetanus toxoid in T-cell
proliferation assays prior to treatment were shown to be immunosuppressed
by the anti-CD4 treatment. However the majority of the patients showed
little pre-treatment responses in these assays and two patients were shown, by
lack of initial response to co-inoculation with KLH, to be immuno-
incompetent. Coating of CD4+ cells in peripheral blood was observed but
there was no significant depletion of CD4+ cells from the lymphocyte
population, aithough there may have been some modulation of CD4 from the
cell surface. It is not clear how the partial clinical responses were brought
about, especially in the lower dose patients where cSK3 could not be detected
in post-infusion biopsies. Of the five patients capable of mounting an immune
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response two demonstrated a low titre (1:64 and 1:256) anti-variable region
response to ¢SK3, which developed between days 10 and 18 of treatment.
These patients later developed minor allotypic responses against the chimeric
antibody, and also, along with one other patient, developed an anti-murine
IgGl response (possibly due to contaminating murine antibody in the
antibody preparations). Further studies are planned to compare cSK3 directly
with the murine antibody and to establish maximal tolerated doses for clinical
efficacy.

M-T412

The murine MAb M-T412 is an IgG2a/k antibody which recognizes an
epitope involving residues in both the V1 and V2 domains of human CD4
(Ghrayeb, Knight and Looney, 1991).

Construction and expression of chimeric antibodies

The chimeric antibody was constructed by isolating the rearranged variable
regions from genomic DNA using J region probes. The heavy and light chain
genomic fragments, with the Ig promoters, were transferred into pSV2-
derived vectors (Sun et al., 1987, see above) to give two light chain expression
vectors, with either the neo or gpt selectable markers, a heavy chain
expression vector consisting of a chimeric IgG1 heavy chain gene with the gpt
selectable marker, and a single vector with both chimeric genes and gpr
selectable marker. Suitable combinations of the separate vectors, or the
single vector, were transfected into Sp2/0 cells by electroporation. A cell line,
JL3A3, was produced which yielded 28 mg 1™ post-Protein A-Sepharose
purification. It was not stated from which vector combination the cell line was
derived {Ghrayeb, Knight and Looney, 1991).

Pre-clinical studies

Relative antigen binding ability. The chimeric antibody was shown to bind to
CD4+ CEM cells in a direct binding format assay. The murine antibody
bound with a relative affinity of 6-5 x 10° M™" while the chimeric antibody
gave values of 2-5 and 8 x 10° M in two experiments.

Animal studies. The chimeric antibody was administered i.v. to four chim-
panzees at 5 mg™ kg' d for 7 d. CD4+ cell counts were markedly reduced
from the first injection until 2-3 weeks after the dosing regime ended. Cell
numbers began to increase after 3-4 weeks post-injections but remained
below control levels for 3-4 months. No anti-antibody responses were seen
over the course of the experiments and no other adverse reactions were
noted.
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Clinical studies

Fifteen patients with rheumatoid arthritis were treated with single i.v. doses
of 1-200 mg of the cM-T412 antibody prepared from Sp2/0 cells (Ghrayeb,
Knight and Looney, 1991). The antibody was well tolerated with only
transient flu-like symptoms at the time of injection. CD4+ cells were
depleted for up to 14 d post-treatment but had returned almost to normal
levels after 35 d. CD8+ cells were transiently depleted but returned to
normal levels after 3 d. It was reported that there were modest anti-mouse
responses in § of the 15 patients but the levels relative to anti-murine HAMA
were not stated. Clinical responses were seen with significant reductions in
swollen joints at up to 2! days and of tender joints at up to 90 d post-
injection.

Subsequently two reports have described the use of the antibody for the
treatment of psoriasis (Prinz ef al., 1991) and relapsing polychondritis, (Choy
etal., 1991). In the first article Prinz er al. {1991) report the use of cM-T412 in
the treatment of a 63-year-old man with generalized pustular psoriasis.
cM-T412 was given i.v. at 10 or 20 mg doses alternately on days 1, 2, 3, 6 and
7. From day 2 the pustules began to dry and by day 1! most of the acute
symptoms had disappeared, as had chronic plaques, present for 44 years
previously. The improvement was correlated with a marked reduction in
CD4/CDS8 T-cell ratio which fell from 1.8 to 0.5, a drop in leukocyte count
from 19.8 to 5.4 x 10° I"*, a reduction in serum C reactive protein which fell
from 164 mg I"! prior to therapy to 16 mg 17! at day 20, and a loss of T-cells
from the inflammatory infiltrate in the skin. In a second report Choy et al.
(1991) report the use of ¢M-T412 in the treatment of a 27-year-old with
relapsing polychondritis. The patient was treated with oral prednisolone and
dexamethosone which partially reduced the symptoms. Treatment with 50 mg
doses of the cM-T412 every 14 days for six weeks in addition to the other
treatments caused a reductgion in symptoms and ailowed the steroid treat-
ment to be reduced. No side-effects of treatment were reported, but it was
not noted whether HAMA response was measured. CD4+ cells fell from
5 x 108 I'* to 1-56 x 10° I! after treatment and then returned to 3-9 x 10°% I'!
two weeks post-treatment. The patient’s lymphocyte proliferative responsive-
ness to tuberculin PPD, pre-antibody therapy, was abolished after treatment.

Fully humanized antibodies in research and clinical development

Overall the clinical studies with chimeric antibodies suggest that chimeriza-
tion will in general reduce immunogenicity significantly but not completely,
and that the remaining HAMA response has both anti-binding site and
anti-framework components. The prospects for greater clinical utility of fully
humanized antibodies have been addressed using model studies in mice, by
two studies with fully humanized MAbs in primates, and by four small clinical
studies with two fully humanized MAbs (CAMPATH-1H and H17E2).

The potential immunogenicity of chimeric and reconstructed syngeneic
antibodies has been addressed in an elegant mouse model study (Bruggemann
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et al., 1989b). The plasmocytoma J558L secrets a & light chain which, when
combined with a suitable heavy chain, gives rise to antibody which can bind to
the hapten NP. A number of different heavy chain genes were constructed for
transfection. The first was the humanized heavy chain, HuVp-Huy2
(described earlier) from the B1.§ MAb. The second gene used the same
variable region as HuVy-Huy2, but the constant region was derived from a
murine IgG2b gene from the C57BL/6 mouse, to give HuV,p-Moy2B. Finally
the murine variable region from the B1.8 light chain was attached to the
murine IgG2b constant region gene to give MoVyp-Movy2b. Antibody was
prepared and injected i.p. into (C57BL/6 x BALB/c)F, mice. The strongest
immune response was against the HuVp-Huy2 antibody, with 10% of it
directed against the variable region and 90% of it directed against the
constant region. The MoVyp-Moy2b antibody did not generate a response,
unlike the HuVp-Moy2b antibody, for which the response was directed at
the V region and was of the same order as the anti-V region response seen
against the HuVyp-Huy2 antibody. Some of the antj-V region response
generated from the HuVyp-Huy2 or HuVyp-Moy2b immunizations was
directed against the binding site as there was a response to the mouse V
region. When a further variant, MoVyp-Huy2, was used to immunize mice an
anti-variable response was seen. Therefore the mouse was able to make a
response to its own V regions but only when there were other foreign
determinants present. To mimic the effect of polymorphism in the human
population the MoV p-Moy2b antibody was injected into C57BL/6 and
BALB/c mice. A strong response to both V and C regions was seen in the
BALB/c mice. Extrapolated to the human situation these results suggest that
fully humanized antibodies may be less immunogenic than chimerics but that
attention should be paid in their design to the allotypy of both V and C.

DESIGN AND CONSTRUCTION OF FULLY HUMANIZED ANTIBODIES

The various strategies for full humanization were described earlier, and were
exemplified by studies with non-therapeutic MAbs and a few of therapeutic
mterest (1B4, BMAO31, 0.58 and CAMPATH-9). We now survey the
humanization and evaluation of the remaining therapeutic antibodies pub-
lished to date. YTH34.5HL, RSV19, BWA31/26, HI7E2 and OKT3 were
humanized essentially by the reshaping strategy, while anti-Tac, Fd79,
Fd138-80, YTH 12.5, M195, 4D5 and UCTH1 were humanized essentially by
the hyperchimerization strategy. 425 was humanized by a combination of
these approaches.

YTH34.5HL

The first antibody of clinical interest to be fully humanized was the rat
antibody YTH34.5HL, which recognizes the CAMPATH-1 (CDw52) antigen
(Riechmann et al., 1988). This antigen is present on most human lymphocytes
and monocytes, but not on stem cells or other cells of the haematopoietic
system (Hale et al., 1983). Several rat antibodies (IgM and IgG) have been
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produced and used to treat lymphoid malignant disorders and to purge bone
marrow of T-cells prior to transfusion to prevent a graft-versus-host reaction
(Hale er al., 1988). An IgG2b class switch variant of the original 1gG2a
antibody is able to bind complement efficiently and also to mediate ADCC
with human effector cells, though an immune response is generated against
the rat antibody (e.g. Friend et al., 1991).

Humanization, expression and antigen binding activity

The variable region DNA sequences were isolated from mRNA. using specific
CH1 and Ck primers to direct cDNA synthesis (Riechmann et af., 1988). In
the first instance the effectiveness of the human IgG isotypes was assessed.
Celtl lines derived from a heavy chain loss variant of the YTH34.5 hybridoma
were transfected by electroporation with pSV2gpt vectors containing rat-hu-
man chimeric heavy chains of IgG1-4 isotypes. The genes are capable of
expression from the rat Ig promoter and use the murine heavy chain enhancer
(Neuberger er al., 1985). This series of hybrid anti-CAMPATH-1 antibodies
(clgG1, 2, 3, 4), consisting of rat light chains with rat-human chimeric heavy
chains, were examined for their ability to induce ADCC and ADCMC of
human lymphocytes to decide which isotype to use for the humanization
studies. In the ADCC assay the clgG1 was shown to be more lytic than the rat
1gG2b, while the clg(G3 was poorly lytic. The clgG2Z showed no activity while
the clgG4 showed slight activity at the highest antibody concentrations used.
The clg(G1 and cigG3 isotypes were efficient at ADCMC, the clgG1 being the
better of the two and equivalent to the activity of the rat 1gG2b. The clgG2
chimera showed 50% of maximal complement lysis at an antibody concentra-
tion 10-15 times higher than for the clgG1. The clgG4 was non-lytic in the
conditions used. On the basis of these experiments the IgGl isotype was
chosen as the human isotype most similar to the rat iIgG2b for the further
construction of the humanized antibody.

Initially the variabie heavy region was humanized by simultancous substitu-
tion of all the CAMPATH-1 CDRs into the humanized B1.8 variable region
gene by oligonucleotide directed mutagenesis, in a similar manner to the D1.3
example described earlier. The humanized variable region sequence was then
linked to the rat Ig(G2b constant region for comparison of the rat and
humanized heavy variable region. The antibody was expressed in the heavy
chain loss variant of YTH34.5HL after transfection of the heavy chain
expression vector by electroporation. The concentration of antibody for 50%
binding was 27-3 ug mI™ compared to 0-7 ug mi™* for the rat antibody, giving
2.56% relative potency. No ADCMC could be detected for the hybrid
antibody. Analysis of the potential structure of the heavy variable domain
suggested that poor packing contacts between residue 27 (serine in the
humanized antibody) in the structural loop adjacent to CDR1 and residues 32
and 34 in CDR1 might be the problem. In most antibodies amino acid 27 is a
phenylalanine or tyrosine, which are able to pack efficiently against amino
acids 32 and 34. When the serine to phenylalanine mutation was made and the
humanized Vy; (ser27phe)-rat IgG2b expressed in the heavy chain loss variant
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of YTH34.5HL was tested, the concentration of antibody for 50% binding
was found to be 1-8 ug mi ™', 38.9% of the relative potency of the rat antibody
—a substantial improvement. A further substitution of the surface residues at
position 30 on the heavy chain, adjacent to CDRI1, from threonine to serine,
gave no additional improvement. However the doubly substituted heavy
chain with the rodent residues at 27 and 30 was used for subsequent in vitro
and clinical analysis. The rat constant region was then exchanged for the
human IgGl constant region. Finally the light chain was humanized by
grafting the light chain CDRs as defined by Kabat et al. (1987) onto the REI
human k light chain gene. Substitution of the humanized lght chain for the
rat light chain improved antigen binding to a relative potency of 75-80%
(Clark, 1992). The two humanized genes were co-expressed by electropora-
tion into the non-antibody-producing myeloma line YO (YB2/0 3.0 Ag30,
Kilmartin, Wright and Milstein, 1982), to give the fully humanized antibody,
CAMPATH-1H. Antibody produced from YO cells accumulated up to
5mgl' and was used for initial clinical studies. Expression of the
CAMPATH-1H antibody has subsequently been improved by expression of
the reshaped light and heavy chain genes as cDNAs in CHO cells under the
control of the human f-actin promoter (Page and Sydenham, 1991). The light
chain expression cassette was assembled in a vector containing a crippled
DHEFR gene. The heavy chain expression cassette was assembled in a vector
containing the neo selection marker. Cell lines were constructed by
co-transfection of CHO cells by the calcium phosphate precipitation proce-
dure and selecting for DHFR-positive and G418-resistant cells, followed by
further stepwise increases of MTX concentration. The highest producing and
most stable cell lines were produced when initial DHFR-positive, G418-
resistant colonies were subjected to selection at 1077 M MTX, cloned and
then cultured at 10° M MTX to amplify the DHFR gene and associated
DNA sequences, and finally re-cloned. The highest producing clone yielded
200 mg " of accumulated product.

Pre-clinical studies

ADCC. The rat light chain/rat variable-human IgG1 constant region hybrid
was shown to be superior to the rat antibody in this respect, with
CAMPATH-1H showing somewhat less activity than this hybrid. These
results suggest that the ADCC assay is sensitive to the small loss of affinity (to
75% relative potency) in the humanized antibody.

ADCMC.  Complement lysis could not be detected using the initial rat light
chain/reshaped variable-rat constant heavy chain hybrid antibody. Alteration
of the serine at position 27 to phenylalanine produced detectable activity,
with 16-3 pg ml™' required for 50% ADCMC compared to 2-1 pg mi™ for the
rat antibody, a relative potency of 13%. Further alteration of the antibody to
replace threonine at position 30 with serine gave a 50% ADCMC value of
17-6 ug mI™! (12% relative potency). When the rat constant region was
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exchanged for the human constant region, to give a hybrid with rat light
chain/reshaped heavy chain, the IgG1 isotype proved to effect the same level
of ADCMC as the rat light chain/reshaped heavy variable (with position 27
and 30 substitetions)-rat constant region hybrid. When the rat light chain was
exchanged for the humanized light chain to produce CAMPATH-1H, the
ADCMC was equivalent to the rat antibody. Therefore the approximately
two-fold improvement in affinity caused by the humanization of the light
chain (to 75% relative potency) improved the ADCMC of the resultant
aniibody by approximately eight-fold, to equivalent potency.

Clinical studies

Three small studies have been reported with CAMPATH-1H; Mathieson ef
al., 1990. In the first (Hale et al., 1988) two patients with non-Hodgkins
lymphoma (B-cell lymphoma) were treated for up to 43 d with escalating i.v.
doses ranging from 1 to 20 mg d*. The first patient had five months
previously been treated extensively with chemotherapy and also with rat
CAMPATH-1G, which had cleared the lymphoma cells but caused adverse
reactions {fever, nausea, vomiting and bronchospasm). The first treatment
with CAMPATH-1H over 28 d led to clearance of lymphoma cells from the
bone marrow. One hundred days later lymphoma cells were again detected,
but were removed by a second treatment (lasting 12 d). No anti-
CAMPATH-1H response was detected. The second patients received
CAMPATH-IH as the primary treatment. Lymphoma and CAMPATH-
positive cells were again cleared from the bone marrow, but after 43 d
treatment was stopped because recurrent fever and malaise occurred after
every infusion. Nevertheless the patient was reported to be well. Again no
anti-CAMPATH-1H response was seen, but it must be noted that the patients
were already immunosuppressed as a consequence of the disease, and that the
MAD itself is immunosuppressive.

In the second study (Mathieson et al., 1990) CAMPATH-1H was used in
conjunction with the rat CAMPATH-9 (Gorman et al., 1991) on a single
patient with a chronic and intractable systemic vasculitis. Immunochistochem-
ical studies suggested a predominance of CD8+ cells in this vasculitis.
Treatment with CAMPATH-1H alone gave short-lived partial remissions. A
second strategy was therefore adopted which involved attempts to deplete the
lymphocyte population using CAMPATH-1H, then use CAMPATH-S to
remove remaining T-helper cells with the aim of inducing tolerance to the
auto-antigen presumed to be responsible for the vasculitis. This strategy led
to disease remission that has so far lasted for 3 years (Isaacs et al., 1992).
CD4+ cells reappeared after one month but the CD4/CD8 ratio has remained
depressed. The patient has suffered no opportunistic infections, and no
auto-antibody response has been detected.

In the third study 8 patients with rheumatoid arthritis were treated with
CAMPATH-1H in a Phase I open study (Crowe, 1992; Isaacs et al., 1992).
Patients received CHO cell-produced CAMPATH-1H, by i.v. infusion, in a
course of treatment consisting of 4 mg d™* on 5 consecutive days followed by
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8 mg d' for a further 5 consecutive days. Four of the patients Jater received a
second course of treatment consisting of 40 mg d™! infusion each day for 5
days. All of the patients showed slight side effects associated with the first
infusion in each course of treatment.

In 7 of the § patients objective clinical improvements were noted which
lasted for between 12 weeks and 8 months. There was no correlation between
relapse and lymphocyte count which remained suppressed for several months
after therapy. Serum antibody levels, however, did not reach the 10 ug ml™
level theoretically required to saturate all of the antigen present, reaching
only 2.5 pg ml™ at the end of the first course. A peak level of 11 ug ml™ was
seen for one patients during the second course of treatment.

None of the 8 patients developed an anti-globulin response after the first
course of treatment, but sera from 3 of the 4 patients who were retreated
showed an anti-globulin response and showed an increased level, over
pre-treatment values, of an ability to block the binding of CAMPATH-1H to
PBMCs. The lack of initial response to CAMPATH-1H compares to that
seen with the rat antibody where 11 of 14 patients treated showed a clear
anti-antibody response 11-18 d after the first course of treatment (Friend er
al., 1991}.

RSV19

Murine MAb RSV19 (IgG2a/x) recognizes an epitope on the fusion (F)
protein of respiratory syncitial virus (RSV). This virus is the agent of one of
the major childhood diseases and is the major cause of acute respiratory
illness in children admitted to hospital. Most infections are resolved in a short
period of time but in some cases lung damage occurs leading to susceptibility
to subsequent infection. There is currently no effective vaccine, but there are
indications from the use of immune sera in humans and with monoclonal
anti-RSV antibodies in animals that an antibody-based therapy may be of
benefit.

Humanization, expression and antigen binding activity

A humanized anti-RSV19 was constructed (Taylor ef al., 1991; Tempest ef al. ,
1991). Variable region sequences for the heavy and light chains were obtained
by PCR cloning from ¢cDNA preparations. The humanized variable regions
used the human NEWM and REI frameworks for the heavy and light chains
respectively. The CDRs (as defined by Kabat et al., 1987) from RSV19 were
miroduced into previously humanized antibody genes (Riechmann et al.,
1988} by simultaneous site-directed mutagenesis. In addition the murine
residue, phenylalanine, was used at position 27 instead of the NEWM
residue, serine, for the reasons described in the D1.3 and CAMPATH
examples. The humanized antibody variable region sequences
(HuRSV19VH/VK), along with the Ig heavy chain promoter and signal
sequences and splice sites, were inserted into pSVhyg for the light chain and
pSV2gpt for the heavy chain. The human IgGl and k constant region
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sequences were then inserted. The vectors were co-transfected by clectropo-
ration into YB2/0 rat myeloma cells and selected for mycophenolic acid
resistance. Cell lines secreting S mg!™! of antibody were identified.
HuRSVIOVH/VK antibody did not bind at levels significantly above back-
ground to a cell lysate of calf kidney (CK) cells infected with RSV{AZ2 strain)
in an ELISA format assay.,

Analysis of the sequence differences between the murine and human
framework residues suggested that residues 91, 93 and 94 might be contribut-
ing to the lack of activity of the antibody. In particular residue 94, commonly
an arginine, and which is believed to form a salt bridge with aspartate at 102
(numbering as in kabat et al., 1987), is a serine in the NEWM framework.
Therefore a second heavy chain gene, HuRSV19VHFNS, was constructed in
which the murine residues were used at 91, 93 and 94. Antibody was prepared
in the same way as previously and significant binding was observed. The
relative potency of the HuRSVI9VHENS/VK antibody was not able to be
measured because only ELISA format binding assays were done which
require different conjugated antibodies to detect the murine and humanized
antibodies. No affinity measurements were disclosed.

Pre-clinical studies

HuRSVI19VHFNS/VK antibody recognizes the same range of clinical isolates
of RSV as the murine antibody and was effective at inhibiting the formation
of fused giant cells giving an 1Cs, of 6-3 pug ml™! compared to 4 pg mi™* for
the murine antibody (relative potency of 63.5%). In plaque reduction assays
the humanized antibody showed an ICs, of 1-7 ug ml™' compared to
0-4 ug mI™* for the murine antibody (relative potency of 23.5%). In animal
studies BALB/c mice challenged i.n. with 10* pfu of RSV (A2 strain) virus
could be protected by i.n. or i.p. treatment at day -1 or +4 with 25 pg of the
HuRSV19VHFNS/VK antibody. The HuRSVI19VHENS/VK antibody and
the murine RSV19, given i.p. at 4 d post-infection, were equally effective at
inhibiting the growth of RSv (A2 strain) in the lungs of BALB/c mice
challenged i.n. with 10° pfu of virus. In both cases 5 mg kg™! was needed to
reduce virus titres in the lung by >10°-fold.

BW431/26

As mentioned earlier, murine anti-CEA MADbs have been used in many
chinical studies. Several such MAbs have been chimerized (see Table 2}, and
recently Gussow and co-workers (Gussow and Seemann, 1991; Bosslet ez al.,
1992) have described the humanization of one of them, BW431/26 (Bosslet et
al., 1988). Mab BW431/26 (IgGl/k) has an affinity for antigen of
3-04-7 X 10" M™! using purified CEA, and 3-7 x 10" M for CEA on
cells.
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Humanization, expression and antigen binding activity

The murine variable region sequences were obtained from mRNA by PCR
cloning {Orlandi et al., 1989). Overall homology of the murine variable region
sequences to the acceptor sequences was 70% for the heavy chain (NEWM)
and 68% for the light chain (REI). For the humanization the CDRs used were
as defined by Kabat et al. (1987), and in addition the human amino acid was
replaced at positions 27 and 29 in the heavy chain by alternative residues.
Positions 27 and 29 are both packing residues which interact with heavy chain
CDRI. By analogy with the CAMPATH example phenylalanine was used at
position 27 rather than the serine found in NEWM, and also rather than the
tyrosine found in the BW431/26 antibody. At position 29 the BW431/26
specific residue, isoleucine, was used rather than the NEWM residue,
phenylalanine. These sequences were transplanted into the human frame-
work of the D1.3 anti-lysozyme antibodies described earlier (Verhoeyen,
Milstein and Winter, 1988) by simultaneous site-directed mutagenesis. No
changes were made in the light chain framework. The light and heavy chain
V-regions were transferred into expression vectors in a genomic format 5’ to
the Ck and Ig(G3 constant regions, respectively. Expression was driven by the
SV40) promoter and used the Ig signal sequences. The plasmids were
co-expressed into BHK cells by calcium phosphate precipitation along with
two further vectors, one supplying a neo selectable marker and another
supplying a DHFR marker. An antibody-producing cell line producing
15 mg 1! was generated, without amplification, in serum-free medium.

Seventeen of 18 anti-idiotype antibodies, raised against the murine anti-
body, bound to the humanized BS431/26. One bound with lower affinity,
suggesting that the structure of the variable region resembled the murine
structure. However the affinity for antigen of the humanized antibody was
reduced compared to the murine antibody. The humanized antibody bound
to purified CEA with K, of 1-2-2-2 x 10'° M and to CEA on cells with K,
of 1-4 x 10" M (Bosslet et al., 1992), giving relative potencies of 41.5%
and 37.8% respectively for the humanized antibody from the two methods of
analysis.

HI7E2

The antibody H17E2 is a murine MAb (IgG1/k) which was raised against
placental membranes (Travers and Bodmer, 1984) and recognizes PLAP but
shows no reactivity with intestinal or liver alkaline phosphatases. The MAb
has been used clinically as a radioimmunotherapy for ovarian tumours
(Epenetos et al., 1987) but a significant HAMA response has limited
therapeutic application.

Humanization, expression and antigen binding activity

¢DNA was generated from the H17E2 hybridoma and heavy and light chains
were identified with antibody-specific cDNA probes. The H17E2 sequence
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{not disclosed in full) was described as being highly homologous to D1.3 for
which the antibody V sequences are known and for which a structure has been
deduced from X-ray crystallography (Amit er al., 1986; Boulot ef al., 1990}.
These data were used to build a model structure to search for possible
contacts between the Kabat CDRs and neighbouring framework residues.
For the humanization the framework sequences were as described by
Verhoeyen, Milstein and Winter (1988), Reichmann, Foote and Winter
(1988) and Riechmann et al. (1988). The H17E2 CDRs were substituted into
these frameworks by simultaneous SDM (Verhoeyen et al., 1991). For the
light chain no framework changes were made. For the heavy chain residues 27
and 30 in the loop region adjacent to CDR1 were considered to be close to the
CDRs and potentially to be involved in CDR positioning and/or direct
antigen contact. Therefore at these positions the murine residues were used.
The heavy chain was assembled as a human IgG1 with a view to recruiting
ADCC and ADCMC and so improve upon the parent murine fgG1 antibody.
The humanized genes were finally assembled on pSV2gpt and neo-based
vectors {(Riechmann ef al., 1988) and co-transfected by electroporation into
NSO cells. A cell line secreting 10 mg I'! of humanized antibody using a
serum-free medium was generated, The humanized antibody was compared
to mH17E2 by binding to PLAP in a direct binding assay format. At
equivalent dilutions of antibody in the assay the antibodies showed similar
binding curves, with the humanized form appearing to be only slightly less
active than the murine antibody.

Clinical studies

Data are available for humanized H17E2 (renamed hu2PLAP) from seven
patients with ovarian, stomach and breast carcinomas (Hird er al., 1991b).
Two patients had HAMA antibodies before treatment, and one of these had
recetved previous treatment with the murine antibody HMFG1 conjugated to
*Y via the macrocycle DTPA. The patients received imaging doses
(220-833 pug) of hu2PLAP carrying '"In via the macrocycle DOTA (Moi,
Meares and DeNardo, 1988). The patients were monitored at 24 h and 96 h.
In patients with no pre-existing HAMA the ¢, was 73 h, compared to 27 h
for the murine MAb. In patients with pre-existing HAMA the #..fs were 39
and 47 h. No patients developed anti-hu2PLAP responses over the 96 h
period, although three patients apparently showed anti-DOTA antibodies.
One of these patients had previously been treated with murine hu2PLAP
carrying DOTA-!H]n.

OKT3

OKT3 is a murine IgG2a/k MAb which recognizes an epitope on the
e-subunit within the human CD3 complex. In vitro studies have demonstrated
that OKT3 possesses potent T-cell activating and suppressive properties.
Binding of OKT3 to the TCR results in coating of the TcR and/or moduia-
tion, thus mediating TCR blockade, and inhibiting alloantigen recognition
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and cell-mediated cytotoxicity. Fc receptor-mediated cross-linking of TCR-
bound anti-CD3 MAb results in T-cell activation with Ca®** mobilization,
phosphoinositidyl hydrolysis, lymphokine production, activation marker
expression, and proliferation. Administration of OKT3 results in both T-cell
activation and suppression of immune responses in animals. Repeated daily
administration of OKT3 results in profound immunosuppression in humans,
and provides effective treatment of rejection following renal transplantation
(summarized in Alegre er al., 1992; Woodle ez al., 1992). The clinical utility of
OKT3 is limited, however, by the problems of ‘first-dose’ side-effects,
ranging from mild flu-like symptoms to severe toxicity, which are believed to
be caused by lymphokine production stimulated by OKT3 and by a HAMA
response (Ortho Multi-Center Transplant Study Group, 1985), a proportion
of the response being directed to the variable region of the antibody (Jaffers
et al., 1986). While low titre HAMA may present no significant problem,
some patients develop high titre anti-isotope and/or anti-idiotype responses.

Humanization, expression and antigen binding activity

OKT3 variable region sequences were obtained by cDNA cloning (Jolliffe er
al., 1991). The IgG4 constant region was used initially for the development of
humanized forms of the antibody since the ultimate aim is to design a
humanized OKT3 IgG antibody which can efficiently bind to CD3 while
retaining useful pharmacokinetics and having no first-dose side-effects. For
the design of the humanized OKT3 variable region sequences, REI and KOL
were chosen as the human light and heavy chain frameworks respectively, as
in both cases structures have been determined by X-ray crystallography so
that a detailed examination of individual residues in the human variable
region frameworks could be made. In the initial humanized sequences the
CDR choices were as suggested by Kabat ef al. (1987). In the light chain no
other non-CDR murine residues were used. In the heavy chain design the
murine residues at positions 27, 28 and 30, which are normally found in a loop
region adjacent to CDR1, were also used. The importance of residue 27 for
antigen binding was shown by Riechmann ef al. (1988) in the reconstitution of
binding activity of the CAMPATH-1 antibody. Residues 28 and 30 are
predicted to be at the surface of the antibody and near to CDR].

The DNA sequences coding for the humanized variable regions were
constructed by simultaneous replacement (site-directed mutagenesis) of
humanized B72.3 light and heavy chain DNA sequences (J.S. Emtage et al.,
unpublished). The DNA sequences coding for the humanized variable region
DNA sequences were attached to the human v4 and x constant region
sequences, inserted into expression vectors with the h(CMV promoter (Whittle
et al., 1987) and co-expressed in COS cells to give gOKT3-1. This antibody
binds poorly to CD3-positive HPB-ALL cells and does not block the binding
of mOKTS3 to the cells. Therefore other residues from the framework regions
were substituted into the humanized antibody to reconstitute antigen binding.
These residues were identified by analysis of those residues within murine and
human variable regions which would be predicted to have an influence on the
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correct positioning of the CDRs (Adair, Athwal and Emtage, 1991). For the
light chain these positions are at 1 and 3, which are usually surface residues
located near to the CDRs, residue 46, which is usually at the domain
interface, and the packing residue at 47. For the heavy chain positions 23 and
76, which are believed to be solvenf-exposed residues near the CDRs,
positions 6, 24, 48, 49, 71, 73, 78 and 88, which are residues believed to be
involved in positioning of the CDRs and/or in domain packing, and the
domain interface residue 91 were identified. A further alteration to the heavy
chain sequence was made in CDR2 at residue 63, which is usually an
intra-domain packing residue. At this position the residue found in KOL was
used so that potentially unfavourable contacts with other packing residues
from the human framework could be avoided. Several light and heavy chain
variants were made and tested to examine the effect of having the murine or
human residue at these locations. Including the murine residue at all of these
positions led to an antibody (gOKT3-5) with full binding affinity (relative
affinity of 1-1 x 10° M~ compared to 1-2 x 10° M™! for murine OKT3).
However, the murine amino acid was found not to be required at all of the
locations to retain full binding affinity, and at the solvent-accessible locations
V.1, V3 and V476 in the domain interface {V91) and at V71, V473 and
V88 the human residue could be used (gOKT3-7) with no loss of binding
affinity {relative affinity of 1-4 x 10° M™!). The binding affinity did not
appear to be markedly affected by choosing either the human or murine
amino acid at position 71 on the heavy chain. This position has been
suggested to be a determinant of the canonical form of CDR2 (Chothia er af.,
1989; Tramontanc, Chothia and Lesk, 1990). The predicted canonical loop
structure for CDR2 of OKT3 would be structure 2 while KOL has a structure
1 CDR2 loop and the arginine found in KOL at V ;71 might be expected to
cause a different positioning of CDR2 compared to the threonine found in
OKT3. However, a more detailed analysis needs to be undertaken, for
example as described by Kelley er al. (1992, see below) for the anti-p185HER2
antibody, to determine whether more subtle effects can be distinguished.

Pre-clinical studies

Woodle et al. (1992} have compared a number of the biclogical properties of
the gOKT3-5 antibody. The antibody was able to bind to CD3 and modulate
the surface expression of CD3. The amounts of antibody required to achieve
a given level of antigen coating or modulation differed between the murine
antibody, gOKT3-5, and a chimeric OKT3 (cOKT3) control, with cOKT3
showing slightly lower activity. Both gOKT3-5 and cOKT3 were able to
stimulate [*H]thymidine incorporation in human PBMC, but reguired
approximately 10-fold more antibody to achieve a given level of incorporation
compared to the murine OKT3. This is consistent with a lower interaction
with human Fc receptors of the Ig(34 constant region of the humanizekd
antibodies compared to the Ig(G2a constant region of the murine antibody
(Burton and Woof, 1992). The three antibodies were equally able to induce
IL-2R and Leu23 expression on human PBMC, with expression by CD4+
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cells being greater than that on CD8+ cells. Similarly the three antibodies
showed equivalent stimulation of TNF-« and IEN-y by PBMC. These latter
experiments were done with antibody in the range 102102 ng mI"!, quanti-
ties sufficient to coat and/or modulate 90-100% of CD3 from PBMC with the
murine OKT3 and gOKT3-5 and over 60% with the cOKT3. Finally, all three
antibodies were equally able to inhibit cytotoxic T-lymphocyte (CTL) lytic
activity.

The ability of the humanized IgG4 versions of OKT3 to induce the same
proliferative and lymphokine release activities as the murine QKT3 suggested
that the reduction in Fe binding caused by the constant region switch was not
sufficient to prevent effective cell-cell cross-linking by the antibody between
CD3-positive T-lymphocytes and FcR-bearing cells. Therefore the FcRI
binding site in the CH2 domain of gOKT3-5 was altered by a single point
mutation (Alegre et al., 1992) to the sequence found in murine IgG2b, which
does not bind efficiently to FcRI. The mutation did not affect antigen binding
activity, but FcR binding was reduced by approximately 100-fold. The
mutation also caused a delay in the coating and modulation of CD3 from
PBMC. When PBMC were incubated for 12 h with the mutant antibody
approximately 1000-fold more mutant antibody was required to achieve
half-maximal coating and modulation compared to the murine OKT3 and
gOKT3-5, which showed equivalent activity. However after 48 h incubation
all three antibodies showed the same degree of coating and modulation. No
stimulation of [*H]thymidine incorporation by PBMCs was seen with the
mutated gOKT3-5 even when 10*fold more antibody was used than was
required to cause 50% of maximal uptake using gOKT3-5 or murine OKT3.
The ability to up-regulate Leu23 and IL-2 receptor expression, and TNF-«,
IFN-y and GM-CSF production by PBMCs was also reduced by the same
degree. CTL inhibitory activity was measured by incubation of effector cells
for 30 min with antibody followed by 18 h co-incubation of effectors with
allogeneic targets. No difference in CTL inhibitory activity was seen between
the mutated gOKT3-5, gOKT3-5 and murine QKT3, with antibody concen-
trations in the range where a maximum of 20% of coating and modulation
occurred over 12 h for the mutated gOKT3-5.

The single point mutation appears to be capable of abolishing the prolifer-
ative and lymphokine release properties of gOKT3-5 without affecting its
immunosuppressive functions. Recently similar results have been obtained by
a similar modification to the gOKT3-7 antibody (Zivin et al., 1992), Whether
the point mutation in the CH2 domain will introduce an immunogenic epitope
has yet to be determined.

ANTI-TAC

The murine MAb anti-Tac (anti-Tac-M, IgG2a/k) recognizes and binds to an
epitope on the pS5 subunit of the interleukin-2 receptor (IL-2R, CID25) and
inhibits the proliferation of activated T-cells by blocking the binding of IL-2
to the IL-2R. This antibody may have an advantage over OKT3 for use as an
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immunosuppressant as it binds only to activated T-cells. The affinity of
anti-Tac-M for p55 has been measured as 9 x 10° ML,

Humanization, expression and antigen binding activiry

The variable region sequences were identified from a cDNA library using
constant region oligonucleotide probes. The antibody EU was chosen as the
human acceptor for both light and heavy chains because of its high sequence
homology to the heavy chain of anti-Tac. From a molecular model of the Fv
and by reference to Kabat et al. (1987) the CDRs and key non-CDR residues
were identified. These were of two kinds, residues thought to be interacting
with the CDRs, and residues at locations where the mouse antibody had an
amino acid which was the same as the most commonly found human amino
acid and the EU antibody had a different amino acid. In total three non-CDR
residues in the light chain (at positions 47, 59 and 62) and 12 in the heavy
chain (at positions 27, 30, 48, 67, 69, 89, 91, 93, 103, 104, 105, and 107) were
identified. The variable region genes were constructed from long, overiap-
ping oligonucleotides and gap-fill by T4 DNA polymerase. The variable
regions were cloned into expression vectors under the contro] of Ig promoters
and the antibody genes were essentially genomic in organization. The vectors
were electroporated sequentially into Sp2/0 cells with reo selection for the
light chain and gpt selection for the heavy chain. Antibody yields of 3 g per
10° cells were reported. Chimeric forms of the antibody using IgG1 and IgG3
constant regions were prepared for comparison. Humanized antibody, anti-
Tac-H(y1) was purified and the affinity measured as 3 x 10° M in competi-
tion experiments with the anti-Tac-M antibody (relative potency of 33%)
{Queen et al., 1989).

Pre-clinical studies

ADCC. Anti-Tac-M was not able cause ADCC using human PBMC,
although lysis was observed if the murine antibody was cross-linked with
rabbit anti-murine IgG. The chimeric anti-Tac(yl) was, however, able to
cause ADCC which was sensitive to the E:T ratios used, or if the cells were
activated using IL-2. The chimeric anti-Tac(y3) was unable to cause ADCC
with or without IL-2 and at all E:T ratios used. The anti-Tac-H(y1) was less
able than the chimeric anti-Tac(y1) to cause ADCC over a range of E: T ratios
but this difference was less apparent if the cells were activated with 1L-2. At
an E:T ratio of 100, and with IL-2 activation, the difference in ADCC of the
anti-Tac-H(y1) antibody and the chimeric (IgG1) over a range of antibody
concentrations correlates very closely with the measured affinity of the
humanized antibodies. The three-fold reduction in affinity translates in this
case into a 10-fold reduction in ADCC under the conditions used (Junghans et
al., 1991).

ADCMC. The murine, chimeric and humanized forms of the antibody were
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all unable to cause ADCMC of *'Cr-labelled Hut-102 cells using human
complement.

Suppression of T-cell proliferation. The anti-Tac-H and both chimeric
antibodies were as potent as the anti-Tac-M in suppressing T-cell prolifera-
tion in response to tetanus toxoid or influenza virus (Junghans ef al., 1991).

Animal studies. The anti-Tac-H(y1) antibody was examined for the devel-
opment of an immune response and for pharmacokinetics in cynomolgus
monkeys (Hakimi er al., 1991). Antibody was administered to eight groups
each of four cynomolgus monkeys. The groups were given either anti-Tac-
H(y1) or anti-Tac-M i.v. in doses of 0, 0-05, 05 or 5 mg ml~' each day for
14 d foliowed by challenge with the same antibody on day 42 if no anti-
antibody response was seen. The response to the humanized antibody was
seen to be lower in absclute amount and delayed in onset compared to the
response to the murine antibody. In the anti-Tac-M groups response in 9 of 12
animals was seen during the first course of treatment, while in those animals
given the humanized antibody response was generally seen 5-10 d after the
last injection. For both antibodies the level of response appeared in general to
be inversely proportional to the dosage. In all cases where a second dose at
day 42 could be given a large, >10-fold, increase in specific titre was
observed. The response was both anti-idiotypic and anti-isotypic. The major-
ity of the response against the humanized antibody could be inhibited by the
presence of humanized or murine anti-Tac or soluble IL-2R, suggesting that
the response was predominantly anti-binding site.

The pharmacokinetics of the antibodies was also measured. It was shown
that serum levels increased throughout the 14 d dosing period, suggesting that
equilibrium had not been achieved between the receptor sites or the
extra-vascular spaces. However at the end of the dosing period the decay in
the serum values could be measured to provide approximate #,,5 values.
These values were found to be very variable for the humanized antibody,
ranging from 47 to 432 h, and were independent of dosing regime. For the
murine antibody 7., values could not be calculated because the levels were
declining even during the dosing period. Some of the animals were given
single doses of 5 mg mi™! of either humanized or murine antibody. From
these animals 7,8 values of 213.6+58.8 h and 47.8+9 h were obtained for the
humanized and murine antibody, respectively. These results are similar to
those seen earlier for the murine and chimeric B72.3 antibody in cynomolgus
monkeys and also to those values seen for murine and chimeric antibodies in
humans (see earlier). It seems from these and other studies that the
cynomolgus monkey is a more accurate predictor of pharmacokinetics in
humans than are normal or nude mice. This may also prove to be the case for
immunogenicity.

The anti-Tac-H(y1) has also been used to study efficacy in animals by
measuring the survival of primate cardiac allografts (Brown et al., 1991).
"1-labelled anti-Tac-M and '*I-labeiled anti-Tac-H(y1) were co-injected
into cynomolgus monkeys either along with 0.5 mg ml'' of each of the
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unlabelled antibodies or 24 h after the injection of 2 mg mi™' of unlabelled
anti-Tac-H(y1). The unlabelled antibody was injected to attempt to saturate
soluble Tac and T-cell-presented Tac. The pharmacokinetics of the antibodies
were measured. After an initial rapid loss of radioactivity from the blood for
both antibodies, representing transfer to the extra-vascular compartments,
the anti-Tac-M showed a #,,8 of 38+3 h. The anti-Tac-H(y1) showed a £,.3 of
103#9 h. Cardiac allografts were performed on groups of the cynomolgus
monkeys (five per group). One group received 1 mg mi™ of anti-Tac-H(y1)
on day I and then on alternate days until graft rejection, one group received
the same treatment but with anti-Tac-M and one group were untreated. Mean
graft survival and anti-antibody response were measured. For the untreated
group mean graft survival was 9-2:40-48 d, for the anti-Tac-M group
14+1.98 d, and for the anti-Tac-H(v1) treated group 20x0-55 d. For the
anti-Tac-M group an anti-antibody response became measurable between 6
and 15 d after commencement of treatment and 1-10 d prior to rejection and
remained high for 17 months post-treatment where measured. For the
anti-Tac-H(y1) group an anti-antibody response only became measurable for
three of the animals, at days 33, 33 and 42. Further, this anti-anti-Tac-H(y1)
response was approximately 1000-fold lower than the anti-Tac-M response.

Significant sero-conversion was also manifested in a rapid reduction in the
t,,p of subsequently injected radiolabelled anti-Tac-M when this was later
studied, falling from the mean of 38 h to 9 h and <10 min in two animals
examined. Circulating anti-Tac-M and anti-Tac-H(y1) antibody was present
at all times during the course of the allograft study but dropped markedly in
the 2 d prior to observable sero-conversion in the anti-Tac-M group. Mean
time of sero-conversion was 3 d prior to mean time of rejection in this group.
In the anti-Tac-H(y1) group rejection occurred while there was still signifi-
cant (>12 pg mi™") amounts of circulating anti-Tac-H(yl) while the sero-
conversion occurred >12 d post-rejection. While significant improvements in
graft survival occurred with both antibodies compared to the untreated
group, and the survival of the anti-Tac-H(yl) group was significantly
improved over the murine antibody-treated group, all of the grafts were
eventually rejected, suggesting that the anti-Tac treatment alone is not
sufficient as a therapy for the treatment of graft rejection.

FD7% AND FD138-80

The antibodies Fd79 and Fd138-80 recognize type common epitopes on the
glycoproteins B (gB) and D (gD) respectively of Herpes simplex virus (HSV)
{Koga, Chatterjee and Whitley, 1986). HSV infections range from asymp-
tomatic to life-threatening and recurrent infections after reactivation of latent
virus in the trigeminal ganglia are a major problem. Both Fd79 and Fd138-80
have shown efficacy in mouse models, reducing the severity of viral infec-
tions.
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Humanization, expression and antigen binding activity

The variable regions were isolated from cDNA libraries by PCR (Co er al. .
1991). For the humanization of Fd79 the human antibody POM was used as
the acceptor framework. A model-built structure suggested the potential
interaction of residues 49 in the light chain and 93 in the heavy chain with
CDR residues and therefore they were left as the murine residues in the
design of the humanized variable regions. Also at pesitions 9, 41, 42, 77 and
81 in the light chain and 81 and 103 in the heavy chain the consensus human
residue was used because at these positions POM has residues rarely found in
human antibodies. For six of the seven locations the murine residue is the
same as the consensus. The exception is at L77. a residue located in a turn
region of light chain structures where the consensus residue is arginine, the
murine residue is proline and POM has a serine.

For antibody Fd138-80 the human antibody EU was used as in the anti-Tac
example described earlier. Model building suggested that in the light chain
residues 36 and 87, and in the heavy chain residues 27. 30, 37, 48, 66 and 67,
were potentially interacting with CDR residues or residues adjacent to the
CDRs. The murine residues were therefore used at these positions. At a
number of other positions, 48 and 63 in the light chain and 89, 93, 103, 104,
105 and 107 in the heavy chain, the murine residues (which were the same as
the human consensus residue) were used because at these positions EU has
rarely found residues. The variable region sequences were built as described
in Queen ¢f al. (1989) and were assembied into full length antibody genes
(I1gGl/x) and expressed in Sp2/0 cells. Chimeric antibodies were constructed
in parallel to act as controfs. The humanized and chimeric antibodies showed
essentially similar patterns of binding to HSV-l-infected Vero ceils in a
fluorocytometric assay. The humanized Fd79 showed a two-fold drop in
affinity (K, of 5-3 x 10" M™") compared to the murine Fd79 (K, of
1-1 x 10* M™") while the Fd138-80 antibodies had a similar affinity with a K,
of 48 x 10’ M~ for the humanized antibody compared to a K, of
5-2 x 107 M for the murine antibody. It should be noted that in the case of
the Fd79 antibody the use of the POM heavy chain introduces a potential site
for N-linked glycosylation in the loop region adjacent to CDR2 at sequences
72-74 inclusive, which if glycosylated may influence affinity.

Pre-clinical studies

The humanized and murine antibodies were equally capable of inhibiting viral
infection when antibody and virus were pre-incubated together prior to
incubation with Vero cells and subsequently scored as a plaque reduction
assay. The humanized and murine Fd79, but not the humanized or murine
Fd138-80, were able to inhibit the spread of virus when virus was allowed to
incubate with Vero cells for 1 h prior to titration of antibody in to the
cultures. This suggests that while the anti-gl> antibodies can neutralize
antibody infectivity, they cannot prevent the cell-to-cell spread of the virus as
it appears that the anti-gB antibodies can.
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YTHI2.5

The rat MAb YTHI12.5.14.2 (Ig(G2b/3) recognizes an epitope on the human
CD3 complex involved in T-cell activation. Anti-CD3 antibodies are being
evaluated as immunosuppressive agents, for which purpose they have two
major drawbacks. The first is that despite their immunosuppressive nature a
specific immune response to the antibody still arises in patients, and the
second is cytokine release as a consequence of binding to the T-cells (see
earlier, OK'T3). Routledge er al. (1991) have attempted to address both
issues.

Humanization, expression and antigen binding activity

The variable region sequences were obtained from mRNA by PCR cloning as
described by Orlandi ef al. (1989). For the light chain primers a rat A sequence
was used and the PCR product was cloned between a murine x signal
sequence and the human A (Kern Oz) constant region {Rabbitts, Forster and
Mathews, 1983) in M13mpl8. Human regions were obtained from VH26-D-J,
and sequences with 83.2% and 69.6% homology to the heavy and light chain,
respectively, were used as the frameworks for humanization. Only 15 of 87
and 25 of 81 substitutions were required to humanize the heavy and light
variable regions, respectively. The humanized heavy variable region was
cloned between the human P-actin promoter and the human IgG1 constant
region sequence in a vector based on pHBApr-1-gpr (Page and Sydenham,
1991}, This vector also contained the murine DHFR gene for subsequent
gene amplification after transfection. The humanized light chain gene was
introduced into a similar vector which did not contain either selectable
marker. The humanized antibody was produced after co-transfection of these
vectors mto CHO cells. The murine and humanized antibodies competed
equally for binding to CD3 on HPB-ALL cells. In three experiments the
average relative potency of the humanized antibody compared to the rat
anittibody was 86.7%.

A monovalent form of the antibody antibody was also prepared to examine
the role of bivalency in T-cell activation after antibody binding. A truncated
heavy chain consisting of the signal sequence and first three N-terminal amino
actds of the humanized D1.3 heavy variable region sequence linked to the
hinge, CH2 and CH3 domains was prepared and co-expressed with the heavy
and light chains. The signal sequence was shown to be removed efficiently
during secretion. The CHO cell line was shown to secrete a mixture of
antibody and antibody fragments including the monovalent form composed of
one light chain, one full {ength heavy chain and one truncated heavy chain.
The monomeric form bound to CD3 on HPB-ALL cells with a lowered
avidity of around six-fold compared to the bivalent form.
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Pre-clinical studies

ADCC. The humanized bivalent and monovatent antibodies were able to
direct killing of FcRI-positive *'Cr-labelied U937 cells by T-cell blasts
previously activated by mitogenic anti-CD3 and IL-2, at E:T of 1. Each was
able to effect slightly more killing than the rat antibody at low antibody
concentrations (<1 ng ml™'), but the three antibodies were equivalent at
concentration >10 ng mlI™'. Therefore the six-fold difference in avidity
between the monovalent and bivalent forms did not affect the ability to direct
T-cells to kill targets.

ADCMC.  The rat antibody was able to effect low level ADCMC using the
T-cell blasts and human serum. The bivalent humanized antibody was
inactive in the assay, but the monovalent antibody showed increasing activity
above 10 pg ml™', at 100 ug ml™' showing higher activity than the rat anti-
boady. The reason for this phenomenon is not clear but has also been observed
for monovalent derivatives of the rat antibody.

MI1G5

M195 1s a murine (JgG2a/x) MAb which recognizes an epitope on the CD33
antigen present on celis of the early myeloid lineage and on some monocytes,
but not on the earliest haematopoietic stem cells. The antigen is also present
on many myeloid leukaemic cells, and anti-CD33 MAbs are being evaluated
for treatment of AML (Co et al., 1992). Murine M195 has been used in two
Phase I studies. In the first low doses of '*'I-labelled antibody were used and
shown to localize rapidly to CD33-positive leukaemic cells in the blood and
marrow, but there was no evidence for cell killing. In the second study much
higher doses of the conjugate were administered (Scheinberg er al., 1991) and
shown te kill >99% of leukaemic ceils (Co er al., 1992). HAMA responses to
the murine MADb were observed even though AML patients are seriously
immunocompromised.

Humanization, expression and anfigen binding activity

The variabte regions were isolated by anchored PCR cloning from cDNA.
Chimeric antibodies were constructed by placing the light chain variable
region 3’ to the hCMV-MIE promoter/enhancer (Boshart er @/, 1985) and 5
to the human k constant region exon in a genomic format. The expression
vector also had the gpi selectable marker. The heavy chain variable region
was inserfed between the hCMV-MIE promoter/enhancer and cither the
IgG1 or 1gG3 constant region genomic DNA. The heavy chain expression
vectors contained the DHFR amplifiable, selectable marker. The light and
heavy chain expression vectors were co-transfected by clectroporation into
Sp2/0 cells. Cell lines producing 2-5 and 6 pg per cell per 24 h were produced
for the chimeric IgG1 and [gG3 antibodies respectively.

EU was chosen to act as the human acceptor framework for both light and
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heavy chains because of its good homology to both murine variable region
sequences (54 and 51% homology in the light and heavy chain variable
sequences) and because of the desire to use a matched human heavy and lght
chain pair. A computer-generated model of the M193 Fv was produced and
non-CDR sequences which might be interacting with the antigen binding site
were identified. In particular residues 36, 48 and 70 in the light chain and 27,
30, 48, 66, 67, 94 and 103 in the heavy chain were identified (numbering as
Kabat er al., 1987). At these positions the murine residue was used. Also at a
number of other positions, 1{}, 63 and 107 on the light chain and 89, 91, 104,
105 and 107 on the heavy chain EU displays idiosyncratic residues. At these
positions the consensus human amino acid was used. The resultant human-
ized variable regions differ from the murine sequences at 24 of 111 and 22 of
116 positions in the light and heavy variable regions. respectively. The
humanized variable regions were attached to the human x and igG1i or IgG3
constant regions as described for the chimeric antibodies and expressed in
Sp2/0 cells. Cell lines producing & and 3 pg per cell per 24 h were produced
for the humanized IgG1l and IgG3 antibodies, respectively, The murine
antibody bound to CD33 on HL60 cells with K, of 2-2 x 10 M, determined
by Scatchard analysis in the presence of human serum. The cMI195(y])
showed a similar affinity of 2-28 x 10° M™! whereas the cM195(v3) showed a
fower affinity of 0-69 x 10° M™'. This reduced affinity was ascribed to
instability in the Ig(G3 protein. The humanized antibodies differed in affinity
from the chimeric antibodies. The hM195(1) showed & higher affinity than
the murine or cM195(y1}, at 5:9 x 10° M™', while the hM193(y3) had an
affinity of 333 x 10° M~'. Again the IgG3 was stated to show protein
instability which may account for the reduced affinity compared to the 1gGl
version. Interestingly the Scatchard analysis suggests that there were more
binding sites available for the murine antibody than for the hM195(v1} with
the x-axis intercept at 17 pM for the murine antibedy and at 10 pM for the
hM195(y1) per 10° cells.

The improved affinity for the hM195(v1) was unexpected. Examination of
the reducing SDS-PAGE analysis of the antibodies shows that the heavy
chain in the murine and both of the cM195 antibodies is heterogeneous
compared to the hM195 antibodies. In particular the majority of the heavy
chain migrates in electrophoresis with a higher apparent molecular weight,
while a small fraction co-migrates with the hMi95(v1}. This suggests that
there may be glycosylation differences between the two antibodies. In fact in
the murine and chimeric variable region sequences there is a potential
N-linked glycosylation site at residues 72-74 inclusive (Kabat numbering)
which is not present in the humanized antibodies. This sequence motif occurs
in a loop adjacent to the CDRs and in an orientation suitable for glycosylation
by the glycotransferase. Glycosylation may partially occlude the binding site
for the chimeric and murine forms.



Engineering antibodies for therapy 105
4D5

This MADb recognizes an epitope on the extra-celiular domain of hEGFR-2
(also known as erbB2 and p185"'F"?), an antigen that is over-expressed in
20-30% of breast cancers and a lower percentage of several other solid
tumours. For breast cancer over-expression correlates with severity of the
disease and with patient prognosis. Full humanization of 4D5 has recently
been reported (Carter ef al., 1992a, b; Kelley et al., 1992; Shalaby et al.,
1992), and a Phase I study of advanced breast cancer with a naked humanized
variant has just begun.

Humanization, expression and antigen binding activity

The variable regions were isolated by PCR amplification of mRNA from the
4D5 hybridoma. The primers were designed based on N-terminal sequencing
of the 4D5 antibody light and heavy chains. Computer gencrated models were
built for both the murine Fv and the potential human acceptor. which was
based on the consensus sequences of the human V kI and V111 subgroups,
and finally also for a model of the first humanized form of the Fv. Differences
between the murine and human frameworks were examined to investigate
influences on CDR conformation or antigen binding. From these studies a
number of locations for possible framework alterations were identified. A
glycosylation site in 'V, was shown not to be required for binding activity and
was not included in the design for humanization. The humanization was
accomplished by cloning the murine Vi and V| sequences, linked to the
human Cx and CHI constant region DNA sequences respectively, into the
same plasmid vector. Then the Vy; and V| sequences were mutated simulta-
neously using six ofigonucleotides which together spanned the murine Vg and
V). domains. In total 24 and 32 amino acid changes were made to the murine
light and heavy variable regions, respectively, to transform the murine
frameworks into the human consensus sequences. The sequences in the CDR
regions in the first of the humanized antibodies, humAb4D5-1, were residues
25-34, 50-54 and 92-96 for the light chain and 27-33, 50~58 and 95-101 for
the heavy chain. These choices differ, particularly for both CDR2 motifs,
from other humanization experiments described to date and reflect the
emphasis on the model building and the likely contribution to binding and
conformatien of the sequences at 54-56 and 60-65 in the light and heavy
variable regions respectively, which are normally included in the CDR2
definition (Kabat et al., 1987). Variant sequences altering one or more of the
human framework residues to the murine equivalent were then generated by
site-directed mutagenesis. The humanized variable region sequences were
then substituted for the murine variable regions in expression vectors
containing chimeric 4D3 antibody genes with human Cx and IgG1 {non-A
allotype} constant region sequences. Chimeric and humanized antibody genes
were expressed in 293 cells from the hCMV promoter/enhancer. The expres-
sion vectors were co-transfected and antibody was accumulated over a 5 d
period at levels of 7-15 ug ml™ vielding 0-2-0-5 mg per transfection.
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The humAb4D5-1 antibody contains only CDRs as defined above. The
affinity of this antibody for the soluble extra-cellular domains of p185HERZ,
measured at equilibrium in solution phase, was 25 nM compared to (-3 nM
for the murine antibody (relative potency of 1-2%). The affinity of the
antibody was improved to 4-7 nM (6:4% relative potency) in humAb4DS-2,
by substituting the murine residue alanine, for the human residue arginine, at
position 71 on the heavy chain. This residue has been noted earlier as possibly
being involved in the correct positioning of the CDR2 loop (Chothia and
Lesk, 1987; Chothia er al., 1989; Tramontano, Chothia and Lesk, 1990). A
number of other locations were examined for their influence on binding
atfinity. Replacing the human residue by that from 413 at positions 73, 78
and 93 on the heavy chain in humAb4D3-3 did not significantly affect binding
affinity (Ky 4-4 oM, relative potency 6.8%), but did affect the anti-
proliferative activity of the antibody (see below). A significant improvement
in antigen binding was seen when the 4D35 specific residue arginine 66 on the
light chain was introduced into humAb4DS-3 to give humAb4D3-5. The
affinity improved to [-1 nM (relative potency 27.3%). Residue 66 probably
interacts with both CDR1 and CDR2 on the light chain. Normally a glycine is
found at this position in both murine and human antibodies. A small
improvement in affinity was seen if the alanine at H78 in humAb4DS5-5 was
returned to the human residue, leucine, to give humAb4D3-4. The resultant
binding affinity was 0-82 nM (relative potency 36.6%). The binding affinity of
humAb4D35-5 could be further improved by alterations which may affect
interactions at the domain interface. Single substitutions at residue 35 on the
light chain, glutamate to tyrosine, to give humAb4D5-6, or at residue 102 on
the heavy chain, valine to tyrosine, to give humAb4D35-7, improved affinity to
0-22 nM (relative potency 136.4%) and 0-62 nM {relative potency 48.4%)
respectively, while the double substitution to give humAb4D5-8 resulted in
an affinity for antigen of 0.1 nM (relative potency 300%).

Fab’ fragments of the humAb4D5-8 antibedy have been prepared in an .
coli secretion system (Carter et al., 1992a) using the phoA promoter and s¢f /
signal sequence. The Fd sequence was extended at the 3’ end by addition of
coding sequence for a madified hinge region with only one cysteine available
for inter-heavy chain cross-linking (as also performed for ¢cB72.3 Fab’). Very
high yields of functional Fab’ (1-2 g I"") were achieved for this system in
fermentors with induction at high culture ODs when the cells were disrupted
by sonication. Only 100 mg ™! of this material was found to be exported into
the culture medium but it was all correctly processed, suggesting periplasmic
localization. Using lysozyme to partially digest the bacterial cell wall >50% of
the Fab’ could be recovered. The material was almost all in the form of Faly’
and 75-90% of the hinge cysteines were in the reactive free thiol form.
Bivaient Fabs were prepared by cross-linking the hinge thiols with a
maleimide-based linker. The very high levels of expression seen were related
to the human variable region framework sequences, because expression of
the murine Fab’ and the chimeric 4D5 Fab' under the same conditions
produced 100- and 10-fold lower yields respectively, and the same framework
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sequences were reported to give very high yields for other humanized
antibodies.

The F(ab’), was shown to bind two molecules of the extra-celiular domains
of pi85"="2 The affinity of the bacterially produced F(ab'}, was found to be
0-29 nM compared to a value of (-2 nM for proteolytically derived F{ab'},
from the hum Ab4DS-8 antibody expressed in 293 cells. A direct comparison
of affinity with the whole antibody was not done in this experiment so the
significance of the apparent difference in affinity of 0.1 nM for the whole
antibody (Carter er al., 1992b, see above) compared to 0-29-0-3 nM for the
F{ab"); is not clear.

Recently a more detailed analysis of the antigen binding characteristics of
several of the humanized 4D5 Fabs has been published (Kelley et al., 1992).
Fab, lacking the hinge cysteines, was prepared in E. coli as described by
Carter ef al. (1992a) and purified. K, measurements for the Fabs gave
different absolute values to those determined for the whole antibody (Carter
et al., 1992b) and the F(ab'), (Carter ef al., 1992a) in the earlier studies, but
the relative rank order of the variants was generally consistent. The relative
binding affinity of the variants was analysed by examining A G°, AH and AS°
values. In the case of humAb4D5-8, which shows higher affinity of binding
than the chimeric Fab but with equivalent free energy of binding, a AH of
—12:9 kcal mol™  compared to -10kcal mol™' for humAb4D5-5 and
~17-2 keal mol™ for chimeric Fab is countered by a AS° value of
3 keal mol™ K™ compared to 9 kcal mol™' K™' for humAb4DS5-5 and
~12 kcal mol™' L' for the chimeric Fab. In several instances the detailed
effect of single changes can be discerned. For example at position V71,
believed to be involved in the positioning of CDR2 on the heavy chain
(Chothia et al., 1989; Tramontano, Chothia and Lesk, 1990), the presence of
the human residue leads to an unfavourable AG® of 1-2 kcal mol™' which is
composed of a large unfavourable enthalpy change with a small favourable
entropy effect. Residue changes at a number of sites appear to be additive in
terms of their energy contributions, but the cnergetics of antigen binding
among variants which differ only in the choice of residue at the spatially
adjacent residues V| 55 and V4102 suggests that these residues are interact-
ing. For example, introducing the murine residue at V,;55 has a more
dramatic effect on free energy and affinity if the residue at V4,102 is also the
muriite residue.

Pre-clinical studies

ADCC HumAb4DS-8 was able to effect ADCC in a 4 h *!Cr release assay
using IL-2 activated PBMC against the mammary adenocarcinoma cell line
SK-BR-3 which over-cxpresses pl1857FR2. but showed reduced activity
against the cell line WI-38, which expresses the antigen at 100-fold lower
levels. ADCC of SK-BR-3 cells was sensitive both to a range of E:T from 3 to
25 and antibody concentrations of 10 or 100 ug mi™! of antibody in the assay
and ranged from 13% at E:T of 3 with 10 ug mI™! antibody to 40% at E:T 25
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and 100 pg ml™' antibody. In contrast the murine antibody showed lysis in the
I to 7% range which was less sensitive to antibody concentration and E:T
ratio. The level of response with the murine antibody on the SK-BR-3 cells
was similar to that seen for the humanized antibody on the low antigen
expressing line, WI-38. On the WI-38 cells the humanized antibody showed 1
to 3% lysis at 10 ug ml™' and 8.5 to 1% lysis at E:T of 3 to 25. The murine
antibody was inactive on the W1-38 cells with all combinations tested.

Anti-proliferative activity, The murine antibody was able to reduce the
proliferation of the mammary adenocarcinoma cell line, SK-BR-3, which
over-expresses p185HERZ to below 40% of control values with maximal
inhibition occurring at levels of antibody of 1 ug mI™! or higher in the assay.
The anti-proliferative activities of the humanized antibodies did not correlate
with binding affinities. The humAb4D5-1 and humAb4DS5-2 antibodies
showed no anti-proliferative activity at up to 16 ug ml™' in the assay despite a
five-fold improvement in binding affinity. HumAb4D5-3 however, showed
significant anti-proliferative activity, with only minor improvement in binding
affinity over humAb4D5-2. HumAb4DS5-5, with binding affinity of 1-1 nM,
showed anti-proliferative activity (48% of control values). The remaining
serigs of variants, humAb4D5-4, 6, 7 and 8, all showed similar slightly poorer
anti-proliferative activities to humAb4D3-5. The F(ab’), of humAb4D3-§
showed 50% relative cell proliferation (compared to whole IgG) when
produced in E. coli or by proteolytic digestion of whole antibody (Carter et
al., 1992a). Chimeric Fab was able to inhibit the proliferation of SK-BR-3
cells with maximal inhibition occurring at the same concentration as the
murine IgG, but with half of the absolute level of growth inhibition. The
humAb4D5-8 Fab was not able to inhibit the growth of the SK-BR-3 cells.
These results suggest that some feature of the mechanics of antigen binding,
not indicated by the net affinity measurement, leads to the loss of the ability
of the humanized Fab to trigger the anti-proliferative signal.

UCHT1

Shalaby er al. (1992) have humanized the anti-human CD3 antibody UCHTI
with a view to developing a UCHT1-4D35 bispecific F(ab’), which targets
immune effector cells efficiently to solid tumours. UCHT1 is an IgG2a/k
murine MAb (Beverley and Callard, 1981).

Humanizarion, expression and antigen binding activity

The variable region sequences from UCHTL were obtained as for 4DS5.
N-terminal sequencing of the murine antibody enabled specific framework 1
primers to be designed for PCR cloning of the V3 and V| sequences from
first-strand c¢cDNA. The differences in sequence between the UCHTI1
sequence and human consensus framework sequences were examined on
molecular models of the UCHT! and human consensus Fv regions. A number
of different humanized antibodies were built. The first humAb, anti-CD3 v1,
was built by replacing the CDRs and a number of the framework residues
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from HumAb4D5-8, described earlier, with equivalent residues from the
UCHT! sequence. The introduced sequences were residues 26-34, 50~53 and
92-96 inclusive in the light chain, and 27--35, 50~-58 and 95-101 inclusive in the
heavy chain. Outside of these CDR regions other residues were also
substituted into the human framework from the murine sequence. These
substitutions were at residues 71 on the light chain and 71, 73 and 78 on the
heavy chain. The murine and humanized variable regions were assembled as
full length humanized fight chain and humanized Fd’ as described for the 4D5
antibody and were co-expressed in E. coli to provide chimeric and humanized
Fab’ molecules for derivatization to Fab’-TNB as described above, and for
subscquent cross-linking to humAb4DS-§ Fab’-SH to give a hispecific
F(ab’),. A bispecific F{ab’), containing chimeric UCHT] Fab’ bound to both
NRO/10 cells or SK-BR-3 cells (which over-express p185"FR%) and to human
CTL cells. HumAb4D35-8 Fab'-SH linked to the v1 anti-CD3 Fab’ bound to
the NR6/10 cells and SK-BR-3 in the same manner as the bispecific F(ab'),
containing the chimeric Fab’, but showed reduced binding to the CTL cells,
with approximately 10-fold reduction in fluorescence intensity of binding as
detected by flow cytometry analysis. Further variants were constructed to test
the contribution to binding of two of the murine residues in the humanized
UCHT! antibody. The murine residue lysine, at 73 on the heavy chain, was
returned to the human residue, aspartate, to give humanized anti-CD3 v2.
The murine residue at 53 on the light chain, arginine, was returned to the
human residue, serine. to give humanized anti-CD3 v3. Both mutations were
combined to give humanized anti-CD3 v4. When Fab'-TNB was produced
and combined with the humAb4D5-8 Fab’-SH all of the bispecific F(ab'),
variants were able to bind to NR6&/10 or SK-BR-3 cells as well as the bispecific
F(ab"), containing the chimeric anti-CD3 Fab’. The v3 Fab’-derived bispecific
F(ab’), showed a slightly reduced binding to CTL cells compared to the
binding of the v1-containing bispecific F(ab’),, suggesting that the arginine to
serine substitution was having no further major deleterious effect on binding
to CD3. However, replacement of the murine residue at 73 on the heavy
chain from lysine to aspartate in the v2 and v4 variants reduced binding to
CTL cells by the bispecific F(ab’), by a further order of magnitude, with the
v4 double mutant being slightly worse in binding affinity than the v2 mutant,

Pre-clinical studies

The chimeric and humanized F(ab'), antibodies were tested for their ability to
recruit CTL cells to kill SK-BR-3 cells, which over-express pl85HERZ op
MDA-MB-175 cells, which express low levels of pi85"ER? The chimeric, vi-
and v3-confaining bispecific F(ab’), fragments showed equivalent targeted
cell killing. The v2- and v4-based F(ab’), fragments stimulated no extra lysis
over the no-antibody control. These data show that the loww of affinity seen
in the vl and v3 humanized Fab’ compared to the chimeric Fab’ does not
affect the ability to activate the T-cells, but that the further loss of affinity in
the v2- and v4-based bispecific F(ab’),s caused by the lysine 73 to aspartate
mutation feads to an abolition of antibody-stimulated CTL killing.



110 A, MOUNTAIN AND J.R. ADAIR
425

MADb 425, 15 a murine {Ig(GZa/x) monoclonal antibody raised against the
carcinoma cell line A431 and which binds to an epitope on the extracellular
domain of the hEGFR-1. This antigen is over-expressed in several solid
tumour types, for which treatment with anti-hEGFR! MAbs is under
evaluation. MAb 425 has been shown to suppress tumour growth of epider-
mal and colorectal carcinoma derived cell lines in vitro (Rodeck er af., 1987)
and to bind to human xenografts of malignant glioma in mice (Takahashi et
al., 1987).

Humanization, expression and antigen binding activity

The variable region sequences were isolated from the hybridoma W425-15
which expresses MAb425 by cDNA cloning using constant region primers for
first strand synthesis. The V regions were adapted for insertion into expres-
sion vectors {Maeda et al., 1991) by anchor PCR. The light chain was
humanized by reshaping and the heavy chain by hyperchimerization. A
molecular model of the 425 Fv was built based on the Hy-HELS (Sheriff er al.,
1987) and Hy-HEL10 (Padlan er al., 1989) structures to examine non-CDR
residues for their potential contribution to affinity. For the light chain the
humanized variable regions were constructed by simultaneous mutagenesis of
the humanized light variable region of D1.3 to introduce the 425 CDRs,
defined as in Kabat eral. (1987). Two sequences were generated which vary at
residue 71 where the first, RVLa, has the human residue (phenylalanine)
from the modified REI framework (Verhoeyen, Milstein and Winter, 1988)
and the second, RVLb, has the murine residue (tyrosine). Both light chains in
combination with the chimeric heavy chain were able to bind hEGFR, but the
RLb/cH antibody showed supertor binding.

Nine variants of the humanized heavy variable region were made to
examine the role of a small number of framework positions. The framework
used was the consensus sequence for the human subgroup I (Kabat ef al.,
1987) rather than any individual high homology sequence. Subgroup I shares
73% homology with 425 within the framework regions. At positions in the
consensus sequence where there was no overall preferred residue the 425
residue was used. In all of the variants residue 94 (Kabat numbering) was the
murine residue, serine. The initial Vi, region was built by oligonucleotide
assembly and subsequent variants were generated by site-directed mutagene-
sis. By examination of direct-binding ELISA studies it appears that certain of
the residue changes in the heavy chain sequence had more of an effect than
others. Significant improvements were seen whenever residue 30 was the
murine residue, threonine, rather than the human residue, serine. Having
residues 66 or 67 or both as the murine residues (lysine-alanine in the murine
sequence and arginine—valine in the human sequence) also caused a signifi-
cant improvement, as does having the murine residue, valine, at 71 rather
than the human residue, leucine. The presence of the murine residues at 30,
66, 67 and 71 led to significant direct binding, but still not at the level of the
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chimeric antibody. The presence of the murine residue, valine, at position 48
appeared to give no advantage in direct binding assays. However when tested
by competition assay there appeared to be an advantage (approximately
two-fold) in having the valine at 48 instead of the isoleucine found in the
human sequence. The authors suggested a value of 60% relative potency for
the best humanized antibody which has murine residues at 71 in the light
chain and at 30, 48, 66, 67, 71 and 94 in the heavy chain.

Sammary and conclusions

For most MAb-based therapies single doses of MAbs or MAb conjugates will
not be curative. Rodent MAbs are highly immonogenic in aimost all patients.
The HAMA response abrogates efficacy and can cause toxicity in organs of
clearance, especially for MAb-cytotoxic agent conjugates. Humanization is
the most promising generally applicable approach to overcoming the immu-
nogenicity of rodent MAbs. Chimerization reduces immunogenicity in
patients significantly, but not completely. Full humanization of rodent
antibodies with retention of most of their antigen binding activity is now a
routine procedure. The studies with 4D5 (Kelley et al., 1992), however,
illustrate that even when antigen binding activity is retained, humanization
may affect the overall conformation of the antibody in ways which influence
its interaction with cells (for example when the antigen is internalized or
involved in signal transduction) and hence its in vivo properties. As yet there
are not sufficient data to judge whether full humanization will (in practical
terms) completely overcome the immunogenicity problem in patients, but
these data will be available within a year.

Antibody fragments are the most promising general approach to manipu-
lating the pharmacokinetics and biodistribution of therapeutic MAbs. Such
fragments are clearly superior to whole I1gGs for tumour detection and will
very likely prove superior for tumour therapy also. MAb targeting of highly
potent cytotoxic agents to fumours represents a much-needed approach to
improving therapeutic ratios in cancer treatment. Radioisotopes and highly
potent low molecular weight drugs are the most promising cell-killing agents
for MAb targeting, and conjugation technology suitable for clinical use of
some of the best of these agents has now been developed. Very encouraging
data have already been obtained in clinical studies of hacmatopoietic malig-
nancies with MAb-isotope conjugates. Tumour loading data from clinical
studies suggest that killing of solid tumours in patients will be achieveable in
the near future with repeated administration of humanized antibody frag-
ments carrying the superior isotopes or highly potent drugs which are now
available.

Futfure developments: beyond humanized MAbs

Although humanization is the most promising general approach in the short
term to overcoming the immunogenicity of rodent MAbs, many other
approaches are being taken which may prove superior in the long term. The
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most interesting of these are PEGylation, human antibodies and low molecu-
lar weight antibody mimetics. PEGylation has been discussed above. The
isolation of a limited range of therapeutically useful (i.c. high affinity) human
antibodies from patients immunized (either deliberately or through infection)
has now become practicable. This is because the recently developed ‘reper-
toire cloning” techniques allow the isolation of antibody genes from very small
numbers of cells without the need to immortalize the relevant human
lymphocytes (reviewed by Burton, 1991). The human MAbs of therapeutic
interest which have been isolated with this procedure include: anti-tetanus
toxin (Gillies et al., 1989); anti-PE (Nakatani et o/., 1989); anti-Hepatitis B
(Zebedee et al., 1992); anti-hCMV (Azuma e al., 1991); and anti-HIV
(Burton et al., 1991). The approach may also be practicable for some TAAs,
since these often elicit anti-TAA antibodies in patients {Haisma er of., 1990;
Goldstein er af., 1990; Koda, Glassy and Chang, 1990; Posner et al., 1991) and
for isolation of some immunosuppressive antibodies. It is important to
emphasize that immunization is required in order to isolate high affinity
antibodies (or their genes) from either humans or animals. The approach of
immortalizing human lymphocytes making high affinity antibodies (i.e. from
immunized patients) has made some progress in the last few years (James and
Bell, 1987; reviewed by Boyd and James, 1989; James, 1990), but is still far
from a routine, generally applicable procedure. Significant progress has also
been made towards isolating human lymphocytes making high affinity anti-
bodies by in vitro immunization. The first prerequisite for this approach,
long-term B-cell propagation in vitro, has now been accomplished by several
different means (Wallen and Borrebaeck, 1991). Primary immune responses
{i.e. clonal expansion) have been achieved following such in virro immuniza-
tion, but there is no evidence yet that secondary immune responses (i.e.
involving affinity maturation to give high affinity 1gG antibodies) can be
achieved. Similarly clonal expansion has been achieved in response to
immunization after repopulation of immunocompromized mice with human
lymphocytes {Abedi et al., 1992; Duchosal ef al., 1992), but affinity matura-
tion has not yet been observed. Since a large proportion of therapeutically
interesting MAbs will be directed against human proteins, tolerance to
self-antigens may be a major limitation for all of these approaches to isolating
high affinity human antibodies. This problem does not apply to raising rodent
antibodies against human proteins. In the longer term the development of
transgenic mice expressing part or all of the human Ig repertoire may
represent a general approach to isolating high affinity human antibodies
{Bruggeman et al., 1989a, 1991; Neuberger er al., 1989; Bruggeman, Surani
and Neuberger, 1990; Sharpe er al., 1991).

There has been a great deal of media interest recently in the idea of
isolating human MAbs from large antibody gene repertoires made from
non-immunized human peripheral blood lymphocytes or spleen cells (Marks
eral., 1991, 1992; Chiswell and McCafferty, 1992; Winter and Milstein, 1991).
The highest affinity antibodies isolated from such ‘naive’ repertoires have
affinities in the 1 to 5 x 107’ M range. To be useful for most therapies
affinities in the 107 to 107" M range are very likely to be required. Although
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repertoire cloning, fragment expression and phage presentation technology in
L. coli lend themscelves to mutagenesis and screening approaches to affinity
improvement, such approaches will be technically difficult and multiple
amino acid changes will certainly be required. The resulting mutated human
antibody may be no less immunogenic than a fully humanized rodent
antibody.

In the longer term an alternative approach to overcoming immunogenicity
would involve non-peptidic antibody mimetics, which would potentially also
offer superior pharmacokinetics, biodistribution (especially tissue penetra-
uon). and administration route. Peptide analogues have been identified for
several antibodies, notably ones blocking attachment of viruses 1o cells
{Williams et al., 1989a, 19892, b: Saragovi et al., 1991, 1992: Taub and
Greene, 1992). These analogues were identified by semi-rational approaches,
and gave peptides with binding activity 100- to 10000-fold less than that of the
antibodies themselves, In one case a non-peptidic mimetic was designed and
synthesized. Technology has recently been developed which will allow
random screening approaches to antibody peptide analogues to be attempted.
These approaches involve screening libraries of random peptides on the
surface of bacteriophages (Scott, 1992), on beads (Houghten ef al., 1991; Lam
et al., 1991; Geisow, 1992) or free in solution for antigen binders. Deriving
therapeutically useful mimetics from such peptides will be a major medicinal
chemistry challenge, and it is by no means clear whether a low molecular
weight compound can ever truly mimic the affinity and specificity of an
antibody for its antigen.
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