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Preface

It has been almost 20 years since the discovery by Kohler and Milstein of the
technology to produce monoclonal antibodies (MAbs), a discovery that
promised revolutionary changes in research, clinical diagnosis and human
therapy. From today’s perspective, it is fair to conclude that this promise has
been realized in two areas of the three. As research tools, MAbs have been
invaluable: their ability to selectively bind and localize specific antigens,
detect and identify new ligands and their receptors, and agonize and/or
antagonize specific molecular interactions continues to provide a useful and
enabling technology to basic research endeavors. Similarly, MAbs have
demonstrated enormous practical impact as diagnostic tools. Recent
advances in clinical diagnostic medicine continue to rely heavily on the use
of MAb-based reagents for detecting and localizing antigens of clinical
import. In contrast, however, MAbs have not proven to have major impact
on human disease therapy. With the single exception of an immunosup-
pressive MAb against the T-cell antigen, CD3, MAbs have as yet found
few meaningful applications as therapeutic agents.

During the 1980s, a set of technologies to clone, modify and express
genes encoding MAbs was developed. These breakthroughs permitted
MADbs to be genetically engineered which consequently gave them the
potential to greatly enhance their therapeutic utility as well as significantly
expand their research and diagnostic applications. New MAbs, fragments of
MADbs, bispecific MAbs, single-chain MAbs, and fusions of MAbs with
other gene products became available for study. Of particular significance
was the creation of MAbs which strove towards increased immunocom-
patibility with humans. The engrafting of mouse variable regions onto the
gene segments encoding human immunoglobulin constant regions gave rise
to the so-called chimeric class of antibodies. This was followed by the more
specific (and far less exacting) procedures of engrafting complementarity-
determining regions (CDRs), where the DNA encoding the mouse CDR
(and often other critical residues of far less obviousness) were engrafted
onto human variable region frameworks and constant regions. A third
theme has been the recombinant engraftment of the variable regions of
primate antibodies onto human constant regions to create “primitized”
forms of chimeric antibodies. Concomitantly, technologies for high-level
expression of genetically engineered MAbs in a variety of systems emerged.
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These expression systems have been scaled up, and industrial purification
schemes devised. As a result, a wide variety of engineered MAbs are now
entering the clinic. In fact, of the approximately 100 biotech products in
clinical trials today, over half are MAbs or MADb derivatives.

More recently, yet another technical revolution in designer antibodies
has occurred, ushered in by the discovery of methods to obtain novel MAb
variable regions via combinatorial cloning and in vitro mutagenesis. This
new technology offers access to a huge variety of natural variable regions,
new combinations of heavy and light chains, and wholly novel MAbs created
in the test tube. It is of interest that this new technology has its basis in
standard recombinant microbial/phage genetics, utilizing expression of anti-
body fragments both on the surface of filamentous phage and in E. coli
secretion systems. Clearly, and yet again, basic research in biological systems
of no direct or obvious relevance to man has provided the crucial corner-
stone for a set of technologies which will have major impact on biomedical
research, diagnosis and therapy. When combined with the expression and
scale-up methods alluded to above, the potential power of these new
methods is astonishing. Thus, it seems only a matter of time before MAbs
assume the important place in human therapy which was predicted for them
two decades ago.

This book is organized in the following way: Chapters 1 and 2 deal with
the creation of human MAbs both by “conventional” cell fusion and the
more recently developed polymerase chain reaction (PCR) cloning stra-
tegies. Here, the important innovation of mixed primer PCR amplification
to clone immunoglobulin genes is described. Chapter 3 introduces the
fascinating use of transgenic mice carrying human immunoglobulin genes
to make human MAbs. Chapter 4 reports on engineering as opposed to
biological approaches to making human MADbs, i.e., genetic adaptation of
murine MAbs so as to be immunocompatible in man. Chapter 5 describes
genetic fusion of MAbs to create dual specificity and the expression of such
constructs in E. coli. Chapters 6—8 continue the theme of fusion of genes
encoding MAbs (or FAbs) with each other and with non-immunoglobulin
genes to create novel therapeutic molecules. Chapter 9 introduces the
subject of antibodies as chemical catalysts. Chapter 10 describes the exciting
evolution of combinatorial strategies to make MAbs without cell fusion.
Chapters 11 and 12 focus on the issue of expression of recombinant MAbs
while Chapter 13 deals with industrial scale-up of MAb production. Finally,
Chapters 14—-16 turn to clinical application of MAbs for imaging, therapy,
and prophylaxis of disease.

This volume represents only a set of selected examples from this rapidly
evolving field. Nevertheless, the distinguished authors who have contributed
to this collection provide important insight into a field of great interest for
both basic and applied scientists and clinicians. The potential of the techno-
logies described here is only beginning to be tapped, and another volume
five years hence would undoubtedly provide many surprises.
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Section I: Human Monoclonal Antibodies



CHAPTER 1
Human Monoclonal Antibody Technology

K. JAMES

A. Introduction

I. Why Produce Human Monoclonals?

The success of KOHLER and MiLsTEIN (1975) in immortalizing specific anti-
body secreting cell lines of rodent origin inevitably led to similar attempts to
generate human monoclonals. Initially this effort was largely driven by the
belief that such products would be clinically (especially therapeutically)
superior to their rodent counterparts. In addition to being less immunogenic
than rodent antibodies it was also felt that they might recognize more
appropriate target antigens and be more efficient at triggering complement
and antibody dependent cellular cytotoxic actions in vivo as indeed has
proved to be the case. Further impetus was given by the difficulties ex-
perienced in producing useful rodent monoclonals against a number of
targets of clinical interest including RhD, histocompatability and tumour
antigens. This was attributable to the failure of the rodent immune system to
recognize the relevant epitopes against a background of immunodominant
epitopes. However additional interest in human monoclonal antibody tech-
nology has come from an increasing awareness of its potential for investigat-
ing the human humoral immune system (e.g., JAMES 1989). As a result it is
now being used to probe the genetic basis of antibody diversity, analyze B
cell repertoires in health and disease, study antibody responses in micro-
environments such as tumours and sites of infection, and identify epitopes
on microorganisms which provide both protective and damaging immune
responses.

II. Chapter Aims

The aims of this brief introductory chapter are to summarize: (1) the general
strategies used in the production of conventional human monoclonal anti-
bodies (2) the range of specificities produced and their application and (3)
the limitations of these conventional approaches and how they might be
improved.
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III. Approach Used

In view of the wide variety of procedures used to date to produce human
monoclonal antibodies, general principles will be discussed rather than
precise technical details. Such information is to be found in a number of
books and reviews dealing in general with this topic (ENGELMAN et al. 1985;
CarsoN and FREIMARK 1986; JaMES and BEeLL 1987; Boyp and JaMEs 1989;
James 1990a) or the development and application of human monoclonal
antibodies to specific targets such as microorganisms (Masuno 1988; Boyp
and JaMEs 1992), blood cells (McCANN et al. 1988; PisTiLLO et al. 1988) and
tumours (JAMES 1990b).

B. General Production Strategies

I. Introduction

The basic conventional strategies used to produce human monoclonal anti-
bodies are schematically presented in Fig. 1. As with rodent monoclonal
antibody generation the success of the procedure is determined by a number
of key factors namely an adequate supply of immune lymphocytes in an
appropriate state of differentiation and proliferation and efficient methods
for immortalizing, screening and cloning cultures of interest. Unfortunately
difficulties may arise with respect to all of these when attempting to produce
human monoclonals.

II. Source of Immune Lymphocytes

1. Usual Sources

Generally speaking this does not pose a major problem when producing
rodent monoclonal antibodies, for fairly standard immunization schedules
can be employed which generate an adequate immune response. Further-
more there is no restriction on the choice of lymphoid tissues. In the human
situation however deliberate immunization is restricted to approved immu-
nogens (e.g., bacterial and viral vaccines), adjuvants and routes of injection.
Fortunately there are other valuable sources of immune lymphocytes includ-
ing individuals recovering from infection and patients with active diseases
such as cancer and autoimmune disorders. It should also be stressed that
many interesting monoclonals, especially against autoantigens, have been
generated from lymphocytes obtained from apparently healthy normal
individuals (Table 1).

For obvious reasons peripheral blood has been the most widely used
source of human lymphocytes for immortalization. Unfortunately compara-
tive studies undertaken with both human and rodent lymphoid tissues reveal
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Screen donor for "specific” antibodies
Selection

1 Donor {
Donor lymphoid tissue
Density gradient
Lymphocyte rich preparation

AET-SRBC T suppressor Ig positive Antigen Chemical inactivatior

rosetting depletion cell panning panning of inhibitory cells

W

Appropiate lymphocytes

2 Lymphocyte
Enrichment

3 Lymphocyte In vitro immunization (Antigen
Activation and/or mitogen or cytokines)
4 Lymphocyte Transformation /1\4‘ Fusion
Immortalization \c /
lone
5 Lymphocyte
Cloning Reclone
Stable cell line
6 Antibody Bulk production of
Production purified antibody
And
Asessment Antibody evaluation

(in vitro and in vivo)

Fig. 1. The key steps involved in the production of conventional human monocional
antibodies. The initial step is the acquisition of immune lymphocytes. These are
generally derived from peripheral blood but on occasion lymph nodes and spleen
may be available. The B lymphocyte preparation may be enriched and or stimulated
with antigen prior to immortalization. The immortalization is normally achieved by
cell fusion, Epstein-Barr virus (EBV) transformation or a combination of these
procedures. Dilution cloning or cloning in soft agar is used to isolate stable cell lines.
Antibodies of interest are normally produced by bulk culture

Table 1. Sources of immune lymphocytes used for human monoclonal antibody
production

Immunization procedure

Examples

Active immunization

Natural infection

Active discase

Inadvertent exposure

No obvious exposure

Active immunization of human B cell
repopulated SCID mice

In vitro sensitization

Bacterial and viral vaccines
Bacteria and viruses

Cancer and autoimmune disease
Red cell antigens and haptens
Autoantigens

Tetanus toxoid

Bacterial and viral antigens haptens

For further details see JAMES and BELL 1987; Boyp and JaAMES 1989.
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that lymphocytes from this source do not perform as well as those derived
from spleen and lymph nodes. This inferior performance has been attributed
to a number of factors paramount among these being insufficient antigen
specific B cells in an appropriate state of differentiation. It is for these
and other reasons that investigators attempting to generate antitumour
monoclonals have used lymphocytes isolated from tumours themselves or
draining lymph nodes.

The above difficulties have led to alternative strategies for obtaining
immune lymphocytes. These include in vitro immunization and the immu-
nization of repopulated severe combined immunodeficiency (SCID) mice.
Interest is now also being shown in the use of transgenics.

T Cell Derived T Cell Dependent
Helper Factors Antigens

ADD TO ADD TO

Leu-OMe Treated
Peripheral Blood
Lymphocyte Culture

'

Incubate Mixture
For 6-7 Days

'

[ Immortalize j

GENERATING HUMAN MONOCLONALS BY
IN VITRO IMMUNIZATION

Fig. 2. Basic steps involved in the in vitro immunization of human peripheral blood
lymphocytes. The cell culture contains Leu-OMe treated lymphocytes, the immuniz-
ing antigen and T cell derived helper factors. The treatment with Leu-OMe Kills or
impairs a number of cells which could interfere in the activation, differentiation and
proliferation of B cells. These include monocytes, natural killer cells and cytotoxic T
lymphocytes. The antigen may be in free form or coupled to a suitable protein
carrier and or adjuvant, e.g., lipopeptide, to improve presentation. The T cell derived
helper factors may be provided in the form of recombinant derived cytokines, e.g.,
IL-2 or IFN-y, or T cell culture supernatants. Specific antibody secreting cell cultures
may be immortalized by cell fusion or Epstein Barr virus transformation. Alterna-
tively the RNA may be extracted and antibodies prepared by recombinant techniques
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2. In Vitro Immunization

The basic strategy utilized in in vitro immunization has been reviewed
elsewhere (BORREBAECK 1988a,b) and is outlined in Fig. 2. It is now apparent
that a number of factors determine the outcome of this approach including
the source of lymphoid tissue, the removal or inactivation of suppressor and
cytotoxic cells, the correct presentation of antigen and the provision of
various growth factors. Although this approach has been used to produce
human monoclonals, there are still inherent difficulties which need to be
resolved. Unfortunately antibodies secreted following the in vitro immuniza-
tion of truly naive B cells are almost exclusively of the IgM isotype. As a
result effective techniques for inducing class switching are urgently needed.
On the basis of recent preliminary reports it would appear that this might be
achieved by repeated antigen challenge of lymphocyte culture coupled with
the addition of fresh feeder cells (Brams et al. 1992).

3. Generating Inmune Lymphocytes in Severe Combined
Immunodeficiency Mice

An approach currently attracting attention is the generation of immune
human B cells in SCID mice. These mice lack mature T and B lymphocytes
because of defective joining of both T cell receptor and immunoglobulin
gene segments. As a consequence they accept grafts of incompatible tissue
including human lymphocytes.

To date human antibody responses to a number of antigens, including
RhD and tetanus toxoid, have been generated by challenging SCID mice
repopulated with human peripheral blood lymphocytes. It would appear that
such responses are dependent not only upon the transfer of immune cells
but also the dose of antigen injected and are influenced by the presence of
other immunocompetent cells in the inoculum. Thus adherent cells may
enhance the response while natural killer (NK) cells are believed to be
deleterious (LEADER et al. 1992; CarLssoON et al. 1992). Nevertheless human
lymphocytes recovered from immunized repopulated SCID mice have been
successfully used to generate human monoclonal antibodies and antibody
fragments by conventional Epstein-Barr virus (EBV) transformation proce-
dures (CarLssoN et al. 1992) and repertoire cloning techniques respectively
(DucHosaL et al. 1992).

While this approach is attractive it still remains to be optimized for
there are difficulties both with respect to the successful engraftment of
transplanted cells and the nature of the antibody response induced. It would
appear for example that the generation of primary responses is difficult and
that there may also be a skewing of any responses which are evoked
particularly with respect to light chain usage. Explanations have been
advanced to explain these difficulties including antigen driven proliferation
of xenogeneic clones (WiLLiams et al. 1992) and the aforementioned in-
hibitory effects of NK cells (CARLSSON et al. 1992).
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Table 2. Processing of lymphocytes following density gradient separation

T cell removal or impairment
Rosetting with AET (2 aminoethylisothiouronium bromide hydrobromide) treated
sheep red blood cells
Rosetting with anti-T cell? coated red blood cells or other particles, e.g., magnetic
Panning on anti-T cell coated plates
Lysis with anti-T cell antibody and complement
Inactivation with cyclosporin or lysosomotrophlc agents
Removal or inactivation of other interfering cells™*
Adherence on plastic, e.g., macrophages
Inactivation/killing with lysosomotrophic agents, e.g., monocytes, macrophages,
natural killer cells or cytotoxic T cells
Enrichment of B cells
Rosetting with anti-immunoglobulin or anti-B cell coated red blood cells or other
particles
Panning on anti-immunoglobulin or anti-B cell coated plates
Enrichment of specific B cells
Rosetting with antigen coated red cells or other particles
Panning on antigen coated plates
Incubation with fluorescein coated antigen followed by fluorescence activated cell
sorting

“Antlbody based separations usually employ monoclonal antibodies of rodent orlgm
PRemoval of mterfermg cells, e.g., NK cells, Tc cells, is particularly important if in

vitro immunization is being attempted.

€On occasions isolated lymphocyte subpopulations are reconstituted to “‘optimize™

cell mixtures for in vitro immunization.

III. Processing of Lymphoid Tissues

A variety of procedures have been employed to isolate from lymphoid
tissues lymphocytes suitable for immortalization and in vitro immunization.
Lymphocytes are routinely recovered from peripheral blood by routine
density gradient procedures on Ficoll-Hypaque or other such media. Ad-
ditional processing may also be performed either to enrich B cells (antigen
specific or otherwise) or to remove immunocompetent cells which could
interfere in subsequent in vitro immunization (e.g., lysozyme rich leukocytes)
or EBV immortalization strategies (e.g., cytotoxic T cells). The general
strategies employed to achieve these ends are listed in Table 2.

IV. Immortalization Strategies

1. Introduction

Currently there are three main procedures for immortalizing human B
lymphocytes obtained from the above sources. These involve either fusion
with B cell lines, transformation with EBV or a combination of these
techniques. Some key aspects of these three approaches are detailed below.
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2. Cell Fusion

The success of polyethylene-glycol (PEG) induced fusion in the develop-
ment of rodent monoclonal antibodies has ensured that this approach has
been vigorously pursued. However in the human situation progress has been
hindered by the lack of suitable human fusion partners. Although a large
number of fusion partners have been employed few, if any, of them perform
as well as their murine counterparts. The human fusion partners used include
plasmacytomas, lymphoblastoid cells and heteromyelomas produced by
fusing mouse myelomas with human B cells (Table 3). These hybrid cell
lines, which are rapidly gaining in popularity, appear to exhibit the growth
and fusion characteristics of the original mouse myeloma while still retaining
sufficient human chromosomes to ensure that stable antibody secreting cell
lines are generated following fusion with immune human B cells. It is also
interesting to note that contrary to expectations a large number of stable
antibody secreting cell lines have also been produced by fusing human
lymphocytes with mouse myeloma cells.

While the majority of fusions have been performed using PEG, the low
efficiency of this process, coupled with its undoubted toxicity, has led to
interest in alternate methods of fusion. In this regard particular attention
has been devoted to the electrofusion procedure originally developed by
Zimmerman and coworkers (ZIMMERMAN and VIENKEN 1982; FouNG and
PERKINS 1989; Founa et al. 1990). This process is based on the finding that
intimate membrane contact between cells can be established in the presence
of an alternating electric field. Subsequent application of a direct current

Table 3. Some fusion partners which have been used in human monoclonal antibody
production

Cell type Examples

Human plasmacytomas
Myelomas SKO-007, HFB-1, KMM-1, RPMI-17886 TG, U-2030
Lymphomas RH-L4, NA7-30, Ball-1

Lymphoblastoid cell lines GM1500-6TG-A12, KR-4, GM672
GK-5, GMO0467.3, GM1500-67G-OB
H.35.1.1, LICR-LON-HMy2, UC729.6
WI-1.2-729-HF2, WI-1.2.727 HF26 TG
HO-323, TAW-925, HOA 1, LTR228

M C/MNS-2
Heteromyelomas
Human/human KR12, LSM2.7, HM2.0
Mouse/human SHM-D23, SHM-D33, SBC-H20, Org MHH-1, SP2/SP,

CB-F7, F3B6, K6H6B, HAB/I, SPA2-4
Mouse/human/human 3HLS, SP2/PT
Rodent NSO/U, NS1/1. Agdl, SP2/0
P 3X63 Ag8.653

For further details see JAMES and BeLL 1987; Boyp and JaMES 1989.
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leads to a disruption of the plasma membrane, creating a cytoplasmic bridge
between the cells which promotes cell fusion. The relatively high fusion
efficiencies achieved with this approach would seem to make it the method
of choice when limited number of B cells are available such as might be the
case with respect to intratumour lymphocytes or those isolated from an
arthritic joint. In this connection it is interesting to note that the electrofusion
approach has recently been employed to generate specific antibody secreting
cell lines from single B cells. This was achieved by fusing B cells which had
been clonally expanded in vitro in the presence of human T cell supernatant
and irradiated murine thymoma helper cells (STEENBAKKERS et al. 1992).

3. Epstein-Barr Virus Fusion

This immortalization strategy depends on the ability of EBV to bind to and
transform human B lymphocytes. Following interaction of the virus with
C3d receptors on the B cell surface, it is internalized and its genes eventually
integrated into the lymphocyte genome. This event leads in turn to the
activation of many of the B cells so treated with the subsequent immortali-
zation of a subpopulation. This process is normally achieved by incubating T
cell depleted peripheral blood lymphocytes with the culture supernatant
from an EBYV infected marmoset cell line (designated B95-8). Occasionally
however transformation may also occur if the B cells are incubated with
EBV infected lymphocytes themselves either intentionally or otherwise.
This process is known as cell driven transformation and is reputed to be
more efficient than the conventional approach.

Although the EBV immortalization procedure has been used to generate
an array of specific antibody secreting cell lines, there are major problems
with this approach. In most hands the lines are particularly difficult to
clone and they are relatively unstable. The possible reasons for this will be
discussed later.

4. Combined Epstein-Barr Virus Transformation and Cell Fusion

An increasingly popular approach to immortalization of human B cells is to
transform them with EBV virus and then fuse them several days later,
preferably with an heteromyeloma cell line. This combined approach, origi-
nally developed by Kozser and colleagues (1982), appears to offer a
number of advantages over either procedure alone. In the first place EBV
transformed lines fuse with greater efficiency than normal B cells, while
the hybrids clone more readily than transformants. Furthermore antibody
secretion may also be improved. In addition antigen specific cells can be
selected either before or after virus transformation thus increasing the
chances of obtaining specific hybrids. Finally it should be noted that fusion
with murine or murine/human partners may lead to the loss of the EBV
genome, an added advantage when the antibody is required for clinical use.
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5. Novel Approaches

Recently a novel approach for establishing “long-term’” human B cell lines
free of EBV has been described which could facilitate human monoclonal
antibody production in a number of ways (BANCHEREAU et al. 1991). This
involves inducing B cells to proliferate by cross-linking the CD40 cell surface
antigen. The cross-linking has been achieved by incubating the B cells in
anti-CD40 antibody in the presence of irradiated mouse fibroblasts trans-
fected with the human Fc RII. The response is further amplified by the
addition of recombinant interleukin-4 (IL-4). This procedure should be of
value both in the establishment of antigen specific B cell lines in vitro and in
expanding immune B cells for use in conventional cell immortalization or
gene cloning strategies.

V. Selection, Cloning and Expansion

1. Introduction

In general the procedures used for selecting, cloning and expanding human
monoclonal antibody secreting cell lines are similar to those used in rodent
monoclonal antibody production. There are however added difficulties.

2. Selection

Obviously when fusion has been employed the hybrid cells have to be
selected by growth in the appropriate selection medium (usually HAT).
Rapid primary screening assays are also required to identify those cultures
secreting specific antibody, or where this is not feasible, immunoglobulin. In
this connection ELISA procedures using microtitre coated plates prove most
suitable for many antigens. Wherever possible the primary, and certainly the
secondary, screening procedures should be appropriate to the intended use
of the antibody. For example if cytotoxic antibodies are required then a lytic
assay should be used. In certain instances it may be necessary to perform
primary screening on tissue sections as for example is often the case with
antitumour antibodies. Under these circumstances endogenous tissue as-
sociated immunoglobulins may give rise to high background staining in
indirect immunohistochemical procedures. It would appear that problems of
this kind can be minimized by the choice of appropriate fixation procedures
and by blocking endogenous immunoglobulin with Fab anti-human immu-
noglobulin (DirzeL et al. 1991).

3. Cloning

Having identified cultures secreting antibodies of interest the next major
step is to obtain stable antibody secreting cell lines. Unfortunately it is at
this stage that many interesting cultures are lost. At the present time the
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major cloning strategy is dilution cloning although cloning in soft agar has
been applied. A wide variety of feeder cells and media supplements have
been used to facilitate cloning, this undoubtedly reflecting the difficulties
experienced. They include a range of normal human and murine lymphoid
tissues, lymphoblastoid cell lines, endothelial cells and tissues of embryonic
origin including fibroblasts, kidney, lung and amnion (see JaMES and BELL
1987). Unfortunately lymphoblastoid cell lines are notoriously difficult to
clone, even with feeder layers and growth factor supplements, growth at less
than ten cells per well being difficult to achieve. There are however reports
of such cells being successfully cloned in soft agar in the presence of human
fibroblasts (Kosinski and HAMMERLING 1986).

4. Expansion

A variety of in vitro and in vivo procedures have been used to expand
selected antibody secreting cell lines. They include growth in ascitic form in
nude mice and rats and SCID mice and large scale tissue culture in airlift
fermentors and immobilized cell systems. It should be pointed out that while
heterohybrids readily grow in nude rodents, growth of hybrid and lym-
phoblastoid cell lines is difficult. This is presumably due to the fact that
human mouse hybrids do not express the HLA antigens which might evoke
immune rejection.

5. Additional Evaluation

This may be performed prior to or after limited expansion depending on the
amounts of antibody required. In brief it includes isotyping, further analysis
of the fine specificity of the antibody and an evaluation of its clinical
potential. For example it is vital to screen antitumour monoclonal antibodies
against a wide range of normal and malignant targets including frozen tissue
sections and established cell lines. Similarly it is also equally important to
establish if antimicrobial antibodies are strain as well as species specific.

There are a number of established procedures for ascertaining the
therapeutic and prophylactic potential of antibodies of clinical interest.
Complement and antibody dependent cellular cytotoxicity assays can be
used to determine the capacity of antibodies to lyse bacteria, viruses and
tumours. Furthermore there are animal models for a variety of infectious
diseases which permit the evaluation of the protective effect of monoclonal
antibodies while the potency of antitumour monoclonals can be assessed by
determining their effect on the growth of tumour explants in nude rodents
or SCID mice. In the future one envisages that the potential of certain
antibodies will be assessed in both transgenic and gene knockout animal
models of disease.
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VI. Bispecific and Trispecific Antibodies

With the exception of IgM and dimeric IgA all immunoglobulin molecules
(monoclonal or otherwise) possess two identical antigen combining sites
both of which interact with identical epitopes on the target antigen. During
recent years however a range of so-called bispecific rodent monoclonal
antibodies have been produced which are capable of interacting with two
distinct epitopes usually on separate molecules. More recently trispecific
monoclonals have been described which bind three distinct epitopes (JUNG
et al. 1991; Tutr et al. 1991). The rodent bispecific antibodies have been
produced either by fusing two established monoclonal cell lines secreting
antibodies of the desired specificity or by chemically linking intact purified
monoclonal antibodies or antibody fragments. In view of their potential
advantages in targeting both drugs and cells to sites of infection, tumours,
etc., it is not surprising that attempts are now being made to produce
bispecific human monoclonals (SHINMoTO et al. 1991). In this case the cell
fusion approach was used.

At this point it is also worth noting that the chemical linking procedures
employed in bispecific antibody production are also being used to link
human monoclonals of identical specificity. The so-called human monoclonal
antibody homodimers generated by this approach exhibit better avidity,
binding and protective capacity than the original monomeric IgG (WoLFF et
al. 1992). This has led the authors to suggest that chemical cross-linking of
monoclonal antibodies may be a useful strategy for salvaging low affinity
IgG monoclonal antibodies that exhibit poor functional activity.

C. Human Monoclonal Targets

I. Antibody Specificities Generated

Despite the difficulties encountered in producing human monoclonals, past
successes and the undoubted potential of the technology have combined to
ensure that effort in this area has been maintained. This has resulted in the
generation of a large number of monoclonal antibodies reacting with a wide
range of targets (Table 4). As might be expected many of these are directed
against bacterial, viral, red cell and tumour antigens, being developed with
diagnosis and therapy in mind. However of increasing theoretical interest at
least are those generated against autoantigens (see below).

II. Application of Human Monoclonal Antibody Technology

1. Introduction

Although some of the monoclonals are exhibiting therapeutic potential (see
for example ZIEGLER et al. 1991) and others are in phase 1 clinical trials
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Table 4. A survey of human monoclonal antibodies which have been produced?

Antibodies to Examples

Bacterial antigens  Cholera toxin, Clostridium chauvoei, diphtheria toxin, Gm-ve
endotoxin, exotoxin A, Haemophilus influenzae,
mycobacterium leprae, Neisseria meningitides, pneumococcus
polysaccharide, Pseudomonas aeruginosa, tetanus toxoid,
Chlamydia

Viral antigens Cytomegalovirus, Epstein-Barr virus, hepatitis A, Bs, Bc and
D, herpes simplex, HIV-1, HTLV-1, influenza A, rabies,
rubella, T cell leukaemia, varicella zoster

Other infectious Plasmodium falciparum
agents

Red and white cell Blood groups A, i, Kell, rhesus C, D, E and G; Forsmann
antigens antigen, chicken and sheep red blood cells; HLA-B and DQ

Tumour antigens  Bladder carcinoma, brain glioma, breast carcinoma, cervical
carcinoma, chronic lymphocytic leukaemia, colorectal
carcinoma, gastric carcinoma, lung carcinoma, lymphoma,
melanoma, myeloid leukaemia, prostatic carcinoma, renal
carcinoma, vulva carcinoma

Autoantigens Astrocytes, cytoskeletal proteins, single- and double-stranded
DNA, endothelial cells, Golgi, myelin associated
glycoprotein, nuclear and nucleolar antigens, nerve axons,
neurones, pancreatic islet cells, pancreatic duct cells,
parathyroid, pituitary, platelets, prostatic acid phosphatase,
sperm, sperm coating protein, stratified squamous
epithelium, thyroglobulin, thyroid follicle, vimentin,
rheumatoid factor

Others Bombesin, 2—4 dinitrochlorobenzene, 2—4 dinitrophenol,
4-hydroxy 3-5 dinitrophenacetic acid, KLH,
phosphorylcholine, sperm whale myoglobin

It should be stressed that many of these antibodies have not been adequately
characterised and the cell lines producing them are frequently unstable.

(e.g., AuLITSKY et al. 1991; DroByskI et al. 1991) it can be said that the
great breakthrough in this area still remains to be realized. Nevertheless the
benefits to date of the technology should not be underestimated. In addition
to improving our knowledge of humoral immunity in general it has enabled
the study of such responses in distinct microenvironments, facilitated the
identification of epitopes evoking protective immunity and permitted the
development of new procedures for isolating and assaying tumour and viral
antigens. The range of applications of human monoclonal antibodies are
summarized in Table 5 while their use in specific clinical situations is out-
lined in greater detail below.

2. Tumour Field

In the tumour field the immense effort ¢xpended in attempting to generate
human monoclonal antibodies has not gone entirely unrewarded (JAMES et
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Table 5. Possible uses of human monoclonal antibodies

Diagnostic and Infectious diseases; malignancy; red cell compatability;
monitoring tissue typing
Prophylaxis and therapy
Infectious diseases Passive therapy; identification and purification of
and malignancy candidate antigens for vaccines; as anti-idiotype
vaccines; targeting drugs; imaging lesions
Other applications Autoimmune diseases; renal transplantation; rhesus
incompatability; contraception
Investigating the Studying normal B cell repertoire especially in
immune system in microenvironments; studying the molecular biology
health and disease of the immunoglobulin locus; analysing B cell

response in infection, malignancy, autoimmuinity and
allergy; identifying, purifying and characterising
antigens of clinical relevance (see above)

For further details of application see James and BELL 1987; Masuno 1988; Boyp and
JamEs 1989; JaMEs 1990a,b.

al. 1990). It has provided us with a refined approach to identifying putative
tumour antigens and for studying the humoral response to tumours especially
in microenvironments such as the tumour itself or in draining lymphnodes.
Furthermore the antibodies developed to date have been used as probes for
detecting preneoplastic changes, studying differentiation and dedifferentia-
tion in tumours, assaying tumour antigens in sera and urine and for
immunoscintigraphy.

3. AIDS Research

More recently the value of human monoclonal antibodies in the study and
possible treatment of AIDS has been the subject of increasing interest. The
potential applications in this area are summarized in Table 6 and Boyb
and James 1992. Perhaps paramount among these is its use as originally
advocated (Forks 1987) in epitope mapping especially in identifying those
structures which elicit protective immunity. On the basis of data accumulated
on existing human monoclonals it would appear that the neutralizing anti-

Table 6. Some applications of human monoclonals to HIV

Studying the immune response to HIV

Epitope mapping (conserved, variant, protective,
enhancing)

Immunoaffinity purification of HIV proteins

As reagents in competition immunoassays

Targeting of toxins to HIV infected cells

As therapeutics per se

Screening viral isolates

For further details see Boyp and JaAMEs 1992.
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bodies are almost exclusively directed against the gp120 envelope protein. In
contrast almost all the enhancing antibodies react with gp41. It should be
stressed however that the bulk of anti-gp41 monoclonals neither neutralize
or enhance. Additional studies on the gp120 monoclonals exhibiting neu-
tralization indicate that the epitopes eliciting neutralization are in amino
acid positions 306—322 or are associated with conformational or carbohydrate
epitopes.

4. Autoimmunity

This technology has also contributed significantly to our knowledge of the
nature, origins and significance of autoantibodies and will undoubtedly
continue to do so in the future (summarised in James 1989). Of particular
importance is the information provided on the specificity and variable region
gene usage in so-called natural autoantibodies (CaIrns et al. 1989; Sanz et
al. 1989; THompsoN et al. 1990). More recently it has been employed to
investigate the VH repertoire of B cells derived from rheumatoid synovial
fluid (BrowN et al. 1992) and to show that human monoclonals against
blood group antigens demonstrate the multispecificity characteristics of
natural autoantibodies (THOMPSON et al. 1992).

5. Future Targets

A number of recent observations pinpoint another area in which the ap-
plication of human monoclonal antibody technology could be particularly
rewarding. In the first place it appears that circulating antibodies to a
number of cytokines and heat shock proteins may be found in normal
individuals or in those recovering from infection or suffering autoimmune
reactions. Furthermore there are initial reports of the generation of human
monoclonals to tumour necrosis factor (TNF) (Frasa et al. 1992). It is
obvious that further endeavours in this area should lead to a clearer under-
standing of the role of cytokines in health and disease and to the develop-
ment of therapeutically valuable reagents.

D. Limitations of Orthodox Technology

I. Introduction

Reference has already been made to some of the problems associated with
the production of human monoclonal antibodies. These include difficulties
in obtaining adequate supplies of immune lymphocytes in an appropriate
state of differentiation and the poor efficiency of the immortalization pro-
cedure itself. Some of the approaches adopted to overcome these major
problems have been addressed elsewhere in this chapter.
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II. Why Is Antibody Secretion Unsatisfactory?

The aforementioned problems are further compounded by the relatively
poor stability and antibody secreting capacity of immortalized human B cells
compared with their murine counterparts. A number of interesting hy-
potheses have been advanced to help explain this unsatisfactory perfor-
mance and are listed in Table 7. In brief they include overgrowth by
nonsecreting lymphocytes, loss of genes coding for the varous immunoglo-
bulin chains, defects in regulatory gene function and imperfections in the
synthetic and secretory machinery of the cells themselves.

ITII. Is Unsatisfactory Secretion Related to Cell Surface Phenotype or
Cytokine Secretion?

Unfortunately to date insufficient attention has been devoted to establishing
the real causes for the poor performance of such cells and to identifying
strategies which might resolve these problems. As we believe that studies in
this area are both practically and theoretically important we have closely
examined the relationship between cell surface phenotype, cytokine presence
and the growth and antibody secretory capacity of a panel of immortalized
human B cell lines (JamEs et al. 1990). All the cells were found to exhibit a
well differentiated cell surface phenotype irrespective of their growth rates
and antibody secreting capacity. Furthermore there was no obvious relation-
ship between the cytokines they produced and antibody secretion. Finally
the addition of a wide range of concentrations of IL-2, IL.-4 and IL-6 rarely
improved antibody secretion. Overall our results seem to suggest that the
poor performance of the cell lines we examined was not attributable to
defects in cell differentiation (as revealed by cell surface phenotype studies)
or in the production of the cytokines we investigated. While these observa-
tions proved disappointing we believe that further studies in this area are

Table 7. Explanations advanced for the poor performance of immortalized human B
cell lines

Inhibitory effects of mycoplasma and other microorganisms

Overgrowth of secreting cells by nonsecretors

Shortage of relevant growth or differentiation factors

Reduction or absence of appropriate receptors for growth or differentiation factors

Loss or inappropriate incorporation of structural genes for immunoglobulin H and
L chains

Insufficient copies of regulatory and structural genes

Inappropriate H and L chain combinations resulting in hybrid molecules

Failure or loss of relevant regulatory genes or other defects in regulation

Defects in synthetic machinery resulting in impaired transcription, translation or
assembly

Defects in the secretory machinery of the cell
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still warranted. These should involve comparable investigations with other
cytokines and cytokine mixtures and more detailed phenotypic studies.

E. Conclusion

I. Impact and Potential of Recombinant Technology

1. Chimeric and Humanized Antibodies

There are obviously a number of strategies for improving human monoclonal
antibody production and these are summarized in Table 8. Inevitably the
difficulties experienced have led to an ever increasing interest in the ap-
plication of recombinant DNA techniques to the development of therapeuti-
cally useful monoclonal antibodies (reviewed by Larrick and Fry 1991;
Winter and MiLsteiN 1991). Initially this centred on the production of

Table 8. Strategies for improving human monoclonal antibody production

Improved immunization procedures
In vivo, e.g., better immunogens and adjuvants, optimizing bleed times
SCID mice, e.g., improving take of xenografts, optimizing immunization schedules
In vitro, e.g., optimizing antigen dose, improving presentation, removal of
suppressor/cytoxic cells, use of cytokines
Improved selection of B cells
Use of lymphoid tissues other than blood
Enrichment of specific B cells
Selection of cells of appropriate differentiation and proliferation status
Improved immortalization procedures
Optimisation of existing technologies
Development of better fusion partners
Use of more efficient fusion procedures, e.g., electrofusion
Use of alternative immortalization strategies, €.g., transfection
Improved cloning procedures
Use of alternative cloning techniques, e.g., micromanipulation, fluorescence
activated cell sorting
Use of recombinant growth factors, e.g., IL-2, IL-6
Elucidating factors affecting proliferation and differentiation of B cells in B cell lines
Expression of receptors for cytokines
Effects of exogenous cytokines
Studying factors regulating immunoglobulin synthesis and secretion
Expression of immunoglobulin
Influence of regulatory genes
Secretory mechanisms
Application of recombinant techniques
Cloning and expressing human antibody genes
Cloning and expressing genes for chimeric (rodent/human) and antibody-
nonantibody hybrids
Production of site-directed antibody mutants
Transfecting cell lines with genes for appropriate growth factors, etc.
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chimeric antibodies generated by linking the genes coding for the entire
variable region of rodent monoclonal antibodies to those coding for human
constant region domains. This strategy has permitted the production of
therapeutic antibodies of reduced immunogenicity and improved Fc mediated
effector functions. Further improvements have resulted from the insertion of
gene sequences coding for the hypervariable region of rodent monoclonal
antibodies onto an entirely human framework. These strategies will be
discussed elsewhere in this volume.

2. Repertoire Cloning

More recently techniques have been developed which enable the direct
cloning and expression of human monoclonal antibody fragments (Burton
1991; Winter and MiLsTteiN 1991). These procedures permit the rapid iso-
lation and expression of specific human antibody genes from small numbers
of lymphocytes. As will be seen later these procedures have been made
feasible by a number of technical developments. These include the poly-
merase chain reaction, which permits rapid amplification of nucleic acids;
expression systems, which enable the display of functional antibody frag-
ments on the surface of filamentous phage (CrisweLL and McCAFFERTY
1992) and rapid screening techniques.

3. Combining Cell and Gene Cloning Technologies

While these various recombinant approaches will undoubtedly be more
widely used in the future it could be argued that the successful development
of clinically useful human monoclonal antibodies will be most readily
achieved by a combination of cell and gene cloning strategies. This combined
approach has already been used to rescue specific antibody genes (LEwis et
al. 1992), enhance their expression (GILLIES et al. 1989; NAKATANI et al.
1989) and to effect an isotype switch (Kamori et al. 1988). It could obviously
be profitably extended to existing human cell lines secreting antibody of
proven specificity and to others which might be developed in the future.
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CHAPTER 2
Recombinant Therapeutic
Human Monoclonal Antibodies

J.W. Larrick and R. BALINT

A. Therapeutic Human Monoclonal Antibodies

Cell fusion techniques have made the generation of rodent monoclonal
antibodies (MABs) a routine endeavor (KoHLER and MILSTEIN 1975). As
early as 1975 the first investigators of this technology recognized the ther-
apeutic and industrial potential of MABs, particularly human monoclonal
antibodies (huMABs), yet 18 years later only OKT3 — an anti-T lymphocyte
antigen (CD3) murine MAB — is a licensed drug. There are two reasons for
this apparent lack of progress: target selection and technical difficulties.
Despite this modest beginning a large number of MABs generated primarily
by cell fusion are in clinical development (see below). Recent advances
using recombinant DNA technology have alleviated many of the technical
problems with cell fusion and will accelerate the development of therapeutic
huMABs (Larrick et al. 1987).

What are reasonable therapeutic targets? Table 1 provides a useful
classification of therapeutic MABs. A number of first generation targets
have been replacement therapy for antisera used for infectious diseases or
their toxins. Antibodies have permitted the testing of many novel therapeutic
concepts such as inhibition of specific cell adhesion or clotting and comple-
ment proteins. Whether monoclonals or other pharmaceuticals are ultimately
developed for these targets will depend upon the specific target. For ex-
ample, although anti-tissue factor antibodies demonstrated the value of this
approach to limit lipopolysaccharide (LPS)-induced microvascular coagu-
lation, organic inhibitors of tissue factor have already been identified by
Merck Sharp and Dohme laboratories and others. Thus under certain cir-
cumstances antibodies have demonstrated a therapeutic concept that is best
fulfilled by other types of pharmaceuticals.

Passively administered human antisera against a variety of specific anti-
gens are commonly used (for reviews see LARRICK 1989, 1990; Larrick and
Fry 1991a). huMABs that recognize many of these antigens have been
produced, and will probably augment or replace pooled antisera in the near
future (see Table 4). Problems related to contamination of pooled globulins
by infectious agents, e.g., human immunodeficiency virus (HIV), hepatitis
viruses, cytomegalovirus, and various as yet undescribed retroviruses, the
diminished availability of serum donors, and the relative ease of reproducible
huMAB manufacture favor the development of rMAB technology.
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Table 1. Classification of therapeutic antibodies

Antibodies as ““‘antibodies”
Replace passive immunotherapy
Toxins, endotoxins
Infectious agents
Old agents: influenza, RSV, pneumococcus
New agents: hepatitis C virus, HIV
Testing of novel therapeutic concepts
Cell adhesion (CD18/CD11 etc.)
Initiation of clotting (a tissue factor)
Cell type-specific (CD3, CD4, etc.)
Complement activation (aC5a)
Novel uses
Growth factor mimetics
Manipulation of sub-subpopulations of cells (e.g., CD28, B7, B cell-specific CD5)
Bispecific antibodies
Catalytic antibodies
Immunoadhesins/immunoconjugates

huMABs are preferred for therapeutic use and will minimize the prob-
lems encountered when administering a foreign animal MAB (e.g., anaphy-
laxis, clinical manifestations of immune complex formation, and reduced
efficacy secondary to anti-antibodies). In well over half of the patients treated
to date with murine MABs, the human anti-mouse antibody (HAMA)
response limited their effectiveness (SCHROFF et al. 1985). Only a fraction of
the anti-mouse immune response is directed to the variable region (idiotype)
of the rodent immunoglobulins. This suggests that huMABs will be more
effective therapeutic molecules than their rodent counterparts. Preliminary
pharmacokinetic studies with huMABs demonstrate the superiority of these
molecules over foreign (mouse) MABs (McCAaBE et al. 1989; MAsUHO et al.
1990). The first approach to eliminating the immunogenicity problem was
to construct recombinant human-mouse chimeric MABs. Recently this
approach has been completely replaced by complementarity determining
region (CDR)-grafted or humanized antibodies (see below).

huMABs are more likely to have species-specific carbohydrates which
may be important in a number of effector functions, such as Fc receptor-
mediated antibody-dependent cellular cytotoxicity (ADCC), complement
activation, and phagocytosis (Nose and WiGzeLL 1983). Serum half-life and
effector functions of immunoglobulin subclasses are very important for de-
signing the optimal anti-infectious disease MAB therapeutic.

rMABs have several attractive advantages over conventional phar-
maceuticals (Table 2). These proteins can be generated with exquisite selec-
tivity and specificity in a short period of time. Antibodies have multiple
effector functions in addition to their antigen-combining abilities. This
permits the design of molecules capable of performing complex tasks in-
volving host cells and other host mediator functions. Antibodies have a long
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Table 2. Advantages of recombinant monoclonal antibodies therapeutics over con-
ventional pharmaceuticals

Generation of molecules with exquisite selectivity and specificity in a short period of
time

Multiple effector functions: design of molecules with complex functions involving
host cells and other host mediator functions

Long serum half-life: prophylactic treatment

Specific recombinant monoclonal antibodies generated more rapidly and with far less
effort than synthesis of conventional organics: possible to test if neutralization of a
given mediator or removing a cell type has therapeutic benefits with less effort
than that required to generate organic receptor antagonists

Types of drug toxicity
Mechanism based
Nonmechanism based (e.g., metabolites): not exhibited by antibodies

Table 3. Limitations of recombinant mono-
clonal antibodies as pharmacological agents

Protein composition
Immunogenicity

Tissue distribution, Mr
Parenteral administration
Target heterogeneity
Cost

serum half-life. This facilitates prophylactic treatment of at-risk patients.
Finally, specific MABs can be generated more rapidly and with far less ef-
fort than that required for synthesis of conventional, low molecular weight,
organic molecules. This final point is worth emphasizing. As noted above
generation of MABs to remove a cell type or neutralize a factor requires
much less effort than synthesis of organic receptor antagonists: tMABs
permit rapid testing of a therapeutic concept.

As therapeutic agents, antibodies are not without their problems (see
Table 3). Antibodies are composed of protein; they are potentially immuno-
genic (SHAWLER et al. 1985); they must be given parenterally; and they are
relatively expensive to produce. Many therapeutic antibodies are aimed at
the treatment of acute life-threatening disease. In this case cost may be of
minor importance. The construction of rIMABs will overcome some of these
problems. Production costs of recombinant MABs in some systems (e.g.,
plants) are substantially below those of hybridomas. Table 4 lists most of the
MABs known to be in preclinical and/or in clinical development.

B. Rapid Direct Cloning of Antibody Variable Regions

Despite advances in the in vitro immunization of human B cells (BORRE-
BAECK et al. 1988) and the development of immunodeficient mice (McCUNE
et al. 1988) for the reconstitution of the human immune system ex vivo,
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Table 4. Targets of therapeutic antibodies

J.W. Larrick and R. BALINT

Indication/target Antibody Laboratory Comments
Bacterial sepsis Centoxin Centocor Human MAB-
Ha-1A trioma
ES Xoma Mouse/humanized
Anti-ECA Cetus; Chiron Human MAB-
T88 trioma
Anti-Pseudomonas Scotgen; Cetus;
aeruginosa Cutter; Miles;
Mitsui
Anti-P. aeruginosa Cetus Human
exotoxin A P7E9C7 Takeda Human
Neonatal sepsis BMY-35037 Bristol Myers Squibb
(E. coli, Group B
streptococcus)
Anti-tumor necrosis Cerami Chiron; Cutter;
factor Miles; Bayer
Cen TNF Centocor
CDP571 Celltech
Anti-integrin (cell
adherence) CD18:
1B4 Merck CDR grafted
60.3 Bristol Myers
Squibb
H52 Genentech
Anti-C5a Chiron; Smith Kline =~ Murine Phage
Beecham display
Other infectious agents
Anti-Preumocystis Research
carinii Corporation
Anti-Pneumococcus Yissum
spp-
Adenocarcinoma 88BV59 Organon Technika
Glioma EM Industries
EGF
Solid tumors Rhone Poulenc
EGF receptor Rorer
Breast cancer Genentech (humanized)
HER-2
Chimeric L6 Ixsys, Oncogen,
Bristol Myers
Squibb
Pancarcinoma RE-186 NeoRx Breast, colon,

lung, ovarian,
pancreas,
prostate
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Indication/target Antibody Laboratory Comments
B cell lymphoma IDEC

IDs
Acute myelogenous SKI Protein Design
leukemia Labs

CD33

M195
Colorectal antigen Centocor 37kDa antigen
17-1A
B72.3 (NIH, Schlom) Celltech American Chimeric

Cyanamid
Mucin, colon
(TAG-72)
Melanoma ectodermal Damon Biotech
tumors 14.18 (Scripps,
Reisfeld)
CEA Cytogen; Immuno
medics
CHAZ255 Hybritech-Lilly F(ab)'2, bispecific

CEA-$ glucuronidase Behringwerke AG
Lymphomas Immunomedics

LL2
T cell malignancy Protein Design Labs

IL2 receptor (Tac)
CAMPATHI1 Burroughs-Wellcome
Lewis Y antigen BR96 Bristol Myers Squibb

SDZ ABL 364 Protein Design Labs

Hepatits B

Cytomegalovirus

Respiratory syncytial
virus

Sandoz

Teijin
Takeda

Sandoz

Miles; Teijin
Scotgen

Biotechnology
General

Genelabs

Protein Design

Labs; Scotgen/Smith
Kline Beecham

Scripps

Human MAB-
trioma

Human MAB-P3

Human MAB-
H/H

Human MAB-
trioma

Human MAB

Humanized
mouse

Humanized chimp
Humanized
mouse

Phage library
(human)
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J.W. LARRICK and R. BALINT

Indication/target Antibody Laboratory Comments
HIV Teijin/University of
Arizona; Merck
Sharpe Dohme/
Medimmune
(New York
University):
Repligen; Bristol
Myers Squibb
Varicella zoster virus Sandoz; Teijin;
Genelabs
Herpes simplex Humanized Protein Design Labs
1 and 2 Fd79, gB;
Fd138, gb
Teijin
Sandoz Human-trioma
Rhinovirus (ICAM-1, Merck Sharpe
etc.) Dohme
Parainfluenza Protein Design Labs
Bone marrow OKT3 Ortho; Johnson and
transplantation (graft Johnson Xoma;
vs host disease) Ortho Johnson and
Immunotoxin Johnson
Rheumatoid arthritis, Xoma; Ortho
inflammatory bowel, Johnson and
IDDM Johnson
Immunotoxin
CAMPATH1 Burroughs-Wellcome
CD4 Centocor
Multiple sclerosis Centocor y-interferon
Transplantation OKT3 RW Johnson; Ortho
Biotech; Johnson
and Johnson
IL2 receptor (Tac) Protein Design Labs
(Roche) Immunex
BI-RR1 Boehringer
Ingelheim
CD4 Idec; Becton
Dickinson;
Boehringer
Ingelheim;
Centocor
CD7 SDZ-CHH- Sandoz
380
CAMPATH1 Burroughs-Wellcome
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Table 4. Continued

Indication/target Antibody Laboratory Comments
Cardiovascular Centorex
Platelets
(GPIIb/IIa) Takeda Bispecific
Fibrin/pro-urokinase
Imaging myocardial Myoscint Centocor
infarctions
Myosin
Fibrin
Cancer imaging
CEA Immunomedics Colorectal, lung,
breast
LL2 Immunomedics Lymphoma
88BV59 Organon Teknika Colorectal,
aderno-
carcinoma
Cancer radio-
immunotherapy
G103 Cytogen; Sterling Colorectal cancer
ov103 Cytogen; Sterling Ovarian cancer

LPS, lip_opolysaccharide; ECA, enterobacterial common antigen; CEA, carcino-
embryonic antigen; CDR, complementarity determining region; EGF, epidermal
growth factor; HIV, human immunodeficiency virus; IDDM, insulin-dependent
diabetes mellitus; IL2, interleukin-2

immortalization of antigen-specific human B cells remains the limiting step
in the generation of huMABs. Typically this is performed with the aid of
Epstein-Barr virus transformation followed by subcloning, confirmation of
antigen binding, and hybridization of the B lymphoblasts to suitable fusion
partners such as mouse-human heteromyelomas. This general approach is
effective and widely used; however, it is time consuming and erratic immor-
talization occurs. For this reason, we and others have devised methods to
directly obtain the variable regions from small numbers of human B cells.
Recent developments suggest that recombinant DNA technology can
replace cell fusion as a means of generating MABs (CrisweLL and McCAF-
FERTY 1992). This type of immunoengineering has been made possible by
gene amplification technology, i.e., polymerase chain reaction (PCR). The
concept is quite simple: a mixture of oligomer primers in the 5’ leader
sequences or framework I region combined with 3’ constant region primers
permits the amplification of any immunoglobulin variable region from very
small numbers of cells (LARRICK et al. 1989a,b; CHIANG et al. 1989). Primer
design and other methodological details can be found in other chapters in
this volume and in our previous publications (LARrICK and Fry 1991b). The
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PCR fragments can be directly sequenced and/or ligated into expression
vectors. The method has been used to obtain variable regions of both heavy
and light chains from single human B lymphocytes. It is also possible to
obtain sequences from individual B cells deposited by the fluorescence
activated cell sorter (FACS) into microtiter wells containing carrier RNA
and guanidinium isothiocyanate. Complementary DNA can be synthesized
and amplified by PCR for sequencing. Thus the variable region genes of B
cells can be obtained from in vitro antigen expanded cultures or from
peripheral blood on a suitable day postimmunization. As described in de-
tail below others have reported success using PCR to obtain antibody vari-
able regions for construction of rMABs (OrLanDI et al. 1989; Roux and
DHANARAJIAN 1990) directly from libraries of phage combining heavy and
light chains together artificially in vitro. Thus, the stage has been set for a
new era of rapid progress in understanding and using antibodies.

C. Genetically Engineered
Chimeric Monoclonal Antibodies

I. Chimeric Antibodies

Antibodies are composed of disulfide-linked heavy and light chains each
comprised of variable (V) and constant (C) domains. It is thought that the
most immunogenic portion of antibodies will be the species conserved C
regions. For this reason several laboratories have used recombinant DNA
technology to construct chimeric rodent-human MABs by attaching hu-
man C regions to the rodent V regions (Table 5; MorrisoN et al. 1984;
BOULIANNE et al. 1984; for reviews see MoRrRrisoN and O1 1989). Because the
antibody combining site is localized within the V regions these molecules
maintain their combining affinity for the antigen and acquire the function of
the substituted C regions (STEPLEWSKI et al. 1988; BRUGGEMANN et al. 1987).
Among the first chimeric constructions was a mouse anti-phosphorylcholine
MAB using the S107 myeloma cell line. In another approach the heavy
chain V regions of a monoclonal specific for the hapten azophenylarsonate
was linked to light chain C regions by SHARON et al. (1984). These chimeric
molecules formed hapten-binding light chain dimers.

Although some laboratories have linked variable regions or Fab frag-
ments by biochemical means to human Fc regions (HamMBLIN et al. 1987)
most mouse MABs have been successfully chimerized using recombinant
DNA technology (Table 5). When therapeutic use was intended most in-
vestigators have used the IgG1 constant regions because of its serum half-
life, capacity to fix complement, and bind to Fc receptors. Details of the
therapeutic chimeric antibodies summarized in Table 5 can be found in
Larrick and Fry (1991a).
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Table 5. Therapeutic recombinant chimaeric antibodies

Targets Reference
Hepatitis surface antigen Lret al. (1990)
Human immunodeficiency virus antigen gp 120 Liou et al. (1989); CHIANG et al.
CE7 T lymphocyte antigen HEINRICH et al. (1989)
CD4 Centocor
Cancer antigens
Carcinoembryonic antigen (CEA) BEIDLER et al. (1988); NEUMAIER

et al. (1990); Koga et al.
(1990); HARDMAN et al. (1989)

Ganglioside GD2 MUELLER et al. (1990)
Common acute lymphocytic antigen NISHIMURA et al. (1987); Saca
et al. (1990); YokoyaMa et al.
: (1987)
Multiple drug transporter, P170 Hamapa et al. (1990)
Colorectal antigen 17-1A Sun et al. (1987); SHAw et al.
(1987); FoGLER et al. (1989)
Melanoma (Nrml-05) MARcHITTO et al. (1989)
Tumor associated glycoproteins WHITTLE et al. (1987); Liu et al.
(e.g., B72.6, L6) (1987)
Ovarian cancer GaLLo et al. (1988)
Transferrin receptor Hoocengoow et al. (1990)
Miscellaneous cancer cells Hank et al. (1990); SAHAGAN
et al. (1986)
BR96 Bristol Myers Squibb

1. Summary of Work with Therapeutic Chimeric Monoclonal Antibodies

Many of the above antibodies are in various stages of preclinical develop-
ment. How successful has this first generation of rMABs been? In all cases
the chimeric MAB retained the antigen-binding characteristic of the parental
mouse MABs and in most cases the levels of expression were in the middle
range for hybridomas. In many cases the chimeric MAB had superior activity
in ADCC and other functional activities using human effector cells. At the
present time very little is known about the immunogenicity of chimeric
MABSs, although evidence from rodents (using chimeric rodent MABs)
indicates recipients can still recognize these molecules as non-self. BRUGGE-
MAN et al. (1989) immunized mice with model xenogeneic (both the VH
frameworks and the CH domains of human origin), chimeric (just VH
frameworks human), or self MAB, and the anti-antibody responses were
dissected. Only the self MAB did not elicit an immune response. A strong
response was elicited by the most xenogeneic MAB with approximately 90%
against the C domains and approximately 10% against the V domain. The
anti-V response was not attenuated in the chimeric antibody, demonstrating
that foreign VH frameworks can be sufficient to lead to a strong anti-
antibody response. The magnitude of this xenogeneic anti-VH response was
similar to that of the allotypic response elicited by immunizing mice of the
Igha allotype with an Ighb antibody. Thus, although chimerization can
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diminish anti-antibody responses, there is reason to believe that chimeric
MABs will be immunogenic in immunocompetent human patients. Recent
data from LoBuglio et al. (this volume) suggest that some V regions are
immunogenic (possibly possessing helper T cell epitopes) whether they are
in the original mouse MAB or chimerized or humanized (see below).

II. Recombinant Conjugates and Fusion Proteins

Antibodies provide an appealing method to deliver specific drugs or toxins
(EpENETOS et al. 1986; VITETTA et al. 1983); however, this large area of
investigation is beyond the scope of this discussion. Nonetheless, it should
be pointed out that many of the problems encountered with synthesis of
these molecules, size of conjugates, and biodistribution may be addressed by
rMABs. Construction of antibody fragments for conjugation to toxins or
other molecules is a particularly appealing strategy. The generation of
bispecific MABs is another important strategy to overcome some of the
problems associated with first generation immunoconjugates.

1. Immunotoxins

CHAUDHARY et al. (1989) constructed and expressed in Escherichia coli a
single chain antibody toxin fusion protein, anti-Tac(Fv)-PE40, in which the
V regions of anti-Tac, were joined in peptide linkage to PE40, a modified
form of pseudomonas exotoxin lacking its binding domain. Anti-Tac(Fv)-
PE40 was very cytotoxic to two interleukin-2 (IL-2) receptor-bearing human
cell lines but was not cytotoxic to receptor-negative cells. This same group
developed a strategy using PCR to rapidly clone antibody-toxin conjugates
(CHAUDHARY et al. 1990). Clones encoding recombinant single chain im-
munotoxins (using MAB OVB3 that recognizes ovarian cancer cells) were
expressed in E. coli and the protein product bound to and killed cells
bearing the OVB3 antigen. RyBak et al. (1992) have constructed immuno-
toxins with angiogenin.

2. A Recombinant Monoclonal Antibody Linked to Tissue-Type
Plasminogen Activator

ScHNEE et al. (1987) constructed a tissue-type plasminogen activator (t-PA)
fusion protein with a MAB specific for the fibrin § chain (anti-fibrin 59D8).
This produced a thrombolytic agent that is more specific and more potent
that t-PA alone. The rearranged 59D8 heavy chain gene was cloned and
combined in the expression vector pSV2gpt with sequence coding for a
portion of the y 2b constant region and the catalytic f chain of t-PA. This
construct was transfected into variant cells that lacked heavy chain and
which were derived from the 59D8 hybridoma. The cells produced a 65kDa
heavy chain-t-PA fusion protein that was secreted in association with the
59D8 light chain in the form of a 170kDa disulfide-linked dimer. Chromo-
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genic substrate assays showed the fusion protein to have 70% of the pep-
tidolytic activity of native t-PA and to activate plasminogen as efficiently as
t-PA. In a competitive binding assay, reconstituted antibody was shown to
have a binding profile similar to that of native 59D8. This hybrid protein was
thus capable of high-affinity fibrin binding and plasminogen activation.

3. T Cell Receptor Conjugates

A secreted soluble form of the V domain of a human T cell receptor a chain
was constructed from the V a region of the T cell receptor of a diphtheria
toxoid-specific human T cell clone fused to a human immunoglobulin « light
chain C region (Martuzza and WINTER 1989). Myeloma cells transfected
with this chimeric protein secreted a noncovalent homodimer of 65 kDa. The
V a C « protein is extensively glycosylated, and its secretion is glycosylation-
dependent. Chimeric genes containing the V f region of this particular T cell
receptor linked to immunoglobulin C x or C y 2 regions were expressed
intracellularly, but the products, although glycosylated, were not secreted
nor did they assemble with the V a C x protein. Thus the chimeric f chain
immunoglobulin proteins were incorrectly folded and/or processed due
either to the design of the gene fusions themselves or to the absence of vital
T cell-specific accessory molecules in the myeloma cells. GASCOIGNE et al.
(1987) described a chimeric gene construct containing a T cell receptor a
chain V domain and the C region coding sequences of an immunoglobulin y
2a molecule. Cells transfected with the chimeric gene synthesized a stable
protein product that expressed both immunoglobulin and T cell receptor
antigenic determinants and protein A binding sites. The T cell receptor V
gene in the same construct was neither assembled nor secreted with the 4
light chain and, when expressed with a C x region, it did not assemble with
the chimeric V a C y 2a protein. Thus not all T cell receptor V regions are
similar enough to immunoglobulin V regions for them to be completely
interchangeable.

4. Growth Factor Conjugates

SHIN and MorrisoN (1990) replaced the C region of a chimeric mouse-
human IgG3 anti-dansyl antibody with insulin-like growth factor 1 (IGF1).
The chimeric heavy chain was expressed with an anti-dansyl-specific chimeric
x light chain. The IgG3-IGF1 chimeric protein retained its specificity for the
dansyl antigen. The chimeric MABs bound to the IGF1 receptors of human
lymphoblast IM-9 with reduced affinity and elicited increased glucose and
amino acid uptake in human KB cells (with reduced specific activity vs
IGF1). It was hypothesized that the reduced affinity and biologic activity
resulted from the presence of the unprocessed IGF1 moiety, the large size of
the IgG3-IGF1 chimeric protein (160 kDa) compared with IGF1 (7 kDa), or
three amino acid substitutions in rat IGF1 compared with human IGF1,
which may lead to decreased affinity for the human IGF1 receptor.



34 J.W. Larrick and R. BALINT

5. Other Fusion Proteins

The basic chimeric technology has been applied to the generation of
immunoglobulin fusion proteins: immunoglobulin-CD4 (ZETTLMEISSL et al.
1990), photoprotein aequorin and an anti-4-hydroxy-3-nitrophenacetyl MAB
(CasapEi et al. 1990), and a MAB-Klenow enzyme conjugate. The photo-
protein aequorin and an anti-4-hydroxy-3-nitrophenacetyl antibody gene has
permitted the development of a sensitive luminescent immunoassay. The
serum half-life of soluble CD4 was substantially prolonged by fusion of this
immunoglobulin-like molecule to immunoglublin heavy chains. Different
chimeric antibody-like molecules, consisting of the four human CD4 extra-
cellular domains (amino acids 1-369), fused to different parts of human
IgG1 and IgM heavy chain C regions lacking the CH1 domain of the heavy
chain C region. The chimeric molecules were potent inhibitors of HIV in-
fection and HIV-mediated cytotoxicity. A CD4:1gG1 hinge fusion protein,
which was analyzed in more detail, bound efficiently to HIV gp160 and
human Fc receptors and showed complement-assisted inhibition of viral
propagation in culture. Half-life studies after intravenous application of the
latter human fusion protein into mice and monkeys showed significant
prolongation of serum survival compared to soluble CD4. An IgG2b murine
homologue of the human CD4:1gG1 hinge fusion protein was prepared and
evaluated in mice, where it was found to be nontoxic and to have no
detectable effect on the humoral response to soluble antigen. WILLIAMS
and NEUBEUGER (1986) constructed a hapten-specific MAB/enzyme hybrid
molecule, in which the antibody Fc portion was replaced by the Klenow
fragment of E. coli DNA polymerase I (Pollk). This Fab-Pollk hybrid
molecule was secreted in good yield from the myeloma transfectants, could
be purified to homogeneity in a single step on hapten-Sepharose columns,
and exhibited Pollk activity as judged by its use in dideoxynucleotide
sequencing.

6. Antibody-Enzyme Conjugates for Cancer

Chemoimmunoconjugate drug loading, even when using linkers such as
dextran or albumin, appears to be limited to less than 100 drug molecules/
antibody (YEH et al. 1992; TrouUET et al. 1982; SHEN et al. 1986). Hence
insufficient drug may be internalized to totally eradicate the tumor. An
alternative approach is to utilize an enzyme conjugate to generate a large
number of active drug molecules at the tumor site. Activated prodrugs have
a low molecular weight and can diffuse more readily into the tumor mass
(Jan 1990). Chemoimmunoconjugates are also difficult to standardize and
require extensive characterization, a disadvantage overcome by genetically
engineered MABzymes. A major advantage of enzymatically converting a
prodrug to an antineoplastic drug in tumor cells but not in normal tissues is
to increase the specificity and lower the toxicity of cancer chemotherapy.
Several conditions must be met for this strategy to be feasible: (a) the
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prodrug should be less toxic than the corresponding parent compound; (b)
the prodrug must be converted under defined conditions into the active
parent compound; and (c) tumor and normal cells should display sufficient
differences in the cellular property used to activate prodrug to parent drug.
MAB-enzyme conjugates have been pursued by SENTER et al. (1988, 1989),
who demonstrated regression of human lung adenocarcinoma xenografts in
nude mice treated with MAB-alkaline phosphatase conjugates followed by
mitomycin phosphate administration. Phosphorylated prodrug alone and in
combination with a control MAB-alkaline phosphatase also delayed tumor
growth. The same group (KERr et al. 1990) also described the activation of a
doxorubicin prodrug with a MAB-penicillin-V-amidase conjugate and the
conversion of 5-fluorocytosine into the antineoplastic agent 5-fluorouracil by
a cytosine deaminase-MAB conjugate (SENTER et al. 1991). BAGSHAWE et al.
(1988) have developed glutamic acid prodrugs which can be converted to
bis-chlorobenzoic acid mustards by carboxypeptidase G2. These prodrugs
were able to inhibit or eliminate human choriocarcinoma or colon carcinoma
xenografts in nude mice after treatment with antibody-carboxypeptidase
G2 conjugates. A cephalosporin-Vinca alkaloid prodrug activated by a f-
lactamase-antibody fragment has also been described (SHEPHERD et al. 1991).

D. Reshaped or Composite Antibodies

The laboratory of Winter has pioneered a more sophisticated approach for
construction of human antibodies from rodent monoclonals by splicing the
rodent hypervariable CDRs onto human V framework sequences (Table 6).
Short of deriving a human MAB from an immune human B cell this is about
as “humanized” as a rodent monoclonal can become using rDNA tech-
nology. This is feasible because the antibody combining site is constructed
from several hypervariable regions held together to form the antigen binding
cleft by a B-sheet comprised of framework sequences. The first of these
“composite” monoclonals was constructed by grafting the CDRs from the
heavy chain V region of mouse antibody B1-8, which binds the hapten NP-
cap (4-hydroxy-3-nitrophenacetyl caproic acid; KNP-cap = 1.2 M), onto a
human myeloma protein (JoNEs et al. 1986). In combination with the B1-8
mouse light chain, the new antibody acquired the hapten affinity of the
B1-8 antibody (KNP-cap = 1.9uM). The affinity of a second composite
MAB was less than the parent murine MAB (VERHOEYEN et al. 1988).

The rat anti-CAMPATH-1 monoclonal (RIECHMANN et al. 1988) recog-
nizes a glycoprotein (CDw52) expressed on virtually all human lymphocytes
and monocytes, but is absent from the hematopoietic stem cells. Depletion
of cells bearing this antigen appears to be an important therapeutic approach
for control of graft vs host disease in bone marrow transplantation, preven-
tion of bone marrow and other organ rejection episodes, and for treatment
of various lymphoid malignancies (WaLDMANN et al. 1988). The six hyper-
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Table 6. Humanized murine monoclonal antibodies

Concept

NIP JoNEs et al. 1986

Lysozyme VERHOEYEN et al. 1988
Immunomodulatory

Campath-1 (CDW52) REICHMANN et al. 1988

CD3 (OKT3) WOooDLE et al. 1992

CD4 GormaN et al. 1991

IL6 TsucHiya et al. 1992

CD18 (60.3) Hsiao et al. 1992

ICAM-1 (CD54) MIGLIETTA et al. 1992

IL2 receptor (Tac) QUEEN et al. 1989; JUNGHANS et al. 1990
Cancer

CEA Gussow and SEEMANN 1991

HER?2 (p185) CARTER et al. 1992

7-1a Centocor

B72-3 NIH

EGR receptor KETTLEBOROUGH et al. 1991

CD33 Co et al. 1992

Lewis Y (SDZ ABL 364) LoIBNER et al. 1992
Anti-infectious

E5 (anti-LPS) Xoma

Hepatitis Scotgen

Respiratory syncytial virus TeMPEST et al. 1991

Cytomegalovirus Scotgen

Herpes simplex virus Co et al. 1991

HIV MAEDA et al. 1991

Tetanus toxin LARrICK et al. 1993

variable regions from the heavy and light chain V region domains of the rat
antibody grafted onto the framework regions of a human IgG1 antibody
yielded a “reshaped” human MAB with effector functions equal to (comple-
ment fixation) or better than (cell-mediated lysis of human lymphocytes) the
parent CAMPATH-1 monoclonal. In the inital clinical trials this pioneer
reshaped antibody eliminated large numbers of tumor cells, resulting in
disease remission for patients with non-Hodgkin’s lymphoma. Significantly,
there was no antiglobulin response in these patients (HALE et al. 1988).
The Mr 55000 IL-2 receptor peptide (Tac; CD25) is not expressed by
normal resting T cells but is markedly up-regulated in adult T cell leukemia
and other malignancies, and on T cells activated in normal immune, auto-
immune, allograft, and graft vs host settings. Anti-Tac is a mouse MAB
directed against the Tac peptide. This inhibits proliferation of T cells by
blocking IL-2 binding. Early attempts to use this MAB in humans for
antitumor therapy and immune regulation were limited by weak recruitment
of effector functions and neutralization by antibodies to mouse immunoglo-
bulins. QUEEN et al. (1989; JUNGHANS et al. 1990) humanized the anti-Tac
antibody using human framework and C regions. The human framework
regions were chosen to maximize homology with the anti-Tac antibody
sequence. A computer model of murine anti-Tac was used to identify several
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amino acids which, while outside the CDRs, were likely to interact with the
CDRs or antigen. These mouse amino acids were also retained in the
humanized antibody. The composite anti-Tac antibody was shown to have
an affinity for p55 of 3 x 10° M~!, which is about one third that of murine
anti-Tac. Furthermore, the composite Tac rIMAB blocked T cell activation
and facilitated ADCC with human effector cells.

Respiratory syncytial virus (RSV) is a major cause of acute respiratory
morbidity and mortality particularly among young children. When TEMPEST
et al. (1991) directly transferred the CDRs of a neutralizing anti-RSV
murine MAB into a human IgG1l framework binding activity was lost.
Binding activity and neutralizing capacity were restored when murine amino
acids 91-94 were used to replace the corresponding human framework
amino acids.

Two major approaches to humanization have emerged from this work.
The first case, pioneered by Queen et al. at Protein Design Labs, relies
on choosing human framework regions most homologous to the murine
sequences. Murine amino acids that contact the CDRs are also transferred
into the human frameworks. In addition unusual amino acids in the human
frameworks are replaced with consensus human amino acids. In an alter-
native approach, taken by TEMPEST et al. (1991) at Scotgen, a particular
human framework is used as the basis to reshape all MABs.

It should be noted that even fully humanized murine MABs may be
immunogenic. Although limited studies have demonstrated that chimeric
mouse-human antibody 17-1A was less immunogenic in humans than the
parent mouse monoclonal (KHAZAELI et al. 1988), more studies will be
required to determine how much of a problem the human anti-idiotype
response will be. In principle, the idiotype of a reshaped recombinant
monoclonal could be changed by altering the CDRs or framework regions
(Foote and WinTER 1992). However, grafting the CDRs into several cas-
settes might focus the immune response onto the combining site. This might
be one method to potentiate development of effective anti-idiotype vaccines.

E. Immortalization of the Immunoglobulin Repertoire
Using rDNA Technology

Warp et al. (1989) used PCR primers flanking the V regions to construct
libraries of VH genes from spleen genomic DNA of mice immunized with
either lysozyme or keyhole-limpet hemocyanin (KLH). From these libraries,
VH domains were expressed and secreted from E. coli. Binding activities
were detected against both antigens, and two VH domains were charac-
terized with affinities for lysozyme in the 20 nM range. These isolated single
domain antibodies were called “dAbs.” The immortalization of an entire
antibody repertoire laid the groundwork for an enormous technical advance,
the construction of whole synthetic antibodies independent of hybridomas.
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F. Recombinatorial Antibody Libraries

As noted above, the capacity of PCR to amplify essentially any V region
permits the simultaneous amplification and subsequent cloning of an entire
library of heavy and/or light chain V regions. This revolutionary finding
means that rMABs can be constructed without resort to hybridoma tech-
nology. Several groups have produced recombinant libraries in E. coli using
phage. In one case heavy chains were amplified by PCR primers flanking
the V regions and demonstrated to possess antigen-binding activity in the
absence of light chains (Gussow et al. 1989).

Husk et al. (1989) described a technique for the generation of recom-
binant libraries encoding the entire antibody repertoire. PCR primers
flanking the V regions are used to amplify V regions combined with expres-
sion of Fab fragments in E. coli. Heavy and light chains can be expressed
in separate vectors and recombined artificially in vitro. The recombinants
release Fab fragments into the periplasmic space. Hence the recombinants
can be screened directly for antigen-binding fragments in the same manner
as a conventional A gtll library is screened with antibody.

MuLLINaX et al. (1990) were the first to apply this technology to a
clinically relevant human antibody. They immunized volunteers with tetanus
toxoid. mRNA was prepared from lymphocytes harvested 6 days post-
immunization. The mRNA was converted to cDNA using light or heavy
chain primers. PCR primers were then used to amplify immunoglobulin H
or L chain sequences with sets of primers hybridizing to conserved leader
sequences in the 5’ ends and to the 3’ end of the light chain (full length) or
just 3’ to the first cysteine codon in the hinge exon of the H chain. The
product resulted in an Fd fragment of the IgG1 isotype with conservation
of the H-L disulfide bond. These fragments were digested with different
restriction enzymes and ligated into linearized Lambda Zap vectors. The
vectors were constructed to have a ribosome binding site and a pelB leader
sequence. The ligated recombinant phage DNA was then packaged. These
vectors were constructed to permit coligation and generation of heavy-
light chain recombinatorial libraries. Prior to immunization the frequency
of B cells producing anti-tetanus antibody was <1/500000. After immuniza-
tion this rose to as high as 1/3000. In the library that was screened with
radioiodine-labeled tetanus toxoid approximately 0.2% of the clones were
positive. On further examination several of these showed an apparent affinity
of 9 x 108M~! for tetanus. Improvements in this basic technology have
been developed by Stratcyte Corporation (La Jolla, CA) in the form of the
Surf-ZAP vectors that combine the packaging function of A phage with
phage display (see below).

The immunoexpression approach combined with in vitro recombination
of heavy and light chains permits the generation of wholly synthetic anti-
bodies. When the libraries are combined with expression systems a very high
number of clones can be screened in a short period of time. Highly con-
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served antigens, e.g., human antibody fragments, autoantigens or tumor-
associated self-antigens and antigens from toxic or dangerous organisms can
be used to screen libraries to generate therapeutic human rMABs using this
technology. In principle it should be possible to immortalize the entire
antigen combining repertoire and many novel recombinants not present in B
cells, i.e., heavy and light chains not normally associated in vivo. Libraries
can be generated at different time points, from different lymphoid organs,
and after different immunization strategies. This important advance will
facilitate studies of the antibody network and immunoglobulin development,
the immune response, B lymphoma carcinogenesis, etc.

G. Phage Antibody Libraries:
Wholly Synthetic Monoclonal Antibodies

Libraries in which antibodies are displayed on the surface of filamentous
bacteriophage offer a number of important advantages over the E. coli
expression libraries discussed above (Table 7). SmitH (1985) and coworkers
(PARMLEY and SmitH 1988; Scort and SmitH 1990) pioneered the expression
of peptide “‘epitope” libraries on the surface of fd phage by genetically
engineering random peptides into the NH,-terminal domain of the phage
gene III protein. Several copies of this protein located at the tip of the
phage mediate its attachment to the E. coli F pilus, whereupon infection is
initiated. PARMLEY and SmitH (1988) showed that fusion of heterologous
domains to the NH,-terminal of the gene III protein does not significantly
impair its function and furthermore that such domains are accessible to
exogenous ligands. Populations of phage expressing as many as 1 x 10°

Table 7. Therapeutic phage-derived monoclonal antibodies

Cencept

NIP/pOX HooGenBooM and WINTER 1992;

CLAcksoON et al. 1991;

Lysosome, BSA, etc. MaRKs et al. 1991

Blood group antigens (B,D,E, etc.) HooGensoow et al. 1992
Immunomodulatory

C5a AMES et al. 1992

Tumor necrosis factor HooGENnBoOM et al. 1992
Cancer

CEA HooGenBooOM et al. 1992

Mucins HooGeENBoOM et al. 1992

EGF receptor KETTLEBOROUGH et al. 1993
Anti-infectious

Tetanus toxin PERssON et al. 1991

Hepatitis B virus ZEBEDEE et al. 1992

Respiratory syncytial virus Barsas et al. 1992a

HIV-1 BurToN et al. 1991; BArsas et al. 1992b

Influenza CaTtoN and Koprowskl 1990
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different epitopes can be generated and ‘“‘panned” against immobilized
ligands to enrich for desired binding specificities. Bound phage may be
eluted, amplified in E. coli, and subjected to successive rounds of panning
until maximum affinity epitopes have been identified. Such libraries have
been used to identify MAB epitopes (e.g., CwirRLA et al. 1990), peptide
mimics of nonpeptide epitopes (DEVLIN et al. 1990; OLDENBURG et al. 1992;
Scortr et al. 1992), alternative ligands for receptors (Scorr and Smita 1990),
and peptide protease inhibitors (ROBERTS et al. 1992).

Recently, McCaFrrerTY et al. (1990) greatly enlarged the versatility of
this technology by demonstrating that antibody fragments encoded at the
NH,-terminal of the gene III protein could be displayed on the surface of fd
phage with full epitope binding activity. This discovery opened a novel route
for the isolation of MABs. Repertoires of antibody V region genes could be
amplified by PCR, as discussed above, and cloned into fd or M13 phage to
be expressed as gene 111 fusions, thus creating large libraries of phage, each
displaying a specific antibody. By panning such libraries against the antigen
of interest binding specificities as rare as one in 107 could be isolated.
Repertoires from a variety of sources have been used with success. For
example, spleens or peripheral blood lymphocytes (PBLs) from immunized
or unimmunized donors may be used. Alternatively, specific V region genes
may be used as templates for artificially creating diversity by error prone
PCR or oligonucleotide-directed randomization. Antibody domains may be
expressed as single chain V regions (ScFv) fused to the gene III protein, in
which heavy and light chain V regions are tethered together by a flexible
linker, or as Fab fragments, in which the heavy chain Fd fragment is fused
to the gene III protein (HooGeENBoOM et al. 1991). For the latter, both chains
are expressed separately from the same cistron as signal peptide fusions
directing them to the periplasmic space of E. coli. Here, they typically
accumulate in concentrations exceeding the association constant of the
heterodimer, thereby allowing appropriate assembly of the two chain anti-
body structure on the phage surface. V region repertoire cloning has recently
been improved by the introduction of phagemid vectors in place of the
original phage genomic vectors (KANG et al. 1991). The greater transforming
efficiency of phagemids permits the construction of large libraries and their
greater stability insures the production of monospecific phage.

Phage libraries expressing repertoires of antibody V regions obtained
from hyperimmunized mouse spleens have yielded MABs with affinities
comparable to those of traditional MABs (CracksoN et al. 1991), while
phage libraries from unimmunized donors have yielded affinities in the
submicromolar range, which is comparable to primary response affinities
(MaRrks et al. 1991). The technology has also been used to rescue antibody
V regions from immunized Hu-SCID mice (DucHosAL et al. 1992). Recently,
Winter and coworkers (Marks et al. 1992) described the generation of
antibodies with nanomolar affinities using phage libraries constructed from a
nonimmunized human repertoire, thus demonstrating the ability of phage
technology to produce human antibodies with therapeutically useful affinities
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without immunization. They constructed a phage library from an unim-
munized human PBL repertoire expressed in single chain form, from which
they isolated a low-affinity antibody to a hapten. They then recombined the
VH domain of this molecule with a VL repertoire from the same donor and
then isolated a higher affinity molecule from the resulting library. The
increased affinities generated by light chain shuffling were attributed to
decreased dissociation rate (“‘off”’ rate) rather than increased ‘‘on” rates.
This was accomplished by preloading phage with biotinylated antigen and
then diluting into excess unlabeled antigen for varying times prior to capture
on streptavidin-coated paramagnetic beads. The gene fragment encoding VL
plus VH CDR3 from the highest affinity phage arising from light chain
shuffling was then recombined with a repertoire of VH minus CDR3 from
the same donor, since CDR3 usually makes the most extensive contacts with
antigen. From this library 90 clones were isolated with higher affinities than
the parent, the best of which had a Kd of 1.1nM, 320-fold lower than that of
the initial antibody. Thus, using chain shuffling alone, Winter and coworkers
were able to mimic affinity maturation in vitro. However, in view of the
known differences in immunogenicity between haptens and proteins, it
remains to be shown that such an approach can produce high-affinity anti-
bodies to therapeutic targets.

Random mutagenesis of V regions in vitro has also been used to gen-
erate phage libraries from which improved affinities could be isolated.
Winter and coworkers (HAWKINS et al. 1992) achieved a fourfold improve-
ment of a hapten-binding antibody by limited randomization (about 1.7
bases per VH) using error prone PCR. Using oligonucleotide-directed
randomization, BArBAS et al. (1992¢) constructed a Fab phage library con-
taining 5 X 107 heavy chain CDR3 variants of a human anti-tetanus toxoid
antibody. This library rivals in size the naive mouse repertoire, which can
recognize a seemingly unlimited number of antigens. From this library they
isolated fluorescein-binding Fabs with 100- to 1000-fold greater affinity than
the parent antibody. Thus, from the successes that have been achieved thus
far using phage selection technology along with chain shuffling and random
mutagenesis to enhance natural antibody diversity, it is likely that therapeutic
huMABs can be produced entirely in vitro from naive human repertoires.
This should include huMABs directed against self or other nonimmunogenic
antigens. Preliminary work in this direction has been reported by HooGEN-
BooM and WINTER (1992). Phage selection technology should also be able to
facilitate both humanization of therapeutically promising murine MABs and
alterations of specificity and improvement of selectivity of other therapeu-
tically promising MABs.
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CHAPTER 3
Transgenic Approaches to Human
Monoclonal Antibodies

N. LoNBERG

A. Introduction

Monoclonal antibodies (MoAbs), which combine high specificity and low
toxicity, would seem to be ideal candidates for Ehrlich’s “magic bullet.”
However, despite the widespread use of one MoAb product (GOLDSTEIN
et al. 1985), antibodies in general have not lived up to their initial expec-
tations. This is in part due to the intrinsic immunogenicity of nonhuman
antibodies. The most commonly used technique for generating MoAbs
employs rodent B cells, and patients respond to therapeutic doses of rodent
monoclonals by making antibodies against the rodent immunoglobulin
sequences. These human anti-mouse antibodies (HAMASs) can neutralize
the therapeutic antibodies, leading to a shorter in vivo half life and reduced
effectiveness (TsaNDRA et al. 1990), thus motivating a search for ways to
generate human MoAbs. One potential route involves manipulating the
mouse genome to create mice with transplanted human immunoglobulin
genes and a human antibody repertoire. This is made possible by techniques
developed over the last decade. In 1980 Gordon et al. reported a method for
the incorporation of cloned DNA sequences into mouse embryos; the re-
sulting transgenic mouse carries the foreign DNA within its own genetic
material and passes it on to its offspring. The procedure was quickly used to
generate strains of mice expressing light (BRINSTER et al. 1983) and heavy
(GrosscHEDL et al. 1984) chain immunoglobulins encoded by cloned genes.
By 1985 Alt et al. proposed that it might be possible to use this technology
to engineer a mouse that would respond to antigen with human sequence
antibodies. The authors conceded that this scheme was “conceptually out-
landish”, but that it ““‘may actually be realized in the not too distant future”.
Eight years later we appear to be close to that realization; however, because
such a mouse has not yet been used to generate human MoAbs for ther-
apeutic use, it remains a largely theoretical construct. I will therefore review
some of the technological considerations necessary for an evaluation of the
feasibility of this scheme.
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B. Competing Technologies for the Generation of
Therapeutic Antibodies

What are the currently available methods for generating human MoAbs, and
is there a need for new technologies such as a human antibody transgenic
mouse? Present technology for generating MoAbs involves preexposing an
animal (usually a rat or mouse) with antigen. This preexposure leads to the
formation of splenic B cells that secrete immunoglobulin molecules with
high affinity for the antigen. The spleen cells are then fused with myeloma
cells to form immortal, antibody secreting, hybridoma cell lines (KOHLER
and MiLsteIN 1975). Individual hybridoma clones are screened to identify
those cells producing immunoglobulins directed against a particular antigen.
Ideally, any new technology for generating human MoAbs should be no
more difficult to use than the current methodology for producing rodent
monoclonals. However, obtaining human sequence MoAbs has proved to be
far more difficult than obtaining rodent MoAbs. Human hybridomas are
more difficult to generate and maintain than rodent hybridomas, human
subjects cannot be immunized and manipulated like laboratory mice, and
humans are intrinsically tolerant to many of the human antigens that re-
present potential therapeutic targets. As a result no single technology has
emerged for making human antibodies, and several competing systems are
under development. These technologies can be grouped into four basic
strategies: (1) find a human B cell that produces the right antibody; (2) start
with a nonhuman antibody and make it look as human as possible; (3) start
from scratch and use the powerful screening methods developed by molecu-
lar biologists to select the right antibody from an essentially random col-
lection of synthetic sequences; and (4) transplant human immunoglobulin
genes into a mouse, let the mouse immune system generate high affinity
antibodies, and isolate human, antibody secreting, mouse hybridomas by
conventional methods.

All of these strategies have potential disadvantages. The first strategy,
direct isolation from human B cells, includes several different methods of
obtaining cells and several different methods of immortalizing the cells
or isolating the antibody genes. Antibody producing cells can be directly
isolated from human subjects or from immunodeficient mice that have been
xenografted with human immune tissue and then exposed to antigen (LUBIN
et al. 1991), or generated by in vitro affinity maturation (BoRREBAECK 1988;
BAaNCHEREAU et al. 1991; BANCHEREAU and Rousser 1991). These human B
cells can then be directly immortalized with Epstein-Barr virus or fused with
a myeloma line to form a hybridoma (James and BEirLi 1987; THompsoN
1988), or the antibody genes isolated by molecular cloning (DucHosoL et al.
1992). Recent advances have been made in molecular cloning with the
development of new expression vectors for antibody variable region cDNA
sequences (OrLANDI et al. 1989; Husk et al. 1989; CracksoN et al. 1991;
KANG et al. 1991). Random heavy and light chain variable region sequences
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derived from donor RNA can be expressed together on the surface of a
single bacterium or bacteriophage, and the resulting specificity of these
cloned sequences used to isolate individual clones. It appears that the
repertoire expressed by these so-called combinatorial libraries is very similar
to the original repertoire of the RNA donor (CatoN and Koprowski 1990),
which makes them useful for isolating human sequences encoding pre-
existing specificities from human B cells. Using this technique, DucHoSOL et
al. (1992) were able to obtain tetanus toxoid specific, human antibody Fab
fragments with apparent affinities in the 107-107° range from human
peripheral blood lymphocyte (PBL) xenografted immunodeficient mice. All
of the steps involved in isolating human sequence antibodies directly from
human B cells are technically challenging. This strategy may also be parti-
cularly ineffective for generating antibodies against human immune cell
surface proteins, which are unlikely to be recognized by human B cells.
The second strategy — engineering of existing nonhuman antibodies by
grafting antigen recognition sequences from a characterized monoclonal
onto framework sequences from a human antibody — is being widely pursued
and has generated several different molecules that are now in preclinical and
clinical trials (HALE et al. 1988; QUEEN et al. 1989). Drawbacks of this
approach include potential loss of affinity, retention of antigenic nonhuman
sequences, and the time involved in individually “humanizing” candidate
rodent antibodies. A promising variation on this theme involves starting
with an ‘‘almost-human” antibody. Immunoglobulins from nonhuman
primates are very close in sequence to human immunoglobulins and are
presumably less immunogenic than rodent proteins. NEwMAN et al. (1992)
used this technique to generate a chimeric antibody consisting of cynomolgus
monkey heavy and light chain variable region sequences fused to human A
and IgG1 constant region sequences. The resulting monoclonal is similar to
consensus human variable region framework sequences at greater than 90%
of its amino acid residues and binds to human CD4 with an affinity of 3 X
1071, One potential problem with this method is the difficulty of isolating
nonrodent hybridomas. A second potential problem involves the underlying
logic of this approach. If immunoglobulins from a given species are so
similar to human proteins that they do not illicit a human immune response,
this particular species is in turn likely to be tolerant to many human proteins
(or at least individual epitopes) that represent potential therapeutic targets.
The third approach — construction and screening of recombinant libraries
comprising synthetic, or mutated, human variable region sequences — is
derived from the combinatorial library approach discussed above. This
method promises to deliver new antibody specificities by introducing syn-
thetic sequences into cloned variable regions and screening for high affinity
antibodies (BarBas et al. 1992; Gram et al. 1992a; LERNER et al. 1992;
Hawkins et al. 1992; HoocensooM and WINTER 1992). It is basically a
molecular biology analogue of the natural process of B cell affinity
maturation that occurs within germinal centers upon immunization. This
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strategy may be limited by the nature of the screening process, which
requires the antigen to be purified, or abundant, and to be stable under the
conditions of the screen. It also remains to be seen whether or not in vitro
affinity maturation will lead to antibodies with affinities as high as those
generated in vivo.

The last strategy — obtaining human sequence MoAbs from a transgenic
mouse — is the newest and least tested. However, it could solve many of the
problems associated with the methods discussed above. It would be possible
to make human MoAbs using methodologies that are now routinely em-
ployed for producing mouse monoclonals. Furthermore, the transgenic
mouse is not tolerized against human antigens, providing access to this
otherwise unavailable portion of the human antibody repertoire.

C. Origins of Antibody Diversity

To build a transgenic mouse useful for generating human MoAbs it may be
necessary for the inserted transgenes to recapitulate the natural human
immunoglobulin loci’s ability to direct B cell diversity. The next two sections
will discuss the molecular origins of this diversity and the structure of the
human loci that must be mimicked within the mouse.

I. Functional Requirements for a Human Immunoglobulin Transgene

An IgG antibody molecule consists of four polypeptide chains, two identical
light chains and two identical heavy chains, folded into 12 homologous
structural domains (Fig. 1). Each of these 12 domains consists of approxi-
mately 110 amino acids folded into two anti-parallel f-sheets. The antigen
combining site is formed at the interface between the NH,-terminal heavy
chain domain and the NH,-terminal light chain domain. For each of the

Fig. 1. Three dimensional structure of an IgG antibody. The antibody consists of 12
structural domains, each of which comprises a similar folding pattern. This fold is
depicted for one of the variable domains which contacts antigen. Most of the antigen
contacts are contained in the three complimentarity determining regions CDRI, 2,
and 3
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Unrearranged light chain gene:

mRNA

Fig. 2. Genomic organization of unrearranged and rearranged immunoglobulin
genes. Gene segments encoding different portions of the heavy and light chain vari-
able regions are joined during B cell development to generate a primary repertoire

two domains, the residues that interact with antigen are located on three
loops connecting p-strands. These three loops, termed complimentarity
determining regions 1, 2, and 3 (CDRI, 2, and 3), are also the regions
of greatest sequence diversity between different antibody molecules re-
cognizing different antigens. Thus, the antibody repertoire is determined
by sequence diversity at CDRI1, 2, and 3. This diversity is derived from
three sources: recombinational diversity, junctional diversity, and somatic
mutation. Recombinational diversity at CDR1 and 2 comes from the choice
of different V segments containing different CDR1 and 2 sequences. Re-
combinational diversity at CDR3 comes from the choice of different D and J
segments. Light chain CDR3 sequences are formed by gene rearrangements
that bring together light chain V and J segments, while heavy chain CDR3s
are formed by the fusion of heavy chain V, D, and J gene segments (Fig. 2).
The size of the recombinational component is a function of the number of
possible V, D, and J combinations and the number of different possible
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heavy and light chain combinations that produce functional antibodies.
Junctional diversity contributes only to CDR3 diversity, while somatic
mutation, acting across the entire V region, contributes to diversity at all
three CDRs. Recombinational and junctional diversity together constitute
the diversity of the primary repertoire. Thus VDJ joining generates a set of
IgM expressing primary B cells. Any B cell that expresses a cell surface IgM
molecule with a certain minimal affinity for a foreign antigen will internalize
that antigen as IgM is cycled off the cell surface. The antigen will then be
processed and associated peptides will be presented on the cell surface by
class II MHC molecules (LanzaveccHIA 1985). If enough foreign antigen is
presented at the cell surface this will trigger a T cell response that will in
turn trigger the T cell dependent maturation of the B cell (Fig. 3). This is
the so-called secondary response. Part of this response involves the hyper-
mutation of the variable portion of the immunoglobulin genes. Thus a B cell
clone undergoing a secondary response will constantly be giving rise to new
clones with altered immunoglobulin molecules. Those clones with higher
affinities for the foreign antigen will be selectively expanded by helper T
cells, giving rise to affinity maturation of the expressed antibody.

Ideally, a transgenic mouse that responds to antigen stimulation with a
human antibody repertoire would contain inserted human genes that func-
tion correctly throughout the pathway of B cell development described
above. To accomplish this, the transgenes will have to satisfy a number
of different criteria. These include: (1) high level and cell type specific
expression; (2) functional gene rearrangement; (3) activation of, and
response to, allelic exclusion; (4) expression of a sufficient primary re-
pertoire; (5) signal transduction; (6) class switching; (7) somatic hyper-
mutation; and (8) domination by the transgene antibody locus during the
immune response. The immunoglobulin molecule, which is central to the
entire process of B cell development, is not only the repository of diversity,
but is also a component of the B cell receptor complex responsible for
antigen internalization and signal transduction. To satisfy the criteria listed
above, it is therefore necessary to build transgenes that can reconstitute a
functional mouse B cell receptor using human sequences. The structure
of the human immunoglobulin loci, from which these transgenes must be
assembled, is described in the next section.

II. Structure of the Human Immunoglobulin Loci

In humans the primary repertoire is encoded by a single heavy chain locus
and two light chain loci, k and A (Fig. 4). The three unlinked loci are located
on chromosomes 2, 22, and 14, respectively. The loci are quite large relative
to the sizes of DNA fragments which are usually cloned and manipulated by
standard molecular biological techniques. The structures of the loci are
discussed below, and the available techniques for transplanting these loci
into the mouse germline are discussed in the following section.
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1. The Human 4 Light Chain Locus

The 4 light chain locus, which is the least well characterized, accounts for
approximately 40% of the expressed immunoglobulins. This is an order of
magnitude higher than the expression levels of 4 light chains in the mouse
and may be a'consequence of the greater relative diversity of the human 4
locus. While the mouse 4 locus consists of three functional VA segments and
three functional JA segments, each of which is paired with a functional CA
segment (SELSING et al. 1989), the human A locus consists of at least seven
families of variable segments, each of which appears to contain multiple
members (ANDERSON et al. 1984), and at least four functional JA-CA pairs
(Vasicek and Leper 1990). The number of V segments is estimated by
Southern hybridization to be between 50 and 100; however, the size of this
region is unknown. The exact number of joining and constant regions
appears to vary between alleles (TAuB et al. 1983). All of the functional JA-
CA pairs are clustered in a 50kb region that includes 3 JA-CA pseudogenes
and a transcriptional enhancer element located 12 kb downstream of the last
constant segment (BLOMBERG et al. 1991).

2. The Human x Light Chain Locus

The other 60% of the expressed human light chain repertoire is encoded by
the x locus. This locus consists of approximately 80—90 Vic gene segments,
five Jx segments and a single Cx segment spread out over approximately
3Mb (Lorenz et al. 1987; STRAUBINGER et al. 1988; PARGENT et al. 1991).
Only 36 of the 67 Vi germline gene segments that have been sequenced
appear to be functional, suggesting that there are fewer than 50 functional
segments in the entire locus (MEINDL et al. 1990).

Two transcriptional enhancers have been identified in the human x
locus: one located within the J-C intro (EMoRINE et al. 1983) and one
located 12kb downstream from the constant region (MULLER et al. 1990;
JuppE and Max 1992).

3. The Human Heavy Chain Locus

The heavy chain locus encodes considerably greater diversity because it
includes both D and J segments. There are approximately 100-150 human
VH gene segments, 20-30D region segments, six JH segments, and nine
functional constant region genes (PascuaL and CAPrRA 1991; HOFKER et al.
1989; WALTER et al. 1990, 1991; Van Duk et al. 1992; MATsuDA et al. 1993);
however, a significant fraction of the V and D segments may be either
nonfunctional or rarely expressed. MATsupA et al. (1993) have isolated
clones spanning the D proximal half of the 1.5Mb human heavy chain
variable region. They determined the sequence of each of the 64 VH seg-
ments within this contig and found that, like the « locus, almost half (31/64)
of the heavy chain V segments are pseudogenes. If this ratio can be applied
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to the rest of the heavy chain variable region, there are probably less than
75 functional human VH segments. Using a completely different approach
TomLINSON et al. (1992) used universal PCR primers to compile a complete
set of germline heavy chain variable regions from a single individual. Fifty-
one of these sequences contain an open reading frame. When the authors
compared their sequences to 32 other germline sequences reported in the
literature they found very little allelic polymorphism. They estimated from
the set of all 83 published sequences that there are only about 50 functional
VH genes with distinct CDR sequences.

The expressed VH repertoire could be derived from only a subset of the
50 structurally distinct gene segments encoded in the germline. It is not
yet possible to estimate the frequency with which each of these segments
are incorporated into functional genes; however, deletion maps of the
heavy chain locus provide a preliminary indication that the frequency varies
between VH segments. Two such deletion maps of the VH locus (WALTER et
al. 1991; Van Duwk et al. 1992) have been constructed by analyzing the
structure of rearranged B cell chromosomes. Surprisingly, only two of the
42V to DJ rearrangements appear to fall outside the region mapped by
MaTtsupa et al. (1993), suggesting that the distal half of the VH locus does
not contribute equally to the expressed primary repertoire, which con-
sequently may be encoded by fewer than 50 VH gene segments.

The heavy chain locus appears to contain two transcriptional enhancers.
An intronic enhancer located between the J and x4 gene segments has been
well characterized (HaypAy et al. 1984), and an additional 3’ enhancer has
been located 25kb and 12kb downstream of the last constant region gene
(Ca) in rat and mouse, respectively (PETTERSSON et al. 1990; LIEBERSON et
al. 1991; DariavacH et al. 1991). An analogous human heavy chain 3’
enhancer has not yet been reported; however, the relative positions of
enhancers elsewhere within the immunoglobulin heavy and light chain loci
are conserved. If the position of the 3’ heavy chain enhancer is conserved
between mouse and human, it is not clear exactly where the human sequence
would be located because the human constant region represents a duplication
relative to the mouse region (Hono et al. 1989). It may turn out that the 3’
enhancer was included in this duplication event and that there is an enhancer
downstream of each of the two human Ca genes.

D. Transgenic Technology

What tools are available to manipulate the DNA sequences described above
to that they can be inserted into the mouse genome and function correctly?
The following sections describe technologies for making transgenic mice.
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I. Pronuclear Microinjection

The most commonly used technique for generating transgenic animals is
pronuclear microinjection (GorpoN et al. 1980; BRINSTER et al. 1985; HoGaN
et al. 1986). A dilute solution of a linear DNA fragment (1-5ug/ml) is
injected into one of the two pronuclei of a one-half day embryo using a
drawn glass capillary as a needle. The injected embryos are then reimplanted
into pseudopregnant females. Approximately 20% of the resulting newborn
animals will contain the injected DNA within their own genetic material and
pass it on to their offspring. The foreign DNA usually integrates as a
multicopy tandem array at a single random chromosomal site (PALMITER and
BrinsTER 1986). This tandem array structure, which consists largely of head-
to-tail fused inserts, is probably due to rapid ligation and homologous
recombination between injected fragments prior to integration. Similar
integration structures are obtained when DNA is microinjected into cultured
cells (FoLGER et al. 1982). This phenomenon can be exploited for generating
animals that contain two different DNA fragments integrated at the same
site. Coinjected fragments tend to cointegrate (SMaLL et al. 1985; Stors et
al. 1986a), and if the two fragments share sequences in common, they
frequently undergo homologous recombination prior to microinjection. This
makes it possible to build transgene inserts by in vivo repair of individually
cloned overlapping fragments (PALMITER et al. 1985; PiepER et al. 1992).

II. Embryonic Stem Cells

A more recently developed technology for generating transgenic animals
involves the use of pluripotent stem cell lines. These so-called embryonic
stem (ES) cells, which are derived from cultured blastocysts, can be pas-
saged, transfected, and selected like most other cell lines; however, they can
also be used to generate transgenic animals containing cell line derived
chromosomes (Evans and KaurmaN 1981; MARTIN 1981; RoBerTSON 1987).
The ES cells are injected into the blastocoel cavity of blastocyst stage
embryos, which are then transferred into the uterus of a pseudopregnant
female (BRADLEY et al. 1984; BRaDLEY 1987). Usually a high percentage of
the resulting newborns are chimeric; the somatic and germ tissues are
formed from a mix of ES cell line and host blastocyst derived cells. Animals
with a high ES cell line derived contribution to their germ cells can be bred
to generate stable lines of transgenic animals. This technology has many
advantages over pronuclear microinjection. Perhaps the major advantage is
that ES cells can be selected for drug resistance markers in culture. This
makes it possible to select for rare events such as homologous recom-
bination between transfected DNA sequences and chromosomal sequences
(Tromas and CappecHI 1987, MANSOUR et al. 1988; THOMPSON et al. 1989).
A DNA fragment consisting of a positively selectable marker, such as
the neomycin resistance (neoR) gene, flanked by target specific genomic
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sequences is transfected into ES cells. Most of the resulting neomycin
resistant clones include randomly integrated DNA fragments; however a
fraction of the clones result from double homologous recombination events
between chromosomal sequences and the cloned sequences flanking the
neoR gene. These targeted clones, which can be identified by Southern blot
hybridization, contain specific sequence insertions and deletions at selected
chromosomal locations. The frequency of targeted clones can be in-
creased by including a negatively selectable marker, such as the herpesvirus
thyrmidine kinase gene, at one or both ends of the DNA fragment. Targeted
insertions will have lost these flanking sequences during the double cross-
over events; however, a high proportion of the random insertions will
include them. Most of the neomycin resistant clones which resulted from
random insertions of the transfected fragment can therefore be selected
against. ES cell lines resulting from homologous recombination events
are then used to generate chimeric mice. Subsequent breeding generates
animals containing the targeted chromosomal modification within every
somatic and germline cell. This technique has been used to engineer mouse
strains in which specific genes have been disrupted (SCHWARTZBERG et al.
1989; ZuLstraA et al. 1989) or even subtly modified (Hasty et al. 1991).

III. Transgene Constructs

As discussed above, the human immunoglobulin loci are spread out over
very long stretches of DNA. The loci are so large that they probably cannot
be manipulated and inserted intact into the mouse genome. Even relatively
modest fractions of these loci are difficult to isolate and maintain using
the standard plasmid cloning methods of molecular biology. Furthermore,
extreme care must be taken when paring down the loci to construct trans-
genes, because elimination of seemingly neutral sequences such as introns
can adversely effect expression in transgenic animals (BRINSTER et al.
1988). The following sections discuss methods for manipulating large DNA
sequences and inserting them into the mouse genome.

1. Bacteriophage Cloning Vectors

The first vectors used for cloning DNA sequences larger than about 20kb
were the cosmid vectors (IsH-Horowicz and BurkE 1981). These vectors use
plasmid origins of replication but take advantage of the size selection offered
by packaging in phage lambda. The problem with this technology is that
insert size is restricted to the range of 35—-45kb because of the mechanism of
phage / packaging. One solution involves the use of other bacteriophage
systems, such as P1, which do not package discreet lengths of DNA. This
type of phage based vector has been developed by STERNBERG (1990; STERN-
BERG et al. 1990) for isolating fragments in the 75-100kb range.
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2. Plasmid Cloning Vectors

Plasmid vectors are more flexible than phage vectors with regards to insert
size, and multicopy plasmids make it possible to isolate large quantities of
cloned DNA. However, large inserts cloned into multicopy plasmids tend to
be unstable and undergo deletions. For this reason a number of investigators
have used low copy plasmids for cloning large inserts. F factor based vectors
appear to be particularly well suited for cloning large DNA fragments
because they are low copy and they have a partition system that ensures that
each daughter cell maintains the plasmid. Hosopa et al. (1990) used such a
vector to directly clone a 103kb fragment from human genomic DNA.
O’Connor et al. (1989) used an F factor based vector to build a 125kb insert
of Drosophila DNA sequences by repeated rounds of homologous recom-
bination with smaller “shuttle” plasmids. Non-F factor based low copy
cloning vectors have also been generated (WaNG and KUSHNER 1991; STOKER

Xhot Salt Xhal! Sall
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Fig. 5. Strategy for building large transgenes in plasmid vectors. A simplified scheme
for combining multiple plasmid inserts to build large DNA constructs is shown.
Individual fragments are first cloned into a vector with Xhol and Sall sites flanking
the polylinker. Xhol/Sall fragments from one clone can be inserted at either the 5’
Xhol or 3' Sall site of another clone. The internal Xhol and Sall sites are destroyed
so that the resulting plasmid still has unique Xhol and Sall sites for subsequent
cloning steps
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et al. 1982). We have designed a series of medium copy, pBR322 derived
vectors that offer a compromise between the stability of low copy plasmids
and the ease of DNA isolation from high copy plasmids (TayLOR et al.
1992). A simplified version of our cloning strategy is outlined below. First, a
set of phage clone inserts that together span the desired final construct are
subcloned into the polylinker region of one of our plasmid vectors such that
all of the inserts are arrayed in identical 5’ to 3’ orientations relative to the
polylinker. The polylinker is flanked by unique Xhol and Sall restriction
sites which are in turn flanked by a pair of Nof sites. All of the internal
Xhol and Sall sites are destroyed by partial digestion and Klenow fill-in.
Neighboring clones are then concatenated by isolating the Xhol/Sall frag-
ment from one clone and ligating it to the second clone, which has been
linearized with either Xhol or Sall depending on the relative 5’ to 3’ order
of the inserts. The resulting fusion destroys the internal X#ol and Sall sites,
maintaining unique flanking Xhol and Sall sites (Fig. 5). This process is
repeated until all of the fragments have been assembled into a single clone.
Prior to microinjection or transfection, the plasmid is digested with Notl
and the insert DNA isolated from vector sequences which may adversely
influence transgene expression (CHADA et al. 1985; TowNEs et al. 1985a,b;
WIDERA et al. 1987). We have used this strategy to build several human
immunoglobulin gene minilocus constructs in the 50-80kb range (Fig. 6).

3. Yeast Artificial Chromosome Vectors

Yeast artificial chromosome (YAC) vectors consist of cloned telomere,
centromere, and replication sequences that allow megabase sized foreign
inserts to be propagated as stable chromosomes in yeast (BURKE et al. 1987).
These vectors make it theoretically possible to isolate substantial portions
of the human immunoglobulin loci. An additional advantage of working
with YAC clones is that individually isolated clones can be combined by
homologous recombination in yeast to generate larger clones (DEN DUNNEN
et al. 1992). However, it is still a technical challenge to generate a transgenic
animal with an intact megabase sized DNA fragment (HUuXLEY and GNIRKE
1991). The primary source of difficulty is the fragility of fragments larger
than 1-200kb.

Manipulations required for purification and microinjection or transfec-
tion can shear the DNA. This is further complicated by the fact that YAC

>
Fig. 6. Human minilocus transgenes. Human immunoglobulin minilocus transgene
constructs. The four transgene inserts, KCI, KC2, HCI, and HC2, are depicted as
they appear prior to microinjection (after linearization with the restriction enzyme
Notl and isolation from vector sequences). Open triangles indicate discontinuities
between the structure of the transgene and the natural chromosomal structural of the
intact human gene loci. The start site of the human y1 pre-switch sterile transcript is
indicated by the wavy arrow below HC1. V, variable segment; D, diversity segment;
J, joining segment, C, constant region gene; S, switch region; E, enhancer. (From
TAYLOR et al. 1992 and TayLOr and LONBERG 1993)
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vectors are maintained at one copy per cell, making it difficult to obtain
large quantities of DNA. One solution to this problem is presented by the
recent development of amplifiable YAC vectors (SmitH et al. 1990). SCHEDL
et al. (1992) used an amplifiable vector to isolate a 35kb YAC containing a
tyrosinase gene and generated transgenic mice by pronuclear microinjection.
While this technique may not be practical for larger YAC clones, the result
is significant because the YAC vector derived telomere sequences integrated
into the mouse chromosome without eliminating expression or affecting the
stability of the transgene. It is particularly encouraging because cloned
human telomere sequences have been found to cause fragmentation of the
chromosome upon integration into a mammalian cell line (Farr et al. 1992).
Other investigators have used lipofection (StTrauss and JaeniscH 1992) and
spheroplast fusion (PacHNIs et al. 1990; GNIRKE et al. 1991) to transfer YAC
clones as large as 680kb (HuUxLEY et al. 1991) into a variety of cell lines,
including ES cells (DAVIES et al. 1992).

E. Immunoglobulin Transgenics

Given the various technologies discussed in the preceding section, what
success have researchers had generating functional immunoglobulin trans-
genes? In the discussion of the origins of antibody diversity, I listed eight
criteria that may have to be met by a successful immunoglobulin transgene:
high level and cell type specific expression; functional gene rearrangement;
activation of, and response to, allelic exclusion; expression of a sufficient
primary repertoire; signal transduction; class switching; somatic hyper-
mutation; and domination by the transgene antibody locus during the
immune response. The following sections describe experimental results
related to each of these criteria.

I. High Level and Cell Type Specific Expression

1. Cis-acting Regulatory Sequences

The first requirement for correct transgene function is high level and cell
type specific expression. The transgene must be actively transcribed in
primary B cells in order to make enough surface IgM to trigger T cell
dependent maturation. The expression of secreted antibody must increase in
IgG secreting plasma cells, and this level of expression must be sustained
after fusion with myeloma cells to generate efficient MoAb producing
hybridomas. For a transgene to fulfill these requirements it must contain all
of the cis-acting transcriptional regulatory elements required for cell
type specific expression. A number of these cis-acting elements have been
identified. Both the x and heavy chain variable region promoters have been
extensively characterized in tissue culture transfection experiments and have
been shown to include related protein recognition sequences that confer
some B cell specificity (SEN and BALTIMORE 1985). As described above, the
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immunoglobulin 4, x, and heavy chain loci each include identified transcrip-
tional enhancer sequences. The 4 locus contains a 3’ enhancer (BLOMBERG et
al. 1991) and the x and heavy chain loci contain intronic and 3’ enhancers
(Juppe and Max 1992; MEeveErR and NEUBERGER 1989; MEYER et al. 1990;
Hotik et al. 1991; PeTTERSSON et al. 1990; LieBeErsoN et al. 1991). Experi-
ments using cultured cells have demonstrated that each of these enhancers
confer some degree of cell type specificity. The 3’ heavy chain enhancer
appears to be the most restricted: it is active only in plasma cell lines, and
may only be important for immunoglobulin expression at this late stage of B
cell development (DariavacH et al. 1991). At the other extreme, the heavy
chain intronic enhancer is active in both B and T cells. While this enhancer
shows some lymphoid specificity, it also has activity in a number of other
tissue types such as brain and kidney, but not liver (JENUWEIN and GRross-
cHEDL 1991). B cell specific expression of the heavy chain may be a product
of B cell specific rearrangement (discussed below). Additional regulatory
elements may be located between the heavy chain intronic enhancer and the
CH1 exon. JENUWEIN and GRosSCHEDL (1991) found a sequence immediately
3’ of the u enhancer that drives expression of a sterile u transcript in skeletal
muscle, and GraM et al. (1992b) found that sequences within or near the 3’
half of the human y1 switch region were required for high level expression of
a transgene consisting of mouse VDJ and enhancer sequences fused to
human y1 coding exons.

2. Transgene Expression

With the exception of the 3’ enhancers, all of these cis-acting sequences are
closely linked to those coding regions which would typically be included in
transgene constructs. Extensive work has been published describing the
expression of rearranged heavy and light chain immunoglobulin genes in
transgenic mice (STorRB 1989). Rearranged mouse transgenes have generally
been found to express at high levels on the cell surface and in the serum.
The transgenes are also expressed with the correct tissue specificity, with the
exception of heavy chain # and ¢ genes, which are transcribed in skeletal
muscle and both T cells and B cells (TsanG et al. 1988; JENUWEIN and
GrosscHEDL 1991), consistent with the idea that heavy chain cell type
specificity is conferred by restricted VDJ joining. Abnormal cell type specific
transcription does not, however, lead to cell surface expression because
membrane bound heavy chain is part of a complex that includes light chain
(or light chain surrogate) as well as Ig-a and Ig-f (discussed below).

3. Human Transgene Constructs

Most of the experiments involving immunoglobulin transgenes have involved
mouse sequences; however, several reports describe human constructs.
Rearranged human u (NUSSENZWEIG et al. 1987) and y1 (YAMAMURA et al.
1986) heavy chain genes express specifically in B cells in transgenic mice.
We (TavrLor et al. 1992) have compared the cell surface immunoglobulin
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Fig. 7a,b. Cell surface expression of human heavy chain on mouse B cells. Spleen
cells from a human heavy chain minilocus transgenic animal (animal #1287, line
HC1-26; TayLor et al. 1992) were stained with fluorescent antibodies to mouse
B220, mouse IgM, mouse Igx, and human IgM. a Two dimensional flow cytometric
analysis of human and mouse u expression on surface of B220 gated lymphocyte
population (B cells). Human and mouse x expressing populations are distinct, indi-
cating xenotypic exclusion (x and y axes: log fluorescence intensity). b One dimen-
sional flow cytometric analysis of mouse  light chain expression on surface of human
and mouse u expressing populations shown in panel a (x axis, log fluorescence
intensity; y axis, linear cell number). The distribution of mouse x expression is
similar for the two populations, indicating similar B cell receptor levels

levels of transgenic B cells expressing human heavy chains to those of cells
expressing endogenous mouse chains, and found them to be similar (Fig. 7).
However, we and others (BRUGGEMANN et al. 1989; TAyLOR et al. 1992) have
found serum levels of human x, g, and y1 immunoglobulins in transgenic
mice containing unrearranged transgenes to be in the ug/ml rather than the
normal mg/ml range. This low level of serum expression cannot be accounted
for by the overall frequency of B cells that express the human transgenes
and may be an indication that either the B cell compartment responsible for
serum expression is not being occupied by transgene expressing cells or
the secreted forms of the human chains are inefficiently transcribed or
processed. BRUGGEMANN et al. (1989) found that hybridomas from these
animals expressed only 10% the normal level of human heavy chain, sup-
porting the latter explanation.

II. Rearrangement

1. Target Sequences

Experiments with transfected cell lines indicate that in this type of a test
system very little specific DNA sequence is required as a target for the
enzymes involved in immunoglobulin gene rearrangement (Lewis and
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GELLERT 1989; LieBER 1992). These experiments have defined the target
sequences and suggest that the accessibility of these sequences to the re-
combinase is modulated chromatin structure, which may be coupled to
transcription. The necessary and sufficient sequences for V(D)J joining are a
highly conserved, near-palindromic heptamer and a less well conserved AT-
rich nonamer separated by a spacer of either 12 or 23bp (ToNEGAWA 1983;
Hessk et al. 1989). Efficient recombination occurs only between sites con-
taining recombination signal sequences with different length spacer regions.
This so called 12-23 joining rule prevents heavy chain V, D, and J regions
from being incorrectly linked. It insures that D regions are not linked to
each other, or skipped over entirely, by direct V-to-J joining.

The recombination signals and enzymatic machinery appear to be
identical in B and T cells and cannot, therefore, be responsible for the
restriction of immunoglobulin gene rearrangement to B cells and T cell
receptor (TCR) gene rearrangement to T cells (YaNcopouLos et al. 1986).
Instead, the cell type specificity of receptor gene recombination may be
regulated by the accessibility of these DNA sequences to the recombinases.
This accessibility may be determined by the transcriptional activity of the
region (Yancopouros and ALt 1985). Transcription initiating from the un-
rearranged V regions and from within the D region and within the JC
intron may serve to open up the locus to the recombinase system. In the
heavy chain locus, D-to-J joining and subsequent V-to-DJ joining may be
regulated, respectively, by JC intron and/or D region transcription and by V
region transcription. This interpretation was used by FERRIER et al. (1990)
to explain the cell type specific gene rearrangements they observed in a
transgenic mouse system. They generated transgenic animals containing a
hybrid test construct consisting of unrearranged TCR f-chain V, D, and J
region elements linked to an immunoglobulin g heavy chain constant region
with or without the x enhancer. The enhancerless constructs showed no
rearrangements, while the enhancer containing constructs showed D-to-J
rearrangements in both T and B cells, and V-to-DJ rearrangements in T
cells only. Apparently, the ¢ enhancer, which has been shown to function
in both B and T cells in transgenic mice, is able to activate lymphoid
cell specific transcription in the JC intron and/or the nearby D region,
thus triggering D-to-J joining. However, the y enhancer is only capable of
activating transcription from the TCR VJf region promoter in the thymus,
thus restricting complete VDJ joining to T cells. Natural immunoglobulin
heavy chain VDI joining is restricted to B cells in an analogous fashion. D-
to-J joining occurs in T and B cells but the B cell specificity of the IgH
variable region promoters prevents V-to-DJ joining in T cells.

The actual relationship between recombination and transcription is not
clear. While Hsikn et al. (1992) found that transcription alone did not affect
recombination in a minichromosome system, this group demonstrated that
CpG methylation of the substrate DNA directs the assembly of a chromatin
complex that is inaccessible to the recombinase (HsieH and LiEBer 1992). A
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relationship between methylation and rearrangement was also observed by
ENGLER et al. (1991) in transgenic mice containing a hybrid rearrangement
construct that included mouse light chain V and J rearrangement recognition
sequences, a heavy chain enhancer, a metallothionein promoter, a bacterial
gpt gene, and other sequences. Rearrangement of this test construct was
found to be inversely correlated with the degree of methylation of the
transgene. Cytosine methylation is inversely correlated with transcription
(CeDER 1988); however, it is difficult to distinguish cause from effect.

2. Immunoglobulin Gene Rearrangements in Transgenic Mice

There have been several reports of immunoglobulin minilocus transgenes
expressed in mice. BuccHInI et al. (1987) reported that an unrearranged
chicken A gene transgene was expressed and that approximately 1%—-2% of
the transgenes in the spleen were rearranged. In one of the four transgenic
lines generated, the chicken gene was also rearranged (at lower levels) in
the thymus. GooDHARDT et al. (1987) introduced an unrearranged rabbit «
gene into transgenic mice and observed rearrangement in both the spleen
and the thymus. BRUGGEMANN et al. (1989) used a hybrid mouse/human
heavy chain minigene construct. These authors observed a high frequency
(approximately 50%) of rearrangement in both thymus and spleen; how-
ever, the majority of those rearrangement events involved only DJ joining,
without V region joining. Approximately 3% —4% of the B cells appeared to
be synthesizing antibodies encoded by the rearranged transgenes. The same
group has also reported the generation of transgenic animals containing two
nonoverlapping cosmid clones that together span almost the entire human D
region and include VHG, all of the J segments and all of . The human
sequence transgenes in these mice appear to undergo VDI joining; however,
as described below, no recognizable human D segments were found to be
incorporated (BRUGGEMANN et al. 1991). TavLor et al. (1992) generated
transgenic mice with x light and heavy chain minilocus transgenes containing
only human coding sequences (Fig. 4). Both human heavy and light chain
epitopes were observed in the serum and the surface of the transgenic B
cells. Sequence analysis of the transgene encoded transcripts demonstrated
that the transgenes undergo V(D)J joining and N region addition to generate
a repertoire of different CDR3 sequences. The structure of these V(D)J
joints is described in detail below.

3. Light Chain Junctions

The human light chain minilocus encoded transcripts reported by TAYLOR et
al. (1992) are diverse and incorporate all five human Jx segments (Fig. 8).
Approximately one quarter of the Vk-Jx joints include nongermline encoded
sequences. This addition of junctional random nucleotides is commonly
associated with heavy chain N regions (LIEBER et al. 1988; YancorouLos and
ALT 1986). The large number of naturally occurring Vk segments makes it
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Fig. 8. Transgene encoded human light chain CDR3 sequence diversity. The nu-
cleotide sequence of the junctional region of 29 independent cDNA clones is shown.
Out of frame VJ joints are indicated by asterisks. Sequences are divided into
categories based on J segment use. The germline encoded sequence is depicted
above each category. A dash indicates no divergence from the germline sequence
and a blank space or a letter indicates a missing or substituted nucleotide. Each clone
is identified by two numbers separated by a dash; the first number indicates the
identification number of the animal that provided the RNA, and the second number
specifies the clone. Animal #883 was a double (heavy and light chain minilocus)
transgenic derived from lines HC1-26 and KC1-665 (heavy chain sequences from
this animal are shown in Fig. 4). Animal #878 contained only the light chain
minilocus (line KC1-665). (From TAYLOR et al. 1992)
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difficult to determine whether or not N region addition is a normal com-
ponent of x light chain VJ joining (HELLER et al. 1987; DERSIMONIAN et al.
1989; MEINDL et al. 1990; MARks et al. 1991); however, because the KC1
minilocus construct contains only a single variable segment, the transgenic
result is unambiguous. Similar N region additions have been reported pre-
viously in light chain transgene rearrangements. GooDHARDT et al. (1989)
introduced a chimeric mouse VklJk/rabbit Ckx construct and analyzed the
structure of cDNA clones derived from transcripts of the rearranged trans-
gene. They found that the VIJ joints included deletions and N region type
additions. The authors interpreted this finding as an indication that trans-
gene VI joining was occurring at a developmental time point during which
endogenous heavy chains normally rearrange. During this developmental
window endonucleases and terminal transferase might be more active, lead-
ing to heavy chain-like joints. It is possible that the abnormal chromosomal
location of the transgene or the concatenated structure of the integrated
locus could lead to premature rearrangement. Alternatively, limited N region
addition may be a normal component of light chain rearrangement that is
difficult to recognize beneath the usual divesity of x variable segments and
somatic mutations. Whether or not the observed light chain N regions are an
artifact of the transgenic system, they do not lead to abnormally long CDR3
sequences because the additions are compensated for by exonucleolytic
reduction of the V and J segments. Six of the seven transcripts with N region
additions result from in-frame VJ joints. Of these, five produce a ten amino
acid CDR3 (the expected length given exact V-J joining with no exonu-
cleolytic activity) and the sixth generates a nine residue CDR3. Further-
more, out of all of the 27 in frame transcripts we analyzed, 15% have eight
residue CDR3 sequences while 52% have nine residue and 19% have ten
residue CDR3’s. In comparison, analysis of the 34 naturally occurring Vi-
III nucleotide sequences reported by Kasar et al. (1991) shows that 12%,
71%, and 15% have eight, nine, and ten residue CDR3s, respectively.
Therefore, N region addition does not appear to skew the size distribution
of the light chain CDR3s away from that of an authentic human repertoire.

4. Heavy Chain Junctions

Both BRUGGEMANN et al. (1991) and TavrLor et al. (1992) reported the
structure of human heavy chain VDIJ joints formed in transgenic mice.
Although the mice generated by Briiggeman et al. contained almost the
entire human D region, none of the CDR3s included sequences that could
be unambiguously assigned to known human D segments. The sequences
were obtained using a JH4 specific PCR primer, so that no information on J
segment distribution could be obtained. The reported VDIJ joints are all
unique; however, only three out of 11 sequences were derived from in-frame
rearrangements, indicating a selection bias against transgene expressing B
cells. The human heavy chain minilocus encoded transcripts reported by
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TAYLOR et al. (1992) are also diverse and incorporate all six human JH
segments, at least eight of the ten transgene encoded human D segments,
and both transgene encoded heavy chain isotypes (Fig. 9). A comparison of
the distribution of JH segments in the transgenic system with the distri-
bution found by YamaDA et al. (1991) in authentic human PBLs is shown in
Fig. 10. The transgenic mice preferentially use JH4 (47%) followed by JH6
(22%). Yamada et al. found a similar pattern; 53% of the authentic human
joints incorporate JH4 and 22% incorporate JH6. It is more difficult to
compare D segment usage between the transgenic mice and human PBLs
because the transgene minilocus does not include all of the human D region.
Of the 75 in-frame clones analyzed by Yamada et al., 48% could be assigned
to D segments included in the HCI transgene, and a further 11% could not
be assigned to any known human D segment. These CDR3s either consist
almost entirely of N region additions flanking very short D segment
remnants or incorporate previously unrecognized D genes. Given these
constraints two observations can be made. First, the DXP family is the most
heavily used in both the transgenic animals and in human PBL, accounting
for 31% and 29%, respectively, of the in-frame sequences. The second
observation is that while only one of the in-frame human PBL sequences
used DHQS52, 33% of the in-frame transgenic sequences (25% of all trans-
genic sequences) used DHQS52. However, this frequency varied from 0% to
46% between individual animals (Fig. 9).

The average length of the CDR3 sequences encoded by the 36 in-frame
transcripts from the transgenic animals is 10.6 amino acids. This is similar to
the average CDR3 length of 10.3 residues found for adult PBL sequences by
Sanz (1991). However, the transgenic sequences are considerably shorter
than the 14.5 residue average found by YaMaADA et al. (1991) for adult PBL
sequences. As with D segment distribution, there are differences in the
average heavy chain CDR3 length between individual animals. The length
difference between the average naturally occurring heavy chain CDR3 and
the sequences found in the transgenic animals is predominantly due to
differences in N region addition. The average number of N region nu-
cleotides per CDR3 sequence (excluding from analysis those sequences for
which no D segment could be assigned and thus the N-D border could not
be established) is 5.7 for the transgenic sequences and 14.3 for the adult
human sequences reported by Yamapa et al. (1991). This average increase
in N nucleotides adds approximately three amino acids to the authentic
human sequences.

5. Repercussions of Mouse B Cell Environment on Human VDJ Joints

The over representation of DHQ52, the shorter average CDR3 length, and
the shorter N regions that characterize the transgenic heavy chain transcripts
are all reminiscent of human fetal VDJ junctions. SCHROEDER and WANG
(1990) reported a similar high frequency of DHQS52 in a small sample (six of
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Fig. 10. Distribution of human J segment incorporation in natural and transgenic
repertoires. The frequency with which different human J segments are found in
rearranged clones isolated from adult human peripheral blood lymphocytes (Yamapna
et al. 1991) is compared to the frequency observed in clones from transgenic mice
containing the HCI minilocus. (From TayLor et al. 1992)

13 sequences) from human fetal liver. In a much larger sample of 120 fetal
sequences, SANz (1991) found that 14% incorporated DHQS52. Sanz (1991)
also reported an average fetal CDR3 length of 7.3 amino acids (71% of the
average length of adult sequences). However, a closer examination of the
structure of the N regions suggests that this apparent fetal-like structure of
the transgenic heavy chains is coincidental and that it is simply a con-
sequence of the rearrangements taking place in mouse rather than human
pre-B cells (Table 1). Sanz found that the average length of each N region is
not reduced in fetal joints as compared to adult joints, but rather that the
frequency of occurrence of these N regions is reduced. It appears that 93%
of the V-D and D-J junctions in the 88D containing adult human PBL
genomic DNA clones reported by Yamapa et al. (1991) include N regions
and that the average length of these individual N regions is 7.7 bp. This is

<

Fig. 9. Transgene encoded human heavy chain CDR3 sequence diversity. The nu-
cleotide sequence of the junctional region of 49 independent ¢cDNA clones is shown.
Two of the D segment assignments (clones 215-15 and 883-95) are based on only
five nucleotides of homology and therefore represent possible assignments. All other
assignments are based on greater than five nucleotides of homology. Nucleotides
assigned to N regions are in lower case letters. Each clone is identified by two
numbers separated by a dash; the first number indicates the identification number of
the animal that provided the RNA, and the second number specifies the clone.
Animal #215 was a heavy chain minilocus transgenic derived from line HC1-57.
Animal #883 was a double (heavy and light chain minilocus) transgenic derived from
lines HC1-26 and KC1-665 (light chain sequences from this animal are shown in
Fig. 4). Animal #640 was a heavy chain minilocus transgenic derived from the single
copy line HC1-112. Clones 215~5 and 215-17, and clones 640—8 and 640-3.2 are
identical. (From TayLoR et al. 1992)
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Table 1. N regions from natural human and mouse heavy chain rearrangements
compared to human transgene N regions

N regions/ bp/N N-nucleotides/ Average CDR3
junction region VDJ length

Adult human 0.93 7.7 14.3 (4.8 aa) 14.5aa

Fetal human 0.77 7.7 11.9

Adult mouse 0.70 3.0 4.2

Newborn mouse 0.06 1.4 0.2

Adult transgenic 0.77 3.8 5.7 (1.9 aa) 10.6aa

Adult human data from YaMaDa et al. (1991), fetal human data from SCHROEDER and
WanG (1990), mouse data from FEeNEY (1990), transgenic data from TAYLOR et al.
(1992).

identical to the average length of the individual N regions in the eight fetal
liver clones for which D segments could be identified reported by SCHROEDER
and WANG (1990). In contrast, the average length of an N region in the
transgenic mouse cDNA clones is 3.8bp. This is close to the average length
of 3bp/N region for the 63 adult mouse cDNA clones published by FEENEY
(1990). The transgenic sequences are certainly not reflective of mouse fetal
gene rearrangements which are even more dramatically reduced in N region
addition than human fetal rearrangements. Feeney found that the frequency
of N region containing genomic clones fell from 83% in the adult to below
2% in the fetal liver. Therefore, N region addition characteristic of adult
mouse B cells accounts for the smaller average size of the transgenic heavy
chain CDR3 sequences. Although the heavy chain CDR3 sequences appear
superficially like a human fetal liver repertoire because of the overuse of
DHQ52 and the shorter average size of the N regions, the high frequency of
N regions indicates that the cDNA clones do not derive from B cells that
developed in the mouse fetal liver. Instead, the fetal character of the CDR3s
is a consequence of mouse B cell N nucleotide addition (which is less
extensive than human) coupled with an increase in DHQS52 incorporation
that may be peculiar to the transgene and that varies between individual
animals or transgenic lines. While the aggregate characteristics of transgenic
VDJ joints differ from human VDIJ joints, individual transgenic sequences
are indistinguishable from authentic human sequences.

II1. Allelic Exclusion

1. Background

Any given immunoglobulin secreting plasma B cell normally produces only a
single type of antibody. This monospecificity serves two functions: first, it
may prevent serum autoimmunity; B cell clones selected by specific T helper
clones produce only those antibodies for which they were selected. At
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the same time monospecificity prevents clones expressing potentially useful
immunoglobulin specificities from being anergized because they co-express
immunoglobulin molecules that react with self antigens. The process by
which diploid B cells maintain monospecificity is termed allelic exclusion.
Both active and passive processes have been proposed as mechanisms
for allelic exclusion. Passive allelic exclusion occurs by default because
of the high error rate of VDJ joining, which makes it improbable that
two successful rearrangement events will occur in the same cell. The high
frequency of incorrect VDJ joining can be seen from the analysis of im-
mortalized B cell lines: at least 90% of immunoglobulin expressing B cell
clones contain one functionally rearranged gene and one nonfunctionally
rearranged gene, rather than one functional and one unrearranged copy. In
addition to this stochastic mechanism of allelic exclusion, there is good
evidence for the existence of an active mechanism, whereby the successful
rearrangement of one immunoglobulin gene allele activates a feedback
loop that turns off the process of gene rearrangement, thus preventing the
rearrangeeement and expression of the second copy of the gene.

2. Induction of Allelic Exclusion by Rearranged Transgenes

The transgenic mouse system has generated considerable data in support of
the feedback inhibition model for allelic exclusion. Rearranged mouse x4 and
0 heavy chain, and x and 4 light chain, transgenes are capable of excluding
the rearrangement of endogenous immunoglobulin genes (WEAVER et al.
1985; IcLEsias et al. 1987; RiITCcHIE et al. 1984; NEUBERGER et al. 1989;
HacmMmaN et al. 1989). The ability of a transgene to activate allelic exclusion
appears to be dependent on the expression of its protein product on the
cell surface; u transgenes lacking transmembrane exons did not prevent
rearrangement of the endogenous genes (Manz et al. 1988). Data from x
transgenic mice indicate that the extent of allelic exclusion may be a func-
tion of the ability of the transgene encoded products to form stable heavy/
light chain complexes. The rearranged x gene from the hybridoma MOPC-
21 encodes a light chain that is known to form complexes with a large
number of different heavy chains. Transgenic mice expressing this gene only
rearrange their endogenous «x genes in B cells that fail to correctly rearrange
an endogenous heavy chain gene (RiTcHIE et al. 1984; Stors et al. 1986b).
However, transgenic mice containing MOPC-167 derived x genes, which
encode a light chain that is not capable of combining with most heavy
chains, showed only a low level of allelic exclusion (Manz et al. 1988), and
transgenic mice containing another, poorly expressed, x gene showed no
evidence of allelic exclusion.

It may be that the mechanism of allelic exclusion operating in these
transgenic animals is very different from that operating in normal mice. The
expression of high levels of a rearranged transgene in a pre-B cell that would
not normally have begun to even rearrange its immunoglobulin genes
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may accelerate that cell through those stages of differentiation in which
rearrangement can take place. This abnormally rapid rate of B cell matura-
tion has been postulated to explain the protective effects of a rearranged
human g transgene from pre-B cell lymphomas in an otherwise susceptible
mouse strain (NUSSENZWEIG et al. 1988). On the other hand, accelerating
the differentiation of the pre-B cell may be the normal mechanism by which
feedback inhibition occurs. The presence of cell surface immunoglobulin
could cause the cell to exit from the bone marrow. Outside of the bone
marrow, the cell would no longer be exposed to the particular cocktail of
cytokines required to maintain the immature developmental state during
which the recombinase genes are expressed. Protein turnover would then
nonspecifically shut off all V(D)J joining.

Allelic exclusion has also been demonstrated using a rearranged human
4 transgene (NUSSENZWEIG et al. 1987), thus demonstrating that a human
heavy chain can mediate this process in mouse cells. This phenomenon
might more properly be referred to as xenotypic exclusion. TAYLOR et al.
(1992) also observed xenotypic exclusion with an unrearranged human heavy
chain transgene. Figure 7 shows a flow cytometric analysis of transgenic
splenic B cells stained with reagents specific for mouse and human IgM. The
human and mouse IgM expressing populations are distinct.

3. Response to Allelic Exclusion by Unrearranged Transgenes

None of the published transgenic experiments have fully addressed the issue
of the response of an unrearranged transgene to feedback inhibition. The
unrearranged rabbit x transgene described above (GoopHARDT et al.
1987) was found to be arranged and co-expressed in cells with rearranged
endogenous x genes; however, without knowing the history of an individual
cell, it is impossible to determine whether the breakdown of allelic exclusion
was due to the inability of the transgene to respond to feedback inhibition or
to trigger it. In fact, this particular transgene was poorly expressed and,
because it coded for a xenogeneic light chain, it might be expected to form
unstable heavy/light complexes, thus, based on the experiments discussed
above using rearranged transgene constructs, it would not be expected to
block the rearrangement of the endogenous mouse x genes. Similarly, it is
impossible to interpret the results of BRUGGEMANN et al. (1989) with regard
to the response of transgenes to rearrangement feedback inhibition. Several
lines of mice containing an unrearranged human/mouse hybrid x gene con-
struct did not show evidence of allelic exclusion of the transgene; however,
the level of expression of the transgene was considerably less than that of
the endogenous genes, and the observed lack of allelic exclusion may have
been due to the inability of the transgene to activate, rather than respond
to, a feedback mechanism.
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4. Alternatives to Direct Feedback Allelic Exclusion

If allelic exclusion proves difficult to obtain, there are several alternatives.
An attractive approach involves breeding a single-copy transgenic mouse
line with a line of mice that has its endogenous immunoglobulin genes
inactivated by homologous recombination. An hemizygous transgenic mouse
in an Ig~ background would have individually monospecific B cells by
default.

IV. Primary Repertoire

An important requirement for correct transgene function is the generation
of a primary repertoire that is diverse enough to trigger a secondary immune
response to a wide range of different antigens. Because of the large size
of the immunoglobulin loci, and the technical difficulties involved in mani-
pulating large pieces of DNA, an important issue in the design of the
transgenes is what fraction of the coding sequence within the heavy and light
chain loci is actually necessary to provide an adequate primary repertoire?
Most of these sequences consist of multiple V segments interspersed
with large intergenic regions and perhaps half of these V segments are
pseudogenes. Furthermore, many of the remaining V segments may be
rarely used or may never contribute to the expressed repertoire. It could,
therefore, be possible to design an immunoglobulin transgene that is con-
siderably smaller than the natural immunoglobulin locus, yet still provides
an adequate primary repertoire. BRUGGEMANN and NEUBERGER (1991) re-
ported the production — from a human heavy chain minilocus transgene
comprising only two VH segments and four D segments — of partially human
antibodies that bind to sheep red blood cells. However, sheep red blood
cells represent a very large collection of epitopes, and it cannot be deter-
mined whether the antigen recognition is encoded by the transgene encoded
heavy chain repertoire or the endogenous mouse light chain repertoire.

A large enough collection of V, D, and J segments will be needed to
generate a primary repertoire that contains at least one B cell clone with
a minimum threshold affinity for each antigen. This minimum threshold
affinity is just high enough to allow the B cell to internalize and process
enough of the antigen to trigger T cell dependent B cell maturation. Because
T cell dependent maturation is accompanied by somatic hypermutation
across the entire V region, the existence within the primary repertoire of B
cell clones with affinities higher than the minimum threshold is presumably
redundant. A high affinity clone will eventually be produced during the
secondary response. Diversity at CDR3, created by VJ and VDJ joining,
could be enough to provide minimal affinities for a large number of different
antigens. This minimal affinity would then trigger the T cell dependent
maturation that would give rise to high affinity antibodies for each of the
antigens. Considerable support for this hypothesis comes from the structure
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of the rabbit heavy chain locus (KNIGHT and BECker 1990; KNigHT 1992).
Rabbits use only three to four germline VH segments for their entire heavy
chain repertoire, with between 70% and 90% of the antibodies encoded
by a single VH gene segment. While rabbits appear to have an extremely
restricted primary repertoire, this may not be directly applicable to the
behavior 6f immunoglobulin transgenes in mice because of differences in the
modes of somatic diversification between mice and rabbits. Analysis of
rearranged rabbit gene sequences shows that somatic diversifications are
frequently in the form of clusters of nucleotide changes that correlate with
the sequences of unused V segments. This suggests that gene conversion, a
mechanism used by chickens for primary diversification but not observed in
mouse B cell differentiation, is responsible for much of the somatic diversity
in rabbits. However, of most importance is the limited nature of the primary
repertoire of the rabbit heavy chain locus. Unlike chicken B cells, which
undergo gene conversion in the bursa prior to hatching (REYNAUD et al.
1989), splenic B cells in 3 week old rabbits have still not undergone diver-
sification (SHORT et al. 1991). While it is still unclear whether later somatic
diversification is spontaneous or is triggered by weak binding of antigens to
the limited primary repertoire, the rabbit example still strongly supports the
concept that a single V segment can give rise to a considerable range of
different specificities. There presumably will be some constraints on the
choice of V segments that could give rise to a complete repertoire. CHOTHIA
et al. (1992) analyzed the predicted three dimensional structures of CDR1
and 2 from a large set of DNA sequences that may encompass the entire VH
repertoire. They were able to group all of the CDR1 sequences into three
structural classes and all of the CDR2 sequences into five classes. One
possible approach to achieving a broad range of antigen reactivities is
to include variable segments that include different combinations of these
structural classes. An actual assessment of the number and type of V region
segments required to produce the minimum primary repertoire will involve
work with transgene constructs containing different numbers of V segments.

V. Intracellular Signaling

1. Background

Aside from its role as an antigen binding protein, the transgene encoded
immunoglobulin will have to function correctly as part of a multimolecular
cell surface receptor complex. This complex appears to transmit a signal
from the cell surface indicating the occupancy status of the receptor. This
signals is important for triggering allelic exclusion, initiating the pathway
of T cell dependent maturation, and activating or inactivating (tolerizing)
mature B cells.

The critical role of the cell surface receptor complex in B cell devel-
opment is demonstrated by analysis of mice that lack 4 gene transmembrane
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exons (Kiramura et al. 1991). The mice were generated from ES cells in
which the 4 gene had been altered by homologous recombination. While
heterozygous mice are normal, B cell development is completely arrested at
the pre-B stage in animals homozygous for the transmembrane deletion.

It is well established that antigen binding to cell surface immunoglobulin
can induce an increase in intracellular calcium and stimulate phosphoinositol
turnover (CoGGESHALL and CAMBIER 1984; BISSTERBOSCH et al. 1985; CAMBIER
and Ransom 1987). Evidence suggesting a role for cell surface immunoglo-
bulin in signal transduction also comes from studies of B cell tolerance. B
and T cell tolerance is induced at two levels: self reacting cells are either
destroyed (clonal deletion) or converted to an unresponsive state (clonal
anergy). When mature, IgM positive B cells encounter antigen in the pre-
sence of antigen specific helper T cells, they are activated. When the same B
cells encounter antigen in the absence of such T cells, the level of surface
IgM is reduced ten-fold. Furthermore, the anergized B cells are rendered
incapable of differentiating into immunoglobulin secreting plasma cells
(Goopnow et al. 1989; Goopnow 1992). However, if the antigen level is
reduced so that the number of occupied receptors drops from 50% to 5%,
the B cells remain in a responsive state, even in the absence of antigen
specific T cells. This suggests that two signals are required for B cell acti-
vation, and one signal is required for anergization. Activation requires one
signal from a helper T cell and a second signal from an occupied cell surface
antigen receptor. When the receptor is occupied in the absence of T cell
help, the B cell becomes unresponsive. Presumably, the cell is “aware” of
the occupancy status of its surface receptors by virtue of a signal transduced
through the membrane via a complex of proteins associated with surface
immunoglobulin.

2. B Cell Receptor Complex

The B cell receptor complex appears to be analogous to the well charac-
terized TCR complex. The TCR consists of two antigen binding
immunoglobulin-like chains, a¢ and f, associated with a set of trans-
membrane accessory proteins (CD3-y, -d, -¢, and -{) that are involved in
signal transduction and are required for the assembly of the a and f chains
on the cell surface (CLEVERSs et al. 1988). Like the TCR, B cell immunoglo-
bulin chains also require accessory molecules to reach the cell surface
(HomBAcH et al. 1988). Two of these accessory molecules, Ig-a (encoded
by the mb-1 gene), and Ig-f (encoded by the B29 gene), have been charac-
terized and shown to be structurally related to the T cell CD3-y, J, and
{ proteins (SakacucHI et al. 1988; Rern 1989; CampBELL et al. 1991).
Association with these two molecules is sufficient to bring IgM to the surface
of transfected fibroblasts (VENKITARAMAN et al. 1991; MaTsuucHI et al.
1992). Both Ig-a and Ig-§ are associated with all five of the heavy chain
isotypes, although there does appear to be differential dependence on a and
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B for cell surface expression (VENKITARAMAN et al. 1991; VAN NOESEL et al.
1992). IgM is absolutely dependent on both a and g, while IgG2b and IgD
may not always require both chains. The a/f independent form of IgD has
been shown to be a phosphatidylinositol linked rather than transmembrane
bound molecule (WIENANDS and RErH 1992).

Immunoglobulin heavy chain probably interacts with the Ig-a and f
chains via its transmembrane domain. The various heavy chain trans-
membrane domains are unusually hydrophilic; for example, the mouse u
sequence includes six threonine residues and three serine residues clustered
into two short sequences, TTAST and SLFYSTTVI. Replacement of the
entire IgM transmembrane sequence with a more conventional class I MHC
transmembrane domain, or even substitution of the first four of the threonine
and serine residues with valine and alanine, leads to constitutive cell surface
expression in plasmacytoma lines which do not express Ig-a (WiLLiAMS et al.
1990). Replacement of the YS sequence in the second cluster with two
valine residues abrogates signal transduction and antigen presentation (SHAW
et al. 1990) while replacement of the first cluster with the equivalent seg-
ment of an MHC class 1II transmembrane domain eliminates antigen pre-
sentation but not signaling (PARIKH et al. 1992). These polar residues within
the IgM transmembrane may interact with polar glutamic acid and glutamine
residues within the respective transmembrane domains of Ig-a and Ig-f
(RETH et al. 1991).

The significance of these details for the success of a human antibody
transgenic mouse is that such a mouse will rely on hybrid B cell receptor
complexes assembled from human heavy chains and mouse a/f accessory
proteins. Will sequence divergence between mouse and human disrupt B
cell development and function? Figure 11 presents the amino acid sequences
of the COOH-terminal regions of several different mouse and human heavy
chains. The only differences within the last two exons of mouse and human

* * *

mouse IgM EGEVNAEEEGFE NLWTTASTFIVLFLLSLFYSTTVTLF KVK
human IgM EGEVSADEEGFE NLWATASTFIVLFLLSLFYSTTVTLF KVK

mouse IgD QSDSYMDLEEEN  GLWPTMCTFVALFLLTLLYSGFVTFI KVK
human IgD NSDDYTTFDDVG ~ SLWTTLSTFVALFILTLLYSGIVTFI KVK

mouse IgGl  ETCAEAQDGELD GLWTTITIFISLFLLSVCYSAAVTLF KVKWIFSSVVELKQTLVPEYKNMIGQAP
mouse IgGZa DVCAEAQDGELD GLWTTITIFISLFLLSVCYSASVTLF KVKWIFSSVVELKQTISPDYRNMIGQGA
mouse IgG2b DICAEAKDGELD GLWTTITIFISLFLLSVCYSASVTLF KVKWIFSSVVELKQKISPDYRNMIGQGA
mouse IgG3  ETCAEAQDGELD GLWTTITIFISLFLLSVCYSASVTLF KVKWIFSSVVQVKQTAIPDYRNMIGQGA

mouse IgA SQDILEEEAPGA  SLWPTTVTFLTLFLLSLFYSTALTVTTV RGPFGSKEVPQY
human IgA PQETLEEETPGA NLWPTTITFLTLFLLSLFYSTALTVTSV RGPSGNREGPQY

extracellular transmembrane cytoplasmic

Fig. 11. COOH-terminal sequences of membrane bound forms of mouse and human
heavy chains. Asterisks indicate differences between mouse and human IgM. (From
KaBAT et al. 1991 and Yu et al. 1990)
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IgM are two relatively conservative changes outside the membrane, and a
single substitution within the membrane. The extracellular spacer sequence
that includes the first two changes is not conserved between different heavy
chain classes. Furthermore, both residues are divergent between mouse IgM
and IgD, each of which has been shown to be capable of mediating B cell
activation, deletion, and anergy in transgenic mice (Brink et al. 1992).
Replacement of the x4 transmembrane exons with the equivalent § exons in
transfected cell lines also did not disrupt signaling (WEBB et al. 1989). It is,
therefore, unlikely that these two differences between mouse and human
IgM will disrupt B cell function. The single residue substitution within
the transmembrane region is more problematic. This threonine to alanine
change (TTAST to ATAST) falls within the first polar cluster thought to
be important for receptor complex assembly and function; however, it is
not conserved between mouse u and J. Additional a priori support for
equivalence of the mouse and human heavy chains is provided by the
complete sequence identity of the mouse and human Ig-a genes (Yu and
CHANG 1992).

Experimental evidence that a human/mouse hybrid receptor might be
functional also comes from the observation that completely human IgM
transgenes can xenotypically exclude rearrangement of endogenous mouse
IgM (NuUsSENZWEIG et al. 1987; TAyLOR et al. 1992). A possible solution to
potential problems arising from hybrid receptors involves substituting the
penultimate exon of the human gene for the equivalent exon of the mouse
gene. This exon encodes the transmembrane region and is not part of the
message encoding the secreted (and potentially therapeutic) antibody. Such
a transgene, in which the last two mouse exons were spliced to the re-
maining portion of the human x gene, was used by BRUGGEMANN et al.
(1989) in their minilocus experiments.

3. Pre-B Cell Complex

In pre-B cells IgM associates with surrogate light chains to form a tran-
sitional complex that may be important for allelic exclusion of heavy chain
rearrangement and further maturation within the bone marrow (CHERAYIL
and PiLLA1 1991). The transitional complex is found prior to and immediately
following x gene rearrangement and expression. This represents another
cross-species protein complex that the human heavy chain will presumably
have to form in transgenic B cells. The surrogate light chain is composed of
two proteins, @ and 1, encoded by the genes A5 and VpreB, respectively
(SakaGucHI et al. 1986; PiLLAl and BaLTIMORE 1987; Kupo and MELCHERS
1987). Neither of these genes requires rearrangement to be expressed. An
analysis of B cell maturation in human heavy chain transgenic mice that
have bred with mice that do not express endogenous u (KITAMURA et al.
1991; CHEN et al. 1993b) will be necessary to demonstrate that a mouse/
human hybrid transitional complex can function.
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VI. Class Switching

1. Background

Because use of the u or J constant regions is largely determined by alternate
splicing, IgM and IgD can be coexpressed in a single cell. However, the
other heavy chain isotypes (y, @, and ¢) are only expressed after a gene
rearrangement event deletes the Cu and Co exons. This gene rearrangement
process, termed class switching, occurs by recombination between so called
switch segments located immediately upstream of each heavy chain constant
region gene segment (except d). The individual switch segments are between
2 and 10kb in length and consist primarily of short repeated sequences
(MowarT and Dunnick 1986; MiLLs et al. 1990). The exact point of recom-
bination differs for individual class switching events, and switch products can
also be substrates for further switching (MiLLs et al. 1992). Induction of
class switching appears to be associated with sterile transcripts that initiate
upstream of the switch segments (LUTZKER and ALT 1988; STAVNEZER et al.
1988; Esser and RaperucH 1989; BErTON et al. 1989; RoTHMAN et al. 1990).
For example, the observed induction of the y1 sterile transcript by IL-4 and
inhibition by IFN-y correlates with the observation that IL-4 promotes class
switching to y1 in B cells in culture, while IFN-y inhibits y1 expression.
Ideally then, transgene constructs that are intended to undergo class
switching should include all of the cis-acting sequences necessary to regulate
these sterile transcripts. A possible alternative method for obtaining class
switching in transgenic mice involves the inclusion of the 400bp direct
repeat sequences that flank the human x gene (Yasur et al. 1989; WHITE et
al. 1990). Homologous recombination between these two sequences deletes
the x gene in IgD-only B cells.

2. Class Switching in Transgenic Mice

The ability of a transgene construct to switch isotypes by autonomous
recombinational deletion during B cell maturation has not been directly
demonstrated in transgenic mice. However, two laboratories have published
descriptions of relevant model systems. The first system involves only the 5’
half of the switch apparatus, while the second system may be an example
of transgene autonomous switching. DurDIK et al. (1989) microinjected a
rearranged mouse u heavy chain gene construct and found that in four
independent mouse lines a high proportion of the transgenic B cells expressed
the transgene encoded variable region associated with IgG rather than
IgM. They then showed that an IgG expressing hybridoma contained a
chromosomal translocation between the site of insertion of the transgene
and the endogenous heavy chain locus (GERSTEIN et al. 1990). Thus, iso-
type switching appears to have taken place between the transgene and the
endogenous y constant region on another chromosome. In this case the 3’
switch acceptor sequences are derived from the endogenous locus; however,
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TAYLOR et al. (1992) built a transgene that included two heavy chain genes,
human g and y1, together with the respective switch regions. The transgene
also included the start site of the y1 sterile transcript implicated in class
switching. Mice generated with this construct expressed both human u and
human y1 transcripts and protein. The human y1 expressing B cells in these
mice may have undergone class switching using only transgene derived
sequences. However, because the genomic structure of individual IgG ex-
pressing hybridomas was not analyzed, alternative mechanisms cannot be
ruled out. The transgene included the two 400bp repeats that flank the
human u gene, and these could be involved in deletional recombination.
The close proximity of the x4 and y1 segments in the transgene could also
lead to the synthesis of a single transcript that would express both isotypes
by alternate splicing. In addition, the transgene inserts consisted of multi-
copy tandem arrays, and some of the sequences could have been scrambled
to allow for direct expression of y1. Expression of y1 could also be explained
by trans-splicing. Another group (SHIMIZU et al. 1989, 1991) has identified a
small population of cells in human y transgenic mice that simultaneously
express both human u and mouse y heavy chain sequences associated with
the same transgene encoded VDJ sequence. The authors propose that trans-
splicing of human VDJ sequences to germline y sterile transcripts could be
responsible fot the double isotype expression. Trans-splicing models have
also been used to explain double isotype expression in BCL1 leukemia cells
(NoLaN-WiILLARD et al. 1992). These observations are open to alternative
explanations; however, ftrans-splicing of transfected trypanosome and
nematode sequences has been directly demonstrated in mammalian cell lines
(Bruzik and MaNiaTIs 1992).

3. Importance of Class Switching for a Human Antibody Mouse

Which constant region gene segments need to be included in a functional
heavy chain transgene? This is a two part question: which constant region
segments are important for B cell development, and which segments are
useful for generating a therapeutic product? Because IgM is the heavy chain
class that is expressed during early stages of development it is presumably
important to include the u gene. The importance of membrane bound IgM is
supported by the observation that targeted deletion of the u transmembrane
exons results in a B cell deficient mouse (KitaMURA et al. 1991); however,
this deletion also removed the first half of the § gene, and it is not clear that
enough class switch recombination would occur in early B cell development
to give other heavy chain isotypes the opportunity to rescue the B cell
compartment. It has not been demonstrated that a different segment, such
as one of the y genes, would not function throughout B cell development if
it were substituted for u.

IgD is less likely to be important for early B cell maturation or for
functioning of mature B cells. It is not expressed in early B cell devel-
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opment, and it is deleted in IgG, IgA, and IgE expressing cells (Yuan and
Viterra 1978). Furthermore, disruption of the IgD gene, by homologous
recombination in ES cells, does not prevent the development of mature
functional B cells (Roes and RajEwsky 1991). However, the resulting IgD
deficient B cells do not develop a secondary response to antigen as rapidly
as normal B cells, suggesting a possible role for this receptor in the initiation
of affinity maturation (RoEes and RajtEwsky 1993). The authors propose that
the flexibility of the IgD molecule, conferred by its extended hinge region,
facilitates binding to — and internalization of — large multimeric antigens.
Thus IgD may have evolved as a specific receptor for recruiting B cells into
the affinity maturation pathway within germinal centers. Inclusin of an IgD
gene could conceivably improve the functionality of an immunoglobulin
transgene.

The individual heavy chain classes that are expressed following switch
recombination are also unlikely to be required for B cell function. Although
heavy chain class switching is associated with affinity maturation, somatically
mutated IgM antibodies are common and switching can be induced in vitro
without somatic mutation (BERek and MILSTEIN 1988; MANSER 1987;
Wrysocki et al. 1992). There is also in vivo evidence that switching can
take place in the absence of somatic mutation. During a T cell dependent
immune response, class switching takes place in spleen foci both outside of
and within germinal centers, while somatic mutation is restricted to germinal
center B cells (JacoB et al. 1991a). Class switching could help to trigger
affinity maturation; however, it is more likely that class switching and
somatic mutation are associated because they occur at the same stage of B
cell development and are stimulated by overlapping sets of cytokines and
cell-cell interactions (RaJEwsky et al. 1987; Siekovitz et al. 1987). This
may be a good reason to build class switch substrates into human im-
munoglobulin transgenes: the appearance of non-IgM isotypes following
class switching would not only provide a good indication that an immunized
mouse is undergoing a secondary immune response, it could also provide an
additional screening tool for selecting hybridomas expressing high affinity
antibodies. The therapeutic characteristics of different heavy chain classes
provides an additional reason for engineering transgenes that can undergo
class switching. IgM pentamers have less access to some tissues because of
their size, and the molecules expressed in transgenic animals are not com-
pletely human because they include the mouse encoded J chain. The IgG
subclasses are probably more useful therapeutically. Each of these classes
differ in their ability to activate complement lysis and antibody dependent
cytotoxicity (BINDON et al. 1988). An IgG1 antibody might be more useful
for applications involving cell killing, while an IgG4 antibody could be
better for receptor blocking. It might therefore be advantageous to build
different strains of transgenic mice that class switch to different constant
regions. Alternatively the mice could be used simply to generate human
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VD] segments that can be cloned and manipulated in vitro to generate
therapeutic targets.

VII. Substra_te for Somatic Mutation

During the initial stages of a T cell dependent response a subset of antigen
reactive B cells will undergo a process of affinity maturation during which
the rearranged immunoglobulin loci collect random point mutations (Kocks
and Rajewsky 1989; Weiss and Rajewsky 1990). These point mutations,
which accumulate over the heavy and light chain V(D)J regions at a rate
of 1073/bp/cell division, increase the diversity of the available repertoire
(ALLEN et al. 1987). From this repertoire high affinity clones are expanded
and loss of function clones are deleted in an evolutionary process leading
to a pool of memory cells that can give rise to plasma cells expressing
immunoglobulins with affinities greater than 10® M~!. This process appears
to take place only within specific spleen, lymph node, and Peyers patch
structures (germinal centers) (BEREK et al. 1991; Jacos et al. 1991b, 1992).

It is a fundamental requirement for a correctly functioning transgene
immunoglobulin locus that it serve as a substrate for somatic hypermutation
during affinity maturation. Affinity maturation is particularly important for
obtaining useful antibodies derived from a minilocus because virtually any
conceivable transgene construct will have a smaller primary repertoire than
the natural human immunoglobulin loci. An efficient process of affinity
maturation could overcome the limited primary repertoire of a transgenic
system and might be the key feature that distinguishes such a system from
the other methods of obtaining low immunogenicity antibodies.

Somatic mutation of rearranged mouse x light chain transgenes has been
reported (O’BRIEN et al. 1987; HAckerr et al. 1990; SHARPE et al. 1991).
The observed frequency of mutations within the transgene variable regions
ranged from 0.1% to 1%, compared to frequencies of 1%—-2% found in
naturally occurring affinity selected x« genes (STEELE et al. 1992). Somatic
mutations of x transgenes were found to be dependent on hyper-
immunization and may be dependent on sequences 3’ of the constant region
gene segment. Both of the transgene constructs that were found to be
substrates for hypermutation included almost 10 kb of 3’ flanking sequences,
while two other constructs that did not undergo somatic mutation included
only 1kb of 3' flanking sequences (SHARPE et al. 1990, 1991; CARMACK et al.
1991). The flanking sequences left off of the nonmutating transgenes include
the 3’ transcriptional enhancer sequence (MEYER and NEUBERGER 1989),
leading to speculation that the enhancer may be important for targeting
somatic mutation (SHARPE et al. 1991). However, this conclusion may be
contradicted by data from transgenic animals containing a tRNA reporter
gene immediately downstream of a rearranged VJx gene (UMAR et al. 1991).
The authors observed a high frequency of tRNA mutations despite the
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fact that their construct only included 1.2kb downstream of the Ck exon.
Although the exact sequences involved in targeting light chain somatic
mutation have not been identified, the important point is that they lie within
the region immediately flanking the gene and are able to function when
removed from the intact x locus.

In addition to sequence requirements for somatic mutation, it has been
proposed that the orientation of the transgene relative to the direction of
DNA replication may be important. RoGerson et al. (1991) found that in a
x transgenic line containing a three copy tandem array of the injected
fragment, only one of the three copies underwent somatic mutation, and this
copy was integrated in the opposite orientation as the other two. Whether or
not the orientation of the transgene turns out to be important, this result
highlights the difficulty of interpreting transgenic somatic mutation data.
Only a fraction of the integrated transgenes may function as a hypermutation
substrate, making it difficult to collect data from a statistically significant
number of independent lines to draw firm conclusions regarding differences
in the structure of the transgenes. The authors also carefully analyzed
the structure of the integration site and showed that all three of the trans-
genes did not integrate intact. It cannot therefore be assumed a priori that
sequences included in the injected fragment will be included in the transgenic
mouse.

The sequences that define the substrate for hypermutation within the
heavy chain locus have not been found. There has been one report of a
rearranged u transgene undergoing somatic mutation; however, the mutated
copy of the transgene VH segment had recombined into the endogenous
immunoglobulin locus via class switching from the transgene encoded u to
an endogenous y gene (DUrDIK et al. 1989). The sequences that directed
these mutations could have been derived from the endogenous im-
munoglobulin locus rather than the transgene. It is unlikely that the heavy
chain enhancer alone is sufficient because a hybrid B cell expressing trans-
gene consisting of a TCR coding sequence and an immunoglobulin heavy
chain intronic enhancer was not mutated in B cells that had undergone
hypermutation at the endogenous immunoglobulin loci (HACKETT et al.
1992).

VIII. Domination of the Immune Response

This final requirement, that the transplanted human immunoglobulin genes
dominate over the endogenous mouse immunoglobulin genes, requires first
that all of the other requirements for correct transgene function are fulfilled.
If all of these requirements are fulfilled, it is still essential for the transgene
locus to be dominant so that a high proportion of the hybridomas obtained
will be producing therapeutically useful human antibodies, and not mouse or
mouse/human hybrid antibodies.
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There are several basic strategies for generating a dominant transgene
response. The first strategy involves only the transgenes themselves. If the
transgene loci undergo V(D)J joining with high efficiency at a point in B cell
development when the endogenous loci have not yet begun to rearrange,
then it is possible for the transgenic response to dominate by xenotypic
exclusion. A problem with this approach is that over time escape clones
expressing endogenous immunoglobulins could be selected for if the primary
repertoire of the transgenes is insufficient. It is probably necessary to actively
interfere with the expression of the endogenous immunoglobulin genes to
get an efficient human antibody response. Three possible strategies are
discussed below: antibody depletion, anti-sense transgenes, and gene tar-
geting by homologous recombination.

1. Antibody Depletion

Intravenous injection of anti-immunoglobulin antibodies has become almost
a standard research tool in immunology. This procedure was used over
20 years ago in the first convincing demonstration that class switching is
responsible for the appearance different immunoglobulin isotypes (KEARNEY
et al. 1970). Anti-u antibody was injected into developing chickens and
found to suppress not only IgM but IgG, showing that IgG expressing
cells developed from IgM expressing cells. The same experiment was also
performed in mice (MANNING and JutiLa 1972). Antibodies against mouse
4, k, and A could be used to suppress B cells expressing endogenous im-
munoglobulins in transgenic mice. This procedure would be analogous to
experiments reported by WEiss et al. (1984) in which mice were generated
that completely lacked « light chain expression because of anti-x antibody
injections. These mice had normal numbers of B cells and normal serum
immunoglobulin levels because y expression compensated for the lack of .
When the mice were immunized with antigens that normally elicit a «
response, they showed a reduced primary response (presumably due to the
limited diversity of the A repertoire in mice) but a fairly normal secondary
response. In a similar fashion, a limited transgene encoded repertoire could
be selected for if the endogenous response were suppressed by antibody
injections.

2. Anti-sense Transgenes

Coexpression of cross-hybridizing transcripts represents another potential
method of suppressing gene expression. It was first recognized as a
mechanism used in prokaryotes to regulate DNA replication (ToMizawa
et al. 1981) and protein synthesis (SiMoNs and KLECKNER 1983). IZANT
and WEINTRAUB (1984) showed that antisense transcripts introduced into
mammalian cells reduced the expression of targeted genes. While this
technique has worked well in tissue culture and transgenic plants (HamiLToN
et al. 1990), it has been only moderately successful as a method of sup-
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pressing gene expression in transgenic animals (MUNIR et al. 1990). How-
ever, there have been several reports of altered phenotypes in transgenic
mice expressing antisense constructs. Katsuki et al. (1988) obtained a
shiverer-like phenotype in mice containing an antisense myelin basic protein
construct; Han et al. (1991) found reduced levels of Moloney murine
leukemia virus-induced leukemias in transgenic mice expressing an antisense
viral packaging sequence; and PEPIN et al. (1992) created an obese strain of
mice by inserting an antisense glucocorticoid receptor transgene. The con-
stant region RNA sequences of mouse and human immunoglobulins are
different enough that antisense transgenes could theoretically be used to
specifically reduce expression of mouse y, x, and A without affecting the
expression of human transgene encoded antibodies.

3. Gene Targeting

Perhaps the most effective means of reducing the expression of the
endogenous mouse immunoglobulins is to inactivate the genes by
homologous recombination in ES cells. The technology involved is briefly
outlined above in the section on ES cells. Homologous recombination
has been used to generate a variety of mice containing different germline
alterations since it was first successfully employed in 1989 to correct a
mutant HPRT gene (THoMPSON et al. 1989). This was perhaps the simplest
gene targeting event to engineer because the functional HPRT gene could
be selected for under relatively innocuous conditions; however, other
methods had been developed for targeting nonselectable loci (THoMas and
CarpECHI 1987). Once it was demonstrated that these methods could be
used to target specific chromosomal sequences regardless of their function
(Mansour et al. 1988) or transcriptional state (JoHNSON et al. 1989) and that
the drug selection protocols employed do not prevent the targeted cells from
populating the germline (SCHWARTZBERG et al. 1989; ZuLsTraA et al. 1989), it
was apparent that the immunoglobulin loci could be specifically altered to
reduce their expression. Both the mouse u heavy chain (KitaMURA et al.
1991; CHEN et al. 1993b) and « light chain (CHEN et al. 1993a; Zou et al.
1993) genes have now been disrupted by this process. Disruption of these
two loci is relatively straightforward: functional rearrangement at each locus
is dependent upon a unique small cluster of J segments that can be entirely
deleted by a single gene targeting event. However, the remaining mouse 4
locus will be more difficult to knock out because it consists of three func-
tional constant region genes, each paired with a single J segment. Two of
the JA-CA are adjacent, but the third gene is located over 100 kb upstream
(Stors et al. 1989; CarsoN and Wu 1989). The genes could be inactivated
by two independent targeting steps, or it might be possible to delete the
entire 100kb locus using a targeting vector that selects for recombination
events at each end. MoMBAERTS et al. (1991, 1992) created a 15kb deletion
in the T cell receptor f locus using this approach. If the 1 locus is eliminated
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by gene targeting it will require a great deal of mouse breeding to obtain a
mouse containing heavy and light chain transgenes in a y, x, 4 background.
The ideal mouse would be hemizygous at each of the two transgene loci and
homozygous null for each of the three endogenous alleles. The total number
of possible genotypes for mice with variations at five different loci is 243. It
will be much simpler to avoid eliminating the A locus, in which case there
are only 81 different possible genotypes to deal with. Expression of 4, which
contributes only 5% of the normal mouse light chain, may not be a problem.
The mouse 4 locus is not very diverse, consisting of only three variable
segments, and might not compete with the transgene locus. In addition, A
appears to rearrange late in B cell development, and does not completely
restore B cell numbers in ¥ knockout mice (CHEN et al. 1993b; Zou et al.
1993).

F. Perspective

There are several questions that still have to be answered before it can be
determined if a transgenic animal can be used as an efficient source of
human sequence MoAbs. The first major question involves the functionality
of a hybrid mouse/human B cell receptor. This question will be answered
by an analysis of mice resulting from crosses between endogenous immuno-
globulin knockout animals and minilocus transgenic animals. If the transgene
encoded immunoglobulin chains can rescue the B cell compartment with
cells that can respond to antigen stimulation, then the hybrid receptors
should be functional. The second big question involves the size of the
primary repertoire. Will a limited minilocus encoded repertoire be sufficient
to initiate affinity maturation with a wide variety of antigens? It is possible
to speculate about the relative importance of the different CDR loops
for the development of a primary repertoire and on the plasticity of that
repertoire for the development of a secondary repertoire; however, only
experimental results from immunized transgenic animals can answer the
question. The third major unresolved question is whether heavy chain trans-
genes can be a substrate for somatic mutation (as has been observed for
light chain transgenes) and if the resulting transgenic B cells will undergo
affinity maturation to generate useful therapeutic antibodies? This question
can also only be resolved by experimental results. If it turns out that
transgenic B cells do not undergo affinity maturation, then transgenic mice
will be no more useful for generating human MoAbs than the combinatorial
library approach. In addition to these three major unresolved questions
there are a number of questions regarding the design of an optimal trans-
genic mouse. For example, can a transgene lacking the J heavy chain gene
function efficiently? Will the expression of the endogenous mouse A light
chain complicate the isolation of hybridomas secreting completely human
antibodies? Again these and other questions will only be resolved by actual
experience using transgenic mice to generate human MoAbs.
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CHAPTER 4
Humanization of Monoclonal Antibodies

G.E. Mark and E.A. PADLAN

A. Introduction

Antibodies of predefined specificity have many potential uses in human
therapy and diagnosis, and hybridoma technology (KoeHLER and MILSTEIN
1975) has made possible the generation of virtually limitless amounts of such
antibodies. Unfortunately, hybridoma proteins are more easily obtained
from nonhuman, usually rodent, sources and the use of those antibodies in
human subjects will be hindered by the patient’s immune system. The
reduction of the immunogenicity in humans of xenogenic antibodies will
make those molecules more efficacious reagents and various procedures for
“humanizing” antibodies have been developed with this objective in mind.

The goal of humanization is to make an antibody appear as human-like
as possible to a patient’s immune system. Two general procedures have been
proposed to achieve this goal: the first, by the construction of human/
nonhuman antibody chimeras (MorrisoN and O1 1988; JonEs et al. 1986;
VERHOEYEN et al. 1988), with as few nonhuman parts as possible; the
second, by “veneering” or “‘cloaking” an antibody with a human-like surface
(PapLaN 1991). A humanized antibody should retain all the antigen-binding
properties of the original molecule, and that requires the faithful reproduc-
tion of the combining site structure. In this regard, humanization has been
aided by the structural knowledge that is available on antibodies.

In terms of structure, antibodies are probably the most studied of
all proteins, with amino acid and nucleotide sequence data available for
thousands of different chains (KaBaT et al. 1991) and three-dimensional
structures available for both whole antibodies and for a variety of fragments.
Here, we review the relevant structural data, demonstrate how these data
have been used in the design of humanization protocols, and exemplify two
alternative humanization procedures.

B. Structure of Antibodies

I. General

An antibody molecule is traditionally characterized as being composed of
three fragments: the two Fabs, which are identical and each of which
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contains the light chain and the first two domains of the heavy chain, and
the Fc, which contains the COOH-terminal constant domains of the two
heavy chains. The Fabs are connected to the Fc by the hinge region, which
varies in length and flexibility in the different antibody isotypes. The com-
bining sites are located at the tips of the Fabs.

X-ray analysis has shown that the variable and constant domains of
antibodies form compact globular structures with a characteristic fold — the
immunoglobulin fold (PoLjak et al. 1973). Each domain consists of a stable
arrangement of hydrogen-bonded f-strands which form a bilayer structure,
further stabilized by a disulfide bond between the two layers. The variable
domains of the light and the heavy chains, the V| and the Vy, are similar to
each other in three-dimensional structure, as are the constant domains.
Homologous domains from different species are very similar, so that the Vy
domains of human and murine antibodies, for example, are superposable,
except in the hypervariable or complementarity determining regions (CDRs)
and usually only if length differences exist in those regions (PApLAN and
Davigs 1975).

In the Fab (Fig. 1), VL and Vy associate closely to form a compact
module, the Fv, and are related by a pseudodyad. The contact between the

Fig. 1. Stereodrawing of the a-carbon trace of the Fab of antibody HyHEL-10
(PADLAN et al. 1989). The light chain is drawn with thinner lines on the left and the
heavy chain with thicker lines on the right. The variable domains are on fop and the
constant domains are at the botfom. The complementarity determining regions
(CDR) residues are indicated by circles. The beginning and end of each CDR are
labeled, as are the NH,- and COOH-terminals of both chains and the ends of the
variable domains
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variable domains involves both framework and CDR residues. The involve-
ment of CDR residues in the Vi :Vy contact contributes to the variation
seen in the pseudodyad. The constant domains in the Fab, the C;. and the
Cul, likewise form a compact module and are also related by a pseudodyad.
In both light and heavy chains, the variable and constant domains are linked
by a short segment of polypeptide chain, the switch, which is flexible,
allowing variation in the relative disposition of the variable and constant
modules.

II. The Antibody Combining Site

The CDRs are seen as loops mainly situated at the NH,-terminal tip of the
Fab, where they form a continuous surface. Crystallographic analysis of
several antibody/antigen complexes and other studies have shown that
antigen binding mainly involves this surface (although some framework
residues have been found to be involved also in the interaction with antigen).
The CDR surface is therefore usually equated with the combining site of the
antibody. Thus, the antigen-binding specificity of an antibody is defined by
the topography of its CDR surface and by the chemical characteristics of this
surface; these in turn are determined by the conformation of the individual
CDRs, by the relative disposition of the CDRs, and by the nature and
disposition of the side chains of the amino acids comprising the CDRs.

Crystallographic analysis of antibody structures, with and without bound
ligand, has shown that, in some cases, the combining site structure may
change on binding, in keeping with the hypothesis of “induced fit” (ED-
MUNDSON et al. 1974; BHAT et al. 1990; STANFIELD et al. 1990; HERRON et al.
1991; Rin1 et al. 1992; Davies and PADLAN 1992). The conformation of the
individual CDRs may change, as could the mode of quarternary association
of the variable domains (CoLMAN et al. 1987; BHAT et al. 1990; STANFIELD et
al. 1990; HErrON et al. 1991; Rint et al. 1992). These results suggest that the
combining site structure is not rigid, rather, it is plastic and may assume
different conformations depending on circumstance.

III. Complementarity Determining Regions

There are three hypervariable regions in each of the light and heavy chains
of an antibody. On the basis of sequence variation, the CDRs of the light
chain are comprised of residues 24-34 (CDR1-L), 50-56 (CDR2-L), and
89-97 (CDR3-L), and those of the heavy chain contain residues 31-35
(CDRI1-H), 50-65 (CDR2-H), and 95-102 (CDR3-H) (KaBAT et al. 1991)
(Fig. 1). Within each CDR, there are residue positions that are more
hypervariable than others; these positions are presumably more involved in
the determination of antigen-binding specificity and in the diversification of
specificities, while the more conserved residues in the CDRs probably play a
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Fig. 2. End on view of the Fv of antibody HyHEL-10. The figure is rotated 90°
relative to Fig. 1

more structural role and serve to stabilize the combining site structure
(KaBAT et al. 1977; PapLAN 1977).

Variations in length accompany the variability in sequence in these
CDRs, with CDR3-H displaying particularly large length variations. The
longer CDRs seem to be more flexible and have been found to display
greater structural variability. Some of the longer CDRs have been observed
to assume different conformations when subject to different crystal environ-
ments (ScHIFFER et al. 1973) and to suffer the larger deformations upon
ligand binding (e.g., STANFIELD et al. 1990; HERrRON et al. 1991; RinI et al.
1992).

The six CDRs are disposed (Fig. 2) such that the NH,-terminal part
of CDRI1-L and the COOH-terminal parts of CDR2-L. and CDR2-H are
farther from the center of the CDR surface, while CDR1-H, CDR3-H,
CDR3-L, the COOH-terminal part of CDR1-L, and the NH2-terminal parts
of CDR2-L and CDR2-H are closer to the center and may play a more
prominent role in antigen binding. There is close contact among the CDRs
of the same domain, and among the CDRs from opposite domains in the Fv.

IV. Influence of Framework Residues on Combining Site Structure

The framework regions, by and large, show conserved amino acid substitu-
tions and very similar three-dimensional structures. The different antibody
combining sites, therefore, can be pictured as being constructed with CDRs
of varied shapes and sizes, which are grafted onto a scaffolding of conserved
structure. The framework, on account of the intradomain disulfide bond,
a largely hydrogen-bonded backbone structure, a hydrophobic interior
with several large aromatic residues, and sharp turns frequently involving
prolines, provides a strong foundation for the highly variable CDRs.

Many residues from the framework are in contact with the CDRs in the
same domain and, across the V| :Vy interface, with those in the opposite
domain. These framework/CDR contacts significantly affect the confor-
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mation of the CDRs. Indeed, canonical structures have been observed for
most CDRs and those structures are determined by the nature of a small
number of framework residues that contact the CDRs (CHoTHiA and LESK
1987; CHotHIA et al. 1989; TRAMONTANO et al. 1990).

C. Strategies for the Humanization of Antibodies

Ideally, humanization should result in a molecule that is totally nonim-
munogenic and with all the antigen-binding properties of the original
antibody. In order to preserve the fine specificity of an antibody, its CDRs
(and probably also some of the neighboring framework residues), their
interaction with each other, and their interaction with the rest of the variable
domains must be strictly maintained. Further, if the interaction with antigen
involves induced fit, the structural elements which permit the conforma-
tional change must also be preserved in the humanized molecule.

I. Transplanting a Nonhuman Combining Site onto
a Human Framework

The easiest way to preserve the ligand-binding properties of an antibody is
to keep the entire Fv. This has been achieved by the construction of
chimeric antibodies in which the variable domains of the xenogenic proteins
are fused with the constant regions of human molecules (reviewed by
MorrisoN and O1 1988). The close similarity among human and nonhuman
antibodies, even in the switch regions, makes this procedure feasible. The
chimeric molecules have been found to possess all the antigen-binding
characteristics of the original xenogenic antibodies. Unfortunately, the
chimeras retain the immunogenicity of the nonhuman variable domains.

The greatest reduction in immunogenicity is achieved by the procedure
of Winter and coworkers (JONEs et al. 1986; VERHOEYEN et al. 1988), who
graft only the CDRs of the xenogeneic antibodies onto human framework
and constant regions. Antibodies humanized in this manner would be
expected to be essentially nonimmunogenic (assuming allotypic or idiotypic
diversities go unnoticed). However, CDR grafting per se may not result in
the complete retention of antigen-binding properties. Indeed, it is frequently
found that some framework residues from the original antibody need to be
preserved in the humanized molecule if significant antigen-binding affinity is
to be recovered (see, for example, RIECHMANN et al. 1988; QUEEN et al.
1989; TeMPEST et al. 1991; Co and QUEEN 1991; Co et al. 1991; FootE and
WINTER 1992).

In theory, all the framework residues which could influence the struc-
ture of the combining site should be preserved. These include those which
are in contact with the CDRs, since they provide the primary support for
the combining site structure, and those which are involved in the Vi :Vy
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contact, since they influence the relative disposition of the CDRs. It may be
necessary to keep also those framework residues which are buried in the
domain interior. Structural studies of the effect of the mutation of interior
residues, in which changes in side chain volume are involved, have shown
that the resulting local deformations are accommodated by shifts in side
chain positions that are propagated to distant parts of the molecular interior
(see, for example, ALBER et al. 1987). This suggests that a humanization
protocol, in which an interior residue is replaced by one of a different size,
could result in a significant modification of the combining site structure.

The important framework residues can be identified if the three-
dimensional structure of the antibody, or, at least, of the Fv, is known. The
structures of murine Fabs, for which atomic coordinates are available, have
been analyzed and those framework residues which play a role in maintain-
ing the combining site structure are presented in Tables 1-5. The framework
residues in the Vi domains whose side chains contact CDR residues are
listed in Table 1; those in the Vy are listed in Table 2. The framework
residues which contact framework residues in the opposite domain and
potentially influence the quaternary structure of the Fv are listed in Table 3.
The buried, inward-pointing, framework residues in the Vi (i.e., those
which are located in the domain interior) are listed in Table 4; similarly,
those in the Vy are listed in Table 5. These results are summarized in Fig. 3
for Vi and in Fig. 4 for Vy.

It is seen in Tables 1-5 that: (a) there are many framework residues
which either contact the CDRs, contact the opposite domain, or are found
in the domain interior and (b) these framework residues, which could
influence the structure of the combining site and antigen-binding charac-
teristics of an antibody, are different from antibody to antibody.

If an antibody was to be humanized, it would probably be wise to retain
all of the framework residues that are listed in Tables 1-5. At first glance, it
would appear that there would be too many nonhuman residues to keep;
however, searching through the tabulation of immunoglobulin sequences
(KaBaT et al. 1991), one finds that human variable domain sequences are
known that already have most of the framework residues that need to be
preserved. Hence, many mutations would not be needed to transform a
human framework sequence to one that will accomodate the nonhuman
CDRs with retention of antigen-binding properties. For example, the
humanization of the murine antibody HyHEL-5 would require keeping nine
murine framework residues in the Vi using the human V,. sequence BI (or
Rei and a few others) as template, and 13 framework residues in the Vy,
using the human Vg sequence AND (or 21/28'CL and a few others).
Humanization of the murine antibody B13i2 would require the retention
of only three murine framework residues in the V, using the human Vx
sequence CUM (or NIM) as template, and only two framework residues in
the Vy, using the human Vy sequence M72 (or M74 and a few others). It is
possible that there exist other human sequences that are known but are not
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Table 4. Inward-pointing,? buried framework residues in the Vi of murine Fabs of
known three-dimesional structure

Position  Antibody

1 2 3 4 5 6 7 8 9 10 11 12
2 I I I I I \4 \4 I \ I I I
4 L M L L M M M M M M M L
6 Q Q Q Q Q@ Q O O O 0o Qo a
11 T L L M L L L L L L L M
13 A \ v A A v v A A\ A A A
19 \' \ A" \4 \Y A A v A \% \% \4
21 I M L M I I I I I I I M
23 C C C C C C C C C c - C C
35 VW W W W W W W W W W W W
37 Q Q Q Q Q L L Q L Q Q Q
47 W L L W L L L L L L L L
48 I I I I I I I I I \" I I
58 v A\ I \% \' \ v \" v \' \' A\
61 R R R R R R R R R R R R
62 F F F F F F F F F F F F
71 Y F F Y Y F F Y F Y Y Y
73 L L L L L L L L L L L L
75 I I I I I I I I I I I I
78 M v v M L A% \' L \" L L M
82 D D D D D D D D D D D D
83 F
84 A A A A A A A
86 Y Y Y Y Y Y Y Y Y Y Y Y
88 C C C C C C C C C C C C
102 T T T T T T T T T T T T
104 L L L L L L L L L L L L
106 L I I I I L

* An inward pointing residue is designated as buried if at least 50% of its side chain is
inaccessible to solvent. Solvent accessibilities were computed as described previously
(PADLAN 1990); residue exposure is defined in the context of an isolated domain.

included in the compilation of KaBar et al. (1991) which are even more
similar to these murine domains.

In the absence of three-dimensional structure, the identification of the
important framework residues could be accomplished by other means, for
example, by modelling of the combining site structure (e.g., QUEEN et al.
1989; Co and QUEEN 1991; Co et al. 1991) or by studying the effect of site-
specific mutations on the ligand-binding properties of the molecule (e.g.,
TEMPEST et al. 1991; FooTe and WINTER 1992). Some useful hints are provided
by the results compiled in Figs. 3 and 4.

It is seen from Figs. 3 and 4 that many of the important framework
residues flank the CDRs. Among these flanking positions are most of the
framework residues that are involved in the contact with the opposite
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Table 5. Inward-pointing®, buried framework residues in the Vi of murine Fabs of
known three-dimesional structure

Position ~ Antibody

[y
o
_ .
—_
—
[\

1 2

w
~
(o)}
~3

2
4
6
12
18
20
22
24
27
29
36
38
40
46
48
49
66
67
69
71
76
78
80
82
82c
86
88
90
92
94
107
109
111
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DETTR O E < I <
DETTHANE <HE <

—m RETPO—<ZOr
AETLPOZI <O |
TET BOCC<m
RET<P>OZ<<OT< | @
DWETTP>ACE<mr< | 0
DWEC TR O E < HE <
DT THEOr < mE <

]
—
el

<< O grgro<ex—mEey< xgTmporz<mr
<<HmOKPpUO<L<COCT ”mETX oM o "AgT<raro<mr<g

<<HmOKPO<ZOC BT
<<HmOKPOOZoC <RI
<<HZO<KPpUO<Or< ®——xm ZM@WO "™
<EHIO< grrg> »Te
<CmHRO<P>OECZ> <4
<<HROK>OOZCOCrgITTR R <
<ttHmO<r>gorrgy»> <rH
<CUHmO<POCrZCrC TTMAR<
<rHTIOKPUOCOZC< mRTCR
<<HIOKPO-ZErZI= IR0

? An inward-pointing residue is designated as buried if at least 50% of its side chain is
inaccessible to solvent. Solvent accessibilities were computed as described previously
(Pabpran 1990); residue exposure is defined in the context of an isolated domain.

domain (Table 3) and many of those which are in contact with the CDRs
(Tables 1, 2). Moreover, all of the framework residues which have been
observed to participate in the binding to antigen (SHERIFF et al. 1987;
PADLAN et al. 1989; BENTLEY et al. 1990; FiscHMANN et al. 1991; TuLIp et al.
1992) are in these flanking regions. These results suggest that if during
humanization not just the CDRs are transplanted, but also some of the
residues immediately adjacent to the CDRs, there would be a good chance
of retaining the ligand-binding properties of the original antibody. The
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10 20 35 40 49
J539 EI.L.Q....T.A..... vV.I.C WYQQ....SP.PWIY
McPC603 DIVMTQ....L.V..... V.M.C WYQQ....PP.LLIY
HyHEL-10 DIVLTQ....L.V..... V.L.C C WYQQ....SP.LLIK
HyHEL-5 DIVL.Q....M.A..... V.M.C WYQQ....SP.RWIY
R19.9 . DIQMTQT...L.A..... V.I.C D WYQQ....TVKLLIY
4-4-20 DVVMTQ....L.V..... A.I.C WYLQ....SPKVLIY
YSTO-1 DIQMTQ....L.A..... V.I.C R WYQQ..... V.LLIY
36-71 DIOM.Q....L.A..... v.I.C WYQQ..... I.LLTY
B1312 DVLM.QT...L.V..... A.I.C WYLQ....SP.LLIY
D1.3 DI.MTQ....L.A..... V.I.C 1 WYQQ....SP.LLVY
BV04-01 VOMTQ. .. L.VLL ... A.I.C WYLQ....SP.LIIY
ANO2 QIVLTQ....M.A..... V.M.C WYQQ....SP.LLIY

60 70 80 88 98 107

J539 WVOo.RFLOLLL L T.Y.L.I..M...D.A.YYC F...T.L.L.
McPC603 .V.DRF....S.TDF.L.I..V...D.A.YYC F.A.T.L.I.
HyHEL-10 C I..RF....S8.T.F.L.I..V...D..MYFC C F...T.L.I.
HyHEL-5 V..RF...... T.Y.L.I..M...D.A.YYC F...T.L..
R19.9 D V..RF...... TpY.L.I..L...D.A.YFC D F...T.L..
4-4-20 .V.DRF...... T.F.L.I..V...D...Y.C F...T.L..
YSTO9-1 R .V..RF...... T™bY.L.I..L...D.A.YIC R F...T.L.I
36-71 V..RF...... TDY.L.I..L...D.A.YFC F...T.L...
B13I12 V.DRFS..... TDF.L.I..V...D...YYC F...T.L.I.
D1.3 2 V..RF....S.T.Y.L.I..L...DF..YYC 3 F...T.L..
BV04-01 NVLORF.LLLL. TDF.L.I..V...D...YFC F.A.T.L...
ANO2 .VW.VRE...... T.Y.L.I..M...D.A.YYC F.V.T.L.L.

Fig. 3. The framework residues in Vi, the side chains of which are in contact with
CDRs or with Vy and those which are inward-pointing

likelihood will be even greater if the first few amino acids in the NH,-
terminals of both chains are transplanted also, since some of them are found
to be in contact with CDRs. In fact, the NH,-terminals are contiguous with
the CDR surface and are in position to be involved in ligand binding
(Fig. 2).

II. Recombinant Methodology of Complementarity Determining
Region Transfer

1. Polymerase Chain Reaction-Mediated Complementarity Determining
Region Transfer

Several approaches have been employed to construct CDR-grafted variable
regions, the most common of which involves the preparation of a single-
stranded DNA template from an M13 vector containing the human variable
region chosen for CDR engraftment. An oligodeoxynucleotide-based in
vitro mutagenesis protocol with the single-stranded DNA template and
DNA polymerase may be employed to replace the existing CDRs with
those of the xenogenic monoclonal antibody (MADb) (TavLor et al. 1985;
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10 20 30 40 49
J539 .W.L.E..... V.o.... L.L.C.A..FDFS WVRQ..... LEWI.
McPC603 WV.LLE... .. V.o.... L.L.C.T..FTFS WVRQ....RLEWIA
HyHEL-10 .W.L.E..... V.o.... L.L.C.V....IT C WIRK...N.LEYM.
HyHEL-5 .. L.O. .. M..... V.I.C.A..YTFS WVKQR....LEWI.
R19.9 V.LLQ.. ... V..... V.M.C.A..YTFT D WVKQ..... L.WI.
4-4-20 ...LLEL L. Vo.o... M.L.C.A..FTFS WVRQS....LEWVA
YSTO9-1 EV.L.E..... V.o.o... L.L.C.T..FTFT R WVRQ....AL.WL.
36-71 EV.L.Q..... V.o.... V.M.C.A. .YTFT WVKQ..... LEWI.
B131I2 .W.L.E..... Vo.o... L.L.C.A..FTFS WVRQ...K.L.WVA
D1.3 WV.L.E..... Vo.o... L.I.C.V..F.LT 1 WVRQ.....LEWL.
BvV04-01 E..P.E..... V..., L.L.C.A..FSFN WVRQ. ..K.LEWVA
ANO2 WV.L.E..... V.o.... Q.L.C.V..YSIT WIRQ...NKLEWM.

70 82abc 90 102 110
J539 KF.I.R.N. L.L.M..V...D.A.YYCAR W.Q.T.V.V..
McPC603 RFIV.R.T....L.L.M..L...D.A.YYCAR W...T.V.V..
HyHEL-10 C RI.I.R...... Y.L.L..V...D.A.YYCAN C W..... V.V..
HyHEL-5 KA.F.A...... A.M.LN.L...D...YYCLH W...T.L.V..
R19.9 D KT.L.V.R....A.M.LR.L...D.A.YFCAR D W...T.L.V..
4-4-20 RFTI.R.D..S.V.L.M..L...D...YYCT W...T.V.V..
YST9-1 R RFTI.R.N....L.L.M..L...D.A.YYCTR R W...T.V.V..
36-71 KT.L.V.K....A.M.L..L...D.A.YFCAR W...T.L.V..
B1312 RF.I.R.N....L.L.M..L...D.A.YYCTR W...T.L.V..
D1.3 2 RL.I.K...... V.L.M..L...D.A.YYCAR 3 W...T.L.V..
BV04-01 RF.I.R.D....L.L.M..L...D.A.YYCVR W...T.V.V..
ANO2 RISI.R...... F.L.LK.V...D.A.YFCAR W.Q.T.V.V..

Fig. 4. The framework residues in Vy, the side chains of which are in contact with
CDRs or with V| and those which are inward-pointing

NakaMAYE and EcksTEIN 1986; REICHMANN et al. 1988; VERHOEYEN et al.
1988; TeMPEST et al. 1991; KETTLEBOROUGH et al. 1991). Alternatively, PCR-
based methodology provides this process with flexibility, ease, rapidity, and
results in high frequency generation of the desired CDR-grafted variable
region fragment (DAUGHERTY et al. 1991; DEMaRrTINO et al. 1991). Two
general strategies involving PCR recombination may be employed to graft
the xenogenic CDRs into their appropriate human frameworks. When the
human framework is available as a cDNA sequence, short oligodeoxy-
nucleotide primers containing terminal complementarity and all or part of
the xenogenic CDR sequence may be synthesized. Following annealing of
each primer pair to the human template V region cDNA and subsequent
PCR amplification the resultant fragments are themselves combined by PCR
to generate the humanized CDR-grafted variable region (Fig. 5). When the
human framework template is not available, long oligodeoxynucleotides
(80-100 bases in length) of alternating polarity may be synthesized to
contain both the human framework residues (FRs) and the xenogenic CDR
sequences, and terminal regions of complementarity (Fig. 6). PCR ampli-
fication of the combined oligodeoxynucleotides with two short terminal
amplifying primers result in a DNA fragment encoding the xenogenic CDR-
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Fig. 5. PCR amplification and recombination for the construction of CDR-grafted
V regions: Rei light chain grafting using short oligodeoxynucleotides
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Fig. 6. PCR amplification and recombination for the construction of CDR-grafted

V regions: Gal heavy chain grafting using long oligodeoxynucleotides

grafted human V region framework. In either case, the CDR-grafted FRs
are subsequently combined with additional PCR-generated fragments re-
presenting, in part, the immunoglobulin signal peptide and a portion of the
the total
number of PCR amplification cycles are kept below 45 approximately 90%
of the V region clones are found to be error-free. Finally, these molecules
are cloned into expression vectors containing an insert encoding either the
human light chain constant region or the human heavy chain constant

intron 3’ of the human heavy or light chain J regions. When

region.
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2. Humanization of the Murine Monoclonal Antibody 1B4

To identify human framework sequences which would be compatible with
the CDRs of murine IB4 MAb (mIB4), human frameworks with a high
degree of sequence similarity to those of the mIB4 were identified. Sequence
similarity was measured using identical residues and evolutionarily conserva-
tive amino acid substitutions (ScawarTZ and DAYHOFF 1979; RISLER et al.
1988). Similarity searches (DEVEREUX et al. 1984) were performed using
the mIB4 framework sequence from which the CDR sequences had been
removed. This sequence was used to query a database of human immu-
noglobulin sequences that had been culled from multiple nucleic acid and

TEMPLATES USED AS HEAVY AND LIGHT CHAIN VARIABLE REGION FRAMEWORKS

Heavy Chain

mIB4: DVKLVESGGDLVKLGGSLKLSCAASGETES [DYYMS] WVRQTP
Jon: DVQLVESGGGLVKPGGSLRLSCAASGFTFS [TAWMK] WVRQAP
Gal: EVQLVESGGDLVQPGRSLRLSCAASGFTFS [BLGMT] WVRQAP
mGal: G

EKRLELVA [AIDNDGGSISYPDTVKG] RETISRDNAKNTLYLOM

GKGLEWVV [WRVEQVVEKAFANSVNG] RFTISRNDSKNTLYLQM

GKGLEWVA [NIKZBGSZZBYVDSVKG] RFTISRDNAKNSLYLQOM
L

%Id

SSLRSEDTALYYCAR [~QGRLRRDYFDY]WGQGTTLTVSS. ..

ISVIPEDTAVYYCAR [VPLYGBYRAFNY]WGQGTPVTVSS. .. 78
NSLRVEDTALYYCAR [----- GWGGGD- ]| WGQGTLVTVST. .. 82
L 85

Ligl Chai

mIB4: DIVLTQSPASLAVSLGQRATISC [RASESVDSYGNSFMH--]WY
REI: DIQLTQSPSSLSASVGDRVTITC [RASGNIHNYLA------ 1wy
Len: DIVMTQSPNSLAVSLGERATINC [KSSQSVLYSSNSKNYLA]WY

QQKPGQOPPKLLIY [RASNLES] GIPARFSGSGSRTDETLTINPY
QQKPGKAPKLLIY [YTTTLAD] GVPSRFSGSGSGTDFTFTISSL
QQKPGQPPKLLIY [WASTRES] GVPDRFSGSGSGTDFTLTISSL

EADDVATYYC [QQSNEDPLT] EFGAGTKLELKR. ..
QPEDIATYYC [QHFWSTPRT] FGQGTKVVIKR. .. 69
QAEDVAVYYC [QQYYSTPYS] FGQGTKLEIKR... 81

$Id: percent identity to mIB4 FRs
Packing residues are underlined

Fig. 7. Sequence comparison of heavy and light chain frameworks
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protein sources (GEORGE et al. 1986; KaBart et al. 1991). Human variable
region sequences with a high degree of identity to the murine sequences
were then examined individually for their potential as humanizing framework
sequences. This involved focusing the comparison upon those amino acid
residues deemed important in maintaining the combining site structure. Two
heavy and light chain frameworks were selected for CDR grafting; Gal and
Jon were chosen to represent the murine heavy chain framework and Rei
and Len were chosen to represent the murine light chain framework (Fig.
7). This approach is similar to that utilized by QUEEN et al. (1989), but
varies in two important points. First, any combination of human heavy and
light chain frameworks may be chosen to receive the murine CDRs even
though they may never have existed previously as a heterodimer. Second,
molecular model construction of the antibodies involved need not be un-
dertaken since choices are based upon primary sequence information and
identification of the relevant interactive residues. In this way, the human
homologues providing the murine CDRs with the structural support most
similar to their native murine framework were selected for subsequent
construction of the humanized variable regions.

In order to systematically evaluate the process by which the mIB4 MAb
was humanized its conversion was separated into three steps. First, a CDR-
grafted humanized version of the human light chain was expressed with a
chimeric version of the mIB4 heavy chain so as to determine the relative
importance of the light chain variable region. Then the grafted light chain
was coexpressed with CDR-grafted humanized heavy chain variable regions
derived from several human frameworks. This would allow for the selection
of the best scaffolding for the murine CDRs and assist in our understanding
of those variable region elements which contribute to the successful transfer
of CDRs. Finally, mutagenesis of the FRs was undertaken to clarify the
role of these residues in the positioning of the transposed CDRs.

The CDR-grafted human light chain V region was constructed from a
¢DNA encoding the Rei light chain framework (REICHMANN et al. 1988) by
substituting the mIB4 CDR sequences for its resident sequences. These
manipulations were accomplished by PCR amplification of this cDNA tem-
plate with primers which incorporated the desired murine CDR sequences.
The DNA sequence of the CDR-grafted V region was confirmed prior to its
insertion into an expression vector containing the human x constant region.
A CDR-grafted version employing the human Len light chain FR was
constructed from long oligodeoxynucleotides and placed into an identical
expression vector.

The murine heavy chain V region required for the construction of a
chimeric murine/human y-4 heavy chain was obtained through PCR amplifi-
cation of the murine FR1-FR4 sequences, followed by the PCR-mediated
attachment to this product of DNA fragments containing the signal peptide
(including its intron) and 3’ J-C intronic sequences (Fig. 8). This V region
was inserted into the expression vector containing the coding region of the
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Fig. 8. PCR amplification and recombination for the construction of a hemichimeric
heavy chain V region

human y-4 constant domain. To obtain sufficient quantities of recombinantly
expressed antibody for measurement of its avidity, monkey kidney cells
(CV1P) were cotransfected with heavy and light chain vectors and the
protein secreted into serum-free medium was collected. The hemichimeric
grafted antibody (chimeric heavy chain and grafted light chain) was assayed
for it ability to compete with *°I-mIB4 for their ligand, the CD18 receptors
on activated polymorphonuclear (PMN) leukocytes (Table 6). No loss in
avidity was measurable upon grafting the murine CDRs onto the human
framework Rei.

The human heavy chain frameworks were chosen in accordance with the
hypothesis stated above. The CDR-grafted versions of the Gal and Jon
heavy chain domains were constructed using long oligodeoxynucleotides and
PCR amplification (DAUGHERTY et al. 1991; DEMARrTINO et al. 1991). The
sequence-verified heavy chain variable regions were inserted into the heavy
chain expression vector in place of the chimeric V region and these plasmids

Table 6. Summary of competitive binding activity of
murine IB4 and recombinant human IB4 antibodies

Heavy chain Light chain ICsy (nM)

Murine IB4 Murine IB4 0.52 £ 0.20
Murine IB4 Grafted IB4/Rei 0.46 = 0.08
Grafted IB4/mGal Grafted IB4/Rei 0.67 £ 0.08
Grafted IB4/Gal Grafted IB4/Rei 1.68 + 0.26
Grafted IB4/Gal Grafted IB4/Len 2.80+1.04
Grafted IB4/Jon Grafted IB4/Ret 5.88 = 0.13
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were cotransfected into CV1P cells with the CDR-grafted Rei « light chain
vector and the secreted antibody was purified from the serum-free con-
ditioned medium. Competitive binding curves were again used to evaluate
the avidities of the various antibodies for the CD18 ligand on the activated
PMNs (Table 6). Although each heterodimeric antibody contains the same
six CDRs, they do not exhibit the same avidity for the CD18 ligand. Thus,
we can see that the biological properties of an antibody molecule (i.e., its
avidity) rely significantly on the variable region framework structure which
supports the CDR loops. In the case of this murine MAb, the choice of light
chain framework appears to be less critical than the choice of the heavy
chain structure. The human Gal framework was the best of those chosen for
the humanization and resulted in the synthesis of a fully grafted antibody
whose avidity is not markedly diminished from that of its parent MAb.

Although the Len light chain V region framework sequences, relative to
the Rei light chain frameworks, show more identical residues and more
similar residues when aligned to mIB4 framework, this has little, if any,
impact on the measured antibody/antigen interactions. Comparison of the
presumed three dimensional structure of these two light chain V regions
indicates that the a carbon trace of the IB4 CDRs residing within these FRs
are superimposable, again suggesting that both FRs identically support these
CDRs.

3. Antibody Reshaping

Individual FR residues may be altered to increase the avidity of the hu-
manized antibody for its ligand. Through a comparison of the murine and
human heavy chain FR packing residues, mismatches between the Gal and
murine FRs were noted. A mutated form of the CDR-grafted Gal variable
region was constructed and the avidity of the recombinant antibody secreted
by CVIP cells transformed by mutant Gal (mGal) and Rei expression
vectors, when measured by competitive binding, was found to be equivalent
to that of the parent murine antibody (Table 6). This improvement of
binding reveals that subtle changes in FR packing residues may substantially
impact the way in which the CDRs are displayed within the antigen binding
site.

III. Replacing Surface Residues To Humanize (Veneering)

It may be possible to reduce the immunogenicity of a nonhuman Fv, while
preserving its antigen-binding properties, by simply replacing those exposed
residues in its framework regions which differ from those usually found in
human antibodies (PApLAN 1991). This would humanize the surface of the
xenogenic antibody while retaining the interior and contacting residues
which influence its antigen-binding characteristics. The judicious replace-
ment of exterior residues should have little, or no, effect on the interior of
the domains, or on the interdomain contacts.
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The solvent accessibility patterns of the Fvs of J539 (a murine IgA,) and
of KOL (a human IgG1l;) have been analyzed (PaprLaN 1991) and are
reproduced here. Among all the Fab structures currently available from the
Protein Data Bank (BERNSTEIN et al. 1977), those of J539 (Protein Data
Bank entry: 2FBJ) and KOL (Protein Data Bank entry: 2FB4) have been
studied to the highest resolution and the most extensively refined. The
fractional accessibility values for the framework residues in the J539 and
KOL Vy are compared in Table 7 and those for the framework residues in
the J539 and KOL V_ are presented in Table 8.

Examination of Table 7 reveals a very close similarity in the exposure
patterns of the Vg of KOL and J539. Only at positions 88 and 104 are the
two patterns very different and at these positions one or both antibodies
have glycine. The fractional solvent accessibility values for the individual
residues were computed as described by PApLan (1990); residues whose side
chains have fractional accessibility values between 0.00 and 0.20 are de-
signated as being completely buried, between 0.20 and 0.40 as mostly buried,
between 0.40 and 0.60 as partly buried/partly exposed, between 0.60 and
0.80 as mostly exposed, and at least 0.80 as completely exposed. In the
special case of glycine, the residue is considered completely exposed if its a-
carbon atom is accessible to solvent, otherwise it is considered completely
buried (Table 7). The exposure patterns of the Vi domains (Table 8)
likewise are very similar, with large differences only at positions 2, 13, 66,
99, and 101. The conformation of the NH,-terminal segments of the KOL
and J539 light chains are slightly different, and this results in the difference
observed at position 2; at the other positions, one or both molecules again
have glycine.

The very close similarity of the exposure patterns for the variable
domains of KOL and J539 points to the close correspondence of the tertiary
structures of the homologous domains and of the dispositions of the in-
dividual residues in these proteins. This is particularly remarkable since: (a)
these antibodies are from different species, (b) their light chains are of
different types (J539 has a x light chain, while KOL has a 4 light chain), (c)
half of their CDRs, specifically CDR1-L, CDR3-L, and CDR3-H, have very
different lengths and backbone conformations, and (d) KOL and J539 have
only 44 identical residues out of the 79 corresponding positions in the Vi
framework and 60 out of the 87 in the Vy framework. An even closer
similarity in overall structure and in the exposure patterns might be expected
for two molecules that are more similar in sequence than this pair. These
results suggest that the solvent exposure of a residue can be more easily
predicted than perhaps its involvement in the maintenance of the combining
site structure.

The procedure that was proposed (PapLan 1991) for reducing the an-
tigenicity of a xenogenic variable domain, while preserving its ligand-
binding properties, would replace only the exposed FRs which differ from
those of the host with the corresponding residues in the most similar host
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Table 7. Solvent exposure of side chains of framework residues in KOL and J539 Vg4

Position Fractional accessibility
KOL J539
Residue Exposure Residue Exposure

1 GLU 1.00 Ex GLU 1.00 Ex

2 VAL 0.23 mB VAL 0.37 mB

3 GLN 0.82 Ex LYS 0.82 Ex

4 LEU 0.00 Bu LEU 0.10 Bu

5 VAL 0.87 Ex LEU 1.00 Ex

6 GLN 0.00 Bu GLU 0.09 Bu

7 SER 0.94 Ex SER 0.94 Ex

8 GLY 1.00 Ex GLY 1.00 Ex

9 GLY 0.00 Bu GLY 0.00 Bu
10 GLY 1.00 Ex GLY 1.00 Ex
11 VAL 0.90 Ex LEU 0.81 Ex
12 VAL 0.25 mB VAL 0.25 mB
13 GLN 0.71 mE GLN 0.87 Ex
14 PRO 0.59 pB PRO 0.64 mE
15 GLY 1.00 Ex GLY 1.00 Ex
16 ARG 0.73 mE GLY 1.00 Ex
17 SER 0.66 mE SER 0.75 mE
18 LEU 0.28 mB LEU 0.26 mB
19 ARG 0.66 mE LYS 0.75 mE
20 LEU 0.00 Bu LEU 0.00 Bu
21 SER 0.71 mE SER 0.82 Ex
22 CYS 0.00 Bu CYS 0.00 Bu
23 SER 1.00 Ex ALA 1.00 Ex
24 SER 0.00 Bu ALA 0.00 Bu
25 SER 0.87 Ex SER 1.00 Ex
26 GLY 1.00 Ex GLY 1.00 Ex
27 PHE 0.10 Bu PHE 0.10 Bu
28 ILE 0.85 Ex ASP 0.72 mE
29 PHE 0.00 Bu PHE 0.00 Bu
30 SER 0.74 mE SER 0.83 Ex
36 TRP 0.00 Bu TRP 0.00 Bu
37 VAL 0.00 Bu VAL 0.00 Bu
38 ARG 0.10 Bu ARG 0.31 mB
39 GLN 0.15 Bu GLN 0.28 mB
40 ALA 0.95 Ex ALA 0.75 mE
41 PRO 0.90 Ex PRO 0.73 mE
42 GLY 1.00 Ex GLY 1.00 Ex
43 LYS 0.86 Ex LYS 0.86 Ex
44 GLY 1.00 Ex GLY 1.00 Ex
45 LEU 0.00 Bu LEU 0.00 Bu
46 GLU 0.75 mE GLU 0.73 mE
47 TRP 0.10 Bu TRP 0.04 Bu
48 VAL 0.00 Bu ILE 0.00 Bu
49 ALA 0.00 Bu GLY 0.00 Bu
66 ARG 0.36 mB LYS 0.51 pB
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Table 7. Continued

Position Fractional accessibility
KOL J539
Residue Exposure Residue Exposure
67 PHE 0.00 Bu PHE 0.00 Bu
68 THR 0.87 Ex ILE 0.88 Ex
69 ILE 0.00 Bu ILE 0.00 Bu
70 SER 0.78 mE SER 0.79 mE
71 ARG 0.11 Bu ARG 0.00 Bu
72 ASN 0.61 mE ASP 0.55 pB
73 ASP 0.44 pB ASN 0.43 pB
74 SER 0.85 Ex ALA 0.97 Ex
75 LYS 0.88 Ex LYS 0.77 mE
76 ASN 0.69 mE ASN 0.68 mE
77 THR 0.41 pB SER 0.33 mB
78 LEU 0.00 Bu LEU 0.00 Bu
79 PHE 0.45 pB TYR 0.35 mB
80 LEU 0.00 Bu LEU 0.00 Bu
81 GLN 0.53 pB GLN 0.69 mE
82 MET 0.00 Bu MET 0.00 Bu
82a ASP 0.73 mE SER 0.58 pB
82b SER 0.98 Ex LYS 0.96 Ex
82¢ LEU 0.00 Bu VAL 0.00 Bu
83 ARG 0.73 mE ARG 0.83 Ex
84 PRO 0.75 mE SER 0.90 Ex
85 GLU 0.82 Ex GLU 0.90 Ex
86 ASP 0.00 Bu ASP 0.11 Bu
87 THR 0.54 pB THR 0.47 pB
88 GLY 1.00 Ex ALA 0.00 Bu
89 VAL 0.58 pB LEU 0.63 mE
90 TYR 0.00 Bu TYR 0.00 Bu
91 PHE 0.00 Bu TYR 0.08 Bu
92 CYS 0.00 Bu CYS 0.00 Bu
93 ALA 0.00 Bu ALA 0.00 Bu
94 ARG 0.17 Bu ARG 0.15 Bu
103 TRP 0.09 Bu TRP 0.07 Bu
104 GLY 0.00 Bu GLY 1.00 Ex
105 GLN 0.93 Ex GLN 0.99 Ex
106 GLY 0.00 Bu GLY 0.00 Bu
107 THR 0.22 mB THR 0.26 mB
108 PRO 0.99 Ex LEU 0.67 mE
109 VAL 0.00 Bu VAL 0.00 Bu
110 THR 0.76 mE THR 0.69 mE
111 VAL 0.00 Bu VAL 0.00 Bu
112 SER 0.98 Ex SER 0.74 mE
113 SER 0.94 Ex ALA 0.84 Ex

Bu, completely buried; mB, mostly buried; pB, partly buried/partly exposed; mE,
mostly exposed; Ex, completely exposed.
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Table 8. Solvent exposure of side chains of framework residues in KOL and J539 Vi,

Position Fractional accessibility
KOL 1539
Residue Exposure Residue Exposure

1 GLN 1.00 Ex GLU 0.99 Ex

2 SER 1.00 Ex ILE 0.16 Bu

3 VAL 0.77 mE VAL 0.87 Ex

4 LEU 0.00 Bu LEU 0.00 Bu

5 THR 0.92 Ex THR 0.80 mE

6 GLN 0.00 Bu GLN 0.00 Bu

7 PRO 0.62 mE SER 0.89 Ex

8 PRO 1.00 Ex PRO 0.67 mE

9 SER 1.00 Ex ALA 1.00 Ex
10 - - - ILE 0.94 Ex
11 ALA 0.34 mB THR 0.30 mB
12 SER 0.71 mE ALA 0.59 pB
13 GLY 1.00 Ex ALA 0.00 Bu
14 THR 0.73 mE SER 0.78 mE
15 PRO 0.75 mE LEU 0.79 mE
16 GLY 1.00 Ex GLY 1.00 Ex
17 GLN 0.69 mE GLN 0.64 mE
18 ARG 0.79 mE LYS 0.74 mE
19 VAL 0.21 mB VAL 0.22 mB
20 THR 0.62 mE THR 0.65 mE
21 ILE 0.00 Bu ILE 0.00 Bu
22 SER 0.92 Ex THR 0.69 mE
23 CYS 0.00 Bu CYS 0.00 Bu
35 TRP 0.00 Bu TRP 0.00 Bu
36 TYR 0.00 Bu TYR 0.00 Bu
37 GLN 0.46 pB GLN 0.14 Bu
38 GLN 0.00 Bu GLN 0.24 mB
39 LEU 0.75 mE LYS 0.69 mE
40 PRO 0.91 Ex SER 1.00 Ex
41 GLY 1.00 Ex GLY 1.00 Ex
42 MET 0.74 mE THR 0.90 Ex
43 ALA 0.62 mE SER 0.30 mB
44 PRO 0.00 Bu PRO 0.00 Bu
45 LYS 0.95 Ex LYS 0.90 Ex
46 LEU 0.23 mB PRO 0.43 pB
47 LEU 0.15 Bu TRP 0.16 Bu
48 ILE 0.00 Bu ILE 0.00 Bu
49 TYR 0.39 mB TYR 0.42 pB
57 GLY 1.00 Ex GLY 1.00 Ex
58 VAL 0.14 Bu VAL 0.13 Bu
59 PRO 0.70 mE PRO 0.61 mE
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Table 8. Continued

Position Fractional accessibility
KOL 1539
Residue Exposure Residue Exposure
60 ASP 0.95 Ex ALA 1.00 Ex
61 ARG 0.31 mB ARG 0.36 mB
62 PHE 0.12 Bu PHE 0.00 Bu
63 SER 0.85 Ex SER 0.94 Ex
64 GLY 0.00 Bu GLY 0.00 Bu
65 SER 1.00 Ex SER 1.00 Ex
66 LYS 0.41 pB GLY 1.00 Ex
67 SER 1.00 Ex SER 1.00 Ex
68 GLY 1.00 Ex GLY 1.00 Ex
69 ALA 0.71 mE THR 0.75 mE
70 SER 1.00 Ex SER 0.98 Ex
71 ALA 0.00 Bu TYR 0.09 Bu
72 SER 1.00 Ex SER 0.70 mE
73 LEU 0.00 Bu LEU 0.00 Bu
74 ALA 0.74 mE THR 0.43 pB
75 ILE 0.00 Bu ILE 0.00 Bu
76 GLY 1.00 Ex ASN 0.83 Ex
77 GLY 1.00 Ex THR 0.83 Ex
78 LEU 0.00 Bu MET 0.00 Bu
79 GLN 0.76 mE GLU 0.63 mE
80 SER 1.00 Ex ALA 0.96 Ex
81 GLU 0.78 mE GLU 0.91 Ex
82 ASP 0.09 Bu ASP 0.13 Bu
83 GLU 0.64 mE ALA 0.55 pB
84 THR 0.34 mB ALA 0.00 Bu
85 ASP 0.30 mB ILE 0.58 pB
86 TYR 0.00 Bu TYR 0.00 Bu
87 TYR 0.16 Bu TYR 0.11 Bu
88 CYS 0.00 Bu CYS 0.00 Bu
98 PHE 0.04 Bu PHE 0.00 Bu
99 GLY 0.00 Bu GLY 1.00 Ex
100 THR 0.59 pB ALA 1.00 Ex
101 GLY 1.00 Ex GLY 0.00 Bu
102 THR 0.00 Bu THR 0.00 Bu
103 LYS 0.82 Ex LYS 0.79 mE
104 VAL 0.00 Bu LEU 0.00 Bu
105 THR 0.86 Ex GLU 0.89 Ex
106 VAL 0.19 Bu LEU 0.44 pB
106a LEU 0.70 mE - - -
107 GLY 1.00 Ex LYS 0.77 mE

Bu, completely buried; mB, mostly buried; pB, partly buried/partly exposed; mE,
mostly exposed; Ex, completely exposed.
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sequence. Thus, the FRs which are at least partly exposed in the cor-
responding domains of KOL or J539 (those with mE, or Ex designations in
Tables 7 and 8) would be replaced, while the FRs corresponding to those
which in KOL and J539 are completely or mostly buried would be retained.
With this procedure also, the number of FRs in xenogenic domains that
would be needed to be replaced by human residues was found to be not very
large in the cases examined (PAprLaN 1991).

The judicious replacement of exterior residues should have little, or no,
effect on the interior domains or on the interdomain contacts. Thus, ligand
binding properties should be unaffected as a consequence of alterations
which are limited to the surface exposed variable region FRs. We refer to
this procedure of humanization as veneering since only the outer surface of
the antibody is altered, the supporting residues remain undisturbed.

There are two steps in the process of veneering. First, the framework of
the mouse variable domains are compared with the human variable region
database. The most homologous human variable regions are identified and
subsequently compared residue for residue to the corresponding murine
regions. Second, those residues in the mouse framework which differ from
its human homologue are replaced by the residues present in the human
homologue. This switching occurs only with those residues which are at
least partially exposed (PADLAN 1991). One retains in the veneered mouse
antibody: its CDRs, the residues neighboring the CDRs, those residues
defined as buried or mostly buried, and those residues believed to be
involved with interdomain contacts (PApLAN 1991). Attention is also paid
to the NH2-terminals of the heavy and light chains since they are often
contiguous with the CDR surface and are in a position to be involved
in ligand binding. Care should likewise be exercised in the placement of
proline, glycine, and charged amino acids since they may have significant
effects on tertiary structure and electrostatic interactions of the variable
region domains.

An appropriate human framework is determined utilizing the criteria
discussed above. In practice, it was found that the human light chain variable
region framework with significant homology to the mIB4 framework was
determined to be the human Len framework (a similarity of 90% and an
identity of 81%). For the purposes of exemplifying the veneering process a
IB4 CDR-grafted version of the Len light chain variable region was used as
the template into which mutations were placed so as to easily create the
veneered framework sequence. Specific amino acid residues within the
human Len framework were replaced with residues found in the murine I1B4
framework so that the final light chain V-region appeared as it should were
the murine V-region the starting material for the veneering process (Fig. 9).
The veneered heavy chain portion of the recombinant antibody was derived
by mutating the murine IB4 heavy chain variable region so that it contained
only human surface exposed residues. In this case the human Gal frame-
work was used as the template for surface residue comparisons (Fig. 7). The
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HEAVY AND LIGHT CHAIN VARIABLE REGION FRAMEWORKS
USED FOR PREPARATION OF THE VENEERED IB4

Heavy Chain

v v
v1B4: DVKLVESGGDLVKPGGSLKLSCAASGFTFS [DYYMS] WVRQAP
mlB4: DVKLVESGGDLVKLGGSIKLSCAASGFTFS [DYYMS] WVRQTP
Gal: EVQLVESGGDLVQPGRSLRLSCAASGETFS [BLGMI] WVRQAP

v v

GKGLELVA [AIDNDGGSISYPDTVKG] REFTISRDNSKNTLYLOM
EKRLELVA [AIDNDGGSISYPDTVKG] RFTISRDNAKNTLYLQM
GKGLEWVA [NIKZBGSZZBYVDSVKG] RFTISRDNAKNSLYLOM

v v
NSLRAEDTALYYCAR [—QGRLRRDYFDY] WGQGTLLTVSS...
SSLRSEDTALYYCAR [-QGRLRRDYFDY] WGQGTTLTVSS...
NSLRVEDTALYYCAR [————- GAGGGD—] WGQGTLVTVST. ..

v v
v1B4: DIVMTQSSNSLAVSLGERATISC [RASESVDSYGNSFMH—-] WY
mlB4: DIVLTQSPASLAVSLGQRATISC [RASESVDSYGNSFMH--] WY
Len: DIVMTQSSNSLAVSLGERATINC [KSSQSVLYSSNSKNYLA] WY

v v W
QOKPGQPPKLLIY [RASNLES] GIPDRESGSGSGTDETLTISSV
QOKPGQPPKLLIY [RASNLES] GIPARFSGSGSRTDFTLTINPV
QOKPGQPPKLLIY [WASTRES] GVPDRFSGSGSGTDFTLTISSL

J VoA
EAEDVATYYC [QOSNEDPLT] FGQGTKLEIKR...
EADDVATYYC [QOSNEDPLT] FGAGTKLELKR. ..
QAEDVAVYYC [QQYYSTPYS] FGOGTKLEIKR...

Fig. 9. Heavy and light chain V region sequence alterations performed to create
veneered surfaces; vIB4, veneered heavy and light chain V regions; checkmarks,
location of point mutations placed so as to convert an exposed murine residue to a
human-appearing residue

sequences of the veneered heavy and light chain variable regions are shown
in Fig. 9. In most instances the corresponding residues in the human tem-
plates (Gal or Len) are used to substitute for undesired murine residues at
analogous positions. The two exceptions are residues 74 and 84 in the heavy
chain, where a more preferred amino acid is used. The veneered recom-
binant antibody secreted into the culture supernatants was purified by
protein A chromatography, and its avidity determined, as described pre-
viously. The results of the binding assays indicated that the avidity of the
veneered recombinant IB4 antibody was equal to that of the mIB4 MADb
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(Table 6). This result suggests that an antibody with presumptive human
allotype may be recombinantly constructed from the murine MAb by the
introduction of numerous point mutations into its FRs, followed by expres-
sion of these V regions fused to human «x and y-4 constant domains, without
loss in avidity for the antigen. It can be inferred from this result that the
point mutations within the framework regions do not alter the presentation
of the mIB4 light chain and heavy chain CDRs.

D. Immunogenicity of Humanized Antibodies

Irrespective of the skill and approach of the molecular alchemist, success
will ultimately require demonstration of the metamorphosis of the original
murine antibody into one which is immunologically acceptable to the human
recipient. Ideally, demonstration of this outcome would best be evaluated in
a preclinical model (Hakui et al. 1991). Human MAbs have been found to
have the same pharmacokinetics in Rhesus monkeys as they do in humans
(EHRrLICH et al. 1987; JONKER et al. 1991). After repeated dosing of human
MADbs into these monkeys they are well tolerated and rarely result in
immune recognition. Groups of three Rhesus monkeys were injected, at
weekly intervals, for 5 weeks with 1 mg MAD (either murine, CDR-grafted,
or veneered) per kilogram body weight. At various times following each
injection the level of circulating MADb and the development of anti-MAb
antibodies were assayed by ELISAs. The IB4 MAbs all bound their CD18
target on Rhesus PMNs. Differences between the humanized versions of
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Fig. 10. Alteration in Rhesus peak serum levels of recombinant antibodies during
the course of weekly dosing at 1 mg/kg
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IB4 and its murine predecessor were appreciated by the third dose of
antibody when two of the three monkeys receiving the murine antibody
displayed moderate anaphlactic symptoms. This response was never seen in
animals treated with the other forms of the IB4 MADb during the 6 weeks of
this study. Distinguishing differences between the recombinant IB4 MAbs
were most evident following their fourth dose, at which time peak plasma
levels for the CDR-grafted MAb was significantly reduced relative to the
veneered MAD. This trend continued for the remainder of the observation
period (Fig. 10) and was attributable to the progressively higher levels of
anti-IB4 antibodies in these animals. These findings suggest that a veneering
approach to humanization may not only result in recombinant antibodies
which retain all of their affinity and potency, but these antibodies may also
be less immunogenic than those humanized by CDR grafting and reshaping
procedures.

E. Conclusion

Antibodies, by virtue of their exquisite specificity and high potency, have
long been considered therapeutics of tomorrow. They have tremendous
potential in the management of immune responsiveness, the detection and
treatment of cancer, and the prophylaxis and treatment of viral and bacterial
infections. While their long biologic half-life would suggest that MAbs
would be well tolerated for long-term therapy, the specter of possible anti-
antibody responses has focused their use to solely short-term situations. The
recent advent of the combinatorial library approach for the identification
and construction of human MAbs and the development of transgenic and
reconstituted mice with the capability of producing a human antibody in
response to an antigen will supersede the need to reshape rodent MAbs.
However, until these technologies are well proven, human therapy will be
the providence of the humanized antibody.

The ideal humanization procedure would completely eliminate immu-
nogenicity, while strictly preserving the fine specificity of the antibody. No
such procedure exists to date. The two procedures described above both
seek to achieve this end, albeit from different directions. The procedure
proposed by Winter and co-workers (JONEs et al. 1986; VERHOEYEN et al.
1988) tries to keep human as much of the antibody surface as possible, while
modifying its interior to recover the ligand-binding properties of the original
molecule. The veneering procedure proposed by PapLAN (1991) preserves
the interior and thereby the structure responsible for the antigen-binding
properties, while modifying the surface to make it look human-like. Inde-
pendently designed humanization protocols based on these two procedures
are already predicting very similar humanizing sequences (PADLAN, un-
published results), and the predicted sequences will become even more
similar as we learn more about the structural requirements for humanization.
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CHAPTER 5

Applications for Escherichia coli-Derived
Humanized Fab’ Fragments: Efficient
Construction of Bispecific Antibodies

P. CArRTER, M.L. RODRIGUES, and M.R. SHALABY

A. Introduction

The potential benefits of bispecific antibodies (BsAbs) for the diagnosis and
therapy of human disease have long been appreciated (reviewed by CLARK
et al. 1988; SongsiviLal and LAcHMANN 1990; NoraN and O’KENNEDY
1990; NeLsoN 1991). Unfortunately it has proved very difficult to generate
clinically relevant amounts of highly purified BsAbs using traditional hybrid
hybridoma technology (MILSTEIN and CUELLO 1983) or via directed chemical
coupling of Fab’ fragments derived from murine monoclonal antibodies
(MAbs) (BRENNAN et al. 1985; GLENNIE et al. 1987). Nevertheless, in spite
of the limited availability of BsAb a few small scale clinical studies have
been undertaken (Table 1). For example, BsF(ab'), have proved useful for
retargeting lymphokine-activated killer cells (Nirta et al. 1990; BoLHUIS et
al. 1992), toxins (BoNARDI et al. 1992) and also radionuclides (STICKNEY et
al. 1989, 1991; LE DoussaL et al. 1992) to tumor targets in patients. This
motivated us to develop an efficient and general route to the construction of
BsF(ab’), fragments (SHALABY et al. 1992; RODRIGUES et al. 1992a). Our
strategy relies upon separate Escherichia coli expression of each Fab’ arm
(CARrTER et al. 1992a) followed by traditional directed chemical coupling to
form the BsF(ab’),.

In the future, BsF(ab’), fragments for therapeutic use are likely to be
constructed from human antibodies obtained via one of several emerging
technologies (Chaps. 1-3), the most powerful of which is antibody display
phage (reviewed in Chap. 7 and also by Marks et al. 1992). In the short
term, murine antibodies which have been humanized to reduce their im-
munogenicity (RIECHMANN et al. 1988; HALE et al. 1988) are likely to
provide the starting point for BsAb construction, as in our own studies
(SHaLABY et al. 1992; RODRIGUES et al. 1992). Murine antibodies are
humanized by grafting the six antigen-binding complimentarity determining
region (CDR) loops from their variable domains into a human antibody (see
Chap. 4). The rest of the variable domains, known as framework regions as
well as the entire constant domains are human in origin.
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B. Choice of Antigen Specificities for Bispecific F(ab’),

As a driving problem for the development of an efficient route to BsAbs we
chose antigen specificities that have potential clinical utility when combined
in one molecule. One arm of our BsF(ab'), is a humanized version (CARTER
et al. 1992a,b) of the murine MAb 4D5 (FenDLy et al. 1990), which is
directed against the p1857FR2 product of the protooncogene HER2 (also
known as c-erbB-2 and HER-2/neu). The overexpression of pl185HER?
appears to be integrally involved in the progression of 25% —30% of primary
human breast and ovarian cancers (SLAMON et al. 1987, 1989). The second
arm is a humanized version (SHALABY et al. 1992; RODRIGUES et al. 1992) of
the murine anti-CD3 MAb UCHT1 (BeverLEy and CaLLarD 1981). Our
anti-p185"FR2/anti-CD3 BsF(ab'), (SHALABY et al. 1992), as well as those
constructed by others (NISHIMURA et al. 1992; Sucryama et al. 1992),
is highly effective in retargeting the cytotoxic activity of T cells against
p185HERZ gverexpressing tumor cells. The feasibility of retargeting effector
cells to specifically lyse tumor cells using BsAb has been well demonstrated
in many systems in vitro, in tumor models in animals in vivo (reviewed by
NEeLsoN 1991, SEGAL et al. 1992) and in patients (Table 1).

C. Expression of Humanized Fab’ Fragments in E. coli

Functional murine Fv (SkeErra and PLUckTHUN 1988) and chimeric Fab
(BETTER et al. 1988) fragments have been secreted from E. coli by cosecre-
tion of corresponding light and heavy chain fragments (see also Chap. 12).
We extended these pioneering studies by the development of an E. coli
expression system which secretes functional humanized Fab’ fragments at
gram per liter titers in the fermentor (CARTER et al. 1992a). Fab’ differ from
Fab fragments by the addition of a few extra residues at the COOH-terminal
end of the heavy chain Cyl domain, including one or more cysteines. We
chose a hinge sequence containing a single cysteine (CysAlaAla) to avoid
intrahinge disulfide bonding which may occur with hinges containing multiple
cysteines (BRENNAN et al. 1985).

The plasmid pAK19 is designed to coexpress the light chain and heavy
chain Fd’ fragment of the most potent humanized anti-p185"F®2 antibody,
HuMAb4D5-8 (CarTER et al. 1992b), from a synthetic dicistronic operon
(CarteRr et al. 1992a; Fig. 1). E. coli strain 25F2 was transformed with pAK
grown to high cell density (ODsso 120-150) in the fermentor. The titer of
cell-associated soluble and functional Fab’ is routinely 1-2 g/l as judged by
antigen binding ELISA (CARTER et al. 1992a). Only modest quantities of
Fab’ (=<100mg/l) are found in the culture media under these fermentation
conditions which are optimized for high titers of functional cell-associated
Fab’. The plasmid pAK22 encoding the Fab' fragment of the most potent
humanized anti-CD3 antibody, HUMAbUCHT1-9, was created from pAK19
by replacing the segments encoding the six CDR loops with ones corres-
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Fig. 1. Plasmid pAKI19 for the expression of HuMADb4D5-8 Fab'. The discistronic
operon (see CARTER et al. 1992a for nucleotide sequence) is under the transcriptional
control of the E. coli alkaline phosphatase (phoA) promoter (CHANG et al. 1986)
which is inducible by phosphate starvation. Each antibody chain is preceded by the
E. coli heat-stable enterotoxin II (stII) signal sequence (PICKEN et al. 1993) to direct
secretion to the periplasmic space of E. coli. The humanized variable domanis (Vi
and Vg, CARTER et al. 1992b) are precisely fused on their 3’ side to human x,Cp
(PaLM anD HiLscHMANN 1975) and IgGl Cyxl (ELLisoN et al. 1982) constant
domains, respectively. The Cyl domain is followed by the bacteriophage lambda t,
transcriptional terminator (ter, ScHoLTisSEK and Grosse 1987). Fab’ fragments with
alternative specificities are readily created by replacing the antigen binding CDR
loops in the variable domains (solid bars) with those from corresponding antibodies

ponding to the anti-CD3 antibody, UCHT1 (RoDRIGUES et al. 1992). The
anti-CD3 Fab' fragment was expressed in E. coli in the fermentor at titers of
up to 700 mg/l as judged by total immunoglobulin ELISA (RoDRIGUES et al.
1992). We have also constructed a humanized anti-CD18 Fab’ by recruiting
the corresponding CDR loops into the humanized anti-p185"5%? Fab’ and
obtained titers of up to 900 mg/l (unpublished data). This suggests that the
anti-p1851FR2 Fab’ may be a broadly useful template for high level expres-
sion of humanized antibody fragments created by CDR grafting.

D. Recovery of Fab’-SH Fragments

Functional anti-p185"E®? and anti-CD3 Fab’ fragments are readily and
efficiently recovered from corresponding fermentation pastes with the un-
paired hinge cysteine predominantly (75%-90%) in the free thiol form
(Fab’-SH, CaRTER et al. 1992a; SHALABY et al. 1992). The Fab’ fragments
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are first released from cell pastes in near quantitative yield (as judged by
ELISA) by partial digestion of the bacterial cell wall (without extensive
lysis) using hen egg white lysozyme. Recovery of Fab’ is performed at pH
~5 to maintain the free thiol in the less reactive protonated form and in the
presence of EDTA to chelate metal ions capable of catalyzing disulfide bond
formation. Next, the Fab’ fragments are affinity purified using either strep-
tococcal protein G (CARTER et al. 1992a) or staphylococcal protein A
(KELLEY et al. 1992).

We prefer protein G to protein A for purification of Fab’' fragments
because it is more broadly applicable and gives more homogeneous pre-
parations. Protein G purification has been successful for all humanized and
chimeric Fab and Fab’ fragments that we have constructed to date. This
might have been anticipated since the crystallographically determined bind-
ing site for protein G is on the Cy1l domain (DEerrIiCK and WiGLEY 1992) and
all of our antibody fragments share the same human IgG1 Cyl domain. In
contrast, protein A purification has been successful for only some of the
humanized Fab’ fragments and for none of the corresponding chimeric mole-
cules containing murine variable domains. Protein A binds to HuMAb4D5-8
Fab’ (CARTER et al. 1992a) as well as corresponding V;, Vy and Fv frag-
ments but not the C;/Cyxl fragment (MR, PC, unpublished data). The
heterogeneity of protein A purified Fab’ fragments may reflect protein A
binding of subfragments generated by the action of E. coli proteases.

Fab’ fragments containing a single hinge cysteine show little propensity
to form F(ab’), in the periplasmic space of E. coli in spite of the very high
expression titers in the fermentor. In contrast, the disulfide bond between
light chain and heavy chain is formed in virtually all molecules as shown by
SDS-PAGE. This suggests that the redox potential of the periplasmic space
is sufficiently oxidizing to favor formation of the disulfide bond between
light and heavy chains and also the stronger intradomain disulfides but is
insufficiently oxidizing to drive formation of the weaker interheavy chain
disulfide bond. The high concentration of Fab’ in the periplasmic space
(estimated as approximately millimolar) may itself perturb the redox poten-
tial by virtue of the free hinge cysteinyl thiol titrating the available redox
components.

E. Construction of Bispecific F(ab’),

The ready availability of E. coli derived Fab’-SH fragments enables the
simple and efficient construction of either disulfide- or thioether-linked
BsF(ab’), fragments by directed chemical coupling using the methods of
BRENNAN et al. (1985) and GLENNIE et al. (1987), respectively. Thioether-
linked molecules may be preferable for in vivo applications because of their
greater stability (GLENNIE et al. 1987). For example, our thioether-linked
anti-p185"FR%/anti-CD3 BsF(ab’), has an approximately threefold longer
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permanence time in normal mice than the corresponding single disulfide-
linked BsF(ab’), (RopriGUEs et al. 1993). However the nature of the
linkage between Fab’ arms is apparently not critical since both disulfide- and
thioether-linked BsF(ab’), have proved useful in the clinic (Table 1).

Our thioether-linked BsF(ab’), (Fig. 2) was created by reacting the
anti-p185HER2 Fab’-SH fragment first with N,N’-1,2-phenylenedimalemide
to form the maleimide derivative and then with the anti-CD3 Fab’-SH.
BsF(ab'), was formed in =50% yield and was purified away from unreacted
Fab’ by size exclusion chromatography (RoDRIGUES et al. 1992). The level of
contamination of the BsF(ab’), with monospecific (Ms) F(ab’), is likely to
be very low since mock coupling reactions with either the anti-p185HER?

Fig. 2. Overview of the strategy used to construct the anti-p185"ER?/anti-CD3
humanized BsF(ab’),. Humanized anti-p185HER? (HuUMAb4D5-8) and anti-CD3
(HuMAbUCHTI1-9) Fab’ fragments were expressed in E. coli transformed with
plasmids pAK19 (CArTER et al. 1992a) and pAK22 (RODRIGUEs et al. 1992a), res-
pectively. Fab’-SH fragments were recovered from corrresponding E. coli fermen-
tation pastes by affinity purification using streptococcal protein G and then efficiently
coupled to form the BsF(ab'), using the method of GLENNIE et al. (1987)
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Fab’ maleimide derivative or anti-CD3 Fab’-SH alone did not yield de-
tectable quantities of F(ab’),. Furthermore the coupling reaction is sub-
jected to a mild reduction step followed by alkylation to remove trace
amounts of disulfide-linked F(ab’), that might be present.

Direct expression in E. coli allows large (gram) quantities of Fab’-SH
fragments to be isolated more readily and with greater purity than by the
traditional method of limited proteolysis and mild reduction of intact anti-
bodies. The advantages of E. coli-derived Fab’-SH are due in part to the
abolition of problems inherent in generating them from intact antibodies:
differences in susceptibility to proteolysis and nonspecific cleavage resulting
in heterogeneity, low yield and partial reduction that is not completely
selective for the hinge disulfide bonds (PARHAM 1986). Many murine anti-
bodies contain multiple cysteine residues in their hinge region (see KaBar et
al. 1991). Engineering the hinge region to leave a single cysteine removes
some sources of heterogeneity in BsF(ab’), preparations, e.g., intrahinge
disulfide formation and contamination with intact parent antibody whilst
greatly diminishing others, such as formation of F(ab’); fragments.

F. Uses of E. coli-Derived Fab’ Fragments

E. coli expression offers a facile route to Fab’-SH fragments which is likely
to promote their usage in a variety of ways (Fig. 3) in addition to BsF(ab'),
construction. All of these applications exploit the free hinge cysteinyl thiol
for site-specific coupling of Fab’ to other molecules with unit stoichiometry.
This has clear advantages over the commonly used strategy of coupling

N N N

, Bispecific Affinity
F(ab), F(ab’)z Purification
P, =

Stealth Immunotoxins Radioimmuno-
Immunoliposomes conjugates

Fig. 3. Potential uses of Fab’-SH fragments. So-called stealth immunoliposomes
formulated for prolonged circulation time in vivo have been used for encapsulation
of anti-tumor drugs and toxins (e.g., see AHMAD et al. 1993)
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antibodies to other moieties through surface accessible lysine residues. The
latter “random” attachment method generates heterogeneous populations of
molecules with variable site and stoichiometry of attachment often resulting
in differences in physicochemical and biological properties and reduced
specific binding to antigen.

MsF(ab’), fragments can be constructed by simply adding half an
equivalent of a coupling agent to the corresponding Fab’-SH fragment
(CARTER et al. 1992a). Thus MsF(ab’), fragment are even easier to construct
than BsF(ab’),. MsF(ab’), fragments can also be formed efficiently in the
fermentor by judicious engineering of the hinge sequence. For example,
HuMAb4D5-8 Fab’ with a hinge containing three tandem repeats of the
motif CysProPro has been recovered from fermentation pastes with up to
~75% in the bivalent form (RoDRIGUES et al. 1993). Furthermore this
F(ab’), variant isolated directly from E. coli is functionally indistinguishable
from a thioether-linked F(ab'), variant both in vitro and in vivo (RODRIGUES
et al. 1993). The principal advantage of obtaining F(ab’), directly from E.
coli is that this obviates the need for in vitro coupling. Unfortunately, there
are currently several drawbacks to F(ab’), isolated directly from E. coli.
Firstly, efficient formation of F(ab’), appears to be dependent upon very
high expression titers. Secondly, small quantities of unwanted F(ab’); and
F(ab'), are also formed. Finally, the disulfide bonding arrangement between
the three hinge cysteines is not known and is nontrivial to determine experi-
mentally. Thus, in vitro coupling is currently the preferred route to obtain
F(ab'), fragments from E. coli.

An alternative in vivo route to bivalent Ms antibody fragments was
demonstrated by the use of helix bundle and also leucine zipper motifs for
the dimerization of single chain Fv fragments into “miniantibodies” (Pack
and PLUOckTHUN 1992). A combination of different leucine zippers (Fos and
Jun) has been used as a heterodimerization motif for the construction of
BsF(ab'), fragments both in vivo and in vitro (KOSTELNEY et al. 1992). These
new methods, whilst certainly elegant, do not currently offer an attractive
alternative to the facile construction of bivalent monospecific and bispecific
antibody fragments for human therapy using humanized Fab’ fragments.
Nor do antibody fragments fused to dimerization motifs seem to offer the
broad utility of applications of Fab’-SH fragments (Fig. 3).

Another potential use of Fab’-SH fragments is for one step purification
of proteins. Unfortunately immunoaffinity purification has only rarely been
useful to date because it is arduous, time-consuming and expensive to obtain
large amounts of suitable antibodies and immobilize them on appropriate
matrices (reviewed by BaiLon and Roy 1990). Our system for high level E.
coli expression and recovery of Fab'-SH (CARTER et al. 1992a) provides a
solution to most of these problems. For example, we have exploited the free
hinge cysteinyl thiol for site-specific immobilization of HuMAb4D5-8 Fab'-
SH on an activated thiol support, enabling the p1857ER? ECD to be affinity
purified from solution (PC, unpublished data).
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E. coli-derived Fab’-SH fragments may also be useful for the construc-
tion of immunotoxins as shown recently by the coupling of an anti-CD5 Fab’
fragment to ricin A chain (BETTER et al. 1993). In some instances it is
possible and preferable to construct immunotoxins using a fusion protein
strategy rather than by coupling of components (reviewed in Chap. 7 and
also by Pastan and FirzGeraLp 1991). However, directed chemical coupling
is the only available method for attaching nonprotein toxins (e.g., cali-
cheamicin) to antibodies.

The feasibility of site-specific attachment of phospholipid to Fab’-SH for
immunospecific targeting of liposomes to cells was demonstrated over a
decade ago (MARTIN et al. 1981). Much progress has subsequently been
made in developing immunoliposomes for clinical use (reviewed by WEINER
1990). It seems likely that the ready availability of humanized Fab’-SH
fragments will add further impetus to the construction of immunoliposomes
for targeting of cytotoxic drugs or toxins to tumor celis and also for delivery
of DNA for gene therapy.

G. Conclusions

Direct expression in E. coli offers a facile route to Fab’-SH fragments that is
likely to encourage their more widespread use both in biotechnology and in
the diagnosis and therapy of human disease. Currently the most promising
clinical applications are in the construction of Ms and BsF(ab’), fragments
and also in the construction of immunoliposomes.
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CHAPTER 6
Immunotoxins

S.H. PiNcus

A. Introduction

Immunotoxins are bifunctional molecules, one portion of which is respon-
sible for delivery to a target cell, the other consisting of the toxic moiety.
Immunotoxins bind to specific target cells and cause their death. Therapeu-
tic applications for immunotoxins include neoplastic, autoimmune, and
infectious diseases (Lorp 1991; OErLTMANN and FRANKEL 1991; PASTAN
et al. 1992; PastaN and FirzGeraLD 1991; Viterra and THORPE 1991;
WawRrzyNczAK and DERBYSHIRE 1992). Because immunotoxins must be
internalized to function, they may also be used as probes to study the
cellular trafficking of the target molecule. Other, less toxic, agents may
also be delivered by immunologic means and used for both diagnostic and
therapeutic purposes.

Immunotoxins may be constructed by chemically combining two different
molecules, or genetic engineering techniques may be applied to construct
chimeric molecules with the two functions. The targeting portion of the
molecule may be a monoclonal antibody, an antibody fragment, a cytokine,
a ligand for cell surface receptors, a viral receptor, or other molecule that will
bind specifically to the target cell. This review will concentrate on antibody-
based immunotoxins, using examples of other types of immunotoxins to
make specific points. The toxic moiety may consist of a plant or bacterial
toxin, cytotoxic drug, high energy radioisotopes, or any agent which will
cause lethal damage to the target cell without damaging neighboring cells
within the tissue.

The development of immunotoxins for human therapy is proceeding
rapidly. A number of potentially useful immunotoxins have been developed
and shown to have in vitro efficacy. Many of these have been tested in
animal models. Human clinical trials have been performed involving the
direct administration of immunotoxins or their use for ex vivo purging of
bone marrow and then reinfusion of the treated marrow. A U.S. Food and
Drug Administration (FDA) advisory committee has recently recommended
approval of an anti-T cell immunotoxin for the treatment of steroid-resistant
graft vs host disease following bone marrow transplantation. Although
immunotoxins hold great promise for the treatment of disease, there are
significant problems associated with their use. Particular concerns include
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direct toxicity, immunogenicity, tissue penetration, and the selection of
immunotoxin-resistant variants. Strategies are being developed to deal with
these issues.

B. Considerations in Immunotoxin Development

A fairly straightforward protocol can be used in evaluating potential im-
munotoxins. In vitro analyses using cell lines expressing the target antigen
are predictive of in vivo efficacy. This is followed by preliminary testing in
animal models of disease for both efficacy and toxicity. Human clinical trials
are begun only when there is adequate data indicating that the potential
benefits to human subjects outweigh any risks.

I. In Vitro Testing To Identify Effective Antibodies

It is not possible to predict a priori whether a particular monoclonal antibody
will function as an immunotoxin. Two absolute requirements are that the
target antigen be expressed on the surface of the cell to be killed and that
this antigen be internalized, or at least allow for the internalization of an
immunotoxin bound to it. However, it has been shown that antibodies to
different epitopes on a single molecule can differ significantly in their ability
to deliver an immunotoxin and this is not necessarily a function of antibody
avidity (Luo and SeoN 1990; May et al. 1990; PiNcus et al. 1991; PrEss et al.
1988). Moreover, the degree of binding of the monoclonal antibody to the
surface of the target cell is not predictive of the efficacy of that antibody as
an immunotoxin. Therefore, once cell surface binding has been established,
it is essential to test the ability of the antibody to function as an immunotoxin.
This may be performed by either directly conjugating the antibody to a toxin
or by using an indirect screening assay.

Directly conjugating antibodies to be tested is more cumbersome than
using an indirect screening assay, but we have found that there are circum-
stances in which the indirect assay fails to detect a significant proportion of
useful antibodies, particularly when the antigen is expressed at low density
on the target cells. Direct conjugation of monoclonal antibodies to toxins
may be accomplished with commercially available materials or may be
performed on a small scale by one of several companies (PINcus et al. 1991).
Ricin A chain, the toxic portion of the ricin holotoxin separated away from
the cell-binding B chain, may be purchased from several sources and can be
used to produce highly effective and specific immunotoxins. Coupling of the
toxin to the antibody requires a cross-linking reagent. We prefer to use
heterobifunctional reagents which may be cleaved upon reduction; N-
hydroxysuccinimidylpyridyldithiopropionate (SPDP) has been used by many
groups. Details of the procedures used to couple antibodies and toxins have
been published elsewhere and require only minimal skill in protein chemistry
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Table 1. Decisions in immunotoxin design

Chimeric toxin vs chemical conjugate

Murine vs human antibodies

Intact antibody vs antibody fragments (Fab, Fv)
Choice of toxic moiety

Choice of cross-linking material

(CumMmser et al. 1985; FrRankeL et al. 1988). As an alternative to direct
conjugation of each antibody to a toxin, indirect assays have been developed
in which toxin-conjugated anti-immunoglobulin antibody is used to detect
the toxic potential of a given monoclonal (TiLL et al. 1988a; WELTMAN et al.
1986). This assay allows for the screening of many monoclonal antibodies,
but as noted above may fail to detect useful antibodies.

A cell line expressing the target antigen is used for testing immunotoxin
efficacy, either with the directly conjugated antibody or by the indirect
method. Cytotoxicity is measured by incubating the cells for 48—72h in the
presence of the immunotoxin with viability determined by protein synthesis
(incorporation of radiolabeled amino acids), proliferation (DNA synthesis
measured as thymidine incorporation) or vital dyes (trypan blue or MTT,;
MosMANN 1983). Initial studies should use the immunotoxin at relatively
high concentrations (1—-10ug/ml) so that any toxicity may be detected. If
toxicity is seen at high concentrations, a dose-response curve should be
performed since IDsq in vitro is predictive of in vivo efficacy. Also important
is the use of irrelevant target cells to demonstrate that the observed toxicity
is specific. In the absence of a cell line expressing the target antigen,
functional assays may be used to measure the desired effect. For example,
the mixed lymphocyte reaction or cytotoxic T cell frequency has been used
to measure the effects of immunotoxins on alloreactivity (BLAzAR et al.
1991; NAKAHARA et al. 1986) and a focal immunoassay has been used to test
the effects of immunotoxins on HIV production (Pincus et al. 1991).

Once the efficacy of an antibody as an immunotoxin has been demon-
strated using in vitro test systems, several decisions need to be made before
in vivo testing is begun. These are summarized in Table 1 and discussed
below.

II. Immunotoxin Design

The form of the antibody used to construct the immunotoxin can influence
its in vivo activity. A consensus is emerging that human or humanized
antibodies have a significant advantage over murine antibodies due to de-
creased immunogenicity and longer serum half-life (Co and QueeN 1991;
LoBucLio et al. 1989; RiEcHMANN et al. 1988; RyBak et al. 1992; WINTER
and MiLsTEIN 1991). Using antibody fragments improves tissue penetration
but decreases serum half-life (FuLton et al. 1988; GHETIE et al. 1991a;
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Viterra et al. 1987; Yokora et al. 1992). Because antibody valency may
affect avidity of the antibody-antigen interaction, in vitro comparisons of the
relative efficacy of immunotoxins made with monovalent (Fab) vs divalent
(F(ab"), or intact Ig) antibodies have been performed and yielded mixed
results (DeBINSKI and PAsTAN 1992; GHETIE et al. 1991a; MasuHo et al.
1982). The role of antibody affinity is also debated. It is clear that high
affinity antibodies have greater in vitro activity (May et al. 1990), but it has
been suggested that in vivo lower affinity antibodies might give greater
tissue penetration by not binding antigen on first encounter. However, there
is little experimental evidence to support this latter assertion. Antibodies
used for any in vivo experiments should be produced under the most
stringent conditions (BoGARD et al. 1989; GHETIE et al. 1991b).

An important element in the design of immunoconjugates is the choice
of cross-linking reagent. It is clear that the toxic moiety should be able to be
released from the antibody for optimal toxicity (FRANKEL et al. 1988; MasuHO
et al. 1982; Viterta and TuHorPE 1991). This has led to the use of cross-
linkers that will be cleaved once the immunotoxin has entered a cell, but not
in the circulation (BARTON et al. 1991; FRANKEL et al. 1988). Two classes of
cross-linking agents that meet this criteria are those containing disulfide
bonds and those with acid-labile links, which are cleaved in endocytic vesicles
(BLATTLER et al. 1985). There has been some concern that instability of
disulfide bonds in the circulation may lead to premature cleavage of the
toxin from the antibody (ViTerTA et al. 1987; Viterta and THorPE 1991),
and this has led to the development of cross-linking reagents with hindered
disulfide bonds (BARTON et al. 1991; GHETIE et al. 1991b). While the break-
down of disulfide bonds clearly does occur in the circulation, it appears that
the rate of cleavage is too slow to affect the majority of site-specific local-
ization of the immunotoxin (FurLton et al. 1988; LeTviN et al. 1986b;
RAMAKRISHNAN and HousToN 1985).

The easy accessibility of antibody variable region genes allowed the
production of chimeric immunotoxins (CHAUDHARY et al. 1989, 1990), in
which single chain antibody Fv fragments are fused to a toxin (BATRA et al.
1992; BRINKMANN et al. 1991, 1992a; KREITMAN et al. 1990, 1992; RyBAK
et al. 1991, 1992). The use of combinatorial phage libraries to produce
antibodies in the future will serve to increase this trend. Chimeric im-
munotoxins have the advantages of stability and, because of their small size,
enhanced tumor penetration (Yokora et al. 1992), The in vivo efficacy
of chimeric immunotoxins has been demonstrated (Batra et al. 1992;
BRINKMANN et al. 1991).

Although in vitro testing can be used to predict the efficacy of an
immunotoxin, in vivo analyses may reveal unexpected phenomena. These
may be related to the preparation of the immunotoxin (GROSSBARD et al.
1992b). Unanticipated antibody cross-reactions have been detected in human
immunotoxin trials (GouLb et al. 1989). The importance of careful pre-
clinical and clinical trials cannot be overemphasized.
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C. The Toxic Moiety

A wide variety of toxic compounds have been conjugated to antibodies to
create immunotoxic agents. A partial listing of these agents is shown in
Table 2. These include toxic proteins primarily derived from plants and
bacteria, but also toxins derived from other organisms and enzymes that are
toxic when directed to a novel cellular localization. Smaller molecules, such
as cytotoxic antitumor drugs or radioisotopes, can also be coupled to anti-
bodies. This review will not attempt to describe each agent. Rather, it will
focus on several of the more commonly used toxins, describe modifications
that have enhanced their therapeutic utility, and also describe some novel

approaches.

Table 2. Some toxic agents which have been coupled to antibodies

Agent

Reference

Bacterial and fungal toxins
Pseudomonas exotoxin A

Diphtheria toxin
Clostridium perfringens
phospholipase C
Staphylococcal enterotoxin A
Aspergillus mitogillin
Plant toxins
Ricin
Saporin
Gelonin
Pokeweed antiviral protein
Mistletoe lectin
Nucleases
Pancreatic ribonuclease/angiogenin
Barnase toxin
Drugs
Vinca alkaloids
Methotrexate
Doxorubicin
Daunomycin
5-Fluorouracil derivatives
Maytansinoids
Photosensitizing agents
Drug laden liposomes
Radioisotopes
22Bismuth
DY ttrium
Blodine
Complex systems
Biotin/avidin directed toxins
Prodrug/enzyme

OLsNEs et al. 1991

PasTAN et al. 1992; PastaN and FitzGERALD
1991

CHOE et al. 1992; YouLE 1991

CHOVNICK et al. 1991

DOHLSTEN et al. 1991
BETTER et al. 1992

RoBerTUS 1991; VITETTA and THORPE 1991
FRrENCH et al. 1991; Tazzar1 et al. 1992
REIMANN et al. 1988

UckuN et al. 1992; ZARLING et al. 1990
WIEDLOCHA et al. 1991

RyBAK et al. 1991, 1992
Prior et al. 1991

BarToN et al. 1991

SCHRAPPE et al. 1992; STARLING et al. 1991
AFFLECK and EMBLETON 1992
YEH et al. 1992

DIENER et al. 1986

KRAUER et al. 1992

CHARI et al. 1992

GoFF et al. 1991

LESERMAN et al. 1981

MAckLIS et al. 1988
Ito et al. 1992
KnazaELI et al. 1991; SCHWARTZ et al. 1991

MEYER et al. 1991; SCHECHTER et al. 1992
SENTER et al. 1988
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I. Ricin

Ricin toxin is a ribosome-inactivating protein derived from the castor bean.
It is a two chain toxin, with the B chain binding to cell surface galactose
residues and the A chain functioning enzymatically to remove adenine 4324
from 28S rRNA found in the 60S subunit of eukaryotic ribosomes (PASTAN
et al. 1992; RoBerTUS 1991; VITETTA and THORPE 1991). To give specificity to
ricin immunotoxins, the cell-binding activity of the B chain must be removed.
This led to the use of the purified ricin A chain (RTA) in immunotoxins.
However, it was found that mannose and fucose residues on the native RTA
mediate binding to hepatocytes, resulting in hepatotoxicity and rapid in vivo
clearance of the immunotoxins. Deglycosylated forms of RTA may be
produced chemically (BLAKEY et al. 1987; FuLTON et al. 1988), by expressing
recombinant RTA in E. coli, or by isolation of a naturally occurring low
molecular weight form of RTA which is minimally glycosylated (TrownN et
al. 1991). Immunotoxins made with these deglycosylated forms of RTA
have increased plasma half-lives and enhanced tumor localization. Because
it is thought that ricin B chain may play a role in the translocation of RTA
from the endosome into the cytosol, immunotoxins have been constructed
using a form of the holotoxin in which the galactose binding site(s) of the B
chain are blocked by the covalent attachment of oligosaccharides to the
toxin (GROSSBARD et al. 1992a; LAMBERT et al. 1991). The use of “blocked”
ricin may enhance the activity of immunotoxins. It has been demonstrated
with some antibodies that are apparently incorrectly routed during intracel-
lular trafficking that the use of blocked ricin can produce an effective
immunotoxin, whereas the same antibody coupled to RTA is ineffective
(LamBERT et al. 1991). A schematic diagram of the different of ricin that
may be used in immunotoxins is shown in Fig. 1.

The nonspecific toxicity of ricin immunotoxins has been established in a
number of clinical trials (Byers and Batpwin 1991; Byers et al. 1990;
GROSSBARD et al. 1992a; KErRNAN et al. 1988; LEMAISTRE et al. 1991; SPITLER
et al. 1987; VITETTA et al. 1991). The major dose-limiting toxicity seen with
RTA or deglycosylated RTA was a capillary leak syndrome associated with
hypoalbuminemia and edema. Constitutional symptoms (fever, malaise,
fatigue, myalgia) were also seen frequently. Blocked ricin caused dose-
limiting, but transient, hepatotoxicity and constitutional symptoms. Capillary
leak was not seen with blocked ricin, but it was used in somewhat lower
doses than RTA.

II. Pseudomonas Exotoxin A

Pseudomonas exotoxin A is a single chain toxin that ADP-ribosylates and
consequently irreversibly inhibits elongation factor 2, thus resulting in the
death of the cell. The elucidation of the function of the different domains of
the molecule and their subsequent use in the production of immunotoxins is
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Fig. 1. Ricin derivatives for use in immunotoxins. The native ricin consists of
disulfide-linked A and B chains. The A chain enzymatically degrades the 60S
ribosomal subunit and has a single catalytic site. The B chain contains two galactose
binding sites that allow it to act as a lectin and bind cell surface glycoproteins. Ricin
itself is a glycoprotein with the A chain bearing both mannose and fucose containing
carbohydrates while the B chain only has mannose side chains. Immunotoxin action
requires the removal of nonspecific binding activities of ricin, either by using the A
chain alone or by blocking the galactose binding sites of the B chain. An example of
an immunotoxin constructed by cross-linking intact antibody with deglycosylated
ricin A chain is shown

the result of the elegant protein engineering studies of Pastan and his
colleagues (PastaN et al. 1992; Pastan and FirzGeraLD 1991). The intact
toxin consists of three functional domains: (1) an NH,-terminal portion that
binds the a,-macroglobulin receptor on the target cell (WAwrzYNCZAK and
DERBYSHIRE 1992), (2) a middle domain responsible for translocation across
cell membranes, and (3) a COOH-terminal region which contains the ADP-
ribosylating activity.

A series of modifications in the toxin have allowed for increased activity
with decreased nonspecific toxicity. Removal of domain I (PE40) eliminates
the nonspecific binding of the toxin to cells (Konpo et al. 1988) and enhances
the therapeutic index of immunotoxins made with this construct compared
to immunotoxins that utilize the intact toxin (DEBINSKI et al. 1992; Par et al.
1992). Several alterations in PE40 have increased efficacy. By placing free
amino groups toward the NH,-terminal of PE40 and eliminating those at the
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Pseudomonas Exotoxin A and Derivatives
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Fig. 2. Pseudomonas exotoxin A derivatives for use in immunotoxins. Pseudomonas
exotoxin A consists of three functional domains responsible for: binding to the target
cell (B), translocation to the cytosol (T), and enzymatic degradation of EF-2 (E).
Constructs lacking the binding domain have been created (PE40). Modifications of
PEA40 include the placement of the amino acids KDEL at the COOH-terminal to
enhance retention within the endoplasmic reticulum (PE40-KDEL). Immunotoxins
may be created by chemically coupling the pseudomonas exotoxin A construct to
intact antibodies (or their fragments), or by creating novel chimeric proteins con-
taining a ligand for a cell surface receptor (L) or a single chain antibody Fv fused to
the toxin

COOH-terminal, activity of an immunotoxin coupled via the amino groups
on PE40 to sulthydryl groups on an antibody fragment was significantly
enhanced (DEBINSKI and Pastan 1992). The elimination of amino acids
365-368 does not alter activity, but produces a smaller molecule (PE38) that
may give better tissue penetriation (DEBINSKI and Pastan 1992). The re-
placement of the COOH-terminal residues REDLK with the KDEL results
in increased retention within the endoplasmic reticulum and increased toxic
activity (BRINKMANN et al. 1991). Mutation of amino acid 490 (R) within a
protease sensitive region resulted in a molecule without any decrease in
functional activity, but resistant to proteases and with an increased serum
half-life (BRINKMANN et al. 1992b). Pseudomonas exotoxin A derivatives are
shown in Fig. 2.

These derivatives of PE40 have been used to create a series of chimeric
toxins, in which the NH,-terminal of the molecule consists of a ligand for a
cell surface receptor or a single chain antibody fragment (Pastan et al. 1992;
PastaN and FirzGerarLD 1991). Among the nonantibody ligands that have
been used are transforming growth factor-a (TGFa), interleukin-2 (IL2),
IL4, IL6, acidic fibroblast growth factor, and CD4. Single chain antibody Fv
fragments (V;-EGKSSGSGSESKVD-Vy) have also been expressed as the
NH,-terminal domain of a chimeric immunotoxin using a simplified protocol
of PCR amplification of antibody V genes from hybridoma mRNA and
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ligation into a PE40 expression vector (CHAUDHARY et al. 1989, 1990). The
kinetics of the folding of these chimeric immunotoxins have been studied
(BRINKMANN et al. 1992a). Antibodies made into single chain Fv-PE40 toxins
include those directed against each chain of the IL2 receptor (CHAUDHARY
et al. 1989; Krermman et al. 1990, 1992); Ley, a carbohydrate tumor asso-
ciated antigen (BRINKMANN et al. 1991); erbB2, a gene that is overexpressed
in tumor cells and may be involved in malignant transformation (BaTraA et
al. 1992); and gp160, the HIV envelope protein. Additionally, bifunctional
immunotoxins have been constructed that contain two different binding
domains coupled to PE40, e.g., TGFa and Fv of anti-Tac (the p55 subunit
of the IL2 receptor) (BATrA et al. 1990). This toxin is active against cells
expressing either receptor. Clinical trials are ongoing with several different
immunotoxins made with pseudomonas exotoxin A constructs. Toxicity of
the different constructs in humans has not yet been fully defined, but
hepatotoxicity was seen in nonhuman primates (Par et al. 1992).

II1. Diphtheria Toxin

Diphtheria toxin is the major pathogenic factor in diphtheria. It is encoded
upon a lysogenic bacteriophage of Corynebacterium diphtheriae and secreted
as a single chain which is cleaved by extracellular proteases into an A and B
chain, linked by a single disulfide bond. The B chain binds to a cell surface
receptor. The toxin is endocytosed via clathrin-coated pits. Within the
endocytic vesicle it is activated by acidic pH and the disulfide bond is
broken. The B chain then aids in the translocation of the A chain into the
cytosol, where it catalyzes the ADP-ribosylation of elongation factor 2 in a
manner identical to pseudomonas exotoxin A (OLsNEs et al. 1991; PASTAN
et al. 1992). The 3-D structure of diphtheria toxin has recently been solved
(CHOE et al. 1992). As opposed to pseudomonas toxin, in which the cell-
binding domain is at the NH,-terminal of the molecule, it is located at the
COOH-terminal on diphtheria toxin.

Protein engineering of diphtheria toxin has allowed for the production
of several mutant molecules that lack cell-binding activity, but still retain
translocation and ADP-ribosylation activities (YoUuLE 1991). These mutant
holotoxins have been used to produce extremely active immunotoxins
(NevILLE et al. 1992; YouLE 1991). Additionally, chimeric toxins have been
created in which the cell-binding domain has been replaced by a targeting
molecule, e.g., IL2 (WaLz et al. 1989). A major concern in the use of
immunotoxins based upon diphtheria toxin is that the majority of the human
population has been immunized and has antibodies against diphtheria toxin.

IV. Drug Conjugates

The major challenge in using antibodies to target cytoxic drugs is to find
agents that are either active when coupled to the antibody or may be
cleaved from the antibody in an active form (BarTON et al. 1991). The
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coupling protocols have been established for some of the more common
agents (e.g., methotrexate, daunomycin and derivatives), but in general
need to be individually established for each drug.

V. Novel Approaches

New methods for utilizing antibodies to target cells are continually being
developed. Certain bacterial toxins, such as staphylococcal enterotoxin A,
function as ‘“‘superantigens’ in that they activate large numbers of T cells. It
has been shown that monoclonal antibodies coupled to staphylococcal
enterotoxin A can direct a T cell mediated attack against tumor cells
(DonLsTEN et al. 1991). Antibodies may also be coupled to enzymes that
may convert a prodrug to an active drug in the immediate vicinity of the
desired target (SENTER et al. 1988). Ribonucleases (RNase) can be cytotoxic
when they are delivered to the cytosol, where they inactivate ribosomes and
disrupt protein synthesis. Both bovine pancreatic RNase and the human
serum RNase angiogenin have been used to make immunotoxins (RYBAK et
al. 1991, 1992). The latter may be more useful, since as a human protein it is
less likely to be immunogenic. A chimeric toxin consisting of the extracellular
RNase barnase coupled adjacent to the COOH-terminal of pseudomonas
exotoxin A has been constructed (Prior et al. 1991). This chimeric toxin
contains both activities and the membrane-translocating function of the
pseudomonas toxin aids in the transport of the barnase to the correct
cellular compartment to exert its toxic activity.

Several approaches have been devised that allow for the secondary
delivery of toxins to cells opsonized with antibodies. Streptavidin-biotin has
been used to convey toxins to cells coated with biotinylated antibodies
(MEYER et al. 1991; ScHECHTER et al. 1992). By treating the intact ricin with
biotin and then binding to streptavidin, the cell-binding function of the B
chain is lost. This complex is still capable of binding to biotinylated anti-
bodies since avidin is multivalent. The delivery of the ricin-biotin-avidin
complex can be directed to any biotinylated antibody and the toxicity of this
complex is still intact when it is internalized into the target cell. Another
method of delivering ricin to antibodies utilizes a fusion protein consisting of
a protein A-ricin A chain construct that is linked by a cleavable peptide
derived from the diphtheria toxin (O’HARE et al. 1990). These approaches
may be most useful when a cocktail of antibodies is to be used.

Bifunctional antibodies have also been used to deliver immunotoxins
(FrReNcH et al. 1991). In this case, one arm of the bifunctional antibody is
directed against the cell-surface antigen on the target cell, while the other is
directed against a toxin. The cells are first exposed to the bifunctional
antibody and then the toxin. The internalized antibody-toxin complex retains
toxic activity. This system has been shown to function both in vitro and in
vivo. The advantages of the use of such bispecific antibodies over the direct
conjugation of the toxin to the antibody remain to be demonstrated.
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D. Cell Biology of Immunotoxin Action

Effective immunotoxins must bind to cell surface structures and then be
internalized via one of several mechanisms: coated pits and/or uncoated pits
or vesicles (OLsNEs et al. 1989; WiepLocHA et al. 1991). Following internal-
ization, the immunotoxin enters the endosomes. From here the immunotoxin
may be routed through different pathways including: (1) translocation to the
cytosol, (2) recycling back to the cell surface, (3) entry into the trans-Golgi
network where it enters the biosynthetic pathway, (4) transport to the
lysosome where it is degraded (OLsNEs et al. 1989; RAVEL et al. 1992). That
the pathways of protein secretion and toxic action cross has been shown with
a hybridoma secreting anti-ricin antibody (YouLe and CoromBatTi 1987).
The IgG secreted by this cell line blocks the action of ricin by intracellular
binding.

Translocation into the cytosol, the site of toxic activity for the protein
toxins, may occur from different compartments for different toxins and have
different processing requirements. Diphtheria toxin and pseudomonas toxin
require acidification for optimal activity, whereas agents that inhibit vacuolar
acidification potentiate ricin toxins. Diphtheria toxin is translocated from
the endosome; pseudomonas exotoxin may enter the cytosol via the endo-
plasmic reticulum and ricin through the Golgi (OLSNES et al. 1989; PAsSTAN
et al. 1992). Immunoconjugates containing radioisotopes and drugs probably
release their agents in the lysosome (GEISSLER et al. 1992). These agents
then enter the cell compartments where they are active (including the
nucleus).

A number of factors in the processing of the immunotoxins can affect
their efficacy. Cytotoxic activity of an immunotoxin is directly proportional
to rate of internalization and inversely related to recycling of the antigen-
immunotoxin complex back to the cell surface (Pincus and McCLURE 1993;
RAVEL et al. 1992; WARGALLA and REISFELD 1989). It has been observed that
immunotoxins directed against different epitopes of the same cell surface
molecule have differential efficacy, unrelated to antibody avidity (May et al.
1990). This effect appears to be due to differences in intracellular routing
rather than rates of internalization (May et al. 1991).

The cellular processing of immunotoxins has also been studied by using
drugs with known effects upon cells that either enhance or inhibit the action
of immunotoxins (OLSNES et al. 1989). As noted above, agents that increase
the pH of the endosome, e.g., NH,Cl, inhibit the activity of diphtheria toxin
but enhance efficacy of ricin immunotoxins. Monensin reduces ion gradients
across cell membranes and interferes with intracellular trafficking of endo-
somes and secretory vesicles. In particular, monensin inhibits the transfer to
lysosomes. Monension can potentiate the action of ricin immunotoxins, and
this enhancement depends upon the presence of a 45-50kDa serum protein
(JANSEN et al. 1992b). Other lysosomotropic agents, such as chloroquine and
f-glycylphenylnapthylamide, also potentiate immunotoxins (AKIYAMA et al.
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1985; RamakrisHNAN and Houston 1984). Calcium antagonists, such as
verapamil and perhexiline, also enhance immunotoxin action, probably also
by inhibiting lysosomal degradation (Axkiyama et al. 1985; JANSEN et al.
1992b). The fungal metabolite brefeldin-A blocks the export of proteins
from the Golgi. The Golgi of cells treated with brefeldin-A lose structural
features and Golgi proteins are relocated to the endoplasmic reticulum.
Brefeldin-A inhibits the action of intact ricin toxin, but paradoxically
enhances the activity of an immunotoxin utilizing ricin A chain, suggesting
that Golgi function is not required for holtoxin translocation but is tightly
linked to immunotoxin translocation (HupsoN and GrirLo 1991). In addition
to serving as probes of the cell biology of immunotoxin action, these drugs
may serve in vivo as pharmacological enhancers of immunotoxin action.

It has been assumed that cytotoxicity of immunotoxins is a direct
function of the inhibition of protein synthesis. This assumption has been
challenged by a recent study in which the same monoclonal antibody was
conjugated to either ricin A chain or to a binding site mutant of diphtheria
toxin (SUNG et al. 1991). At equivalent concentrations, the diphtheria toxin
immunotoxin inhibited protein synthesis significantly more rapidly, but
achieved a substantially lower log kill than the ricin A immunotoxin. These
data suggest that factors influencing the time spent by the toxin within the
cytosol can influence cytotoxicity. Data indicating that cycloheximide, an
inhibitor of protein synthesis itself, can protect against toxin induced cell-
lysis also suggest that cytotoxicity of toxins is not a direct effect of the inhibi-
tion of protein synthesis but may involve a more active process, perhaps
related to apoptosis (SANDVIG and vaN DEurs 1992).

E. Pharmacology of Immunotoxin Administration

1. Pharmacokinetics

Three important factors need to be considered in discussing immunotoxin
pharmacokinetics: (1) concentration and half-life (#;,) of the immunotoxin
within the plasma compartment, (2) delivery to the target tissue (e.g., tumor
penetration), (3) in vivo stability of chemical conjugates (see Sect. B.II). In
performing pharmacokinetic experiments, the presence of the target tissue is
an important element that must be included to obtain accurate values, since
a large amount of antigen can rapidly absorb the immunotoxin (FuLToN et
al. 1988; VITerTA et al. 1987). Thus, ¢, and peak concentrations of an
immunotoxin may be considerably lower in tumor bearing animals than in
normals. The presence of an immune response to the immunotoxin will
inhibit both ¢, and peak serum concentration of the immunotoxin.

The plasma f;,, of an immunotoxin is shorter than ¢, for the equivalent
antibody fragment and is, to a certain degree, dependent upon the toxic
moiety. Following intravenous administration, the majority of immunotoxin
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is cleared from the plasma with a rapid initial phase (at;,) that represents
equilibration with the extravascular space and hepatic uptake. Values for
aty, range from minutes to hours. This is followed by a slower f phase of
hours to days. These values have been obtained in both experimental animals
and human clinical trials (BrLakey et al. 1987; FuLton et al. 1988;
GROSSBARD et al. 1992a; LEMAISTRE et al. 1991; S1ENA et al. 1988; SPITLER et
al. 1987; TrowN et al. 1991; ViTeTTA et al. 1987, 1991). In contrast, intact
chimeric (mouse V region, human C region) antibodies have an at;,, of 18h
and a ft;, 4-9 days (KHazaEeL et al. 1991; LoBucLio et al. 1989). The ¢,
of immunotoxins has been increased by modifications of the toxic moiety
described in Sect. C, including deglycosylation of ricin A chain (BLAKEY et
al. 1987; FuLtoN et al. 1988), use of a naturally occurring low glycosylation
form of ricin A chain (TRowN et al. 1991), and the elimination of proteolytic
degradation sites on pseudomonas exotoxin A (BRINKMANN et al. 1992b). In
clinical trials, peak plasma levels were obtained 1-2h following an intra-
venous infusion of immunotoxin and these plasma levels were in excess of
the concentration needed to obtain in vitro killing of target cells (GROSSBARD
et al. 1992a; LAURENT et al. 1986; LEMAISTRE et al. 1991; VITETTA et al.
1991). However, nonhuman primate studies have indicated that a number of
factors may attenuate the in vivo effect of an immunotoxin, so that even
though a plasma concentration in great excess of the in vitro toxic dose is
obtained, in vivo killing may be limited (REIMANN et al. 1988).

The ability of the immunotoxin to penetrate to the desired target cells
depends upon both the nature of the target and the form of the immunotoxin.
Cells within the circulation and in the lymphoid system appear to be readily
accessible to immunotoxin and coating of all of the target cells can be
otained after a single intravenous injection of immunotoxin (LAURENT et al.
1986; LETVIN et al. 1986a; REIMANN et al. 1988); however, entry into solid
tumors is markedly restricted. The in vivo penetration of a radioimmunotoxin
into 2-10mm tumor nodules is concentric and requires days (Ito et al.
1992). Penetration can be increased by decreasing the size of the antibody
fragment. Thus, Fv and Fab fragments have been shown to penetrate tumors
better than intact antibodies (FuLton et al. 1988; Yokora et al. 1992).
Nevertheless, impressive results have been obtained by treating solid tumors
in animals with immunotoxins, in some cases resulting in complete regression
(BATrA et al. 1992; BRINKMANN et al. 1991; DEBINSKI et al. 1992; DEBINSKI
and PASTAN 1992; GHETIE et al. 1991a; UckuN et al. 1992).

II. Pharmacologic Enhancement of Immunotoxin Action

Several strategies exist for enhancing the activity of immunotoxins. These
include: (1) the use of agents that alter the intracellular trafficking of
immunotoxins as described in Sect. D. Some of these agents, especially
chloroquine and calcium channel blockers, are well tolerated by patients and
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serum levels of the drugs that give in vitro enhancement of immunotoxin
action are obtainable in vivo. (2) The use of combinations of immunotoxins.
Cocktails of monoclonal antibodies, bispecific antibodies, and immunotoxins
have been shown to have at least additive, and possibly synergistic, effects
upon target cells (BYERs et al. 1988; CrRews et al. 1992; FreNcH et al. 1991;
Suarra et al. 1986). Combinations may be given concurrently or successively.
Novel toxins that target two molecules simultaneously may be constructed
using bispecific antibodies or fusion proteins (BATrA et al. 1990). (3) Specific
enhancement of immunotoxin action by ligands of the target molecule. We
have shown that the efficacy of anti-HIV envelope-specific immunotoxins
can be enhanced 100-fold by the addition of soluble CD4, the receptor
protein that is bound by the HIV envelope (Pincus and McCLURE 1993).
This effect is caused by increased rates of internalization of the CD4-
envelope complex. Other cell surface receptors are also internalized more
rapidly when bound to ligand, suggesting that this ligand-specific enhance-
ment of immunotoxin may be a general phenomenon. (4) By using agents
that enhance the penetration of tumors by immunotoxins. These function by
increasing the vascular permeability of the tumor tissue (PiETERSZ and
McKenzie 1992). (5) Combining the use of immunotoxins with other
therapies directed at the disease process. It is certain that in the treatment of
cancer, immunotoxins will be used in conjunction with standard therapies
including surgery, radiation, and the use of cytotoxic drugs. We and others
have shown that anti-HIV immunotoxins act synergistically with AZT to
inhibit the production of infectious virus (AsHORN et al. 1990; Pincus and
WEHRLY 1990). Optimal therapeutic responses will most likely be obtained
by combining the use of immunotoxins with other treatment modalities.

III. Immunogenicity

Immune responses can develop to both the antibody and the toxic moiety.
In clinical trials anti-immunotoxin responses have been seen in 20% —100%
of patients (BYERs et al. 1990; FaLini et al. 1992; GrossBarD et al. 1992a;
HERTLER et al. 1987; LEMAISTRE et al. 1991; PETERSEN et al. 1991; TIANDRA
et al. 1990; VIteErTA et al. 1991). Antibody can arise following a single
administration of immunotoxin. Giving immunotoxin in the presence of
existing antibody results in enhanced clearance and lower peak levels of the
immunotoxin, boosting of the antibody response (although examples where
this does not occur have been reported), and infrequently manifestations of
immune mediated allergic reactions. The coupling of antibody to the toxic
moiety enhances the immunogenicity of the antibody (Jounson et al. 1991).
Even humanized antibodies result in the induction of immune responses in a
substantial number of cases following a single course of therapy (KHAZAELI
et al. 1991; LoBucLio et al. 1989). In this case the immune response is
directed against idiotypic determinants and neo-epitopes created in the
course of chimerization.
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Several different approaches have been taken to avoid such immune
responses. It has been noted that patients who failed to develop an anti-
immunotoxin response were receiving adjunct therapy that was immuno-
suppressive (HERTLER et al. 1987). In experimental models, the concomitant
administration of immunotoxins and immunosuppressive agents, such as
cyclosporine, deoxyspergualin, or anti-CD4 monoclonal antibodies, can
suppress the production of anti-immunotoxin antibodies (Jin et al. 1991; Par
et al. 1990; PieTersz and McKENzIE 1992). An alternate approach is to treat
the immunotoxin in such a way as to render it either nonimmunogenic or
even tolerogenic. The most effective agent for this purpose appears to be
polyethylene glycol, which does not hinder the functioning of the treated
molecule but tolerizes the host through the induction of active antigen-
specific suppression (Krramura et al. 1991; TakaTa et al. 1990). Although
the immunogenicity of immunotoxins has created serious concerns regarding
their utility, it may be possible to surmount this problem.

F. Clinical Applications

I. Cancer

A major impetus behind the development of immunotoxins has been to
produce antitumor agents. Monoclonal antibodies that recognize molecules
that are either specific for tumor cells or increased in number on the surface
of tumor cells have been developed. Successful treatments of human tumors
with immunotoxins have been reported in immunodeficient mice. A number
of clinical trials have been performed. Although less successful than propo-
nents of immunotoxins might have hoped, the clinical trials have defined the
potential problems and produced enough positive response to encourage
further research. There have been a number of recent reviews that focus on
the use of immunotoxins in cancer (Byers and BALDWIN 1991; MATTHEWS et
al. 1992; Pastan and FrrzGeraLp 1991; Pierersz and McKENzIE 1992;
RIETHMULLER and JoHNSON 1992; VITETTA et al. 1987; VITETTA and THORPE
1991; WawrzyNczak and DERBYSHIRE 1992). Rather than go over the same
details provided by these references, this section will discuss general princi-
pals and conclusions.

The development of monoclonal antibodies that are absolutely specific
for tumor cells has been problematic (MATTHEWS et al. 1992; RIETHMULLER
and JoHnsoN 1992). Many antibodies directed against tumor antigens are
also expressed on normal human tissues (GouLp et al. 1989), often in a
developmentally regulated manner. Many tumor-specific antigens are
carbohydrates that are poorly internalized. Oncogene products and growth
factor receptors make attractive targets, since their expression may be
integrally related to the proliferative process (BATra et al. 1992; DEBINSKI
and Pastan 1992; HELLSTROM and HELLSTROM 1989; KREITMAN et al. 1990,
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1992; PastaN et al. 1992; Pastan and FirzGERALD 1991); but they too are
also expressed on normal tissues, albeit in lower numbers. Immunotoxins
may either be made with monoclonal antibodies to the growth factor recep-
tors or by attaching the toxin directly to the growth factor itself.

The current state of the art in animal testing is to establish human
tumors in immunodeficient mice (nude or SCID being used most often)
using either cell lines or explanted tumors. Thus, immunotoxins may be
tested that are based upon antibodies that may be used in human therapy.
Substantial reduction in tumor mass and even cures have been reported in
these models using monoclonal antibodies directed against human gastric
tumors (erbB2 gene product) (BaTra et al. 1992), epidermoid carcinomas
(Le”? or transferrin receptor) (BRINKMANN et al. 1991; DEBINsKI and PASTAN
1992), T cell leukemia (CD7) (JANSEN et al. 1992a), B cell lymphoma
(CD22) (GHETIE et al. 1991a), pre-B cell leukemia (CD10 or CD-19) (Luo
and Seon 1990; Uckun et al. 1992), breast carcinoma (Le”) (Par et al.
1992), colon carcinoma (DEBINSKI et al. 1992; KRAUER et al. 1992), glioma
(ScHRrAPPE et al. 1992), and ovarian and cervical carcinomas (STARLING et al.
1991; WiLLINGHAM et al. 1987; YEH et al. 1992). Among the toxic moieties
that when coupled to monoclonal antibodies have yielded successful treat-
ments in mouse models are pseudomonas exotoxin A (Barra et al. 1992;
BRINKMANN et al. 1991; DEBINSKI et al. 1992; DEeBINskI and PAstan 1992;
Par et al. 1992), ricin A chain (GHETIE et al. 1991a; Luo and Seon 1990),
pokeweed antiviral protein (Uckun et al. 1992), 5-fluorouridine (KRAUER et
al. 1992), vinblastine (SCHRAPPE et al. 1992; STARLING et al. 1991), and
doxorubicin (YEH et al. 1992). Because most of these murine models use cell
lines to represent human tumors, much of the biological diversity of human
tumors is not represented. While success in treating animal models of human
tumors offers encouragement to experimenters, it in no way assures success
with the same antibody used in humans.

Phase 1 and 2 human clinical trials have been performed primarily with
ricin immunotoxins, drug conjugates, and isotopically labeled antibodies,
but also with pseudomonas exotoxin and saporin (PIETERSZ and MCKENZIE
1992). The following tumors have been treated: Cutaneous T cell lymphoma
(CDS5) (LEMaIsTrE et al. 1991), Hodgkin’s disease (CD30) (FaLINI et al.
1992), B cell lymphoma (anti-CD22 or anti-CD19) (GROSSBARD et al. 1992a;
VITETTA et al. 1991), leukemia (LAURENT et al. 1986; WarLpmMaNN 1991),
breast cancer (GouLp et al. 1989), and melanoma (SPITLER et al. 1987).
Although some impressive responses were seen, the majority of effects
attributable to immunotoxins were either partial or transient. These clinical
trials have also defined important problems including the host immune
response and dose limiting toxicities. These results are only disappointing if
one had the naive expectation that immunotoxins were the “magic bullets”
that would cure cancer in one shot. More realistically, these results are
the first steps in determining the role for immunotoxins in the anticancer
arsenal.
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Immunotoxins have also been used to purge bone marrow of tumor
cells. Patients may have bone marrow removed, undergo lethal levels of
irradiation or chemotherapy to treat their tumors, and then be rescued with
their own bone marrow that has been purged of tumor cells. The feasibility
of this approach has been shown with leukemias (MEYER et al. 1991; PREUERSS
et al. 1989) and with carcinomas (BJorN et al. 1990; Gorr et al. 1991).
Several novel methodologies have been used, such as phototherapy (GoFF et
al. 1991), and avidin targeting of the toxic moiety to a biotinylated antibody
(MEYER et al. 1991).

Drug resistance in tumor cells may be overcome using antibody delivery
systems. Because much drug resistance arises from overexpressionn of the
multidrug resistance (Mdr) transporter, approaches that subvert this trans-
porter may be useful. One approach is to use this protein as the target for
an immunotoxin, since it is relatively overexpressed on the tumor cells
(MickiscH et al. 1992). Alternatively, cytotoxic drugs may be delivered via
antibody, subverting the processing of the drug by the Mdr transporter
(AFrFLECK and EMBLETON 1992).

II. Immunosuppression

The cells of the immune system are highly accessible to immunotoxins
(LETVIN et al. 1986a; REIMANN et al. 1988). A large number of monoclonal
antibodies have been developed that can target cells of the immune system.
Initial attempts at using immunotoxins to modulate the immune system have
used broadly reactive antibodies (e.g., pan-T cell). As we understand the
roles played by different lymphocyte subsets and cell surface molecules in
graft rejection and autoimmune disease, we will be able to increase the
specificity of targeting (Pincus 1993).

1. Transplantation

The ability of immunotoxins to suppress the allogeneic response has been
shown both in vitro and in vivo using antibodies that react with all T cells
(REIMANN et al. 1988), class I MHC molecules (NAKAHARA et al. 1986), the
cell surface molecule LFA-1 (BLazAR et al. 1991), and the IL2 receptor
(Tazzari et al. 1992), and with an L2 fusion toxin (LORBERBOUM-GALSKI et
al. 1989). Because the expression of the IL2 receptor is associated with
lymphocyte activation and is an integral part of that process, it is a particu-
larly appealing target for suppressing ongoing immune responses. Immuno-
toxins have been made to both chains of the IL2 receptor (CHAUDHARY et al.
1989; KREITMAN et al. 1990, 1992; Tazzari et al. 1992; WALDMANN 1991).
IL2 fusion toxins, which also function by binding to the IL2 receptor, have
been made with pseudomonas exotoxin A (LORBERBOUM-GALSKI et al. 1988),
and diphtheria toxin (WaLz et al. 1989). It will be important to determine
whether better clinical effects are seen with the antibody-based or the IL2
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fusion toxins and whether combinations may produce significant enhance-
ment of the effects.

Immunotoxins have found their greatest utility in the prevention of graft
vs host (GVH) disease following bone marrow transplantation. Two different
approaches have been taken: prophylaxis against GVH by treating the bone
marrow ex vivo, prior to transplantation, and the in vivo treatment of
patients who have established, steroid-resistant GVH. Since GVH is pri-
marily due to the presence of mature T cells in the donor bone marrow,
treatment of bone marrow with an anti-T cell immunotoxin prior to trans-
plantation should prevent the disease. The feasibility of this approach was
shown in 1987 (SiENa et al.) with an anti-CD5-ricin A chain conjugate. A
recent clinical trial demonstrated that depletion of T cells can be accom-
plished with either an anti-CD5 immunotoxin or anti-CD5 antibody plus
complement and that this reduces the occurrence of GVH (ANTIN et al.
1991). Anti-CD5 immunotoxin has also proven to be effective in the treat-
ment of established GVH unresponsive to corticosteroid therapy (BYErs and
BALpwiIN 1991; ByErs et al. 1990; KErNAN et al. 1988). Complete or partial
responses were seen in greater than 50% of patients with severe cases of this
potentially fatal condition. Treatment was associated with a rapid decrease
in peripheral blood T cells that persisted for more than a month following
cessation of therapy. Immunotoxins were given for 14 consecutive days at
doses of 0.05-0.33 mg/kg. Response was not dose-related. On the basis of
these findings the an advisory committee has recommended to the FDA that
anti-CD5-ricin A chain be approved for in vivo use for steroid-resistant
GVH, thus making this product the first officially approved immunotoxin in
the United States.

Immunotoxins may also be used in the transplantation of solid organs to
prevent the rejection of a graft by host T cells. This approach has been
shown to have merit in animal models (LORBERBOUM-GALSKI et al. 1989).
Although no clinical studies have yet been reported, the routine use of
anti-CD3 (pan-T cell) monoclonal antibody in renal transplantation
(OrTHO MULTICENTER TRANSPLANT STUDY GROUP 1985) suggests that the
use of immunotoxins would also be successful and possibly more effective
than using the unarmed monoclonal antibody.

2. Autoimmune Disease

The rationale behind using immunotoxins in autoimmune disease is to selec-
tively eliminate those cells responsible for the deleterious immune response
without resorting to the generalized immunosuppression that is now used to
treat these conditions (BYERs and BarLpwiIN 1991; Pincus 1993). Initial
studies in rheumatoid arthritis and diabetes mellitus have involved the use
of immunotoxins reacting with all T cells (anti-CD5) or with activated T
cells (anti-IL2 receptor monoclonal and IL2 fusion-diphtheria toxin fusion
protein) (ACKERMAN 1991; Byers and BALDWIN 1991; JANsON and AREND
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1992; SEweLL and TrReNTHAM 1991). In phase I and phase II clinical trials,
anti-CDS5 immunotoxin was tested in rheumatoid arthritis patients who were
unresponsive to standard antirheumatic therapies. Significant clinical im-
provement was seen in up to 75% of patients and the improvement outlasted
the duration of suppression in numbers of peripheral T cells. The im-
munotoxins were well tolerated.

Although initial approaches to use immunotoxins in autoimmune disease
have used rather broadly specific antibodies, the promise of the approach is
to eliminate only the pathogenic subset of cells, leaving the rest of the
immune response intact. A number of potential molecules may be targeted
with immunotoxins (Pmncus 1993). The ultimate in therapy would be to
eliminate a single clone of lymphocytes responsible for the production of
autoantibody to an anti-self T cell response. The use of anti-idiotypic im-
munotoxins offers this possibility (BRowN and Krorick 1988; Krorick 1989;
VERSCHUUREN et al. 1991). Immunotoxins may be the probes that allow us
to define the pathogenic subsets of cells in autoimmune disease.

III. Infectious Diseases

The use of immunotoxins to treat infectious diseases is relatively new.
Serious viral illnesses, especially AIDS, are the primary candidates for
immunotoxin therapy. By eliminating cells that express viral antigens on
their surface, and are presumably in the process of secreting live virus, an
immunotoxin may eliminate the nidus of infection. Immunotoxin therapy
has also been explored for diseases caused by eukaryotic parasites. Given
our understanding of bacterial physiology, it is considered highly unlikely
that immunotoxins would have efficacy against bacterial diseases.

A number of different immunotoxins have been designed to treat AIDS.
The majority target the envelope protein(s) of HIV: gp160, gp120, and
gp41. They either use monoclonal antibodies (Kiv and CHANG 1992; Pincus
et al. 1989, 1991; ZARLING et al. 1990) or soluble CD4 (AuLLo et al. 1992;
BERGER et al. 1989; CHAUDHARY et al. 1988; TiLL et al. 1988b; TsuBoTa et al.
1990) to bind to the viral envelope expressed on the cell surface. Toxins
used include ricin A chain, pseudomonas exotoxin A, diphtheria toxin and
pokeweed antiviral protein. The latter has also been used with lymphocyte-
specific antibodies in a way so that HIV secretion is inhibited, but the cell is
not killed (ZARLING et al. 1990). In addition, it has been shown that the
primary source of T cells secreting HIV expresses the IL2 receptor; thus
immunotoxins directed against this structure are highly effective in elimi-
nating HIV from tissue cultures (FINBERG et al. 1991). These immunotoxins
have all been tested in vitro and been shown to be highly effective in
suppressing the growth and spread of multiple different HIV isolates in
various model systems. The immunotoxins have been shown to act synergisti-
cally with AZT and other reverse transcriptase inhibitors (ASHORN et al.
1990; Pincus and WEHRLY 1990). The addition of soluble CD4 has been
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shown to enhance the efficacy of anti-gp41 immunotoxins as much as 100-fold
(Pincus and McCrure 1993). No in vivo studies have been reported. How-
ever, clinical trials have recently begun using CD4-pseudomonas exotoxin
constructs. Important concerns exist about the use of immunotoxins to treat
AIDS. Among these are: (1) If a sufficient number of cells are producing
HIV, won’t the treatment reproduce the worst features of the disease, i.e.,
elimination of large numbers of CD4+ cells? (2) Will the virus mutate
rapidly enough so that immunotoxin-resistant variants will arise (PINCUS et
al. 1990)? (3) Will the presence of anti-HIV antibodies in the serum of
patients block the delivery of immunotoxins to target cells (PiNncus et al.
1991)? The answers to these questions will only be obtained in human
clinical trials. Other viral diseases that may be candidates for immunotoxin
therapy include cytomegalovirus and recurrent herpes virus infections, in-
cluding varicella zoster (shingles).

Immunotoxins have been made against Trypanosoma cruzi, the parasite
that causes Chagas’ disease. This protozoon causes persistent infection and
can invade the cardiac muscle. Immunotoxins inhibit the metabolism of the
trypanosoma and, moreover, inhibit the release of 7. cruzi trypomastigotes
from infected cells, thus preventing infection of other cells in vitro (SANTANA
and TEIXEIRA 1989; TEIXEIRA and SanTaNa 1990). However, preliminary in
vivo experiments in mice indicate that neither parasitemia nor survival was
affected by the administration of this immunotoxin.

IV. Disordered Cellular Growth

In the process of designing immunotoxins that may be used in cancer, the
receptors for a number of different growth factors have been targeted either
using monoclonal antibodies against the growth receptor or making a fusion
toxin out of the growth factor. Such immunotoxins may be used to treat
nonmalignant disorders resulting from unregulated cellular proliferation. An
example of this is the proliferation of smooth muscle cells that occurs in
arterial walls following angioplasty and other vascular procedures. This
proliferation is the dominant mechanism that leads to restenosis and diminu-
tion of the efficacy of the surgical procedure. A fusion toxin consisting of
acidic fibroblast growth factor coupled to pseudomonas exotoxin A can
inhibit the proliferation of smooth muscle cells, while sparing endothelial
cells (BIro et al. 1992). Other uses of immunotoxins in the regulation of cell
growth are being explored (WAwrzyNczak and DERBYSHIRE 1992).

G. Conclusions

Immunotoxins hold great promise for the treatment of a number of different
conditions. Both in vitro and animal studies indicate that this potential may
be fulfilled. Clinical trials have been less encouraging, but certainly indicate
that therapeutic effects can be obtained with immunotoxins. Only in the
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treatment of immune disorders have clear-cut successes been obtained in
initial clinical trials, particularly in GVH disease unresponsive to standard
therapies, but also to a lesser degree in some autoimmune diseases, such as
rheumatoid arthritis. Ongoing clinical trials in neoplastic disease, immuno-
logically mediated conditions, and HIV infection will help define important
parameters for the successful use of imunotoxins.

A number of problems have emerged from both preclinical studies and
human trials. These problems include: (1) immunogenicity (as discussed in
Sect. E.IIT); (2) direct toxicity of the immunotoxin caused either by the
toxic moiety (Sect. C) or cross-reaction of the targeting moiety with normal
tissues; (3) emergence of variants that have lost expression of the target
antigen (GLENNIE et al. 1987; MEEKER et al. 1985; Pincus et al. 1990); (4)
poor penetration of target tissues (Sect. E.I); (5) short serum half-life (Sect.
E.I). Many of these problems will be minimized by improvements in protein
engineering and by increased specificity of new monoclonal antibodies.

Another approach to the problems of immunotoxin therapy is the use of
panels of immunotoxins. We have already discussed that combinations of
antibodies and/or immunotoxins act in an additive, possibly synergistic,
fashion (Sect. E.II). By using different immunotoxins in succession, pro-
blems due to immunogenicity and to emergence of variants may be dealt
with. For example, if a patient is treated with an antibody coupled to ricin A
chain and then develops an immune response to ricin and to the portions of
the antibody, then treatment may be initiated with a different antibody
coupled to a pseudomonas exotoxin A construct. Similarly, if escape variants
are arising, the targeting antibody can be changed to one that recognizes a
different structure on the target. Much as combination chemotherapy has
emerged as the most effective use for antitumor drugs and for antibiotics, it
is likely that combination immunotherapy will prove more efficacious than
the use of a single antibody reagent.

Finally, the use of immunotoxins as probes of human disease must be
considered. Because of their ability to eliminate a single set of target cells,
the role of different cell subsets in the pathogenesis of disease may be
ascertained. An example of this is the definition of cells expressing the IL2
receptor as the primary site of HIV replication (FINBERG et al. 1991).
Similarly, the subset of lymphocytes responsible for the initiation or main-
tenance of autoimmune diseases may be identified. Clinical trials have al-
ready identified a CD5+ T cell expressing the IL2 receptor as improtant
in sustaining disease activity in advanced rheumatoid arthritis (ACKERMAN
1991; JansoN and AReND 1992). Future trials will undoubtedly aim to
narrow down the list of suspects even further.

Inherent in the study of immunotoxins is the beauty of the magic bullet
concept, the ability to eliminate specifically a single subset of cells. Of
course, the reality has not yet matched this ideal. But the underlying idea
ensures that the use of immunotoxins as both experimental agents and as
possible therapies will continue for many years.
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CHAPTER 7
Antibody-Enzyme Fusion Proteins and Bispecific
Antibodies

E. HABER

A. Introduction

The immunoglobulin molecule is the veritable prototype of a multidomain
structure. Each of its units possesses a characteristic function, and in many
instances antibody domains can be separated from one another and still
retain their functions. The 150 kDa intact molecule can be cleaved to produce
the 50kDa antigen-binding fragment (Fab). A still smaller domain that
actually participates in antigen binding, the 25 kDa variable region fragment
(Fv), can be produced by recombinant DNA methods. For Fv, Fab, or
whole antibody, the affinity for a given epitope is the same. The 50kDa
complement-binding fragment (Fc), another independent immunoglobulin
unit, retains the ability to bind the first component of complement and the
property of transport across the placental barrier.

Advances in recombinant DNA technology now permit the selective
biosynthesis of an individual antibody domain that can be used as is or fused
with some other protein of unrelated function. In a fusion protein one of
the antibody’s most desirable properties, the ability to recognize a specific
antigen, can be imparted to another type of molecule such as an enzyme.
The coupling of two different antigen-binding domains, an extension of the
fusion protein idea, produces a bispecific antibody that allows for the cross-
linking in a living organism of two different proteins or even two different
cell types. Because of the great selectivity of the antibody’s antigen recog-
nition site, antibody fusion proteins begin to address the pharmacologist’s
dream of a “magic bullet,” a drug that modifies only its intended target and
does not affect other tissues or organs.

B. Antibody-Enzyme Fusion Proteins

I. Development of the Concept of a Bifunctional Protein

The antibody molecule is nature’s original bifunctional reagent. It binds to
an antigen through the Fv and then through receptors on the Fc effects a
change in that antigen by a variety of means, of which mobilization of the
complement system and attraction of macrophages are but two examples. It
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followed logically that investigators would seek to enlarge the molecule’s
repertoire by replacing the Fc with proteins of other functions. Indeed, the
concept of antibody targeting predates a knowledge of the domain structure
of the molecule (PREssMaN and KornNGoLD 1953; KorRNGOLD and PRESSMAN
1954). However, it was not until after the identification of individual antibody
functional domains (PoRTER 1959; INBAR et al. 1972) that antibody fusion
proteins could be constructed.

Antigen binding domains have been linked to toxins or cytokines to
target them to cell surface antigens or cytokine receptors on the membranes
of neoplastic cells (VITETTA et al. 1987; TRAUTH et al. 1989), virally infected
cells (TILL et al. 1988), and cells proliferating to form arteriosclerotic lesions
(CassceLLs et al. 1992). The aim is either to directly destroy an undesirable
cell type (with an antibody-targeted toxin) or to modulate cell behavior so
that an intrinsic biologic mechanism produces cell death (with an antibody-
targeted cytokine). An alternative strategy entails linking an enzyme to
an antibody. Here the goal is to increase the local concentration of the
enzyme at a desired site. For example, with an antibody-targeted enzyme a
plasminogen activator can be concentrated at the site of a thrombus in order
to enhance the local production of plasmin (HABER et al. 1989), thereby
restricting the action of this powerful and nonselective protease to a location
where it is required. The fusion with f-glucuronidase of an antibody to a
tumor-associated antigen represents another example. In this case the locally
increased concentration of the enzyme at the surface of tumor cells permits
an inactive prodrug to be cleaved to produce a potent chemotherapeutic
drug that can kill tumor cells while sparing normal cells (which do not
possess the tumor-associated antigen) (BossLET et al. 1992).

The Fc imparts a remarkably long physiologic half-life to the immu-
noglobulin G molecule. Thus it is only reasonable to apply the Fc as a fusion
partner for proteins (or protein fragments) in cases in which the goal is
stability and prolonged residence in plasma. The extracellular domains of
plasma membrane proteins are by themselves often characterized by ex-
tremely short half-lives. CD4, for example, has been fused with the Fc to
create a decoy for the human immunodeficiency virus, which has a binding
protein on its surface specific for the CD4 receptor (TRAUNECKER et al.
1989). Alone, CD4 would have an extremely short half-life in plasma.
Fusion with the Fc sufficiently increases the CD4 half-life to permit a more
prolonged therapeutic effect. The extracellular domain of the tumor necrosis
factor receptor has also been fused with the Fc, to be used as a drug for
capturing excess tumor necrosis factor circulating in the plasma of patients
in septic shock (PEPPEL et al. 1991).

Thus when it seems that an immunoglobulin domain possesses a property
that would be desirable to confer upon another protein, the cross-linking
or fusion of the two proteins or their fragments often effects the needed
result.



Antibody-Enzyme Fusion Proteins and Bispecific Antibodies 181

II. Chemically Cross-Linked Conjugates as Models for
Fusion Proteins

Chemically cross-linking an antibody to another protein is the most rapid
and straightforward method for determining whether the production of a
fusion product by recombinant DNA technology would be worthwhile. The
cross-linking procedure can be carried out quickly and with little difficulty if
both proteins are available, and, in contrast with the production of fusion
proteins, the cross-linking procedure does not require cloned genes for each
of the two proteins or the working out of effective bacterial or eukaryotic
expression systems. Although this is not always the case, the chemically
cross-linked model conjugate also often predicts attributes of the fusion
protein.

Significant disadvantages of chemically cross-linked proteins — which
recombinant fusion proteins do not share — include chemical heterogeneity,
low yield, lack of stability, and immunogenicity associated with the cross-
linking reagent’s presence in the product. Chemical cross-linking reagents
are often indiscriminate about the amino acid side chains with which they
interact. For example, any of the e-amino groups on the protein surface can
participate. Also, should a reactive group be near an active site (on the
antibody or the enzyme), the functional properties of either molecule can be
altered.

The commonly used two-stage cross-linking reactions, which are de-
signed to produce heterodimeric complexes, are often subject to side
reactions that result in multimers. These multimers make necessary size
fractionation steps that often reduce the ultimate yield of the conjugate. In
my laboratory and those of my collaborators, for example, it has been
difficult to obtain active heterodimers in yields in excess of 10% (by methods
summarized below). Disulfide conjugates also lack stability on storage and
in vivo, although there has been progress in refining cross-linking reactions
to produce more stable conjugates. Finally, even though there has been no
clear demonstration that cross-linking reagents increase immunogenicity,
one would expect these protein-linked organic groups to behave like classic
haptenic antigenic determinants.

1. Cross-Linked Antibody-Plasminogen Activator Conjugates

My laboratory’s work on fibrin-specific plasminogen activators provides an
example of the utility of antibody-targeted conjugates as models for fusion
proteins. Reasoning that it was essential that the antigen combining site be
specific for a component of the clot and not cross-react with soluble serum
proteins or antigens present on endothelial cells, we selected fibrin as a
target because it has antigenic epitopes that differentiate it from fibrinogen,
its precursor in circulating plasma. Monoclonal antibody 59D8 (Hur et al.
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1983), which is specific for an epitope exposed when thrombin catalyzes the
conversion of fibrinogen to fibrin, is the cornerstone of our work in this
area. Another monoclonal antibody of similar specificity, 64C5, was used in
some of our initial studies (Hur et al. 1983; BopE et al. 1985, 1987b).

Antibody 59D8 (and 64C5) was raised in response to immunization with
a peptide of the sequence GHRPLDK(C), which represents the seven NH;-
terminal residues of the f§ chain of fibrin combined with a COOH-terminal
cysteine for cross-linking to keyhole limpet hemocyanin. The NH,-terminal
of the f chain appears to be conformationally protected in fibrinogen, as
evidenced by the fact that there is essentially no cross-reactivity between
fibrin and fibrinogen when tested with this antibody. Another important
consideration in selecting a target on the thrombus is whether the epitope
recognized by the antibody persists during clot dissolution. We have shown
that, contrary to some reservations, the epitope recognized by 59D8 is lost
from the clot (during in vitro fibrinolysis) at a rate identical to the rate of
clot dissolution (CHEN et al. 1992). Thus, epitope availability is sufficient for
antibody binding throughout the course of fibrinolysis.

Hovrvoer et al. (1989) have confirmed the utility of targeting fibrin in
their experiments with monoclonal antibodies that have little reactivity with
fibrinogen but react with fragment D of noncross-linked fibrin or fragment
D dimer of cross-linked fibrin.

We first showed that a conjugate of two chain urokinase plasminogen
activator (tcuPA) and anti-fibrin antibody 64CS substantially enhanced in
vitro fibrinolysis in comparison with tcuPA (Bope et al. 1985). We then
showed that tcuPA conjugated to the 64C5 Fab’ was equally active (BODE et
al. 1987b) and that single chain urokinase plasminogen activator (scuPA)
could be used in a plasminogen activator-59D8 Fab’ conjugate (BODE et al.
1990). Because the antigen for 59D8 and 64CS is a hapten, it was possible to
demonstrate unequivocally that the enhancement of fibrinolytic potency was
solely due to the antigen-antibody reaction: a sufficient concentration of
peptide GHRPLDK reduced the fibrinolytic activity of the conjugate to that
of its urokinase plasminogen activator (uPA) parent (BobpE et al. 1985).

Even the activity of tissue-type plasminogen activator (tPA), by itself
fibrin-selective, could be enhanced by coupling it to a fibrin-specific antibody
(RUNGE et al. 1988). In vivo results for a tPA-59D8 conjugate in a rabbit
venous thrombosis model were very encouraging (RUNGE et al. 1987).

2. Methods for Synthesizing and Purifying Cross-Linked Conjugates

Havyzer et al. (1991) have summarized methods used by my research group
and others to chemically link plasminogen activators to fibrin-specific anti-
bodies. In brief, the heterobifunctional cross-linking reagent N-succinimidyl
3-(2-pyridyldithio)propionate (SPDP) is used to connect the two proteins
through their lysine ¢-amino groups. The reagent is considered heterobi-
functional because during the reaction the attachment and the cross-linking
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steps are separate and involve different functional groups on each protein:
in the attachment step a lysine amino group on one protein is modified by
SPDP, and in the cross-linking step a bond is formed between the SPDP-
modified protein and a sulfhydryl residue available on the other protein.
The advantage of this two-step process is that it reduces the number of
unwanted homoconjugates formed by the two proteins (CARLSSON et al.
1978).

Alternative approaches are to link SPDP to an amino group on one
protein and then allow it to react with a cysteine residue on the other
protein, or use SPDP to introduce disulfide groups into each protein. Mild
reduction with dithiothreitol releases thiopyridine moieties to give free sul-
fhydryl groups while leaving the disulfide bonds of each protein intact. The
two protein preparations are then mixed and allowed to react at room
temperature, and excess thiol groups are blocked by alkylation.

BopE et al. (1992) have recently summarized methods for purifying
antibody-plasminogen activator cross-linked conjugates. The chemistry
should be controlled to the extent that predominantly 1:1 conjugates of
whole antibody (or Fab’) and plasminogen activator are formed. After the
reaction the mixture will always contain uncoupled antibody and uncoupled
plasminogen activator in addition to the desired conjugate. At this point it is
possible to use gel filtration to separate the desired conjugate from reactants
and higher polymers, but often the molecular size of the desired product is
close enough to that of the reactants for gel filtration to prove ineffective.

The use of two sequential affinity procedures, one selecting for active
enzyme and the other for functionally intact antibody, has proved to be the
method of choice for purifying active conjugate. For uPA (Bopk et al.
1987a,b) and tPA (RuNnGE et al. 1987, 1988), which are both serine pro-
teases, the specific inhibitor benzamidine can be used as an immobilized
ligand (HoLMBERG et al. 1976). Only enzyme-antibody conjugates in which
the enzymatic center remains intact during the coupling procedure (and
uncoupled intact enzyme from the reaction mixture) can bind and be retained
by the benzamidine-Sepharose affinity column. Uncoupled whole antibody
or uncoupled antibody fragments such as Fab have no affinity for benzami-
dine and are thus not retained on the column. To reduce nonspecific binding
on the affinity column to a minimum, a high salt washing step is performed
before elution. Free antibody in the nonbinding fraction from the column
can then be collected and reused for conjugation to enhance yield. The
desired conjugate (and uncoupled enzyme) is eluted by a mild change in pH.

Immunoaffinity chromatography is an alternative to chromatography
based on catalytic site specificity. An antibody to one component of a
conjugate is immobilized on a cyanogen bromide-activated Sepharose matrix
and the desired conjugate (and one of the reactants) is captured and sub-
sequently eluted by altering buffer pH. A second method of separation is
then required to differentiate the remaining reactant from the conjugate. An
application of this approach is described by Bope et al. (1991). If the
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conjugate contains the Fc portion of immunoglobulin G, immobilized protein
A can be used for the separation (SoLomoN et al. 1992).

III. Fusion Protein Construction

Building on the pioneering work of Neuberger and coworkers (NEUBERGER
et al. 1984; WiLLiaMs and NEUBERGER 1986) and on our experience with
cross-linked antibody-enzyme model proteins, we then used recombinant
technology to create a fusion protein with the activities of anti-fibrin antibody
59D8 and tPA (ScuHNEE et al. 1987; Love et al. 1989). We assembled the
fusion protein by joining the gene coding for the 59D8 immunoglobulin
heavy chain to the gene coding for tPA and transfecting this chimeric
construct into a hybridoma cell capable of producing only immunoglobulin
light chain. The resulting cell line produced a bifunctional protein with
domains for activating plasminogen and attaching to cross-linked fibrin.
Using a part of the uPA gene, RUNGE et al. (1991) have described a more
recent application of these methods.

1. Cloning the Rearranged Immunoglobulin Gene

During the somatic development of the B cell, germline variable (V) and
joining (J) regions are juxtaposed to produce a unique rearranged VJ
sequence that codes for the antigen combining site of the heavy or light
chain of the immunoglobulin. Also during this process the heavy chain
incorporates a diversity (D) segment at the joining region (TONEGAWA 1983).
These rearrangements result in a unique VDJ or VJ exon sequence that
codes for the antigen the antibody recognizes. Unfortunately, expression
of a particular immunoglobulin chain can only occur after the unique rear-
rangement has been cloned. In constructing the expression plasmid coding
for the 59D8-tPA fusion protein, we elected to clone and incorporate the
VDJ segment of the rearranged heavy chain of 59D8. It was unnecessary to
clone or otherwise manipulate the light chain gene because we transfected
heavy chain constructs into cell lines that had lost the ability to express
normal heavy chains but retained the ability to produce light chains. It
is possible to obtain heavy chain VDJ sequence either by cloning com-
plementary DNAs (cDNAs) constructed from the mRNA of the hybridoma
or by cloning genomic sequences from high molecular weight DNA derived
from the hybridoma; although we initially used genomic sequences, we later
learned that expression plasmids could be constructed with equal facility by
using cDNAs.

2. Constructing the Expression Vector

A previously described immunoglobulin expression vector (pSV2gpt) (NEAR
et al. 1990) was adapted to a cassette format to facilitate expression of
recombinant immunoglobulin. The pUC12 polylinker was inserted into the
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EcoRI-Pstl site of pSV2gpt and an Xbal fragment containing the mouse y2b
heavy chain constant region (TUcker et al. 1979) was i