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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 
MAbs 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 
MAbs, 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 MAb 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 MAbs, 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 F Abs) 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. 

ll. 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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ill. 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 a1. 1985; 
CARSON and FREIMARK 1986; JAMES and BELL 1987; BOYD and JAMES 1989; 
JAMES 1990a) or the development and application of human monoclonal 
antibodies to specific targets such as microorganisms (MASUHO 1988; BOYD 
and JAMES 1992), blood cells (MCCANN et a1. 1988; PISTILLO et a1. 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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Fig. 1. The key steps involved in the production of conventional human monoclonal 
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 

Active immunization 
Natural infection 
Active disease 
Inadvertent exposure 
No obvious exposure 
Active immunization of human B cell 

repopulated SCID mice 
In vitro sensitization 

Examples 

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; BOYD and JAMES 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 
Helper Factors 

I 
ADD TO 

+ 

T Cell Dependent 
Antigens 

I 
ADD TO 

~ 
Leu-OMe Treated 
Peripheral Blood 

Lymphocyte Culture 

Incubate Mixture 
For 6-7 Days 

(~ ____ I_m_m __ o_r_ta_l_iz_e ____ ~) 

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 Immune 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; CARLSSON 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 hydro bromide ) treated 

sheep red blood cells 
Rosetting with anti-T cella 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 lysosomotrophic agents 

Removal or inactivation of other interfering cellsb•c 

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 

a Antibody based separations usually employ monoclonal antibodies of rodent origin. 
b Removal of interfering cells, e.g., NK cells, Tc cells, is particularly important if in 
vitro immunization is being attempted. 
c On occasions isolated lymphocyte subpopulations are reconstituted to "optimize" 
cell mixtures for in vitro immunization. 

ill. 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; FOUNG 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 

Human plasmacytomas 
Myelomas 
Lymphomas 

Lymphoblastoid cell lines 

Heteromyelomas 
Human/human 
Mouse/human 

Mouse/human/human 
Rodent 

Examples 

SKO-007, HFB-l, KMM-l, RPMI-17886TG, U-2030 
RH-L4, NA7-30, Ball-l 
GM1500-6TG-A12, KR-4, GM672 
GK-5, GM0467.3, GM1500-67G-OB 
H.35.1.1, LICR-LON-HMy2, UC729.6 
WI-L2-729-HF2, WI-L2.727 HF26 TG 
HO-323, TAW-925, HOA 1, LTR228 
M C/MNS-2 

KR12, LSM2.7, HM2.0 
SHM-D23, SHM-D33, SBC-H20, Org MHH-l, SP2/SP, 

CB-F7, F3B6, K6H6B, HAB/I, SPA2-4 
3HLS, SP2/PT 
NSO/U, NSlIl. Ag41, SP2/0 
P 3X63 Ag8.653 

For further details see JAMES and BELL 1987; BOYD 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 intra tumour lymphocytes or those isolated from an 
arthritic jbint. 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 EBV 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 KOZBER 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 (DITZEL 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; Tun 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 auto antigens (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 produceda 

Antibodies to 

Bacterial antigens 

Viral antigens 

Other infectious 
agents 

Red and white cell 
antigens 

Tumour antigens 

Autoantigens 

Others 

Examples 

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

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 

Plasmodium Jalciparum 

Blood groups A, i, Kell, rhesus C, D, E and G; Forsmann 
antigen, chicken and sheep red blood cells; HLA-B and DO 

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 

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 

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

a 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 micro environments , 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 expended 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 
monitoring 

Prophylaxis and therapy 
Infectious djseases 

and malignancy 

Infectious diseases; malignancy; red cell compatability; 
tissue typing 

Other applications 

Investigating the 
immune system in 
health and disease 

Passive therapy; identification and purification of 
candidate antigens for vaccines; as anti-idiotype 
vaccines; targeting drugs; imaging lesions 

Autoimmune diseases; renal transplantation; rhesus 
incompatabiIity; contraception 

Studying normal B cell repertoire especially in 
microenvironments; studying the molecular biology 
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; MASUHO 1988; BOYD and 
JAMES 1989; JAMES 1990a,b. 

a1. 1990). It has provided us with a refined approach to identifying putative 
tumour antigens and for studying the humoral response to tumours especially 
in micro environments 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 BOYD 

and JAMES 1992. Perhaps paramount among these is its use as originally 
advocated (FOLKS 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 BOYD and JAMES 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. 

III. 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 Hand 

L chains 
Insufficient copies of regulatory and structural genes 
Inappropriate Hand 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 



18 K. JAMES 

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, e.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 MILSTEIN 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 (CHISWELL and MCCAFFERTY 
1992) and rapid screening techniques. 

3. Combining CeU 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/CDll etc.) 
Initiation of clotting (a tissue factor) 
Cell type-specific (CD3, CD4, etc.) 
Complement activation (aCSa) 

Novel uses 
Growth factor mimetics 

J.W. LARRICK and R. BALINT 

Manipulation of sub-subpopulations of cells (e.g., CD28, B7, B cell-specific CDS) 
Bispecific antibodies 
Catalytic antibodies 
Immunoadhesins/immunocon j ugates 

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 a1. 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 (MCCABE et a1. 1989; MASUHO et a1. 
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: rMABs 
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 rMABs 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 

Indication/target Antibody Laboratory Comments 

Bacterial sepsis Centoxin Centocor HumanMAB-
Ha-lA trioma 
E5 Xoma Mouse/humanized 

Anti-ECA Cetus; Chiron HumanMAB-
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: 

IB4 Merck CDR grafted 
60.3 Bristol Myers 

Squibb 
H52 Genentech 

Anti-C5a Chiron; Smith Kline Murine Phage 
Beecham display 

Other infectious agents 
Anti-Pneumocystis 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 

Pan carcinoma RE-186 NeoRx Breast, colon, 
lung, ovarian, 
pancreas, 
prostate 
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Table 4. Continued 

Indication/target Antibody Laboratory Comments 

B cell lymphoma IDEC 
IDs 

Acute myelogenous SKI Protein Design 
leukemia Labs 

CD33 
M195 

Colorectal antigen 
17-1A 

Centocor 37 kDa antigen 

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 

CHA255 Hybritech-Lilly F(ab)'2, bispecific 

CEA-P glucuronidase Behringwerke AG 

Lymphomas Immunomedics 
LL2 

T cell malignancy Protein Design Labs 
IL2 receptor (Tac) 

CAMPATH1 Burroughs-Wellcome 

Lewis Y antigen BR96 Bristol Myers Squibb 
SDZABL364 Protein Design Labs 

Hepatits B Sandoz HumanMAB-
trioma 

Teijin Human MAB-P3 
Takeda HumanMAB-

H/H 

Cytomegalovirus Sandoz HumanMAB-
trioma 

Miles; Teijin HumanMAB 
Scotgen Humanized 

mouse 
Biotechnology 

General 

Respiratory syncytial Genelabs Humanized chimp 
virus Protein Design Humanized 

Labs; Scotgen/Smith mouse 
Kline Beecham 

Scripps Phage library 
(human) 
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Table 4. Continued 

Indication/target Antibody Laboratory Comments 

HIV Teijin/Universityof 
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, gD 
Teijin 
Sandoz Human-trioma 

Rhinovirus (ICAM-l, 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 

CAMPATHl 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-RRI Boehringer 
Ingelheim 

CD4 Idee; Becton 
Dickinson; 
Boehringer 
Ingelheim; 
Centocor 

CD7 SDZ-CHH- Sandoz 
380 

CAMPATHI Burroughs-Wellcome 
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Table 4. Continued 

Indication/target 

Cardiovascular 
Platelets 

(GPIIb/IIIa) 
Fibrin/pro-urokinase 

Antibody 

Imaging myocardial Myoscint 
infarctions 

Myosin 
Fibrin 

Cancer imaging 
CEA 

LL2 
88BV59 

Cancer radio
immunotherapy 

G103 
OV103 

Laboratory 

Centorex 

Takeda 

Centocor 

Immunomedics 

Immunomedics 
Organon Teknika 

Cytogen; Sterling 
Cytogen; Sterling 
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Comments 

Bispecific 

Colorectal, lung, 
breast 

Lymphoma 
Colorectal, 

aderno
carcinoma 

Colorectal cancer 
Ovarian cancer 

LPS, liP?polys.accharide; ECA, enterobacterial common antigen; CEA, carcino
embryomc antigen; CDR, complementarity determining region; EGF, epidermal 
g~owth 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 (CHISWELL 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 
DHANARAJAN 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 MORRISON and 01 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 (HAMBLIN 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 

Hepatitis surface antigen 
Human immunodeficiency virus antigen gp 120 
CE7 T lymphocyte antigen 
CD4 
Cancer antigens 

Carcinoembryonic antigen (CEA) 

Ganglioside GD2 
Common acute lymphocytic antigen 

Multiple drug transporter, P170 
Colorectal antigen 17-1A 

Melanoma (Nrml-05) 
Tumor associated glycoproteins 

(e.g., B72.6, L6) 
Ovarian cancer 
Transferrin receptor 
Miscellaneous cancer cells 

BR96 

Reference 

LI et al. (1990) 
LIOU et al. (1989); CHIANG et aI. 
HEINRICH et al. (1989) 
Centocor 

BEIDLER et al. (1988); NEUMAIER 
et al. (1990); KOGA et al. 
(1990); HARDMAN et al. (1989) 

MUELLER et al. (1990) 
NISHIMURA et al. (1987); SAGA 

et al. (1990); YOKOYAMA et al. 
(1987) 

HAMADA et al. (1990) 
SUN et al. (1987); SHAW et al. 

(1987); FOGLER et al. (1989) 
MARCHITTO et al. (1989) 
WHITTLE et al. (1987); LIU et al. 

(1987) 
GALLO et al. (1988) 
HOOGENBOOM et al. (1990) 
HANK et al. (1990); SAHAGAN 

et al. (1986) 
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 
MABs, 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). 

ll. Recombinant Conjugates and Fusion Proteins 

Antibodies provide an appealing method to deliver specific drugs or toxins 
(EPENETOS et al. 1986; VITEITA 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 P 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 P 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 65 kDa 
heavy chain-t-PA fusion protein that was secreted in association with the 
59D8 light chain in the form of a 170 kDa 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 K light 
chain C region (MARIUZZA and WINTER 1989). Myeloma cells transfected 
with this chimeric protein secreted a noncovalent homodimer of 65 kDa. The 
V a C K protein is extensively glycosylated, and its secretion is glycosylation
dependent. Chimeric genes containing the V P region of this particular T cell 
receptor linked to immunoglobulin C K 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 K protein. Thus the chimeric P 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 P 
gene in the same construct was neither assembled nor secreted with the A. 
light chain and, when expressed with a C K 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 (IGFl). 
The chimeric heavy chain was expressed with an anti-dansyl-specific chimeric 
K light chain. The IgG3-IGF1 chimeric protein retained its specificity for the 
dansyl antigen. The chimeric MABs bound to the IGFI 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 
IGFl). It was hypothesized that the reduced affinity and biologic activity 
resulted from the presence of the unprocessed IGFI moiety, the large size of 
the IgG3-IGFl chimeric protein (160 kDa) compared with IGFI (7 kDa), or 
three amino acid substitutions in rat IGF1 compared with human IGFl, 
which may lead to decreased affinity for the human IGF1 receptor. 
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5. Other Fusion Proteins 

The basic chimeric technology has been applied to the generation of 
immunoglobulin fusion proteins: immunoglobulin-CD4 (ZETILMEISSL et al. 
1990), photoprotein aequorin and an anti-4-hydroxy-3-nitrophenacetyl MAB 
(CASADEt et al. 1990), and a MAB-KIenow 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 
IgG 1 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: IgG 1 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: IgG 1 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 KIenow 
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; TROUET 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 
(JAIN 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-ftuorocytosine into the antineoplastic agent 5-ftuorouracil 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 p
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 p-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,uM), 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 = 1.9,uM). 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 
Lysozyme 

Immunomodulatory 
Campath-l (CDW52) 
CD3 (OKTI) 
CD4 
IL6 
CD18 (60.3) 
ICAM-l (CD54) 
IL2 receptor (Tac) 

Cancer 
CEA 
HER2 (pI85) 
17-1a 
B72-3 
EG R receptor 
CD33 
Lewis Y (SDZ ABL 364) 

Anti-infectious 
E5 (anti-LPS) 
Hepatitis 
Respiratory syncytial virus 
Cytomegalovirus 
Herpes simplex virus 
HIV 
Tetanus toxin 

JONES et al. 1986 
VERHOEYEN et al. 1988 

REICHMANN et al. 1988 
WOODLE et al. 1992 
GORMAN et al. 1991 
TSUCHIYA et al. 1992 
HSIAO et al. 1992 
MIGLIETTA et al. 1992 
QUEEN et al. 1989; JUNGHANS et al. 1990 

Gussow and SEEMANN 1991 
CARTER et al. 1992 
Centocor 
NIH 
KETTLEBOROUGH et al. 1991 
Co et al. 1992 
LOIBNER et al. 1992 

Xoma 
Scotgen 
TEMPEST et al. 1991 
Scotgen 
Co et al. 1991 
MAEDA et al. 1991 
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 IgG 1 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 109 M- 1 , which is about one third that of murine 
anti-Taco Furthermore, the composite Tac rMAB 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 IgG1 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 
WARD 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 ~f 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). 

HUSE 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 gtlllibrary 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 IgG 1 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 108 M-1 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 )" 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-



Recombinant Therapeutic Human Monoclonal Antibodies 39 

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; Scon and SMITH 1990) pioneered the expression 
of peptide "epitope" libraries on the surface of fd phage by genetically 
engineering random peptides into the NHz-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 NH2-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 108 

Table 7. Therapeutic phage-derived monoclonal antibodies 

Cencept 
NIP/pOX 

Lysosome, BSA, etc. 
Blood group antigens (B,D,E, etc.) 

Immunomodulatory 
C5a 
Tumor necrosis factor 

Cancer 
CEA 
Mucins 
EGF receptor 

Anti-infectious 
Tetanus toxin 
Hepatitis B virus 
Respiratory syncytial virus 
HlV-1 
Influenza 

HOOGENBOOM and WINTER 1992; 
CLACKSON et al. 1991; 

MARKS et al. 1991 
HOOGENBOOM et al. 1992 

AMES et al. 1992 
HOOGENBOOM et al. 1992 

HOOGENBOOM et al. 1992 
HOOGENBOOM et al. 1992 
KETTLEBOROUGH et al. 1993 

PERSSON et al. 1991 
ZEBEDEE et al. 1992 
BARBAS et al. 1992a 
BURTON et al. 1991; BARBAS et al. 1992b 
CATON and KOPROWSKI 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., CwIRLA et al. 1990), peptide 
mimics of nonpeptide epitopes (DEVLIN et al. 1990; OLDENBURG et al. 1992; 
SCOTf et al. 1992), alternative ligands for receptors (SCOTf and SMITH 1990), 
and peptide protease inhibitors (ROBERTS et al. 1992). 

Recently, MCCAFFERTY et al. (1990) greatly enlarged the versatility of 
this technology by demonstrating that antibody fragments encoded at the 
NHz-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 III 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 (HOOGENBOOM 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 (CLACKSON et al. 1991), while 
phage libraries from unimmunized donors have yielded affinities in the 
submicromolar range, which is comparable to primary response affinities 
(MARKS 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 "011." 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 1.1 nM, 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. (1992c) 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 WOO-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 (HAMAs) can neutralize 
the therapeutic antibodies, leading to a shorter in vivo half life and reduced 
effectiveness (TJANDRA 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 

N. LONBERG 

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; 
BANCHEREAU et al. 1991; BANCHEREAU and ROUSSET 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 BELL 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; HusE et al. 1989; CLACKSON 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 10-8_10-9 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 IgG 1 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 

10-11 • 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; HOOGENBOOM 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 fJ-sheets. The antigen 
combining site is formed at the interface between the NHrterminal heavy 
chain domain and the NHrterminal 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 CDR1, 2, 
and 3 



Transgenic Approaches to Human Monoclonal Antibodies 53 

Unrearranged light chain gene: 

FR1 COR1 FR2 COR2 FR3 COR3 FR4 C 

\ \ I I I // / 

II ~ ,~( ---AAAAAAA 

mRNA 

Unrearranged heavy 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 fJ-strands. These three loops, termed complimentarity 
determining regions 1, 2, and 3 (CDR1, 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 CDR1, 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 COR3 diversity, while somatic 
mutation, acting across the entire V region, contributes to diversity at all 
three CORso Recombinational and junctional diversity together constitute 
the diversity of the primary repertoire. Thus VOJ 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 l (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 A Light Chain Locus 

The A 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 A light chains in the mouse 
and may be a' consequence of the greater relative diversity of the human A 
locus. While the mouse A 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 LEDER 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 50 kb 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 K Light Chain Locus 

The other 60% of the expressed human light chain repertoire is encoded by 
the K locus. This locus consists of approximately 80-90VK gene segments, 
five JK segments and a single CK segment spread out over approximately 
3Mb (LORENZ et al. 1987; STRAUBINGER et al. 1988; PARGENT et al. 1991). 
Only 36 of the 67 VK 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 K 

locus: one located within the J-C intro (EMORINE et al. 1983) and one 
located 12 kb downstream from the constant region (MULLER et al. 1990; 
JUDDE and MAX 1992). 

3. The Human Heavy Chain Locus 

The heavy chain locus encodes considerably greater diversity because it 
includes both 0 and J segments. There are approximately 100-150 human 
VH gene segments, 20-300 region segments, six JH segments, and nine 
functional constant region genes (PASCUAL and CAPRA 1991; HOFKER et al. 
1989; WALTER et al. 1990, 1991 ; VAN DIJK et al. 1992; MATSUDA et al. 1993); 
however, a significant fraction of the V and 0 segments may be either 
nonfunctional or rarely expressed. MATSUDA et al. (1993) have isolated 
clones spanning the 0 proximal half of the 1.5 Mb 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 K 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 DIJK et al. 1992) have been constructed by analyzing the 
structure of rearranged B cell chromosomes. Surprisingly, only two of the 
42 V to DJ rearrangements appear to fall outside the region mapped by 
MATSUDA 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 J1. gene segments has been 
well characterized (HAYDAY et al. 1984), and an additional 3' enhancer has 
been located 25 kb and 12 kb 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 (HONJO 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 (GORDON et al. 1980; BRINSTER et al. 1985; HOGAN 
et al. 1986). A dilute solution of a linear DNA fragment (1-5,ug/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; STORB 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). 

ll. 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 KAUFMAN 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 
(THOMAS 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; ZULSTRA 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 20 kb 
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 35-45 kb because of the mechanism of 
phage A. packaging. One solution involves the use of other bacteriophage 
systems, such as PI, 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. HOSODA et al. (1990) used such a 
vector to directly clone a 103 kb fragment from human genomic DNA. 
O'CONNOR et al. (1989) used an F factor based vector to build a 125 kb 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 

+ Sail 
+ XholiSaIl 

Xhol~San 

/ 

Xhol SaU 

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 XhoI and Sall sites flanking 
the polylinker. XhoIlSalI fragments from one clone can be inserted at either the 5' 
XhoI or 3' Sall site of another clone. The internal XhoI and Sall sites are destroyed 
so that the resulting plasmid still has unique XhoI 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 SaIl restriction 
sites which are in turn flanked by a pair of Notl sites. All of the internal 
Xhol and Sail sites are destroyed by partial digestion and Klenow fill-in. 
Neighboring clones are then concatenated by isolating the XhoIlSall frag
ment from one clone and ligating it to the second clone, which has been 
linearized with either Xhol or Sail depending on the relative 5' to 3' order 
of the inserts. The resulting fusion destroys the internal Xhol and Sail sites, 
maintaining unique flanking Xhol and Sail 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 Not! 
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 50-80 kb range (Fig. 6). 

3. Yeast Artificial Chromosome Vectors 

Yeast artificial chromosome (Y AC) 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 Y AC 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 (HUXLEY 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 Y AC 

~ 
Fig. 6. Human minilocus transgenes. Human immunoglobulin minilocus transgene 
constructs. The four transgene inserts, KC], KC2, HC], 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 yl pre-switch sterile transcript is 
indicated by the wavy arrow below Hel. 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 Y AC vectors (SMITH et al. 1990). SCHEDL 
et al. (1992) used an amplifiable vector to isolate a 35 kb Y AC containing a 
tyrosinase gene and generated transgenic mice by pronuclear microinjection. 
While thIs technique may not be practical for larger Y AC clones, the result 
is significant because the Y AC 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 (STRAUSS and JAENISCH 1992) and 
spheroplast fusion (PACHNIS et al. 1990; GNIRKE et al. 1991) to transfer YAC 
clones as large as 680kb (HUXLEY 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 trans gene 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 K 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 A, K, and heavy chain loci each include identified transcrip
tional enhancer sequences. The A locus contains a 3' enhancer (BLOMBERG et 
aI. 1991) and the K and heavy chain loci contain intronic and 3' enhancers 
(JUDDE and MAx 1992; MEYER and NEUBERGER 1989; MEYER et al. 1990; 
HOLE et al. 1991; PETIERSSON et aI. 1990; LIEBERSON 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 Band 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 GROSS
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 
CHI exon. JENUWEIN and GROSSCHEDL (1991) found a sequence immediately 
3' of the Ji enhancer that drives expression of a sterile Ji transcript in skeletal 
muscle, and GRAM et al. (1992b) found that sequences within or near the 3' 
half of the human yl switch region were required for high level expression of 
a trans gene consisting of mouse VDJ and enhancer sequences fused to 
human yl 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 (STORB 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 Ji and J 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-fJ (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 Ji (NUSSENZWEIG et al. 1987) and yl (YAMAMURA et al. 
1986) heavy chain genes express specifically in B cells in transgenic mice. 
We (TAYLOR 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 
HCl-26; TAYLOR et al. 1992) were stained with fluorescent antibodies to mouse 
B220, mouse IgM, mouse IgK, and human IgM. a Two dimensional flow cytometric 
analysis of human and mouse !1 expression on surface of B220 gated lymphocyte 
population (B cells). Human and mouse Ii expressing populations are distinct, indi
cating xenotypic exclusion (x and y axes: log fluorescence intensity). b One dimen
sional flow cytometric analysis of mouse K light chain expression on surface of human 
and mouse !1 expressing populations shown in panel a (x axis, log fluorescence 
intensity; y axis, linear cell number). The distribution of mouse K 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 (BROGGEMANN et al. 1989; TAYLOR et al. 1992) have 
found serum levels of human K, j1, and y1 immunoglobulins in transgenic 
mice containing unrearranged transgenes to be in the j1g/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 23 bp (TONEGAWA 1983; 
HESSE 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 Band 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 (YANCOPOULOS 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 p-chain V, D, and J 
region elements linked to an immunoglobulin J1 heavy chain constant region 
with or without the J1 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 iri T 
cells only. Apparently, the J1 enhancer, which has been shown to function 
in both Band 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 J1 enhancer is only capable of 
activating transcription from the TCR Vp region promoter in the thymus, 
thus restricting complete VDJ joining to T cells. Natural immunoglobulin 
heavy chain VDJ 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 HSIEH 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 gent<, 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 K 

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 VH6, all of the J segments and all of fl. The human 
sequence transgenes in these mice appear to undergo VDJ joining; however, 
as described below, no recognizable human D segments were found to be 
incorporated (BRUGGEMANN et al. 1991). TAYLOR et al. (1992) generated 
transgenic mice with K 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 JK segments (Fig. 8). 
Approximately one quarter of the VK-JK joints include nongermline encoded 
sequences. This addition of junctional random nucleotides is commonly 
associated with heavy chain N regions (LIEBER et al. 1988; Y ANCOPOULOS and 
ALT 1986). The large number of naturally occurring VK segments makes it 
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Jd 

883-1 
883-3 
883-4 
883-11 
883-12 
883-13 
883-15 
883-17 
878-19 
878-20 
878-25 
878-28 
878-30 

883-9· 
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878-26 

J1C3 

883-7 
883-10 
883-53 
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878-29 
878-31 

883-2 
878-27 
878-32 
878-34 

Jk5 

883-14· 
883-18 
883-71 

V&S.B 

CAG CAG TAT G<iT AGC TCA CCT CC 

-_. --- --- --- --- --- --G A-

CAG CAG TAT GGT AGC TCA CCT CC 

--- --- --- --- --- --- --C AT 
--- --- --- --- --- --- T-- -A 

CAG CAG TAT GGT AGC TCA CCT CC 

CAG CAG TAT GGT AGC TCA CCT CC 

--- --- --- --- --- --- --- GG 

CAG CAG TAT GGT AGC TCA CCT CC 

--- --- --- --- --- --- T 

69 

G TGG ACG TTC GGC CAA GGG 

-A --- --- --- --- ---

G TAC ACT m GGC CAG GGG 

- AG- --- --- --- --- ---

A TTC ACT TTC GGC CCT GGG 

G CTC ACT TTC GGC GGA GGG 

- GC- --- --- --- --- ---
- AG- --- --- --- --- ---

G ATC ACC TTC GGC CAA GGG 

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 HCl-26 and KCl-665 (heavy chain sequences from 
this animal are shown in Fig. 4). Animal #878 contained only the light chain 
minilocus (line KCl-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 K light chain VJ joining (HELLER et a1. 1987; DERSIMONIAN et a1. 
1989; MEINDL et a1. 1990; MARKS et a1. 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 a1. (1989) 
introduced a chimeric mouse VdKlrabbit CK construct and analyzed the 
structure of cDNA clones derived from transcripts of the rearranged trans
gene. They found that the VJ joints included deletions and N region type 
additions. The authors interpreted this finding as an indication that trans
gene VJ 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 K 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
cleo lytic 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 VK
III nucleotide sequences reported by KABAT et a1. (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 a1. (1991) and TAYLOR et a1. (1992) reported the 
structure of human heavy chain VDJ joints formed in transgenic mice. 
Although the mice generated by Bruggeman et a1. 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 VDJ 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 ai. (1991) in authentic human PBLs is shown in 
Fig. 10. The transgenic mice preferentially use JH4 (47%) followed by JH6 
(22%). Yamada et ai. 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 aI., 48% could be assigned 
to D segments included in the HCl 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 DHQ52, 33% of the in-frame transgenic sequences (25% of all trans
genic sequences) used DHQ52. 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 YAMADA et ai. (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 YAMADA et ai. (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 DHQ52 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 (YAMADA 
et al. 1991) is compared to the frequency observed in clones from transgenic mice 
containing the HC1 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 DHQS2. 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 88 D containing adult human PBL 
genomic DNA clones reported by YAMADA 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 HCI-57. 
Animal #883 was a double (heavy and light chain minilocus) transgenic derived from 
lines HCI-26 and KCI-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 HCI-Il2. 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 
junction region 

Adult human 0.93 7.7 
Fetal human 0.77 7.7 
Adult mouse 0.70 3.0 
Newborn mouse 0.06 1.4 
Adult transgenic 0.77 3.8 

N-nuc1eotides/ 
VDJ 

14.3 (4.8aa) 
11.9 
4.2 
0.2 
5.7 (1.9 aa) 

Average CDR3 
length 

14.5aa 

1O.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 3.8 bp. This is close to the average length 
of 3 bp/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 DHQ52 incorporation 
that may be peculiar to the trans gene and that varies between individual 
animals or transgenic lines. While the aggregate characteristics of transgenic 
VDJ joints differ from human VDJ joints, individual transgenic sequences 
are indistinguishable from authentic human sequences. 

III. 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 f1 and 
& heavy chain, and K and A light chain, transgenes are capable of excluding 
the rearrangement of endogenous immunoglobulin genes (WEAVER et al. 
1985; IGLESIAS et al. 1987; RITCHIE et al. 1984; NEUBERGER et al. 1989; 
HAGMAN 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; f1 transgenes lacking transmembrane exons did not prevent 
rearrangement of the endogenous genes (MANZ et al. 1988). Data from K 

transgenic mice indicate that the extent of allelic exclusion may be a func
tion of the ability of the trans gene encoded products to form stable heavy / 
light chain complexes. The rearranged K 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 K genes in B cells that fail to correctly rearrange 
an endogenous heavy chain gene (RITCHIE et al. 1984; STORB et al. 1986b). 
However, transgenic mice containing MOPC-167 derived K 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, K 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 It transgene from pre-B cell lymphomas in an otherwise susceptible 
mouse strain (NUSSENZWEIG et a1. 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 
It transgene (NUSSENZWEIG et a1. 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 a1. 
(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 K transgene described above (GOODHARDT et a1. 
1987) was found to be arranged and co-expressed in cells with rearranged 
endogenous K 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 trans gene 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 K genes. Similarly, it is 
impossible to interpret the results of BRUGGEMANN et a1. (1989) with regard 
to the response of transgenes to rearrangement feedback inhibition. Several 
lines of mice containing an unrearranged human/mouse hybrid It 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 bf 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 f1 gene transmembrane 
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exons (KITAMURA et al. 1991). The mice were generated from ES cells in 
which the J1. 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; BIJSTERBOSCH 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 
(GOODNOW et al. 1989; GOODNOW 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 p, associated with a set of trans
membrane accessory proteins (CD3-y, -0, -e, and -0 that are involved in 
signal transduction and are required for the assembly of the a and p chains 
on the cell surface (CLEVERS 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-p (encoded by the B29 gene), have been charac
terized and shown to be structurally related to the T cell CD3-y, 0, and 
, proteins (SAKAGUCHI et al. 1988; RETH 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-p 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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p for cell surface expression (VENKITARAMAN et al. 1991; VAN NOESEL et al. 
1992). IgM is absolutely dependent on both a and p, while IgG2b and IgD 
may not always require both chains. The alp independent form of IgD has 
been shown to be a phosphatidylinositol linked rather than transmembrane 
bound molecule (WIENANDS and RETH 1992). 

Immunoglobulin heavy chain probably interacts with the Ig-a and P 
chains via its transmembrane domain. The various heavy chain trans
membrane domains are unusually hydrophilic; for example, the mouse f.1 
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 II 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-p 
(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 alp 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 19M EGEVNAEEEGFE NLWTTASTF1VLFLLSLFYSTTVTLF KVK 
human 19M EGEVSADEEGFE NLWATASTF1VLFLLSLFYSTTVTLF KVK 

mouse 19D QSDSYMDLEEEN GLWPTMCTFVALFLLTLLYSGFVTF1 KVK 
human 19D NSDDYTTFDDVG SLWTTLSTFVALF1LTLLYSGIVTF1 KVK 

mouse 19G1 ETCAEAQDGELD GLWTT1T1F1SLFLLSVCYSAAVTLF KVKW1FSSVVELKQTLVPEYKNM1GQAP 
mouse 19GZa DVCAEAQDGELD GLWTT1T1F1SLFLLSVCYSASVTLF KVKW1FSSVVELKQT1SPDYRNM1GQGA 
mouse 19GZb D1CAEAKDGELD GLWTT1T1F1SLFLLSVCYSASVTLF KVKW1FSSVVELKQK1SPDYRNM1GQGA 
mouse 19G3 ETCAEAQDGELD GLWTT1T1F1SLFLLSVCYSASVTLF KVKW1FSSVVQVKQTA1PDYRNM1GQGA 

mouse 19A SQD1LEEEAPGA SLWPTTVTFLTLFLLSLFYSTALTVTTV RGPFGSKEVPQY 
human 19A PQETLEEETPGA NLWPTT1TFLTLFLLSLFYSTALTVTSV 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, ea~h 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 Jl 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 (TT AST to AT AST) falls within the first polar cluster thought to 
be important for receptor complex assembly and function; however, it is 
not conserved between mouse Jl and &. 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 (NUSSENZWEIG 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 Jl 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 PILLAI 1991). The transitional complex is found prior to and immediately 
following K 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, wand I, encoded by the genes AS and VpreB, respectively 
(SAKAGUCHI et al. 1986; PILLAI and BALTIMORE 1987; KUDO 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 Jl (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 /1 or 0 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, a, and e) are only expressed after a gene 
rearrangement event deletes the C/1 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 0). The individual switch segments are between 
2 and 10 kb in length and consist primarily of short repeated sequences 
(MOWATI' 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 RADBRUCH 1989; BERTON et al. 1989; ROTHMAN et al. 1990). 
For example, the observed induction of the )11 sterile transcript by IL-4 and 
inhibition by IFN-y correlates with the observation that IL-4 promotes class 
switching to yl in B cells in culture, while IFN-y inhibits yl 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 400 bp direct 
repeat sequences that flank the human /1 gene (Y ASUI et al. 1989; WHITE et 
al. 1990). Homologous recombination between these two sequences deletes 
the /1 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 /1 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 )I 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 a1. (1992) built a transgene that included two heavy chain genes, 
human J1. and yl, together with the respective switch regions. The transgene 
also included the start site of the yl sterile transcript implicated in class 
switching. Mice generated with this construct expressed both human J1. and 
human yl transcripts and protein. The human yl 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 400 bp repeats that flank the 
human J1. gene, and these could be involved in deletional recombination. 
The close proximity of the J1. and yl 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 yl. Expression of yl could also be explained 
by trans-splicing. Another group (SHIMIZU et a1. 1989, 1991) has identified a 
small population of cells in human J1. transgenic mice that simultaneously 
express both human J1. 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 BeLl leukemia cells 
(NOLAN-WILLARD et a1. 1992). These observations are open to alternative 
explanations; however, trans-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 J1. gene. The importance of membrane bound IgM is 
supported by the observation that targeted deletion of the J1. transmembrane 
exons results in a B cell deficient mouse (KITAMURA et a1. 1991); however, 
this deletion also removed the first half of the t5 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 J1.. 

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 
VITETIA 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 (ROES and RAJEWSKY 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; 
WYSOCKI 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 pen tamers 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 IgGI 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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VDJ segments that can be cloned and manipulated in vitro to generate 
therapeutic targets. 

Vll. Substrate 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 1O-3/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 108 M- 1. This process appears 
to take place only within specific spleen, lymph node, and Peyers patch 
structures (germinal centers) (BEREK et al. 1991; JACOB 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 K light chain transgenes has been 
reported (O'BRIEN et al. 1987; HACKETI 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 K genes (STEELE et al. 1992). Somatic 
mutations of K 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 1 kb 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 VJK 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 1.2 kb downstream of the C" 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" 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 
" 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 f.1. 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 trans gene encoded f.1. 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 a1. 1970). Anti-p 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 
p, 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 a1. (1984) in which mice were generated 
that completely lacked K light chain expression because of anti-K antibody 
injections. These mice had normal numbers of B cells and normal serum 
immunoglobulin levels because y expression compensated for the lack of K. 

When the mice were immunized with antigens that normally elicit a K 

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 a1. 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 a1. 1990), it has been only moderately successful as a method of sup-



88 N. LONBERG 

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 fl., K, 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 
CAPPECHI 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; ZIJLSTRA et al. 1989), it 
was apparent that the immunoglobulin loci could be specifically altered to 
reduce their expression. Both the mouse fl. heavy chain (KITAMURA et al. 
1991; CHEN et al. 1993b) and K 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 A. 
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 H-CA. are adjacent, but the third gene is located over 100 kb upstream 
(STORB 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 100 kb locus using a targeting vector that selects for recombination 
events at each end. MOMBAERTS et al. (1991, 1992) created a 15 kb deletion 
in the T cell receptor P locus using this approach. If the A. 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 fl, K, A 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 A, which 
contributes only 5% of the normal mouse light chain, may not be a problem. 
The mouse A 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 K 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 15 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. PAD LAN 

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 01 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 
(PADLAN 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 (POUAK et al. 1973). Each domain consists of a stable 
arrangement of hydrogen-bonded p-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 L and the V H, 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 V H 

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 (PAD LAN and 
DAVIES 1975). 

In the Fab (Fig. 1), VL and VH 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-lO 
(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 top and the 
constant domains are at the bottom. The complementarity determining regions 
(CDR) residues are indicated by circles. The beginning and end of each CDR are 
labeled, as are the NH2- 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 VL:VH contact contributes to the variation 
seen in the pseudodyad. The constant domains in the Fab, the CL and the 
CHI, 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 NHz-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; RINI 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; RINI 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 (CDRI-L), 50-56 (CDR2-L), and 
89-97 (CDR3-L), and those of the heavy chain contain residues 31-35 
(CDRI-H), 50-65 (CDR2-H), and 9.5-102 (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 playa 
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Fig. 2. End on view of the Fv of antibody HyHEL-lO. The figure is rotated 90° 
relative to Fig. 1 

more structural role and serve to stabilize the combining site structure 
(KABAT et al. 1977; PADLAN 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; HERRON et al. 1991; RINI et al. 
1992). 

The six CDRs are disposed (Fig. 2) such that the NHrterminal part 
of CDR1-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 playa 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 L: V H 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 smaIl 
number of framework residues that contact the CD Rs (CHOTHIA and LESK 
1987; CHOTHIA et aI. 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 01 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 VL:VH 
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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 V L domains whose side chains contact CDR residues are 
listed in Table 1; those in the V H 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 V L (i.e., those 
which are located in the domain interior) are listed in Table 4; similarly, 
those in the VH are listed in Table 5. These results are summarized in Fig. 3 
for VL and in Fig. 4 for VH . 

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 V L using the human V K sequence BI (or 
Rei and a few others) as template, and 13 framework residues in the VH , 

using the human VH sequence AND (or 21128'CL and a few others). 
Humanization of the murine antibody B13i2 would require the retention 
of only three murine framework residues in the V L , using the human VK 
sequence CUM (or NIM) as template, and only two framework residues in 
the VH , using the human VH 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 VL 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 V V I V I I I 
4 L M L L M M M M M M M L 
6 Q Q Q Q Q Q Q Q Q Q Q Q 

11 T L L M L L L L L L L M 
13 A V V A A V V A V A A A 
19 V V V V V A A V A V V V 
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 W 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 V I I 
58 V V I V V V V V V V V V 
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 V V L V 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 

a 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 KABAT 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-pointinga, buried framework residues in the V H of murine Fabs of 
known three-dimesional structure 

Position Antibody 

1 2 3 4 5 6 7 8 9 10 11 12 

2 V V V V V V V V V 
4 L L L L L L P L L L L L 
6 E E E Q Q E E Q E E E E 

12 V V V M V V V V V V V V 
18 L L L V V M L V L L L Q 
20 L L L I M L L M L I L L 
22 C C C C C C C C C C C C 
24 A T V A A A A A A A T A 
27 F F Y Y F Y F F F Y 
29 F F I F F F F F F L F I 
36 W W W W W W W W W W W W 
38 R R R K K R R K R R R R 
40 S 
46 E E E 
48 I I M I I V V I V L L M 
49 A A A A 
66 R R R R R R R R 
67 ·F F I A T F F T F L F I 
69 I V I F L I I L I I I I 
71 R R R A V R R V R K R R 
76 S D N 
78 L L Y A A V L A L V L F 
80 L L L M M L L M L L L L 
82 M M L L L M M L M M M L 
82c V L V L L L L L L L L V 
86 D D D D D D D D D D D D 
88 A A A A A A A A A A 
90 Y Y Y Y Y Y Y Y Y Y Y Y 
92 C C C C C C C C C C C C 
94 R R N H R R R R R R R 

107 T T T T T T T T T T T T 
109 V V V L L V V L L L V V 
111 V V V V V V V V V V V V 

a 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. 

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 
EI.L.Q .... T.A ..... V.I.C WYQQ .... SP . PWIY 
DIVMTQ .... L.V ..... V.M.C WYQQ .... PP.LLIY 
DIVLTQ .... L. V ..... V .L.C C WYQQ .... SP.LLIK 
DIVL.Q .... M.A ..... V.M.C WYQQ .... SP . RWIY 
DIQMTQT ... L.A ..... V.I.C D WYQQ .... TVKLLIY 
DVVMTQ .... L.V ..... A.I.C WYLQ .... SPKVLIY 
DIQMTQ .... L.A ..... V.I.C R WYQQ ..... V.LLIY 
DIQM.Q .... L.A ..... V.I.C WYQQ ..... I.LLIY 
DVLM.QT ... L.V ..... A.I.C WYLQ .... SP .LLIY 
DI.MTQ ..... L.A ..... V. I.C 1 WYQQ .... SP.LLVY 
. V.MTQ .... L.V ..... A.I.C WYLQ .... SP .LIlY 
QIVLTQ .... M.A ..... V .M.C WYQQ .... SP . LLIY 

60 70 80 88 
· V .. RF ...... T. Y .L. I. .M ... D.A. YYC 
.V.DRF .... S.TDF.L.I .. V ..• D.A.YYC 

C .I..RF .... S.T.F .L. I.. V .•. D .. MYFC 
· V .. RF ...... T . Y . L. I. • M ... D . A. YYC 

D .V .. RF .....• TDY.L.I .. L ... D.A.YFC 
· V.DRF ...... T.F .L. I.. V ... D ... Y.C 

R · V .. RF ...... TDY .L. I. .L ... D.A. YIC 
· V .. RF ...... TDY .L. I. .L ... D.A. YFC 
.V.DRFS ..... TDF.L.I .. V ... D ..• YYC 

2 · V .. RF .... S.T. Y .L. I .. L ... DF .. YYC 
· V .. RF ...... TDF .L. I.. V ... D ... YFC 
.V.VRF ...... T.Y.L.I .. M .•. D.A.YYC 

98 107 
F ... T.L.L. 
F.A.T.L.I. 

C F ... T.L.I. 
F ..• T.L .. . 

D F ••• T.L .. . 
F ••• T.L .. . 

R F ... T.L.I. 
F .•• T.L ... 
F ... T.L.I. 

3 F ... T.L .. . 
F.A.T.L .. . 
F.V.T.L.L. 

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

likelihood will be even greater if the first few amino acids in the NHT 
terminals of both chains are transplanted also, since some of them are found 
to be in contact with CDRs. In fact, the NHTterminals 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 (MAb) (TAYLOR et al. 1985; 
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J539 
McPC603 
HyHEL-10 
HyHEL-5 
R19.9 
4-4-20 
YST9-1 
36-71 
B13I2 
01.3 
BV04-01 
AN02 

10 20 30 
· V. L.E ..... V ..... L. L. C .A .. FOFS 
· V. L. E ..... V ..... L. L. C. T .. FTFS 
. V.L.E ..... V ..... L.L.C.V .... IT 
· .. L . Q ..... M ..... v . I . C . A .. YTF S 
· v . L . Q ..... v ..... v . M . C . A .. YTFT 
· .. L.E ..... V ...•. M.L.C.A .. FTFS 
EV.L.E ..... V ..... L.L.C.T .. FTFT 
EV.L.Q ..... V ..... V.M.C.A .. YTFT 
· V. L.E ..... V ..... L.L.C .A .. FTFS 
· V. L.E ....• V •.... L. I.C. V .. F .LT 
E .• P.E .•.•• V ...•• L.L.C.A .• FSFN 
• V.L.E ...•• V ..•.• Q.L.C.V .• YSIT 

40 49 
WVRQ ..... LEWI. 
WVRQ .... RLEWIA 

C WIRK ... N.LEYM . 
WVKQR .... LEW I . 

o WVKQ ..... L.WI. 
WVRQS .... LEWVA 

R WVRQ .... AL.WL. 
WVKQ ..... LEWI. 
WVRQ ... K.L.WVA 

1 WVRQ ...• '. LEWL . 
WVRQ ... K. LEWVA 
WIRQ ... NKLEWM • 

70 82abc 90 102 110 
KF. I .R.N •..• L.L .M •• V •.. 0 .A. YYCAR 
RFIV.R.T ..•• L.L.M .• L ••. O.A.YYCAR 

C RI.I.R ••••.• Y.L.L .• V .•• O.A.YYCAN C 
KA.F .A .....• A.M.LN .L •.. 0 ... YYCLH 

o KT.L.V.R .•.• A.M.LR.L •.• O.A.YFCAR 0 
RFTI.R.O •• S. V. L .M .• L ••. 0 ..• YYCT. 

W.Q.T.V.V .• 
W ••• T.V.V •• 
W ••••• V.V •• 
W •.. T.L.V •. 
W •.. T.L.V .• 
W .•. T.V.V •• 

R RFT I • R. N .... L . L . M .. L ••. 0 • A. YYCTR R W ..• T • V • V •• 
KT.L. V .K .... A.M.L .. L ••. 0 .A. YFCAR W ... T.L.V .. 
RF.I.R.N .••• L.L.M .. L .•. O.A.YYCTR W .•. T.L.V .. 

2 RL . I . K .....• v . L . M .. L ..• 0. A. YYCAR 3 W .•. T . L . V .. 
RF.I.R.O ..•. L.L.M .. L .•. O.A.YYCVR 
RISI.R ...••• F.L.LK.V ••. D.A.YFCAR 

W ..• T.V.V •• 
W.Q.T.V.V .• 

Fig. 4. The framework residues in VH , the side chains of which are in contact with 
CDRs or with VL 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; DEMARTINO 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 
intron 3' of the human heavy or light chain J regions. When 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 
region. 
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2. Humanization of the Murine Monoclonal Antibody IB4 

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 (SCHWARTZ 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 

Heayy Chain 

mIB4 DYKLV~SGGDLYKLGGSLKLS~AASG£T£S [DYYMS] NYBQTP 
Jon DVQLVESGGGLVKPGGSLRLSCAASGFTFS [TAWMK] WVRQAP 
Gal EVQLVESGGDLVQPGRSLRLSCAASGFTFS [BLGMT] WVRQAP 

mGal G 

EKRLELYA [AIDNDGGSISYPDTVKG] B£T~SRDNAKNTLYLQM 
GKGLEWVV [WRVEQVVEKAFANSVNG] RFTISRNDSKNTLYLQM 
GKGLEWVA [NIKZBGSZZBYVDSVKG] RFTISRDNAKNSLYLQM 

L 

%Id 

SSLRSE~TaLYYCAR [-QGRLRRDYFDY]NGQGITLTYSS .. . 
ISVTPEDTAVYYCAR [VPLYGBYRAFNY]WGQGTPVTVSS ... 78 
NSLRVEDTALYYCAR [-----GWGGGD-]WGQGTLVTVST ... 82 

L 85 

Light Chajn 

mIB4: D~VLTQSPASLAYSLGQRaT~S~ [RASESVDSYGNSFMH--]NY 
REI: DIQLTQSPSSLSASVGDRVTITC [RASGNIHNYLA------]WY 
Len: DIVMTQSPNSLAVSLGERATINC [KSSQSVLYSSNSKNYLA]WY 

QQKPGQ££KLLLY [RASNLES] G~PAB£SGSGSRTD£TLT~NPY 
QQKPGKAPKLLIY [YTTTLAD] GVPSRFSGSGSGTDFTFTISSL 
QQKPGQPPKLLIY [WASTRES] GVPDRFSGSGSGTDFTLTISSL 

%Id 
EA~DVaTYYC [QQSNEDPLT] £GAGTKLELKR .. . 
QPEDIATYYC [QHFWSTPRT] FGQGTKVVIKR .. . 
QAEDVAVYYC [QQYYSTPYS] FGQGTKLEIKR .. . 

%Id: percent identity to mIB4 FRs 
Packing residues are underljned 

Fig. 7. Sequence comparison of heavy and light chain frameworks 

69 
81 
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protein sources (GEORGE et al. 1986; KABAT 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 
cDNA 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 K 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 125I_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; DEMARTINO 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 

Murine IB4 
Murine IB4 
Grafted IB4/mGal 
Grafted IB4/Gal 
Grafted IB4/Gal 
Grafted IB4/Jon 

Light chain 

Murine IB4 
Grafted IB4/Rei 
Grafted IB4/Rei 
Grafted IB4/Rei 
Grafted IB4/Len 
Grafted IB4/Rei 

ICso (nM) 

0.52 ± 0.20 
0.46 ± 0.08 
0.67 ± 0.08 
1.68 ± 0.26 
2.80 ± 1.04 
5.88 ± 0.13 
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were cotransfected into CV1P cells with the CDR-grafted Rei K 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 CV1P 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 (PAD LAN 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 IgAK ) and 
of KOL (a human IgG1A) have been analyzed (PADLAN 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 VH are compared in Table 7 and those for the framework residues in 
the J539 and KOL VL are presented in Table 8. 

Examination of Table 7 reveals a very close similarity in the exposure 
patterns of the VH 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 PAD LAN (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 VL domains (Table 8) 
likewise are very similar, with large differences only at positions 2, 13, 66, 
99, and 101. The conformation of the NHz-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 K light chain, while KOL has a A 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 V L 

framework and 60 out of the 87 in the VH 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 (PADLAN 1991) for reducing the an
tigenicity ofaxenogenic 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 VH 

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 
82c 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 VL 

Position Fractional accessibility 

KOL J539 

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 J539 

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 (PADLAN 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 (PADLAN 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 IB4 
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 REGICN FRAME\'K)RKS 
USED FOR PREPARATION OF THE VENEERED IB4 

v1B4: DVKLVESGGDLVKPGGSLKLSCAASGFTFS [DnMS] WVRQI\P 
m1B4: DVKLVESGGDLVKLGGSLKLSCAASGFTFS [DnMS] WVRQTP 

Gal: EVQLVESGGDLVQPGRSLRLSCAASGFTFS [BIGn'] WVRQAP 

Light Chain 

GKGLELVA [AIDNDGGSISYPD'l'\IlIG] RFTISRDNSKNTLYLQM 
EKRLELVA [AIDNDGGSISYPD'l'\IlIG] RFTISRDNAKNTLYLQM 
GKGLEWVA [NIKZBGSZZBYVDSWG] RFTISRDNAKNSLYLQM 

NSLRAEDTALYYCAR [~YFDY] WGQGTLLTVSS .. . 
SSLRSEDTALYYCAR [~YFDY] WGQGTTLTVSS .. . 
NSLRVEDTALTICAR [-----QiGGGD-] WGQGTLVTVST .. . 

vlB4: DIVMI'QSSNSLAVSLGERATISC [RASESVDSYGNSFMH--] WY 
mlB4: DIVLTQSPASLAVSLGQRATISC [RASESVDSYGNSFMH--] WY 
len: DIVMrQSSNSLAVSLGERATINC [RSSQSVLYSSNSRNYIA] WY 

QQKPGQPPKLLIY [~] GIPDRFSGSGSGTDFTLTISSV 
QQKPGQPPKLLIY [~] GIPARFSGSGSRTDFTLTINPV 
QQKPGQPPKLLIY [Wi'Sl'RES] GVPDRFSGSGSGTDFTLTISSL 

EAEDVATYYC [QQSNEDPLT] FGQGTKLEIKR .. . 
EADDVATYYC [QQSNEDPLT] FGAGTKLELKR .. . 
QAEDVAVYYC [QQYYSTPYS] FGQGTKLEIKR .. . 
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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 MAb 
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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 K 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 (HAKIMI et al. 1991). Human MAbs have been found to 
have the same pharmacokinetics in Rhesus monkeys as they do in humans 
(EHRLICH et al. 1987; JONKER et al. 1991). After repeated dosing of human 
MAbs 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 1mg MAb (either murine, CDR-grafted, 
or veneered) per kilogram body weight. At various times following each 
injection the level of circulating MAb 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 MAb 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 MAb. 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 PADLAN (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 (PAD LAN , 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. CARTER, 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 aI. 1988; SONGSIVILAI and LACHMANN 1990; NOLAN 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 aI. 1985; GLENNIE et aI. 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')z have proved useful for 
retargeting lymphokine-activated killer cells (NITTA et aI. 1990; BOLHUIS et 
aI. 1992), toxins (BONARDI et aI. 1992) and also radionuclides (STICKNEY et 
aI. 1989, 1991; LE DOUSSAL et aI. 1992) to tumor targets in patients. This 
motivated us to develop an efficient and general route to the construction of 
BsF(ab')z fragments (SHALABY et aI. 1992; RODRIGUES et a1. 1992a). Our 
strategy relies upon separate Escherichia coli expression of each Fab' arm 
(CARTER et a1. 1992a) followed by traditional directed chemical coupling to 
form the BsF(ab')z. 

In the future, BsF(ab')2 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 a1. 1992). In the short 
term, murine antibodies which have been humanized to reduce their im
munogenicity (RIECHMANN et a1. 1988; HALE et a1. 1988) are likely to 
provide the starting point for BsAb construction, as in our own studies 
(SHALABY et a1. 1992; RODRIGUES et a1. 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'h 
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')z is a humanized version (CARTER 
et al. 1992a;b) of the murine MAb 4D5 (FENDLY et al. 1990), which is 
directed against the p185HER2 product of the protooncogene HER2 (also 
known as c-erbB-2 and HER-2Ineu). The overexpression of p185HER2 
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 VCRTI (BEVERLEY and CALLARD 1981). Our 
anti-pI85HER2/anti-CD3 BsF(ab')2 (SHALABY et al. 1992), as well as those 
constructed by others (NISHIMURA et al. 1992; SUGIYAMA et al. 1992), 
is highly effective in retargeting the cytotoxic activity of T cells against 
p185HER2 overexpressing 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 
NELSON 1991, SEGAL et al. 1992) and in patients (Table 1). 

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

Functional murine Fv (SKERRA and PLUCKTHUN 1988) and chimeric Fab 
(BElTER 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 CHI 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-pI85HER2 antibody, 
HuMAb4D5-8 (CARTER et al. 1992b), from a synthetic dicistronic operon 
(CARTER et al. 1992a; Fig. 1). E. coli strain 25F2 was transformed with pAK 
grown to high cell density (OD55o 120-150) in the fermentor. The titer of 
cell-associated soluble and functional Fab' is routinely 1-2g/1 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, HuMAbVCHTl-9, was created from pAK19 
by replacing the segments encoding the six CDR loops with ones corres-
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Fig. 1. Plasmid pAK19 for the expression of HuMAb4D5-8 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 (stU) signal sequence (PICKEN et al. 1993) to direct 
secretion to the periplasmic space of E. coli. The humanized variable domanis (VL 
and VH, CARTER et al. 1992b) are precisely fused on their 3' side to human K1CL 
(PALM AND HILSCHMANN 1975) and IgG1 CH1 (ELLISON et al. 1982) constant 
domains, respectively. The CH1 domain is followed by the bacteriophage lambda to 
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-p185HER2 Fab' and 
obtained titers of up to 900 mg/l (unpublished data). This suggests that the 
anti-p185HERZ 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-p185HERZ 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 CHI domain (DERRICK and WIGLEY 1992) and 
all of our antibody fragments share the same human IgGI CHI 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 VL , VH and Fv frag
ments but not the CL /CH I 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'h 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'h 
The ready availability of E. coli derived Fab'-SH fragments enables the 
simple and efficient construction of either disulfide- or thioether-linked 
BsF(ab'h 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-pI85HER2/anti-CD3 BsF(ab'h has an approximately threefold longer 
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permanence time in normal mice than the corresponding single disulfide
linked BsF(ab')z (RODRIGUES et al. 1993). However the nature of the 
linkage between Fab' arms is apparently not critical since both disulfide- and 
thioether-linked BsF(ab')z have proved useful in the clinic (Table 1). 

Our tp.ioether-linked BsF(ab')z (Fig. 2) was created by reacting the 
anti-p18SHER2 Fab' -SH fragment first with N,N' -1 ,2-phenylenedimalemide 
to form the maleirnide derivative and then with the anti-CD3 Fab' -SH. 
BsF(ab')z was formed in ~SO% yield and was purified away from unreacted 
Fab' by size exclusion chromatography (RODRIGUES et al. 1992). The level of 
contamination of the BsF(ab')z with monospecific (Ms) F(ab')z is likely to 
be very low since mock coupling reactions with either the anti-p18SHER2 

e 
j1. E.COIi 

2. Protein G 

anti- p18SHER2 

e 
1. E.coli j 
2. Protein G 

j Directed chemical 

coupling in vitro 

Humanized Bs F(ab ')2 

Fig. 2. Overview of the strategy used to construct the anti-p18SHER2/anti-CD3 
humanized BsF(ab 'h. Humanized anti-p18SHE R2 (HuMAb4DS-8) and anti-CD3 
(HuMAbUCHTl-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'h 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'h. Furthermore the coupling reaction is sub
jected to a mild reduction step followed by alkylation to remove trace 
amounts of disulfide-linked F(ab'h 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 KABAT et 
al. 1991). Engineering the hinge region to leave a single cysteine removes 
some sources of heterogeneity in BsF(ab'h preparations, e.g., intrahinge 
disulfide formation and contamination with intact parent antibody whilst 
greatly diminishing others, such as formation of F(ab'h 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'h 
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 

F(ab'h 

Stealth 
Immunoliposomes 

Bispecific 
F(ab'h 

Immunotoxins 

Affinity 
Purification 

Radioimmuno
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(abih 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')2 fragment are even easier to construct 
than BsF(ab')z. MsF(ab'h 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'h variant isolated directly from E. coli is functionally indistinguishable 
from a thioether-linked F(ab'h variant both in vitro and in vivo (RODRIGUES 
et al. 1993). The principal advantage of obtaining F(ab'h directly from E. 
coli is that this obviates the need for in vitro coupling. Unfortunately, there 
are currently several drawbacks to F(ab'h isolated directly from E. coli. 
Firstly, efficient formation of F(ab'h appears to be dependent upon very 
high expression titers. Secondly, small quantities of unwanted F(ab'h and 
F(ab')4 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'h 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 PLUCKTHUN 1992). A combination of different leucine zippers (Fos and 
Jun) has been used as a heterodimerization motif for the construction of 
BsF(ab'h 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 p185HER2 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-CDS Fab' 
fragment to ricin A chain (BEITER 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 FITZGERALD 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 cells 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')z 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 (LORD 1991; OELTMANN and FRANKEL 1991; PASTAN 
et al. 1992; PASTAN and FITZGERALD 1991; VITETTA and THORPE 1991; 
WAWRZYNCZAK 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 



Immunotoxins 

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 
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(CUMBER et al. 1985; FRANKEL 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 48-72 h 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 MIT; 
MOSMANN 1983). Initial studies should use the immunotoxin at relatively 
high concentrations (1-10 pg/ml) so that any toxicity may be detected. If 
toxicity is seen at high concentrations, a dose-response curve should be 
performed since IDso 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; 
LoBuGLlO 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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VITE'ITA et al. 1987; YOKOTA 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'h 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; VITE'ITA and THORPE 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 
(BLA'ITLER 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 (VITE'ITA et al. 1987; VITE'ITA 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 (FULTON 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 (YOKOTA 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 (GOULD 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. Th~se 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 

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 
212Bismuth 
9Dyttrium 
l3lIodine 

Complex systems 
Biotin/avidin directed toxins 
Prodrug/enzyme 

Reference 

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 
FRENCH et al. 1991; TAZZARI 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 
KHAZAELI et al. 1991; SCHWARTZ et al. 1991 

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



154 S.H. PINCUS 

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 28SrRNA 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 RT A which is minimally glycosylated (TROWN 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 playa 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 BALDWIN 1991; BYERS et al. 1990; 
GROSSBARD et al. 1992a; KERNAN et al. 1988; LEMAISTRE et al. 1991; SPITLER 
et al. 1987; VITETIA 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 RT A. 

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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NATIVE RICIN RICIN A CHAIN 

aD o D 
NATIVE DEGLYCOSYLATED 

aD 
BLOCKED RICIN IMMUNOTOXIN 

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 deglycosyJated 
ricin A chain is shown 

the result of the elegant protein engineering studies of Pastan and his 
colleagues (PASTAN et al. 1992; PASTAN and FITZGERALD 1991). The intact 
toxin consists of three functional domains: (1) an NHrterminal portion that 
binds the a2-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 (KONDO 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; PAl et al. 
1992). Several alterations in PE40 have increased efficacy. By placing free 
amino groups toward the NHrterminal of PE40 and eliminating those at the 
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Pseudomonas Exotoxin A and Derivatives 

Native Toxin 

PE40 Coupled to 
Intact Antibody 

PE40 

Immunotoxins 

Fusion Protein 
with Ligand 

ffi..cDEL 
PE40-KDEL 

Fv 
Fusion Protein 

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 
PE40 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 sulfhydryl 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 NHz-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 FITZGERALD 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 (VL-EGKSSGSGSESKVD-VH ) have also been expressed as the 
NHz-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; KREITMAN 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 (BATRA 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 (PAl et al. 1992). 

III. 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 NHz-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 (YOULE 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 
(DOHLSTEN 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 
(FRENCH 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; WIEDLOCHA 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 COLOMBAITI 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; PASTAN 
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., NH4CI, 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 45-50 kDa serum protein 
(JANSEN et al. 1992b). Other lysosomotropic agents, such as chloroquine and 
p-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 (AKIYAMA 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 (HUDSON and GRILLO 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 

I. Pharmacokinetics 

Three important factors need to be considered in discussing immunotoxin 
pharmacokinetics: (1) concentration and half-life (t1/2) 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.I1). 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; VITETTA et al. 1987). Thus, t1/2 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 t1l2 and peak serum concentration of the immunotoxin. 

The plasma t1l2 of an immunotoxin is shorter than t1l2 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 (at1l2) that represents 
equilibration with the extravascular space and hepatic uptake. Values for 
at1l2 range from minutes to hours. This is followed by a slower p phase of 
hours to days. These values have been obtained in both experimental animals 
and human clinical trials (BLAKEY et al. 1987; FULTON et al. 1988; 
GROSSBARD et al. 1992a; LEMAISTRE et al. 1991; SIENA 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 at1l2 of 18h 
and a Pt1l2 4-9 days (KHAZAELI et al. 1991; LoBuGLlO et al. 1989). The t1l2 

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 2-10 mm 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; YOKOTA 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; CREWS et al. 1992; FRENCH et al. 1991; 
SUGITA 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; TJANDRA 
et al. 1990; VITETTA 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 (JOHNSON 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; LoBUGLIO 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; PAl 
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 (KITAMURA 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 FITZGERALD 1991; PIETERSZ 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 (GOULD 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 FITZGERALD 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 
(LeY 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 (LeY) (PAl et al. 
1992), colon carcinoma (DEBINSKI et al. 1992; KRAUER et al. 1992), glioma 
(SCHRAPPE 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 (BATRA et al. 1992; 
BRINKMANN et al. 1991; DEBINSKI et al. 1992; DEBINSKI and PASTAN 1992; 
PAl et al. 1992), ricin A chain (GHETIE et al. 1991a; Luo and SEON 1990), 
pokeweed antiviral protein (UCKUN et al. 1992), S-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 
(CDS) (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; WALDMANN 1991), 
breast cancer (GOULD 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; PREIJERSS 
et al. 1989) and with carcinomas (BJORN et al. 1990; GOFF 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 
(AFFLECK 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 II MHC molecules (NAKAHARA et a1. 1986), the 
cell surface molecule LFA-l (BLAZAR et a1. 1991), and the IL2 receptor 
(TAZZARI et a1. 1992), and with an IL2 fusion toxin (LORBERBOUM-GALSKI et 
a1. 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 a1. 
1989; KREITMAN et a1. 1990, 1992; TAZZARI et a1. 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 (W ALZ et a1. 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 (GVR) 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 GVR. 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-COS-ricin A chain conjugate. A 
recent clinical trial demonstrated that depletion of T cells can be accom
plished with either an anti-CDS immunotoxin or anti-CDS antibody plus 
complement and that this reduces the occurrence of GVR (ANTIN et al. 
1991). Anti-CDS immunotoxin has also proven to be effective in the treat
ment of established GVR unresponsive to corticosteroid therapy (BYERS and 
BALDWIN 1991; BYERS et al. 1990; KERNAN et al. 1988). Complete or partial 
responses were seen in greater than SO% 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.OS-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-COS-ricin A chain be approved for in vivo use for steroid-resistant 
GVR, 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 BALDWIN 1991; PINCUS 1993). Initial 
studies in rheumatoid arthritis and diabetes mellitus have involved the use 
of immunotoxins reacting with all T cells (anti-CDS) 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 TRENTHAM 1991}. In phase I and phase II clinical trials, 
anti-CD5 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 (PINCUS 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 KROLICK 1988; KROLICK 1989; 
VERSCHUUREN et al. 1991). Immunotoxins may be the probes that allow us 
to de~ne 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 (KIM 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 MCCLURE 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 (PINCUS 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 T. 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.III); (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 multi domain 
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 50 kDa 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 50 kDa 
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 KORNGOLD 1953; KORNGOLD 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 (VITETIA 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 p-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. 
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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 (HUI 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 (HUI et al. 1983; BODE 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 NHz
terminal residues of the P chain of fibrin combined with a COOH-terminal 
cysteine for cross-linking to keyhole limpet hemocyanin. The NHz-terminal 
of the p 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. 

HOLVOET 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 64C5 substantially enhanced in 
vitro fibrinolysis in comparison with tcuPA (BODE 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 64C5 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 (BODE 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 

HAYZER 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 e-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. 

BODE 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 (BODE et al. 
1987a,b) and tPA (RUNGE 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 BODE 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 (SCHNEE et al. 1987; LOVE et al. 1989). We assembled the 
fusion protein by joining the gene coding for the 5908 immunoglobulin 
heavy chain to the gene coding for tP A 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 (1) regions are juxtaposed to produce a unique rearranged Vl 
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 (0) segment at the joining region (TONEGAWA 1983). 
These rearrangements result in a unique VDl or Vl 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 
VOl segment of the rearranged heavy chain of 5908. 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 VOl sequence either by cloning com
plementary DNAs (cDNAs) constructed from the mRNA of the hybridoma 
or by cloning genomic sequences from high molecular weight ONA 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-PstI site of pSV2gpt and an XbaI fragment containing the mouse y2b 
heavy chain constant region (TUCKER et al. 1979) was inserted into the 
polylinker. The cloned 59D8 rearrangement was inserted with a unique 
EcoRI site 5' of the constant region, which produced sequence coding for a 
complete 59D8 heavy chain. 

tP A is secreted as a single chain 70 kDa protein that is subsequently 
cleaved by plasmin to form A and B chains attached by a single disulfide 
bond (HARRIS 1987; GETHING et al. 1988). Each chain contains multiple 
intrachain disulfide bridges. Because we were interested only in the catalytic 
function of the protein, we used sequence coding only for the B chain. To 
construct the 59D8 heavy chain-tPA fusion protein, we removed the y2b 
constant region 3' of the XhoI site in the hinge region and replaced it 
with tPA B chain cDNA sequence. An SfaNI site in the tPA cDNA was 
converted to an XhoI site by the addition of a synthetic oligonucleotide 
adapter (which also added a glycine residue to the fusion product). The 
cDNA fragment was thus inserted in-frame into the XhoI site in the heavy 
chain hinge region, creating a new hybrid exon. No attempt was made to 
modify the 3' portion of the tPA cDNA, which contained a polyadenylation 
signal. 

3. Selecting Loss Variant Cell Lines 

To select for heavy chain loss variant hybridomas, we first grew the cells in 
soft agarose containing goat anti-mouse heavy chain antiserum. Clusters 
secreting heavy chain developed halos. Cells without halos were picked and 
subcloned. 

4. Transfecting the Expression Plasmid 

The hybrid heavy chain construct was transfected by electroporation into the 
heavy chain loss variant hybridoma line described above. Selection occurred 
in medium containing xanthine, hypoxanthine and mycophenolic acid. 

5. Purifying and Analyzing Protein 

Protein was purified from the cell supernatants and from ascites by se
quential double affinity chromatography (TONEGAWA 1983). One column 
consisted of the GHRPLDK(C) peptide (used to generate 59D8) linked to 
Sepharose; the other of an anti-human tP A monoclonal antibody (TCL8) 
linked to Sepharose. 

6. Recombinant Protein Expression Levels 

Although the structure and function of the tP A-59D8 recombinant protein 
were as we had anticipated, the amount of protein secreted into the cell 
culture supernatant was only 1 % the amount secreted by the original hy
bridoma cell line. In more recent work, we have learned that protein 
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production can be greatly enhanced by modifying the 3' untranslated region 
of the mRNA. LOVE et a1. (1993) found that cell lines transfected with 
constructs in which the 3' untranslated region was coded by plasminogen 
activator genes produced very low levels of both mRNA and protein (0.008-
0.06,ug/ml) in comparison with the parental 59D8 myeloma cell line (7.6-
10 ,ug/ml). In vitro nuclear run-off analysis indicated that these low steady 
state levels of mRNA did not result from a lower rate of transcription of the 
transfected gene (relative to the rate of transcription of the endogenous 
heavy chain gene in the 59D8 parent cells). In contrast, cell lines transfected 
with expression plasmids in which the 3' untranslated region of the mouse 
y2b heavy chain or human p-glohin gene had been substituted for the 3' 
untranslated region of the plasminogen activator gene showed an increase in 
recombinant protein secretion of 68- to 100-fold. 

IV. Structural and Functional Properties of Specific Fusion Proteins 

1. Antibody-Plasminogen Activator Fusion Proteins 

Although the 59D8-tP A fusion protein (SCHNEE et a1. 1987) described in 
Sect. III retained both the fibrin antigen-binding and plasminogen activator 
activities of its parents, we were disappointed by the fusion protein's ability 
to lyse plasma clots. If eventually became apparent that the tP A catalytic 
site had been an inappropriate choice - the loss in the construct of the NHz
terminal portion of the protein prevented the requisite enhancement of 
catalytic activity on fibrin binding. With this experience in mind, we reasoned 
that the catalytic site of uP A might function better in a fusion protein 
because its activity is independent of fibrin binding. We chose to use the 
single chain form, scuPA, because it has the additional advantage of being 
resistant to inactivation by plasminogen activator inhibitor-1 and az
antiplasmin. As it traveled through plasma, a fusion protein containing 
scuP A might resist circulating inhibitors and remain incapable of activating 
circulating plasminogen until it reached the plasmin-rich environment of the 
thrombus, where it would become active through cleavage of the plasmin
susceptible Lys-158-Ile-159 peptide bond (DECLERCK et a1. 1990). 

To reduce the mass of the chimeric protein to essential components, we 
decided to include only the Fab part of the anti-fibrin antibody. In a similar 
vein, we omitted the uP A kringle and growth factor regions and used the 
sequence of low molecular weight (32 kDa) scuPA, as described by STUMP et 
a1. (1986), which is reported to be as active in fibrinolysis as the intact 
molecule. We had also initially included the CH3 domain of the antibody 
heavy chain as a spacer between the antibody and the plasminogen activator; 
later experience (Shaw, unpublished observations) indicated that this was 
not necessary. 

The fusion protein contained antibody 59D8 heavy chain from residues 
1 to 351 and, in contiguous peptide sequence, residues 144-411 of low 
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molecular weight scuPA (RUNGE et al. 1991). We included the 3' untranslated 
region from p-globin for reasons described in Sect. III. 

To assemble a heterodimer that included this fusion protein and an 
immunoglobulin light chain, we transfected the fusion protein expression 
plasmid into. heavy-chain loss variants (as described in Sect. III). SDS gel 
electrophoresis, immunoblot analysis, and DNA sequencing showed that the 
product, scuPA (32kDa)-59D8, was a disulfide-linked 103kDa heterodimer 
consisting of an immunoglobulin light chain linked to the fusion protein 
heavy chain. 

The Km of scuPA (32kDa)-59D8 was 16.6jLM, that of tcuPA 9.1jLM. 
Fibrin binding was also similar between the recombinant protein and its 
parent. In an in vitro plasma clot assay, scuPA (32kDa)-59D8 was six times 
more potent than scuPA, with considerably diminished fibrinogen degrada
tion and a2-antiplasmin inactivation in the supernatant. In vivo, in the rabbit 
jugular vein model, scuPA (32kDa)-59D8 was 20 times more potent than 
scuPA (Fig. 1). It should be noted that some of this enhancement in in vivo 
activity must, in part, have been related to a fivefold increase in the half-life 
of scuPA (32kDa)-59D8 (in comparison with scuPA) in the rabbit. 

Runge (unpublished observations) has since studied the in vivo activities 
of scuPA (32kDa)-59D8, scuPA, and tPA in a baboon model that allows 
comparison of both thrombolytic potency and inhibition of thrombus de
position in relation to the plasma concentration of each plasminogen ac
tivator. scuPA (32kDa)-59D8 was approximately 8-1O-fold more potent than 
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Fig. 1. Thrombolysis in vivo with scuPA (dotted line) and scuPA (32kDa)-59D8 
(solid line). Data represent the means of values from between three and eight 
animals at each point. The 20-fold increase in potency derived for scuPA (32kDa)-
59D8 was calculated by comparing the percent lysis curves in plasma clot and rabbit 
jugular vein assays, which were fit using a two-parameter exponential function 
(RUNGE et al. 1988). (From RUNGE et al. 1991) 
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tPA and 15-20-fold more potent than scuPA in the lysis of thrombi and about 
11 times more potent than scuPA in the inhibition of thrombin deposition. 

Of equally great interest is the observation that, at equipotent throm
bolytic doses, template bleeding times for scuPA (32kDa)-59D8 in the 
baboon were unchanged whereas those for tP A and scuP A were significantly 
prolonged. Since bleeding time prolongation seems to reflect the risk of 
clinical hemorrhage (GIMPLE et a1. 1989), it would be of interest to deter
mine whether scuPA (32kDa)-59D8, in addition to being more potent, 
might also be safer. 

HOLVOET et a1. (1991) have further refined this concept by constructing 
an Mr 57000, single chain, chimeric plasminogen activator consisting of a 
33 kDa fragment of scuP A and an Fv derived from a fibrin-specific antibody 
directed at a cross-linked epitope of the D dimer. This single chain molecule 
was expressed by baculovirus-infected cells of the insect Spodoptera fru
giperda. The recombinant molecule showed high affinity for binding the 
fibrin D dimer fragment (essentially identical to that of the parent antibody 
molecule) and a very similar Michaelis-Menten constant for activating 
plasminogen. When tested in the lysis of a plasma clot in vivo, the recom
binant single chain molecule was 13 times more potent than low molecular 
weight scuP A. 

Fibrin is but one of the epitopes contained within a thrombus that may 
be a potential target for the development of antibody-plasminogen activator 
fusion proteins. Other candidates include epitopes on platelets (BODE et a1. 
1991; DEWERCHIN et a1. 1991) and fibrin-linked az-antiplasmin (REED et a1. 
1990). 

2. A Model Minimal Size Fusion Protein 

As knowledge about antibody structure increased it became apparent that 
the 50 kDa Fab (PORTER 1959) comprised two domains, only one of which 
participated in antigen binding. INBAR et a1. (1972) separated this domain, 
the 25 kDa Fv, by limited pepsin digestion of the dinitrophenol-binding 
myeloma protein MOpe 315. They showed that this fragment contained 
the variable regions of the heavy and light chains held together only by 
noncovalent interactions. Fv possessed the same binding affinity for dini
trophenol as did the parent immunoglobulin molecule. 

3. Fv and Single Chain Fv 

Using myeloma cells transfected with a plasmid coding for the variable 
domains of the light and heavy chains of an anti-lysozyme antibody, 
RIECHMANN et a1. (1988) expressed a heterodimer comprising both variable 
domains, i.e., an Fv, that was shown to bind lysozyme. SKERRA and 
PLUCKTHUN (1988) also expressed a functional Fv in Escherichia coli. These 
heterodimers were associated by noncovalent interactions: there were no 
stabilizing interchain disulfide bridges. Because the complementarity deter-
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mining regions form about one quarter of the contacts at the interface 
between these domains (CHOTHIA et al. 1985), the stability of the hetero
dimer, despite considerable conservation of framework structure at the 
interface (NOVOTNY and HABER 1985), would in all likelihood vary with every 
unique antibody sequence. Indeed, the Fv heavy and light chain variable 
domains have been shown in two studies to dissociate readily (KD of 
10-5_10-8 M) (GLOCKSHUBER et al. 1990; SKERRA et al. 1991), whereas in 
the case of a high affinity digoxin-specific Fv the two variable domains have 
been shown to be stably associated (ANTHONY et al. 1992). Because the 
concentrations of Fv necessary for pharmacologic applications would often 
be lower than 10-8 M, it is reasonable to expect that dissociation of the 
light and heavy chain components would result in a loss of antigen-binding 
function. 

The Fv has been stabilized by expressing a gene encoding the variable 
regions of both the heavy and light chains connected by an oligonucleotide 
encoding an unstructured linker peptide. The resulting single chain Fv is a 
contiguous polypeptide chain in which either the COOH-terminal of the 
heavy chain segment is connected by a peptide to the NHrterminal of the 
light chain (HUSTON et al. 1988) or the COOH-terminal of the light chain is 
connected to the NHrterminal of the heavy chain (BIRD et al. 1988). 

4. Minimal Fv-Containing Fusion Protein 

To explore the minimal structure that might be a prototype for a bifunctional 
fusion protein containing both an antigen-binding site and another func
tionality, TAl et al. (1990) combined the digoxin-binding antibody 26-10 
single chain Fv with the immunoglobulin-binding fragment (FB) of staphy
lococcal protein A in a single polypeptide. By incorporating both binding 
sites into a 33 kDa molecule, it was possible for them to test whether ligand 
binding at one site interfered with the other, on the assumption that the 
most economically designed targetable proteins should consist of the smallest 
structures necessary for selective delivery and effector function. 

The 26-10 Fv gene was joined with a gene encoding the FB to make a 
927 base sequence. The pair of synthetic oligonucleotides used in the fusion 
resulted in the addition of only three extra amino acids (Ser-Asp-Pro) 
between the FB and the Fv sequences. The assembled gene was incor
porated into an expression vector and the plasmid was used to transform E. 
coli. Figure 2A shows a circular map of the expression plasmid, and Fig. 2B 
shows the linear arrangement of the protein domains. 

The affinity for digoxin of the fusion protein (Ka 2.5 x 109 M- 1) was 
indistinguishable from that of the parent antibody (Kd 2.4 X 109 M- 1), and 
the fine specificity profiles of the two species were also similar. The affinity 
of the fusion protein for 125I-Iabeled human immunoglobulin G (Ka 3.2 X 

107 M- 1) was similar to that of the recombinant 58 residue FB. These 
similarities show that each of the two functional sites in the fusion protein 
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Fig. 2. Top Circular map of FB-anti-digoxin 26-10 single chain Fv (sFv) expression 
plasmid. Bottom Linear arrangement of protein domains and linker in the FB-sFv 
polypeptide chain. (From TAl et al. 1990) 

was able to bind its corresponding ligand with appropriate affinity and 
specificity; both sites were able to act simultaneously in cross-linking the two 
ligands, digoxin and immunoglobulin G. 

5. Prodrug Activation 

Often a drug that might be useful in therapy is too toxic to be administered 
systemically. A means of targeting such a toxin to a lesion would accrue two 
advantages: the drug's localized concentration would be sufficient to render 
it effective, and its systemic concentration would be below toxic limits. 
Particularly cogent applications of targeted toxins or chemotherapeutic 
drugs are found in cancer chemotherapy, in which agents potent in killing 
tumor cells are also highly toxic to normal cells - especially in tissues 
characterized by high proliferative rates such as the bone marrOw or gas
trointestinal epithelium. 

Antibodies selective for epitopes on tumor cell membranes have been 
used to target toxins directly to tumor cells, but an application more con
sistent with the thrust of this chapter is the targeting of enzymes that cleave 
inactive (and thereby nontoxic) prodrugs into active cytotoxic agents. Since 
the antibody concentrates the enzyme at the site of the tumor, the conversion 
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of prodrug to active drug occurs preferentially at this site, thereby sparing 
normal tissue from a high concentration of the cytotoxic agent. A general 
strategy envisions the administration of an antibody-enzyme conjugate 
systemically. After enough time has elapsed for the conjugate to bind to 
antigens on the tumor cell and, most importantly, to clear from nontarget 
tissues and thereby avoid systemic toxicity, a prodrug is administered that 
is catalytically converted into an active antitumor agent by the antibody
targeted enzyme (HELLSTROM and SENTER 1991). 

A singular advantage of this method not shared by the use of toxins 
directly targeted to tumor cells is that if all tumor cells in a mass do not 
possess the antigen for which the monoclonal antibody is selective, it should 
still be possible to attain a cytotoxic concentration of active drug in the 
vicinity of these cells. One of its disadvantages is that substances of high 
molecular weight, such as antibodies, do not diffuse readily into the re
latively avascular interior of a tumor. However, because the active antitumor 
agent released from the prodrug is of low molecular weight, it should diffuse 
readily from the vascular region (where it was catalyzed by the antibody
enzyme fusion protein) to the avascular interior of the tumor. 

Choosing the appropriate enzyme is critical to the success of antibody
targeted prodrug activation. While it would be desirable to use human 
enzymes because of their lack of immunogenicity, poor selectivity may rule 
against their use. For example, SENTER et al. (1988, 1989) used human 
alkaline phosphatase linked to a cancer-selective antibody to activate 
etoposide phosphate at the tumor surface. However, endogenous alkaline 
phosphatase - in addition to the antibody-linked enzyme - also activated 
etoposide phosphate, thereby significantly reducing the specificity of the 
method. Although nonmammalian enzymes are likely to be immunogenic, 
they possess the potential of interacting with substrates that are resistant to 
all mammalian enzymes, thus affording a very high degree of selectivity to 
the enzyme-substrate interaction (KERR et al. 1990; SENTER et al. 1991; 
SPRINGER et al. 1991; BIGNAMI et al. 1992; SVENSSON et al. 1992). 

Antibody-enzyme fusion proteins for prodrug targeting have been pro
duced by recombinant methods analogous to those described above. In 
general, it is possible to preserve the activity of both the enzyme and the 
antigen combining site and to humanize the nonmammalian enzyme to 
diminish problems of immunogenicity (BOSSLET et al. 1992). 

The success of antibody-targeted prodrug activation will ultimately 
depend on the stability of the drug in vivo, the difference in cytotoxicity 
between the prodrug and the drug, the pharmacokinetics of the prodrug, the 
tumor selectivity of the antibody, the turnover rate of the enzyme, the 
retention of the conjugate at the tumor site in contrast with that at normal 
tissues, the presence of an endogenous enzyme that can activate the prodrug, 
and the potential immunogenicity of the antibody-enzyme complex 
(HELLSTROM and SENTER 1991). 
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c. Bispecific Antibodies 

I. Development of the Concept of a Bispecific Antibody 

An alternative to constructing a molecule that contains a binding (antibody) 
and a functional (plasminogen activator) domain is to assemble a structure 
that contains two antigen combining sites, one binding a target in the 
thrombus, such as fibrin, the other binding a plasminogen activator. Because 
tPA and uPA are present in low concentrations in normal plasma, we 
reasoned that a bispecific antibody capable of binding fibrin and either tP A 
or uP A might concentrate these endogenous plasminogen activators at the 
site of a fibrin deposit and thereby induce fibrinolysis without a need for 
exogenous plasminogen activator. Should the concentration of endogenous 
plasminogen activator be too low at the thrombus, this intrinsic concen
tration could be supplemented by administration of exogenous plasminogen 
activator. The necessary dose of administered plasminogen activator should 
be much lower than that ordinarily required in therapy. 

II. Chemically Cross-Linked Bispecific Antibodies as Models 

We first tested the feasibility of this approach with antibodies to tP A or uP A 
chemically cross-linked to 59D8, the fibrin-specific antibody discussed above 
(BODE et al. 1989; CHARPIE et al. 1990). A significant enhancement in 
fibrinolytic activity was demonstrated both in vitro and in vivo with the 
59D8-anti-tPA conjugate (BODE et al. 1989) and in vitro with the 59D8-anti
uPA conjugate (CHARPIE et al. 1990). A conjugate of the anti-tPA Fab' and 
the Fab' of 59D8 was also as effective as the intact antibody conjugate 
(RUNGE et al. 1990). SAKHAROV et al. (1988) have demonstrated a tenfold 
enhancement in in vitro plasma clot lysis with cross-linked antibodies 
specific for fibrin and uP A. 

III. Cell Fusion in the Production of Bispecific Antibodies 

A more elegant method for producing bispecific antibodies, which avoids 
the disadvantages of chemical cross-linking, is to use somatic cell fusion 
to produce bivalent antibodies that possess two different antigen com
bining sites. This method was first elaborated by MILSTEIN and CUELLO 
(1983) and has been applied more recently by my laboratory in the design 
of bifunctional antibodies that bind both tP A and fibrin (BRANSCOMB et al. 
1990). 

Immunoglobulin G is a symmetrical molecule possessing two antigen 
combining sites of the same specificity. Since the component chains of the 
molecule are assembled after their individual biosynthesis, it is possible to 
obtain molecules of mixed specificity from cells that are synthesizing two 
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different antibodies (SURESH et al. 1986). In my laboratory, somatic cell 
fusion between the hybridoma cell line secreting anti-fibrin antibody 59D8 
(BRANSCOMB et al. 1990) and another hybridoma line secreting anti-tPA 
antibody TCL8 resulted in a cell line that produced a mixture of antibodies. 
In addition to the antibodies characteristic of the parental lines and inac
tive immunoglobulins, an antibody was secreted that was able to bind 
both tPA and fibrin. This antibody was isolated from mixtures in culture 
medium or ascites by two steps of affinity chromatography, using tP A as 
immobilized antigen in the first and a peptide at the NHTterminal of the 
fibrin p chain (GHRPLDK(C); BRANSCOMB et al. 1990) in the second. This 
bispecific antibody bound simultaneously to tP A and fibrin in a solid phase 
immunoassay. 

IV. Functional Properties of Bispecific Antibodies 

I expected that an antibody specific for both fibrin and tP A would bind to 
the fibrin matrix of a thrombus but would also bind to tP A in plasma, 
thereby increasing the concentration of tPA at the surface of the thrombus. 
This expectation was confirmed by in vitro clot lysis experiments showing 
that the 59D8-TCL8 bispecific antibody enhanced the potency of tPA 14-
fold when added to the assay system before tP A and 22-fold when mixed 
with tPA to form an immunoconjugate before addition to the assay system. 
When the 59D8-TCL8 bispecific antibody was tested in vivo in the rabbit 
jugular vein model, a 1.6-fold enhancement in fibrinolytic activity was 
observed (BRANSCOMB et al. 1990). KUROKAWA et al. (1989, 1990) have 
extended this work and produced by cell fusion bispecific antibodies that 
bind uP A and fibrin and tP A and fibrin. 

The production of bifunctional antibodies by somatic cell fusion is 
severely limited by product yield. Because the method depends on a sto
chastic assortment of immunoglobulin chains within the fused cell, none of 
the products are secreted in large amounts. In the future it is likely that 
bifunctional antibodies will be produced as fusion proteins by recombinant 
DNA methods. 

D. Conclusion 
Advances in molecular biology allow almost limitless variation in the con
struction of new proteins. For a given pharmacologic application, functional 
domains from molecules considered to complement One another can be 
joined into a single molecule. One of the most useful of these applications is 
perhaps the targeting of an enzyme to a site where its catalytic function is 
essential - without exposing the entire organism to the unneeded impact of 
the intervention. 
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CHAPTER 8 

Three Generations of Recombinant CD4 
Molecules as Anti-HIV Reagents 

A. TRAUNECKER and K. KAIuALAINEN 

A. Introduction 
The technology to produce soluble forms of cell surface molecules has been 
crucial both for their structural and functional characterization and for their 
exploitation as therapeutic reagents. Usually, large numbers of different 
surface molecules are involved in the complex interactions between cells of 
the immune system. A study of the role of a given receptor-ligand pair can 
be greatly facilitated by "solubilizing" these components from their natural 
cellular environments, which greatly reduces the complexity of the system 
(TRAuNEcKER et al. 1991b). 

Here we describe the different versions of soluble recombinant CD4 
(sCD4) molecules which we have produced to illustrate the various prin
ciples of "solubilization" procedures of cell surface receptors. Besides its 
natural function on the lymphocyte surface, CD4 is also the receptor for the 
human immune deficiency virus (HIV) (DALGLEISH et al. 1985; KLATZMAN 
et al. 1984). Therefore, different generations of sCD4 were generated to 
maximize their potency as anti-HIV reagents. This review emphasizes the 
technical aspects of our studies; thus, it does not represent an exhaustive 
review of HIV biology or strategies with which to combat the virus. 

B. General Aspects of HIV Infection 
CD4 is expressed on T helper (T H) and, to a lesser degree, on macrophage/ 
monocyte cell lineages. Therefore, these cell types, which are of crucial 
importance for the functioning of the immune system, are the prime targets 
of the initial HIV infection (DALGLEISH et al. 1985; KLATZMAN et al. 1984). 
Eventually, the infection causes depletion of CD4-positive lymphocytes by 
an unknown mechanism, resulting in the total collapse of the immune 
system. Usually, the final stage of the infection is preceded by a latent phase 
which can last for several years. During this time the functional immune 
system, presumably, controls the infection by generating successive specific 
immune responses against new waves of viral variants, which emerge at 
high rates under the immune selection. It is at this stage that sCD4-based 
molecules could be used to help the immune system break the fatal vicious 
circle. 
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sCD4 can be viewed as an universal anti-HIV reagent, because all viral 
escape variants should maintain their ability to bind their receptor in order 
to propagate themselves. In addition, the affinity of viral gp120 for CD4 is 
high, 10-9 M (SMITH et al. 1987). Importantly, sCD4 does not seem to have 
any negative effects on the immune system, i.e., it does not interfere with 
the normal immunological functions of cell surface CD4. This was most 
dramatically shown by studies with transgenic mice which constitutively 
expressed high amounts of sCD4 (mouse CD4 in this case) in their body 
fluids (WEBER et al. 1993). All phenotypical and functional properties of 
these mice were unaffected. Taken together, these results suggest that sCD4 
reagents are strong candidates for use as therapeutic agents to combat HIV. 
With this in mind, we have developed three generations of sCD4 molecules, 
with increasing potency against HIV, by using standard recombinant DNA 
technology. 

C. Characteristics of Different Forms of sCD4 

I. First Generation: Truncated Forms of sCD4 

Early versions of sCD4 consisted only of extracellular domains of CD4 or 
different truncations of them. These molecules behaved as monomers in 
solution. Importantly, they retained both high affinity for gp120 and their 
antigenic properties. In addition, they were shown to neutralize HIV ef
ficiently in vitro (SMITH et al. 1987; HUSSEY et al. 1988; DEEN et al. 1988; 
TRAuNEcKER et al. 1988; FISHER et al. 1988). These early studies also showed 
that the first two NHz-terminal domains of CD4 made up the smallest 
soluble part of the molecule, which retained all its anti-viral activity 
(TRAUNECKER et al. 1988; Fig. 1A). Additional mutational analyses pin
pointed the first NHz-terminal domain as the main binding site for HIV 
(CAPON and WARD 1991). However, these simple forms turned out to be 
inefficient in vivo, presumably due to their extremely short biological half
life (GERETY et al. 1989; SCHOOLEY et al. 1990; KAHN et al. 1990). 

II. Second Generation: CD4-Immunoglobulins 

The early version of sCD4 could be viewed as a passive molecule, only able 
to neutralize a free virus. Therefore, CD4 was chimerized to different 
effector moieties which could then, in addition, mediate destruction of in
fected cells. To this end, we and others have produced different forms of 
CD4-Ig molecules, in which the CD4 part was joined to different classes of 
Ig constant regions (TRAUNECKER et al. 1989; CAPON et al. 1989; ZEITTLMEISSL 
et al. 1990; Fig. 1B). These molecules were orders of magnitude more 
potent in vitro than earlier versions, presumably due to their multivalency, 
the most dramatic case being CD4-IgM (TRAUNECKER et al. 1989; Fig. 1C). 
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Fig. lA-D. Three generations of sCD4 molecules . For explanation see text 

In addition, CD4-Ig molecules retained the biological properties of Ig 
constant regions, i.e., they could activate the complement system and bind 
to Fc receptors of lymphocytes and macrophages responsible for antibody
mediated cellular cytotoxicity (ADCC). Importantly, Ig constant regions 
increased the biological half-life of sCD4 dramatically (CAPON et al. 1989) 
and activated their transport across the placental barrier (BYRN et al. 1990). 

III. Third Generation: CD4-FvCD3 Janusins 

The newest version of sCD4 exploit the feature of potent cellular cyto
toxicity as an effector arm. Those molecules , janusins, are based on the 
principle of bispecific antibodies. To bypass the low frequency of specific 
cytotoxic T lymphocytes (CTLs) within the normal immune system, bispecific 
antibodies were previously designed to retarget CTLs of any specificity onto 
desired target cells (STAERZ et al. 1985; LANZAVECCHIA and SCHEIDEGGER 
1987). To induce efficient killing in this system one antibody arm is specific 
for the constant part of the T cell receptor (TCR) , e .g., CD3 c chain , 
and the other arm against the desired target epitope. Anti-HIV janusin 
molecules are single polypeptide chains which contain CD4 and anti-CD3 c 
antibody combining site (Fv CD3) as separate functional domains in the 
same molecule (Fig. 1D). These molecules can efficiently retarget CTLs 
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onto HIV -infected cells and induce killing in minute quantities in vitro 
(TRAuNEcKER et al. 1991a). 

D. Molecular Designs and Strategies to Produce 
Recombinant CD4 Molecules 

I. Production of sCD4 Molecules 

We have selected and developed a myeloma-based expression system for 
our purposes. Myeloma cells are potent secretory cells that grow to high cell 
densities in suspension cultures in vitro. Secreted proteins thus contain all 
the typical protein modifications found in mammalian cells. In addition, the 
genetic regulatory elements that allow high level expression of antibodies in 
myeloma cells, such as promoter and enhancer elements, are well defined. 

Our standard expression vector contains the Ig K variable region (V K) 
promoter, which drives transcription in the presence of defined Ig gene 
enhancers. To take advantage of the stable antibody domain structure, 
the recombinant gene can be forced to splice, if so desired, in correct 
translational reading frame to a downstream Ig domain encoding sequence, 
i.e., Ig-CK for monovalent products or modified Ig heavy chain constant 
region for multivalent products (Fig. 2). Ig heavy chains are not usually 
secreted alone without Ig light chains. Therefore, to ensure secretion of 
chimeras containing Ig heavy chain constant regions, the first heavy chain 
constant region exon has to be deleted from the constructs in analogy to 
human heavy chain disease proteins (TRAuNEcKER et al. 1989). When non
chimeric proteins are preferred, the stop codon can be introduced behind 
the recombinant gene. 

Several biochemical selection markers are now available, e.g., neo, gpt, 
hygro, histidinol and bleomycin, which make it possible to introduce succes
sive constructs in the same cell in order to produce multisubunit molecules. 
Protoplast fusion, as opposed to electroporation, is the preferred method of 
transfection, since consistently higher production levels can be reached due 
to increased copy numbers of the integrated vectors. 

II. CD4-CK Molecules 

Since exons very often correspond to functional domains of the protein, 
we produced our first monovalent truncated forms of sCD4 (CD4-CK) by 
exploiting the genomic structure of the CD4 gene. Different numbers of 
exons were included in our constructs to generate 1. CK, 1.2. CK, 1.2.3. CK 
and 1.2.3.4. CK molecules, with 1.2.3. and 4 corresponding to different 
exons coding for the extracellular part of the CD4 molecule (Fig. 2A). Only 
1.2. CK and 1.2.3.4. CK molecules were secreted, indicating that CD4 
domains associate pairwise into two stable subunits consisting of 1.2 and 3.4 
domains, respectively. This has been now partially confirmed by X-ray 
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Fig. 2A-C. The expression vectors used to produce sCD4 molecules. A The arrow 
indicates the VK promoter and transcriptional orientation. Small filled circles re
present different Ig enhancer elements: H. C. enh, Ig heavy chain core enhancer; k 
enh, Ig K locus enhancer. The open boxes represent different exons of the CD4 gene. 
B, C The same basic vectors modified to produce multivalent forms of sCD4, i.e., 
CD-IgM and CD4-IgG. (From TRAUNECKER et a1. 1989, 1991a) 

crystallography (WANG et al. 1990; Ryu et al. 1990). All four forms of CD4-
CK, regardless of their secretory capacity, retained binding to gp120 allowing 
us to map the CD4-gp120 binding epitope to the first domain of CD4. 
Higher resolution, obtained by mutational analyses, pinpointed the loop 
corresponding to the second hypervariable region of VK as a major binding 
site (CAPON and WARD 1991). Since both secreted forms, 1.2. CK and 
1.2.3.4. CK, neutralized HIV equal efficiency in vitro, the shorter form of 
CD4 was included in all subsequent constructs of sCD4 (Table 1). 

III. Multivalent sCD4 Molecules: CD4 Immunoglobulins 

The crucial feature of the vectors designed to produce different types of 
CD4-Igs is modification of the corresponding heavy chain constant region 
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Table 1. Summary of biological properties of different soluble CD4 derivatives 

CD4-mediated functions 
Secretion 
Binding gp120 
[ICso] ng/mla 

Ig-mediated functions 
Number of valences 
Binding proteinA 
Binding protein G 
Binding Fc y receptor 
Binding C1q 
Serum half-life (in rabbit)b 
Placental transport 
ADCC 
Retargeting CTLs 

Molecule 

CD4-Ck CD4-IgG 

+++ 
+++ 
~10000 

1 

1 
NT 
NT 
NT 

+++ 
+++ 
150-10000 

2 
+++ 
+++ 
+++ 
+++ 
60-80x 
+++ 
+++ 
NT 

a Concentrations needed for anti-viral effect. 
hSCD4 = 1. 

CD4-IgM CD4-FvCD3 

+++ 
+++ 
10-40 

10 

+++ 
45-50x 
NT 
NT 
NT 

lanusin 

+++ 
+++ 
>1-10 

1 

NT 
NT 
NT 
+++ 

genes, i.e., the first constant region exon has to be deleted to ensure 
maximal secretion (Fig. 2B,C). Initially, we compared different types of 
CD4-Igs containing either the complete or modified versions of the constant 
regions. We noticed that this modification consistently increased secretion 
by 10- to lOO-fold in all cases studied, which included CD4 chimeras with 
mouse (m) ji or y2 and with human (h) ji, y1 or y3 constant regions. Our 
prototype CD4-Ig vectors now allow us to routinely obtain transformants 
secreting lO-lOOjig/ml of CD4-Igs. As expected, decameric CD4-IgM was 
the most efficient in vitro in neutralizing HIV, followed by bivalent CD4-h 
IgGs, which were about two orders of magnitude more active than mono
valent sCD4 (Table 1). 

IV. Bispecific Reagents: CD4-FvCD3 Janunsin 

Classical bispecific antibodies that can retarget CTLs of any specificity onto 
target cells are usually obtained from a quadroma, which is the product of 
the fusion between two selected hybridomas with the desired specificities 
(MILSTEIN and CUELLO 1983). This procedure results in a mixture of anti
bodies, theoretically ten different Igs, due to random assortment of Ig heavy 
and light chains. To avoid this complexity, which usually reduces the yield of 
the desired product, we have developed an approach which enables us to 
produce bispecific reagents in a single polypeptide chain. 

In our model case, one arm is the two domain CD4 and the other 
the anti-CD3 antibody combining site (FvCD3). FvCD3 was engineered 
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according to standard procedures for production of a single chain antibody. 
No special linkers were used in the junction between CD4 and FvCD3, 
although the COOH-terminal of the second domain of CD4 can probably 
function as such. Both arms retained their functional properties, as shown 
by their cap~city to retarget CTLs to HIV-infected cells (Table 1; TRAu
NECKER et al. 1991a). 

E. Concluding Remarks 
Here we have reviewed the development of different forms of sCD4 as 
potential anti-HIV reagents. These three generations of sCD4 can also be 
used to illustrate the various principles that can be exploited to solubilize 
cell surface receptors in biologically active forms. 

The human clinical trials with simple truncated forms of sCD4 could not 
be considered successful (GERETY et al. 1989; SCHOOLEY et al. 1990; KAHN et 
al. 1990), possibly due to the extremely short biological half-lives of these 
molecules and their lack of effector functions. CD4-Igs and CD4-FvCD3 
janusins, however, can exploit the effector functions associated with anti
bodies and cellular immunity, respectively (TRAUNECKER et al. 1989, 1991a; 
CAPON et al. 1989; BYRN et al. 1990). CD4-Igs have dramatically longer 
half-lives in vivo than do simply truncated sCD4 (CAPON et al. 1989). 
Interestingly, some CD4-Igs can be transferred across the placenta and 
are thus serious candidates for use as therapeutic agents, especially in 
perinatally transmitted HIV infections. As of the end of 1992, no published 
information was available regarding clinical trials with CD4-Ig molecules. 
CD4-FvCD3 janusins are still at their early experimental stage but their 
superior in vitro activity makes them worthy candidates for further de
velopment. 
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CHAPTER 9 

Chemical and Biological Approaches to 
Catalytic Antibodies 

K.D. JANDA and CHEN Y.-C. JACK 

A. Introduction 

A long-standing goal of biochemists is the design and synthesis of catalysts 
endowed with particular activities and properties. For example, one might 
create an enzyme that can degrade drugs into inactive metabolites as a 
treatment for drug overdoses or an enzyme that acts on a prodrug to 
unmask its therapeutically useful form. Yet another enzyme could target the 
cleavage of a specific tumor or virus protein that is vital for development of 
that tumor or virus thus acting as a therapeutic agent. Other traits, such as 
thermostability, chemical stability, and oxidative stability, can also be in
corporated into such catalysts. 

There are two general approaches to the design of new enzymes. One 
method would be to improve or alter the activities of existing enzymes by 
site-directed mutagenesis. For example, the specificity of a particular protein 
might be changed or improved. CRAIK and EVNIN (CRAIK et al. 1985; EVNIN 

et al. 1990) altered the substrate specificity of trypsin by changing the amino 
acids in the substrate binding pocket which are responsible for the Iysine/ 
arginine specificity of the protease. Alternatively, one might improve the 
specificity of trypsin so that it cleaves only after a lysine in a particular array 
of amino acids, the protein equivalent of a DNA restriction enzyme. 

Unfortunately, the attempts to create new enzymes by site-directed 
mutagenesis have met with limited success. One factor that weighs against 
the success of site-directed mutagenesis experiments is the lack of detailed 
information regarding the mechanism of an enzyme catalyzed reaction. This 
requires knowledge of the amino acids in the active site of an enzyme, the 
residues involved in substrate binding and substrate release, and the role 
the amino acids play in catalysis. These insights are best obtained from 
X-ray crystal structures of enzyme-substrate or enzyme-inhibitor complexes. 
Ideally, one would like a movie of the entire catalytic process, such as might 
be obtained from Laue spectroscopy (JOHNSON 1992). Unfortunately, high 
resolution X-ray crystal structures of all enzymes are not easily obtained. 

Another argument against the success of such experiments is that 
enzymes have evolved over millions of years to their present, highly efficient 
forms (KNOWLES 1987). Any attempts to improve on "enzymatic perfection" 
will not be successful. There are reports in which the catalytic efficiencies of 
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enzymes have been improved by site-directed mutagenesis (MANDECKI et al. 
1991). In these cases, the enzymes are not working at the diffusion limit so 
that room for improvement does exist. 

A second tact would be the de novo design of proteins and enzymes. By 
this approach we would design a completely novel protein with the parti
cular characteristics we want. This approach has also met with limited 
success because we do not have a complete understanding of the rules and 
principles governing protein folding. It is known that the primary sequence 
of a protein determines its three-dimensional structure, but we have not 
been able to predict how a sequence of amino acids will fold. Several groups 
are attempting to design proteins from scratch with moderate success. 

DEGRADO and EISENBERG (EISENBERG et al. 1986; Ho and DEGRADO 
1987; REGAN and DEGRADO 1988) have collaborated on the design, synthesis, 
and characterization of a four-helix bundle protein consisting of four iden
tical a-helices connected by three identical loops. The protein could be 
expressed in and isolated from Escherichia coli and was found to exist as a 
four-helix bundle packed in an antiparallel arrangement. A similar approach 
was used to design a polypeptide that folds into an ap barrel motif by the 
concatenation of eight successive turnlp-strand/turnla-helix motifs (GORAJ et 
al. 1990). Refinement of these structures has led to the production of four
helix bundles that contain metal binding sites (HANDEL and DEGRADO 1990; 
REGAN and CLARKE 1990). One designed four-helix bundle, chymohelizyme, 
consisting of four highly similar a-helices that incorporate the protease 
catalytic triad residues (serine, histidine, and aspartic acid) at the termini 
of three of the helices has been reported to possess a low esterolytic activity 
(HAHN et al. 1990). It is unclear what role, if any, the "catalytic" residues 
play in the reaction. 

The success achieved so far with proteins designed from first principles 
is exciting and provides encouragement for future studies. It is possible to 
design proteins to fold in a desired conformation. The addition of residues 
to form a catalytic core adds an extra dimension of complexity. Given the 
problems encountered so far with designing proteins of defined structures, it 
is safe to say that endowing these proteins with the tools for catalysis will be 
an even more difficult process. 

The problem of designing new enzymes or catalysts with tailored speci
ficities can be reduced to one of designing the proper active site. Enzymes, 
in an oversimplified view, are merely catalytic cores embedded in a protein 
scaffold. It has been demonstrated that a scaffold can be made; the chal
lenge lies in creating a core with the correct arrangement of amino acid 
residues or catalytic groups to effect catalysis. Indeed, chemists have been 
trying the complementary approach by designing synthetic receptors that 
will function as such catalytic cores, again with limited success. In this 
chapter, we describe an approach to creating new catalysts which utilizes 
the binding site in antibodies as these catalytic cores. In brief, synthetic 
molecules representing the transition states of a desired reaction can be 
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synthesized and used to raise antibodies. Some antibodies, upon binding the 
homologous substrate, will utilize the energy released upon binding of the 
substrate to effect a chemical transformation on that substrate. To date, 
antibodies have been shown to catalyze a variety of chemical transforma
tions including hydrolytic, bimolecular, carbon-carbon bond forming and 
redox reactions. Many of these reactions proceed with high rates and en
antioselectivity. We shall summarize the underlying principles for this 
approach and describe various techniques for designing the required im
munogens. Methods to optimize the catalytic efficiency and broaden the 
scope of reactions catalyzed by these antibodies will also be described. 
Finally, we shall discuss future roles for catalytic antibodies. 

B. Background 
Enzymes and antibodies are protein molecules that share some common 
features. Both bind particular target molecules with varying degrees of 
affinity; for enzymes, the Kms for substrates range from the micromolar to 
the millimolar range whereas antibodies tend to bind their targets more 
tightly. Enzymes and antibodies can also accommodate some structural 
variability in the compounds to which they bind. It is known that enzymes 
can process a number of alternate substrates. Antibodies, in a similar 
manner, can cross-react with haptens bearing structural homology. There is 
one property that is unique to enzymes, the ability to catalyze chemical 
reactions. Thus, whereas antibodies function only to bind their targets, 
enzymes can bind and effect chemical transformations on their substrates. A 
number of questions are raised by these observations. First, why do only 
enzymes but not antibodies catalyze reactions, and second is it possible to 
induce antibodies to function as catalysts? To answer the second question, 
one must understand how enzymes catalyze reactions. 

I. Bases of Enzymatic Catalysis 

There are four major strategies used by enzymes for catalyzing reactions. 
The first is via approximation effects in which the enzyme functions to bring 
two molecules together so the chances of their interacting increases. This 
also orients the two molecules in the correct geometry for the reaction and 
reduces entropic barriers to the reaction. A second method by which 
enzymes catalyze reactions is to form a covalent complex with one of the 
reactants as in the case of the serine proteases. It is not clear what purpose 
this serves, but with cofactors, formation of covalent complexes leads to 
stabilization of otherwise high energy intermediates. Another way in which 
enzymes catalyze reactions is via acid-base catalysis. The amino acid residues 
or cofactors serve to abstract or donate protons so as to increase the 
nucleophilicity or the electrophilicity of functional groups involved in catal
ysis. The polarization of carbonyl groups by Zn2+ in the alcohol dehy-
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Fig. 1. Reaction profile for methyl transfer from S-adenosylmethionine to pyridine. 
If an enzyme were to bind the N-methylpyridinium-methionine complex more tightly 
than the pyridine-S-adenosylmethionine complex, the enzyme would force the two 
substrates together to decrease the distance from d to d'. This binding energy will be 
manifest as an increase in the ground state energy and result in a net decrease in the 
activation energy from EA to E' A- The net result is an increase in the reaction rate 

drogenases is an example of this type of catalysis. The final strategy employed 
by enzymes to effect reactions is transition state stabilization. Here, the 
enzyme preferentially binds the reactants in a geometry that more closely 
represents the transition state the reaction must pass through. This is done 
at the expense of the ground state, thus destabilizing the ground state, and 
serves to lower the activation energy for the reaction. Thus, rather than 
passing over a high energy barrier, the reactants pass over a lower energy 
barrier. The difference in energies is manifest as a rate acceleration (Fig. 1). 

The scientific foundation for catalytic antibodies was laid in the 1940s 
when PAULING (1948) suggested that an enzyme functions by selectively 
stabilizing the activated complex of the reaction it was catalyzing. He opined 
that enzymes and antibodies are similar with the difference that enzymes 
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Fig. 2. Reactions attempted by Stollar and Summers (RASO and STOLLAR 1975; 
SUMMERS 1983). Stollar attempted the transamination using the corresponding amine 
4 as the hapten. Summers used the triarylvinylacrylamide 7 as the immunogen for the 
tautomerization of 5 to 6 

were more complementary to the transition state for the reaction than to the 
substrate whereas the surface of an antibody was more complementary to its 
antigen. This idea was echoed by JENCKS (1987) who formulated the idea 
more explicitly. Jencks stated that one might prepare an enzyme by raising 
an antibody to a molecule which is a stable representation of the transition 
state for the reaction of interest. The binding sites in the antibody would be 
complementary to the transition state for the reaction, and upon binding the 
homologous substrates would force the reactants to adopt a more transition 
state-like geometry. Thus, one way to generate new catalysts would be to 
use this strategy of raising antibodies to haptens that represent the transition 
states of reactions. 

Early attempts to generate catalytic antibodies met with failure. RASO 
and STOLLAR (1975) used a multisubstrate analog (Fig. 2, 4) to raise anti
bodies that would catalyze the condensation of pyridoxal phosphate and 
tyrosine (Fig. 2). SUMMERS (1983) used an amide to raise antibodies that 
would catalyze the isomerization of an aryl acetophenone. Both attempts 
were unsuccessful in raising antibodies that could perform the desired 
reactions. 

It has been stated that the immune system consists of at least 1010 
different antibody molecules. Given this huge diversity, it seems probable 
that a number of catalysts for the desired reaction might exist. Why then 
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were these early attempts unsuccessful? The answer might lie exactly in the 
tremendous number of different antibodies that can be raised to a hapten. 

Suppose that one is exposed to 105 different antigens in a lifetime. If 
the immunological repertoire is on the order of 1010 molecules, then ap
proximately 105 different antibodies can be raised to one hapten. Let us 
assume that ten of the antibodies raised are actually catalytic. If one uses 
polyclonal sera, then 1 in 10000 antibodies possesses catalytic activity. 
Unless the catalytic efficiency is extremely high, it would be very difficult to 
detect that activity. An analogy might be an enzyme that is present as 
0.001 % of total cell protein. The catalytic activity of such an enzyme would 
be difficult to assay in crude cell extract. 

While enzymes can be purified to homogeneity, it is not possible to 
purify a single catalytic antibody from a heterogeneous mixture of polyclonal 
antibodies. It is, however, possible to isolate the B cell that gives rise to a 
particular antibody by cloning it from the other B cells. This is done by 
fusing that B cell to a myeloma line and propagating the resulting hybrid cell 
in cell culture (KOHLER and MILSTEIN 1975). Antibodies so obtained can be 
screened for catalytic activity. The strategy then is to design a haptenic 
molecule that is a stable representation of the transition state for the re
action of interest. 

Since small molecules by themselves are not immunogenic, they must be 
coupled to a carrier protein. Typically, keyhole limpet hemocyanin (KLH) is 
used as the carrier protein for immunization and bovine serum albumin 
(BSA) is used as the carrier in ELISA assays to identify hapten-specific 
antibodies (ENGVALL 1980). Haptens are coupled to the e-amino groups of 
the surface lysine residues on the carrier protein via amide bonds to the 
hapten (ERLANGER 1980; NISHIMA et al. 1974). The coupling agent consists of 
a spacer arm of between 5 and 10 A, to reduce any structural interference 
from the carrier protein, flanked by two reactive groups. A few linkers we 
have designed and have found to be very successful are shown in Fig. 3. 
These three spacer units are termed heterobifunctional linkers (BRINKLEY 
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Fig. 3. Heterobifunctional linkers used to couple hapten to carrier protein (keyhole 
limpet hemocyanin) for immunization 
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1992). Unique to each is their ability to be selectively coupled to the hapten 
without destroying the opposite activated end, which can be coupled sub
sequently to the carrier protein. The carrier protein is then used in an 
immunization regimen to hyperimmunize mice. The mice are sacrificed, 
their spleen cells isolated as the source of B cells, and fused to a myeloma 
line. The resulting hybridomas are cloned and screened for their ability to 
bind the hapten used for immunization. A subpopulation of hybridomas that 
secrete antibodies capable of binding to the hapten are then screened for 
catalytic activity. 

C. Hapten Design Strategies for Catalytic Antibodies 

I. Transition State Stabilization 

The classical method used for eliciting catalytic antibodies is to synthesize 
a molecule that represents the fleeting transition state for the reaction. 
Consider the hydrolysis of an ester which proceeds via attack of water or 
hydroxide on the carbonyl carbon to generate the tetrahedral complex (Fig. 
4). This adduct can collapse with expulsion of water (or hydroxide) to 
regenerate starting material or can expel an alcohol to yield the hydrolysis 
product. The transition state has three notable features that should be 
mimicked: its charge (-1), its dimensions, and its geometry. All of these 
characteristics can be found in the phosphonate ester. Under physiological 
conditions, the phosphonate ester possesses a net -1 charge. The bond 
lengths of the ester are longer than those for the corresponding carbon 
analog but that is not a major problem. Most importantly, the phosph<mate 
possesses the tetrahedral geometry that is characteristic of the transition 
state. These phosphonate esters are good mimics for the transition state 
for ester hydrolysis and are known to be extremely potent inhibitors for 
proteases (JACOBSON and BARTLETI 1981). 

Fig. 4. Hydrolysis of an ester. The putative transition state for the reaction can be 
modeled by a phosphonate ester since such esters bear the requisite geometry and 
charge 
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Fig. 5. Phosphonate esters used to induce first catalytic antibodies 

The phosphonate esters have been the compounds of choice to use in 
eliciting antibodies that hydrolyze aryl esters. TRAMANTANO et al. (1986a,b) 
used the hapten shown in Fig. 5, 8 as a transition state analog for the 
hydrolysis of the ester (Fig. 5, 8a). A large number of hybridomas (50-100) 
capable of binding the hapten (Fig. 5, 8) were obtained and 18 that pro
duced the tightest binding antibodies were chosen for study. Three of these 
antibodies demonstrated the ability to hydrolyze the ester (Fig. 5, 8a) and 
the fastest antibody (6D4) was chosen for further study. This antibody was 
found to effect the stoichiometric release of the coumarin ester. Addition of 
hydroxylamine restored activity indicating the antibody might be acylated 
by the ester shown in Fig. 5, 8a. Catalytic activity was observed upon 
incubation of the antibody with the more congruent form of the compound 
(Fig. 5, 8b). Addition of another form (Fig. 5, Be) inhibited the reaction 
with an apparent Kj of 65 nM. This would be expected since the latter 
resembled the hapten used to elicit the antibodies and should have bound 
tightly to the antibody binding pocket. 
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Fig. 6. Phosphorylcholine (9a) bound by MOPC167 and the substrate (9) hydrolyzed 
by the antibody. Phosphate ester (10) used to elicit antibodies hydrolyzing lOa 

Concurrently, POLLACK et al. (1986) showed that MOPC167, an extant 
murine myeloma line that binds phosphorylcholine (Fig. 6, 9a) could catalyze 
the hydrolysis of the carbonate form (Fig. 6, 9). Subsequently, the Schultz 
group (JACOBS and SCHULTZ 1987) reported that an antibody raised against a 
phosphonate ester (Fig. 6, 10) could catalyze the hydrolysis of a specific 
substrate (Fig. 6, lOa). The antibody catalyzed reaction was observed to 
display saturation kinetics, was specific for the indicated substrate, was 
inhibited by addition of the hapten used for immunization (Kj = 3.3 fJ.M), 
and was not catalyzed by an irrelevant antibody. Heat denaturation of the 
antibody destroyed activity consistent with catalysis being mediated by the 
antibody. 

The properties exhibited by these antibodies are reminiscent of those 
of enzymes. Both groups of investigators reported saturation kinetics and 
observed that addition of the hapten used for immunization inhibited the 
hydrolysis in a competitive manner. Furthermore, the antibodies showed 
a measure of substrate specificity. The antibody 604 could discriminate 
between a triftuoroacetyl and acetyl group and the antibody raised by JACOBS 
and SCHULTZ (1987) could distinguish among substitutions along the aryl 
ring. The measured rate accelerations catalyzed by these preparations 
(-WOO-fold) was also similar. 

One advantage of using the immune system to generate catalysts is the 
potential for generating a variety of different antibodies with different ca
talytic efficiencies. TRAMANTANO et al. (1988) reported that a hapten similar 
to that described in Fig. 5, 8 (less the 2,6-pyridine dicarboxylic acid) gave 
rise to other antibodies that acted as more efficient catalysts. Five of 20 
monoclonal antibodies hydrolyzed the substrate (acetyl) shown in Fig. 5, 8b. 
One antibody (5008) proved to be an extremely efficient catalyst hydrolyz
ing the substrate shown in Fig. 5, 8d with a kcat of 20s-I, a rate enhance
ment of 106 over that of the uncatalyzed reaction. The reaction was inhibited 
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Fig. 7. Hapten (11) and substrate (11a) for amide hydrolysis. The antibody 43C9 ca
talyzes the hydrolysis of 11 a with a rate acceleration of 250 OOO-foid over background 

by addition of the hapten (Fig. 5,8) (Kj = 50 ± 5 nM) and was observed to 
vary with pH with an inflection at 8.9. Treatment of the preparation with 
diethylpyrocarbonate had no effect but addition of tetranitromethane re
sulted in a time-dependent loss of activity (96%). The presence of the 
inhibitor reduced the effect of the chemical modifiers. Taken together, the 
data indicate that the antibody 50D8 behaves very much like an enzyme in 
terms of kinetic characteristics, sensitivity to hydrogen ion concentrations, 
and susceptibility to chemical modification reagents. 

The use of phosphorous containing groups as the immunogens to 
generate catalytic antibodies underscores the interest in obtaining antibodies 
capable of catalyzing hydrolysis reactions, namely esterolysis or amidolysis. 
To this end, JANDA et al. (1988a) demonstrated that an antibody raised 
against the p-nitrophenyl phosphonamidate (Fig. 7, 11) could catalyze the 
hydrolysis of an activated amide. One out of 44 antibodies (43C9) catalyzed 
the hydrolysis of the substrate shown in Fig. 7, 11 a with a rate acceleration 
of 250000-fold. 

Another hallmark of enzyme-mediated reactions is the ability to dis
criminate between stereoisomers. The use of phosphorous has permitted the 
generation of antibody catalysts with the ability to differentiate between 
stereoisomers. NAPPER et al. (1987) prepared a 2,2-phenoxy-2-oxo-6-
(aminomethyl)-1,2-oxaphosphorinane (Fig. 8, 12) in enantiomerically pure 
form and used it as an immunogen to raise antibodies in mice. One antibody 
(24Bll) was found to catalyze the release of phenol from the racemic 
carbinol shown in Fig. 8, 12a with a rate acceleration of 167 over the 
uncatalyzed reaction. The oxaphosphorinane acted as a competitive inhibitor 
of the reaction with a K j = 0.25 pM. The most notable characteristic of the 
reaction was that substrate consumption was observed to stop at 50% of the 
initial ester concentration. Addition of more substrate resulted in consump
tion of 50% of the added material. This suggested that the antibody was 
specific for only one enantiomer and was unable to catalyze the cyclization 
of the other. Chiral NMR analysis of the product isolated from the reaction 
revealed the presence of a major and a minor peak. Direct comparison 
of peak heights gave an enantiomeric excess of 94% after correcting for 
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Fig. 8. Stereospecific cyclization performed by antibody raised to an enantiomeri
cally pure immunogen. The antibody catalyzes the cyclization and amine mediated 
ring-opening of one enantiomer 

product arising from spontaneous cyclization. This same antibody (24Bll) 
was also able to catalyze the reverse reaction, a ring opening in the presence 
of phenylenediamine (BENKOVIC et al. 1988). Here, as with the cyclization 
reaction, only one enantiomer was processed as substrate. 

JANDA et al. (1989) used a racemic antigen (Fig. 9, 13) to raise anti
bodies that could catalyze the hydrolysis of the (R,S)-a-phenethyl acetate 
shown in Fig. 9, 14. There were 18 antibodies that bound the immunogen 
shown in Fig. 9, 13; these were isolated and assayed for their ability to 
catalyze the hydrolysis of the racemic compound shown in Fig. 9, 14. Eleven 
of these antibodies were found to be catalytic. Of these, nine specifically 
hydrolyzed the R-enantiomer and two were specific for the S-isomer. One 
antibody (2H6) specific for the R-enantiomer hydrolyzed the substrate with 
a Km of 4mM and a kcat of 4.6min-1 and was inhibited by the racemic 
hapten with a K j of 2.0 flM. An antibody specific for the other antipode 
(21H3) had a Km of 400 flM and catalyzed the hydrolysis of the S-isomer 
with a kcat of 0.09 min -1. It was inhibited by the racemic hapten with a K j of 
0.2flM. The rate accelerations for the antibodies 2H6 and 21H3 over the 
uncatalyzed reaction were 83000 and 1700, respectively. 

Antibodies can also be induced to catalyze the stereospecific hydrolysis 
of groups from a meso compound. The acetoxycyclopentene (Fig. 9, 15) 
is a starting material for a stereospecific synthesis of prostaglandin F2a . 

Antibodies were raised against the hapten shown in Fig. 9, 16 (IKEDA et al. 
1991). One (37E8) out of 33 antibodies that bound to the immunogen was 
found to catalyze the stereospecific hydrolysis of cis-3,5-diacetoxycyclopent
l-ene (Fig. 9, 17) to the corresponding (IR, 4S)-( + )-4-hydroxy-2-
cyclopentenyl acetate (Fig. 9, 15). 

The use of transition state mimics has been applied to eliciting anti
bodies capable of performing other reactions. Pericyclic rearrangements are 
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Fig. 9. Antibodies can catalyze stereospecific reactions. Racemic 13 was used to 
raise a set of antibodies that could hydrolyze one or the other isomer of 14. The 
hapten 16 was used to generate antibodies capable of discriminating the acetyl 
groups on cis-3,5-diacetoxycycIopent-l-ene 17 to generate (lR, 4S)-( + )-4-hydroxy-2-
cycIopentenyl acetate 15 

believed to proceed through a closed, chair-like transition state (Fig. 10). 
The enzyme chorismate mutase catalyzes such a pericyclic rearrangement of 
chorismate (Fig. 10, 19) to prephenate (Fig. 10, 20) in a reaction that is 
inhibited by the analog shown in Fig. 10, 18, the most potent known 
inhibitor (Ki = 0.15 JIM) (BARTLETI and JOHNSON 1985). HILVERT et al. 
(1988) and JACKSON et al. (1988) independently reported antibodies that 
effected the transformation of chorismate to prephenate using the oxabicyclic 
inhibitor as the immunogen. The Schultz group reported that one out of 
eight antibodies obtained catalyzed the reaction with k cat and Km values of 
2.7min-l and 260JlM, respectively. The reaction was inhibited by addition 
of the hapten with a Ki = 9 JIM. The rate acceleration afforded by the 
antibody was reported to be 10 000 over the uncatalyzed rate which compares 
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Fig. 10. Peri cyclic rearrangements proceed through a chair-type transition state. The 
oxabicyclic compound 18 is a potent inhibitor of chorismate mutase. It has been 
used as the immunogen for inducing antibodies that catalyze the rearrangement of 
chorismic acid 19 to prephenic acid 20 

favorably with the 106 rate acceleration for the enzymic reaction. This is 
especially interesting since the transition state analog binds only about 100 
times more tightly than the substrate. The lack of a deuterium isotope effect 
(kDlkH = 1) rules out the possibility of acid-base catalysis and the fact that 
the methyl ether is a substrate rules out mechanisms involving formation of 
cationic centers. Catalysis is believed to be effected by the antibody acting 
to freeze out nonproductive conformations and providing a binding pocket 
that mirrors the transition state. The experimentally determined values of 
18.3kcalmol-1 and -1.2calk-1 mol-1 for /lll+ and LlS+, respectively, 
support this idea. 

HILVERT et al. (1988) obtained 15 antibodies that bound the immunogen 
and found one to be catalytically active. This antibody effected a rate 
acceleration of 100 over the uncatalyzed reaction. Furthermore, this antibody 
was enantiospecific catalyzing the rearrangement solely of ( - )-chorismate to 
(- )-prephenate (HILVERT and NARED 1988). 
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ll. Entropic Effects 

There has been much discussion over the relation between proximity effects 
and the rate acceleration in biological catalysis (DAFFORN and KOSHLAND 

1973; JENCKS 1975). One advantage of a reaction promoted by an enzyme is 
the entropy gain associated with an intramolecular vs an intermolecular 
reaction. By analogy with numerous experimental and theoretical measure
ments, a value of 108 M represents the approximate upper limit for an 
enzyme mediated reaction compared to its uncatalyzed bimolecular coun
terpart (JENCKS 1975). Similarly this advantage could be provided by seques
tering two molecules in an antibody combining site in positions favorable for 
the reaction to take place. 

The first successful demonstration of a catalytic antibody mediated 
bimolecular reaction is shown in Fig. 11 (JANDA et al. 1988b). Saturation 
kinetics were observed with both substrates (Fig. 11, 21, 22) as determined 
by measurement of initial rates. A comparison of the first order rate constant 
(kcat) for the antibody catalyzed reaction to the second-order rate constant 
for the uncatalyzed reaction showed the antibody to provide an effective 
molarity of 10.5 M. 

Another antibody, generated against the phosphonate shown in Fig. 12, 
23, was shown to catalyze a bimolecular ester reaction (Fig. 12) (WIRSCHING 

~ 
yN~CH3 

:~P.9"'NH R = (CHiliCOON(COOH:ili 

~I 
~ 

NHCOR 
Hapten 

--

Fig. 11. First successful demonstration of a bimolecular reaction catalyzed by an 
antibody 
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Fig. 12. Transesterification reaction catalyzed by antibody 21H3. The reaction is 
driven by tautomerization of the enol alcohol to acetaldehyde. The kinetics of the 
reaction can be followed by using alcohol dehydrogenase (ADH) in a coupled assay 
to reduce the acetaldehyde 

et al. 1991). This reaction is one of the most exciting results described in the 
catalytic antibody field. The antibody 21H3 was able to catalyze a transes
terification reaction in water between sec-phenethyl alcohol and an enol 
ester to form the corresponding chiral ester. The transesterification reaction 
was found to be highly efficient with an effective molarity between 106 and 
108 M verifying previous predictions by other workers (vide infra) (JENCKS 

1975). In addition, the reaction was found to be largely entropic in nature as 
reflected by a LlS+ of 35 eu. Steady state kinetics showed ping-pong behavior 
in double reciprocal plots, indicating that the reaction proceeds through two 
half-reactions in which the initial step consists of formation of a covalent 
antibody complex. The most remarkable finding was that formation of the 
acyl-intermediate depends on an induced fit mechanism, since a close analog 
of sec-phenethyl alcohol, sec-phenethyl chloride, increases the rate of the 
acylation reaction. 

The two bimolecular antibody catalyzed reactions we have shown are 
probably of little practical use. However, by using the strategies we have 
shown, it may be possible to extend this methodology to practical cases. 
One area would be the condensation of large peptide fragments. This is a 
problem in solid phase peptide synthesis because of slow reaction rates and 
unwanted side reactions. A catalytic antibody could be designed to perform 
this type of amide bond forming reaction without racemization at the a
carbon. 

III. Charge Complementarity 

Work by Pressman and Pauling in the late 1940s and early 1950s suggested a 
strategy whereby the electrostatic complementarity between haptens and 
antibodies could be used to introduce general acids/bases into an antibody 
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combining site (PRESSMAN et al. 1946). It was found that positively charged 
haptens could elicit negatively charged amino acid residues in the antibody 
cleft (GROSSBERG and PRESSMAN 1960) and negatively charged haptens could 
induce complementary positively charged amino acid residues (MAYERS et 
al. 1973). 

Our design methodology, which we term "bait and switch" catalysis, 
involves the placement of a point charge on the hapten in close proximity to, 
or in direct substitution for, a chemical functional group we wish to trans
form in the substrate. The haptenic charge will induce a complementary 
charge in the antibody binding site. The substrate will lack this charge, but 
will retain a similar overall structure. The amino acids in the binding sites of 
the monoclonal antibodies now have the potential to act as general acids/ 
bases for substrates having hydrolyzable functional groups. Haptens and 
substrates which demonstrated our theory are shown in Fig. 13 (JANDA et al. 
1990a). 

We found only catalytic antibodies were obtained to N-methylpyri
dinium hapten (Fig. 13, 24). Antibodies raised to the uncharged pyridine 
hapten (Fig. 13,25) bound the substrate but were not catalytic. A pH rate 
profile of one of the catalytic antibodies revealed participation by the basic 
form of a dissociable group whose pKa was determined to be 6.26 ± 0.05. In 
addition, the ratio of kcat/ko, a comparison of the pH-independent antibody 
catalyzed rate of the hydrolysis of the ester shown in Fig. 13, 26 to that in 
water, corresponded to a rate acceleration of over a million-fold. Most 
significantly, the pH optimum of the antibody catalyzed reaction was shifted 
into the neutral pH region by participation of an amino acid residue. 

Catalytic group(s) have also been introduced into an antibody combin
ing site to generate an antibody catalyzing a p-fluoride elimination reaction 
(Fig. 13) (SHOKAT et al. 1989). The hapten shown in Fig. 13, 27 was 
expected to resemble the P-fluoroketone substrate (Fig. 13, 28) with the 
ammonium group replacing the abstract able a-proton of the substrate. The 
positively charged alkyl ammonium ion was expected to induce a com
plementary negatively charged carboxylate residue in the antibody's binding 
cavity, positioned to function as a general base for p-elimination of hydrogen 
fluoride. As predicted, monoclonal antibodies obtained were able to catalyze 
the elimination reaction. Chemical modification and affinity labeling experi
ments confirmed the presence of an active site carboxylate (SHOKAT and 
SCHULTZ 1991). 

Most recently, we have applied the charge complementarity approach 
to produce catalytic antibodies for which there are no synthetic or enzymic 
equivalents (JANDA et al. 1993). Shown in Fig. 14 is a cyclic ring closure 
reaction catalyzed by an antibody obtained to the N-oxide hapten (Fig. 14, 
29). This antibody catalyzed reaction violates what are known as Baldwin's 
rules (BALDWIN 1976). Furthermore, the antibody catalyzed reaction is regio
and enantiospecific. This is most impressive when one considers that there 
was no stereochemical bias in the synthesis of the hapten. It is anticipated 
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Fig. 13. a Antigen 24 used in "bait and switch" strategy to elicit antibodies that 
hydrolyze esters. b System used to demonstrate the same technique can be applied 
toward elimination reactions 

that future applications of this hapten-antibody strategy may be useful in 
total synthesis of natural products. Pyran ring systems like the one shown in 
Fig. 14, 30 are difficult to synthesize, but are found ubiquitously in the 
structural makeup of marine natural products (SHIMIZO et al. 1986; LIN et al. 
1981) many of which have been shown to be potent antitumor agents. 

IV. Solvent Effects 

Antibody-hapten charge complementarity is one type of microenvironment 
which can be induced in an antibody combining site. Just as charged haptens 
are stabilized by oppositely charged entities in an antibody combining site, 
hydrophobic haptens are expected to be surrounded by apolar groups. A 
reaction which is quite susceptible to changes in the medium's dielectric 
constant is decarboxylation. Model studies indicate that the decarboxylation 
rate is strongly affected by the medium (TAYLOR 1972; CROSBY et al. 1970; 
KEMP and PAUL 1975). Furthermore, it is believed that local medium effects 
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Fig. 14. The ring closure of the epoxy alcohol follows Baldwin's rules to generate the 
five-membered furan ring. By raising an antibody to the N-oxide 29, the reaction was 
induced to proceed by the disfavored 6-endo-tet path way to generate the pyran 
product 30 

may be an important source of catalytic power in enzymes. Enzymatic 
"environmental" effects appear to have two components. One is medium 
polarity, while the second appears to be solvation or ion pairing. Catalytic 
antibodies present an excellent forum to test these notions of medium 
effects and catalysis. 

LEWIS et al. (1991) showed that an antibody raised to the antigen shown 
in Fig. 15, 31 could catalyze decarboxylation of the substrate shown in Fig. 
15,32. Saturation kinetics were observed (kcat = 17min-1, Km = 168,uM) 
and tight binding inhibition was demonstrated. Interestingly, only a small 
percentage of the hybridomas screened (approximately 2%) were catalytic. 

Recently, antibodies elicited to the pyridinium salt shown in Fig. 15, 33 
were found to catalyze decarboxylation of the compound shown in Fig. 15, 
34 (ASHLEY et al., unpublished results). Notable features in the hapten 
design include a cyclopentyl ring which can core out a hydrophobic pocket 
and the N-methylpyiidinium moiety which provides a means to anchor the 
substrate carboxylate in an apolar environment. Steady state kinetics were 
observed (kcat = O.03min-\ Km = 0.2M) and the rate acceleration over 
background was approximately 200000. This antibody catalyzed decarboxyl
ation reaction may give us a better estimate on the magnitudes of "en
vironmental" effects in enzymatic decarboxylations since pyridylacetic acid 
decarboxylations are thought to be excellent models for enzyme catalyzed 
decarboxylations (MARLIER and O'LEARY 1986). 
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Fig. 15. Decarboxylations show that antibodies can be used to provide a hydro
phobic binding pocket for compounds. Such changes in solvent can be used to 
catalyze reactions such as these decarboxylations 

D. Catalytic Antibodies in Organic Solvents 
The use of enzymes in organic synthesis is becoming more prominent and is 
an area that could be stimulated to a considerable degree by the availability 
of enzymes possessing the appropriate properties (JONES 1976). From the 
point of view of the synthetic organic chemist, the main attraction of enzymes 
as catalysts is their ability to discriminate between enantiomers and to 
distinguish among prochiral groups and faces of molecules. With the em
ergence of catalytic antibodies, the potential to create specifically tailored 
catalysts for synthetic transformations has become evident. Two applications 
of abzymes in synthesis are reactions yielding one or more defined products 
and the production of biologically active molecules. These goals could be 
realized if these reactions could be conducted in aqueous buffers as well as 
in water miscible/immiscible solvents. 
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Fig. 16. Initial reaction rates of 21H3 in the transesterification reaction as a function 
of log P. Initial rates were all measured using 8 mM alcohol and 1 mM vinyl ester 
with 4% (v/v) buffer. The solvents used were: 1, ethyl acetate; 2, propyl acetate; 
3, chloroform; 4, carbon tetrachloride; 5, pentane; 6, cyclohexane; 7, hexane; 8, 
heptane; 9, octane; 10, nonane 

Antibodies have been shown to carry out reactions on water insoluble 
substrates in reverse micelles (DURFOR et al. 1988). We have demonstrated 
that catalytic antibodies (see Fig. 12) immobilized on an inorganic support 
retain the same activity and stereoselectivity they exhibit in free solution 
(JANDA et al. 1990b). In addition, the immobilization process imparts added 
stability in organic solvents and can yield antibodies that are catalytically 
active in an aqueous dipolar aprotic medium. 

More recently, we have found that unimmobilized immunoglobulins can 
function in apolar solvent media of low water content (ASHLEY and JANDA 

1992) using antibodies that catalyze the transesterification reaction (Fig. 13). 
We determined that one antibody (21H3) can catalyze this transesterifi
cation reaction in octane with as little as 0.12% water added. In addition, 
we found that though this type of media had no effect on the previous 
observed mechanistic pattern, a sizable increase in Km for the vinyl ester 
was seen. Most interestingly, the reaction seemed to be very dependent on 
the hydrophobicity of the solvent used as the reaction medium (Fig. 16). As 
seen in Fig. 16, a sigmoidal correlation exists between the trans esterification 
activity of 21H3 and log P. Activities are virtually non-existent in hydro
philic solvents having a log P <2.0, are variable in solvents having a log P 
between 2.0 and 3.5, and are high in hydrophobic solvents having log P 
>4.0. It is anticipated that these results will provide impetus for further 
exploration of catalytic antibodies in organic solvents. 
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E. Biological Aspects 

I. Hybridoma Techniques 

The ability to generate large amounts of homogeneous antibody prepara
tions is the key step to obtaining catalytic antibodies. If only a small subset 
of all the antibodies raised to a hapten are catalytic, it would be extremely 
difficult to isolate the desired catalytic antibody. It would also be difficult 
to exclude the possibility the activity arises from trace amounts of a con
taminating natural enzyme activity. Although it is difficult to purify one 
antibody from a larger set of antibodies in a polyclonal mixture, it is possible 
to purify an antibody by isolating the B lymphocyte that produces that 
particular antibody, a breakthrough accomplished in 1975 by KOHLER and 
MILSTEIN (1975), who demonstrated that one can fuse antibody producing 
cells isolated from immunized mice to immortal myeloma cells to produce 
hybrids (hybridomas) that carry traits from both progenitors. More im
portantly, these hybridomas can secrete the antibody and can be maintained 
in cell culture for an indefinite period of time. 

In practice, the procedure involves isolating the spleen cells from a 
hyperimmunized mouse and fusing them to a myeloma line by treating the 
cells with a solution of polyethylene glycol. This fusion process gives rise to 
three populations of cells, unfused spleen cells, unfused myeloma cells, and 
fused hybridoma cells. The unfused spleen cells will die since they are not 
adapted for growth in cell culture. The unfused myeloma cells will also die 
since the culture medium contains aminopterin, a drug that blocks two 
points in the pathway for purine biosynthesis and the myeloma cells are 
deficient in genes in the salvage pathway for purine biosynthesis. Only 
cells containing the antibody secreting genes and genes from the myeloma 
line will survive. The myeloma derived genes will confer immortality to 
the hybridoma and the spleen cells will confer genes for resistance to 
aminopterin. The surviving cells are selected for their ability to bind the 
antigen used for immunization. Loss of functional antibody genes is 
manifest as a loss in antibody titer. Thus, only those cells that stably express 
the antibody genes will be maintained. The cell lines are cloned by limiting 
dilution and screened for their ability to bind the antigen used for im
munization. These "binders" are then assayed for the desired catalytic 
activity. This usually involves growing a large batch of antibodies, either in 
cell culture or as ascites in mice, purifying the antibody, and using it in an 
assay for catalytic activity. 

The process of isolating catalytic antibodies by this methodology suffers 
from some limitations. Of special concern is the ability to generate a large 
enough array of monoclonal antibodies to screen for the desired activity. 
The fusion process is not a very efficient one; approximately 1% of the 
starting cells are fused and a smaller subset form viable hybridomas. Fur
thermore, one must balance the number of hybridomas one can carry through 
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the cloning process with the time, labor, and expense involved. If the total 
possible number of antibodies raised to a hapten is on the order of 105_106 , 

one can only reasonably expect to be able to screen and process 102 hy
bridomas leaving a large proportion of the population unsurveyed. Never
theless, bybridoma technology is a useful and viable method for isolating 
catalytic antibodies since all the catalytic antibodies isolated so far have 
been obtained by this procedure. There are reports in the literature of an 
autoantibody that can cleave a peptide bond (PAUL et al. 1989, 1990, 
1991) and of a polyclonal serum preparation from sheep that catalyzes the 
hydrolysis of a carbonate ester with kinetic parameters that follow Michaelis
Menten kinetics (GALLACHER et al. 1991). 

II. Auxotrophic Selection 

Hybridoma technology is a powerful tool for the isolation of catalytic anti
bodies, but it leaves much room for improvement. It would be particularly 
helpful if one could screen all the antibodies raised to an antigen for 
catalytic activity rather than just the ones that survived the fusion and 
cloning process. Also, it would be of interest if all the binders could be 
screened for catalytic activity. Currently, only the cell lines that secrete the 
tightest binders are usually screened for activity. This arbitrary discrimina
tion might exclude potential catalysts. Direct screening for catalytic activity 
would greatly improve the ease with which catalytic antibodies could be 
selected. 

The ability to clone the immune response into E. coli has made it 
possible to screen all the antibodies raised against a particular hapten for 
binding, and potential catalysis (SASTRY et al. 1989; HUSE et al. 1989; KANG 
et al. 1991; BARBAS et al. 1991). The random combination of heavy and light 
chains can lead to new heavy and light chain combinations and increase the 
total number of antibodies and possible number of catalysts (KANG et al. 
1992). With the ability to generate large libraries of antibodies (107 _108) 

comes the problem of screening these antibodies for activity. The approach 
of screening for binding and then for catalysis is inefficient because of the 
large number of clones involved. The best way to isolate catalytic antibodies 
would be to assay the antibodies directly for a particular activity or trait. 
One suggested approach is to utilize a chromogenic assay to directly screen 
bacterial colonies or plaques (GONG et al. 1992). The method uses a linker 
connected to a substrate and a chromogenic agent (Fig. 17). Hydrolysis of 
the ester yields the linker attached to the indolyl group which is subse
quently released by intramolecular hydrolysis. The resulting 3-hydroxyindole 
undergoes oxidative dimerization to form indigo which is deposited as a 
purple precipitate. 

A general strategy would be to screen for the conferral of a particular 
phenotype that could only arise from the presence of a catalytic antibody. 
This is similar to the various methods used in molecular biology to screen 
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Fig. 17. A method for screening libraries of antibodies for catalytic activity by 
generation of a precipitatable chromophore 

for the presence of plasmids by the acquisition of antibiotic resistance or the 
insertion of DNA fragments by the disruption of a gene function. The 
viability of such an approach to detect low levels of catalytic activity has 
been demonstrated. EVNIN et al. (1990) utilized a genetic selection to screen 
a library of trypsin mutations. The selection used as host cell a strain of E. 
coli (X90) which is deficient in an enzyme required for arginine biosynthesis. 
Mutants were assayed for their ability to complement this deficiency when 
cells were grown on arginine p-naphthylamide as the sole arginine source. 
Trypsin can hydrolyze arginine p-naphthylamide to release arginine, thus 
only functional mutations that hydrolyze the substrate to free arginine for 
use by the cells can permit the cells to grow. This selection method is 
extremely sensitive, being able to isolate mutations that reduce catalytic 
activity lOs-fold compared to wild-type trypsin. 

The validity of such a method applied to catalytic antibodies has also 
been demonstrated using the antibody previously described which catalyzes 
the chorismate to prephenate transformation (Fig. 11) (HILVERT et al. 1988; 
JACKSON et al. 1988). BOWDISH et al. (1991) constructed a yeast strain (YT-
4Ca) deficient in chorismate mutase activity by inserting the HIS3 gene 
into the AR07 locus (encoding for chorismate mutase in yeast) and 
selecting for cells unable to grow on tyrosine. The genes encoding the light 
chain and Fd portion of the antibody 1F4 (HILVERT et al. 1988) were isolated 
and cloned and expressed in yeast. The auxotrophy of the yeast strain for 
tyrosine, however, was not complemented presumably due to the extremely 
low (0.01 min-I) catalytic efficiency of the antibody. In an effort to augment 
the activity of the antibody, the antibody-harboring yeast cells were chemi
cally mutagenized and screened for their ability to rescue the chorismate 
mutase deficiency (TANG et al. 1991). From screening 109 mutants, 298 
colonies that grew under auxotrophic selection were obtained. Serial trans-
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formation of the plasmid into a mutant strain (351 m) derived from the 
chemical mutagenesis treatment conferred the ability to complement the 
deficiency in chorismate mutase, demonstrating the ability to complement 
auxotrophy was associated with the plasmid bearing the Fab genes. Trans
formation of an irrelevant Fab encoding for an esterolytic catalytic antibody 
did not suppress the deficiency in chorismate mutase. The plasmid, however, 
was not able to permit auxotrophic growth when transformed into the 
original YT-4Ca strain. 

These results suggest that the growth advantage was due not to an 
increase in the efficiency of the catalytic antibody but to other factors, 
namely, an increase in basal chorismate mutase activity. One possibility is 
that intracellular expression or stability of the Fab has been improved. 
Another possibility is that the mutagenesis treatment of the whole cells has 
induced a revertant that expresses a slightly functional chorismate mutase; 
the activity of the Fab serves to push the threshold chorismate mutase 
activity to a level that permits complementation of the auxotrophy. A better 
tact for using genetic selection to select for antibodies that are more efficient 
catalysts using this system would be to perform chemical mutagenesis on the 
plasmid and transform the mutagenized DNA into the yeast strain. By using 
this approach, one localizes any mutagenesis to the DNA of interest and 
would not run the risk of inducing yeast revertants. 

Genetic selection has also been used in an attempt to isolate catalytic 
antibodies capable of hydrolyzing peptide bonds. (The sequence-selective 
cleavage of peptide bonds is an attractive target for novel catalysts.) Haptens 
that mimic the transition state for hydrolysis of the amide bond between 
phenylalanine and proline or phenylalanine (Phe-Pro, Phe-Phe) via a 
phosphonamidate substitution for the scissile bond were synthesized and 
used to immunize mice. A combinatorial library of antibodies was con
structed in a phagemid system and the library screened for the ability to 
rescue E. coli strains from auxotrophy for phenylalanine or proline. Growth 
of discrete colonies was observed, but analysis of the plasmids showed 
deletion of the genes encoding for the heavy and light chains indicating 
spontaneous reversion had taken place. 

Antibodies capable of hydrolyzing amide bonds have also been isolated 
by genetic selection. Chloramphenicol is an antibiotic that acts by binding 
to the 50S ribosome and inhibiting protein synthesis. It is inactivated by 
chloramphenicol transferase which transfers an acetyl group from acetyl
CoA to one of the free hydroxyls on the propionyl group. Acetylation 
appears to prevent the binding of chloramphenicol to its target site in the 
50S ribosome. Chloramphenicol can also be cleared by hydrolysis of the 
dichloroacetyl group to generate the chloramphenicol free base (Fig. 18). 

We have synthesized a hapten in which the dichloroacetyl group is 
replaced by a dichloromethylphosphonamidate. This compound was used to 
hyperimmunize mice and a library of antibodies was constructed on the 
surface of filamentous phage. These antibodies were shown to be able 
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Fig. 18. Two modes for detoxification of chloramphenicol. The natural enzyme 
chloramphenicol acetyl transferase catalyzes the trans acetylation of chloramphenicol 
from the acetate donor acetyl-CoA. The free base formed by hydrolysis of the 
dichloroacetate group is also inactive 

to bind the immunogen and conferred a chloramphenicol resistance to 
normally sensitive E. coli cells. Cells infected with a control antibody pre
viously shown to bind the Phe-Pro hapten were sensitive to chloramphenicol. 
Surprisingly, the cells infected with the vector without light or heavy chain 
genes were slightly resistant to chloramphenicol (1 jig/mL) but died upon 
exposure to higher levels of chloramphenicol. 

It is not clear by what mechanism the antibodies are able to confer 
resistance to chloramphenicol. It is gratifying to see that cells infected 
with an irrelevant antibody are sensitive but puzzling that the wild-type 
vector shows some resistance. We are attempting large scale expression 
of one antibody in an effort to determine how it confers resistance to 
chloramphenicol. 

III. Expression Methods 

A variety of methods exist for the expression of antibodies and are covered 
in other chapters of this volume. Here, we focus on the problem of expres
sion as it applies specifically to catalytic antibodies. 

The choice of expression system is a complicated one and must take into 
account a number of issues. The ease and reliability of one method might be 
counterbalanced by negative factors which make it an inappropriate choice 
given the desired goals. In the case of catalytic antibodies, one would like a 
system that yields high level expression of properly folded, functional gene 
products, permits easy purifications, is readily accessible to all labs, and is 
amenable to genetic manipulations. E. coli would be the ideal system in 
which to work since it fulfills most of these criteria. If one wishes to generate 
a small amount of antibody for initial screens and binding studies, then the 
use of E. coli provides the fastest and easiest method to obtain antibodies. 
For catalytic antibodies, there is an additional issue. The turnover numbers 
for most of the catalytic antibodies are modest, so one necessarily needs 
more antibody in order to detect turnover in the assays for catalytic activity. 
The E. coli systems are powerful means for generating and screening anti
bodies, but they can be limited in their utility for expressing antibodies. 

The ability to express antibodies in E. coli is well documented (CABILLY 
et al. 1984; BElTER et al. 1988; BIRD et al. 1988; CONDRA et al. 1990; UDAKA 
et al. 1990; BUCKNER and RUDOLPH 1991; DAVIS et al. 1991; CARTER et al. 
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1992) with overproduction levels ranging from low (CABILLY et al. 1984) to 
spectacular (CARTER et al. 1992). The observation that yields are variable 
and appear to be independent of the promoters used suggests antibody 
expression in E. coli is not limited by problems with transcription or trans
lation, but with secretion and folding. Expression yields of functional anti
body seem to depend to a large extent on the particular antibody. Thus, the 
expression problem must be solved for each antibody. 

If an antibody can be readily expressed in E. coli, then that should be 
the method of choice. There are instances, however, in which an interesting 
antibody cannot be expressed to high levels in E. coli. One has the option of 
inserting the gene sequences into yeast shuttle vectors or mammalian shuttle 
vectors. Yeast expression appears to generate low levels of chain assembly 
and high levels of insoluble antibody (WOOD et al. 1985). Mammalian 
systems, by contrast, are reliable sources for steady production of anti
bodies. Nonetheless, yields can be low and problems can be encountered in 
generating stable transfectant lines. 

An alternative method, which we and others have used with success to 
express antibodies (HASEMANN and CAPRA 1990, 1992; zu PUTLITZ et al. 
1990), is to use the baculovirus system originally described by Summers 
(SMITH et al. 1983a; SUMMERS and SMITH 1987). This system has been used to 
express a large variety of different proteins, some of which are not readily 
expressed by any other means (MIYAMOTO et al. 1985; SMITH et al. 1985; 
WEBB et al. 1989; DEVLIN et al. 1989; JARVIS et al. 1990; MEDIN et al. 1990). 
One advantage of using insect cells is that they perform posttranslational 
modifications such as phosphorylation and glycosylation, a function not seen 
with bacterial systems. This is useful for expression of full-length antibodies. 
A second advantage is that yields can approach 50% of total cell protein, an 
overproduction level not achievable by mammalian cell lines. 

The primary interest lies in the polyhedrin protein since it accounts for 
50% - 75% of the total stainable protein in the occlusion bodies. The gene 
encoding for the polyhedrin protein is nonessential (SMITH et al. 1983b) 
and can be replaced by other genes. Indeed, it has been shown that the 
polyhedrin promoter can be coopted for expression of foreign gene products 
without any adverse affects on the virus (SUMMERS and SMITH 1987; BISHOP 
1990). 

The general scheme for expressing foreign genes in baculovirus is to 
insert the gene of interest into an E. coli transfer vector downstream of the 
polyhedrin promoter in place of or disrupting the polyhedrin gene. This 
vector is then cotransfected (BURAND et al. 1980) into a host cell (Spodoptera 
Jrugiperda) along with wild-type viral DNA (Autographa californica nuclear 
polyhedrosis virus, AcNPV). Both wild-type and recombinant (foreign gene 
containing) gene loci will be present in the population of infected cells. A 
certain number of recombinant viruses will be formed by homologous re
combination involving sequences flanking the polyhedrin gene. These are 
then isolated and propagated for further study. 
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In practice, the isolation of recombinant viruses is a difficult process 
since the only phenotypic trait is the inability to form polyhedrin protein. 
This is screened by plating infected cells in semisolid agarose and looking for 
cells that are infected (plaques) but lack occlusion bodies and, therefore, 
do not refract light. Other methods, such as screening plaque lifts with 
antibodies against the gene product, coexpression of a selectable marker 
such as p-galactosidase, and limiting dilution can be used, though none offer 
a distinct advantage. The major problem appears to be the low frequency 
(0.01 %) with which transfection and recombination takes place. The use of 
linearized viral DNA as the cotransfectant seems to increase the efficiency 
of transfection and the number of recombinants. A new procedure has been 
introduced that increases the efficiency of isolating recombinants. Viral 
DNA containing a lethal gene inserted in the loci of the polyhedrin gene is 
used as the cotransfectant. Insect cells containing this engineered viral DNA 
die whereas cells infected with recombinant viruses, in which this gene 
segment has been swapped, survive. The efficiency of forming recombinants 
is reported to be >99%. 

We have isolated an antibody cloned from the immunological repertoire 
of a hyperimmunized mouse into A. phage. Initial studies indicated this 
antibody possessed catalytic activity, but the expression levels in E. coli 
were too low to obtain enough Fab for kinetic studies. In an effort to obtain 
enough Fab to assay, we chose to express one clone (lD) in the baculovirus 
expression system. 

The heavy and light chain genes for this clone were individually amplified 
from the original plasmid via PCR to introduce the necessary restriction 
sites for cloning into the baculovirus transfer vector pAC360E and a con
sensus mouse leader sequence. A single heavy chain gene and a single light 
chain gene were individually cloned into the vector pAC360E, combined 
into a single plasmid designated pAC.lD, and transfected into Sf9 cells. 
Viral stocks were isolated and individual viruses were used to infect small 
scale cultures and the supernatants assayed for the ability to bind the hapten 
via ELISA. The viral line producing the greatest amount of Fab was selected 
and used for large scale expression. The expressed antibody was judged to 
be >95% pure as determined by silver staining of SDS-polyacrylamide gels 
and was observed to cross-react with anti-murine Fab and anti-I( antibodies 
on western blots. Furthermore, mock-infected cells (infected with wild-type 
virus) and uninfected cells did not yield protein that bound the immunogen 
as judged by ELISA. The antibody was observed to hydrolyze the substrate 
with Km = 115,uM and kcat = 0.25 min-I. 

The transfer vector constructed for this study has the heavy and light 
chains oriented in a divergent dicistronic arrangement to ensure that both 
chains would end up in the virus. This is apparently not necessary. If viruses 
containing either the heavy or light chain are used in a double infection, 
some cells will express both chains. The two chains will be secreted into the 
media where they will combine and form functional antibody. One, there-
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fore, has the flexibility to mix different heavy and light chains. If a stock of 
different heavy and light chains were available, then one can easily perform 
random chain shuffling experiments to generate new antibodies. 

By transferring the antibody encoding genes into insect cells, we have 
been able to increase the expression level of a particular Fab approximately 
tenfold from <0.5 mg/L in E. coli to 5 mg/L in the baculovirus system. One 
should note that the expression level of foreign genes expressed in ba
culovirus seems to be clone-dependent, with different clones expressing with 
different efficiencies. Nevertheless, the increase in yield has allowed us to 
rigorously purify the antibody and kinetically characterize it. 

The choice of an expression system must take into consideration the 
goals one has and how a particular system will meet or fall short of those 
expectations. All else being equal, the easiest system with which to work is 
E. coli. The baculovirus system serves as an alternative to E. coli for 
expression of antibodies. The antibodies expressed in insect cells are func
tional and are easily purified. Since the transfer vectors themselves are 
maintained in E. coli, the option of performing genetic manipulations 
remains. The process of isolating pure recombinants is a difficult one, 
though recent advances have made this less of a laborious process. Finally, 
the expression levels are higher than those obtained in E. coli. 

F. Prospects 
Antibodies capable of catalyzing a variety of chemical transformations 
including hydrolytic, bimolecular, carbon-carbon bond forming and redox 
reactions have been isolated. It has also been shown that antibodies can be 
immobilized onto solid supports and used as catalysts in small bioreactors. 
Such antibodies even retain their activity in organic solvents. The fact that 
antibodies have also been shown to perform enantioselective reactions and 
reactions that disobey empirical chemical rules indicates that the goal of 
using this method to create novel catalysts with tailored specificities and 
properties is achievable. The finding that these catalysts are active in non
natural settings suggests that catalytic antibodies might be useful in industrial 
applications. 

Catalytic antibodies will have the most impact for performing reac
tions for which no known enzyme exists. Such targets would include 
sequence-specific cleavage of peptide bonds, ligation of peptide bonds, 
sequence-specific cleavage of RNA molecules, sequence-specific cleavage of 
oligosaccharides, and linkage of oligosaccharides. Antibodies might also 
serve a role in natural products synthesis by catalyzing difficult transfor
mations under mild conditions. Catalytic antibodies might also serve as 
therapeutic agents, the "magic bullet" that combines exquisite specificity 
with rapid destruction of the invasive agent. 

There is room for improvement of catalytic antibodies. The turnover 
numbers for most of the isolated catalysts are modest. Thus, it appears that 
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these antibodies represent first-generation catalysts, such as primordial 
enzymes. Catalytic antibodies provide an opportunity to imitate evolution in 
the laboratory by increasing the catalytic efficiency of a slow catalyst or by 
converting an antibody that binds but has no activity into one that possesses 
catalytic activity. One can envision a scheme by which catalytic antibodies 
are subjected to multiple rounds of mutagenesis and selection to mimic the 
slow evolution of natural enzymes, but at a much more rapid pace. Such a 
project requires a facile means for generating libraries of antibodies, a 
sensitive means of screening for new up-mutants, and a general means for 
efficiently expressing large quantities of antibodies. Much progress has been 
made in creating libraries of antibodies; much work remains to be done in 
screening for and expressing catalytic antibodies. 

Catalytic antibodies have had a long gestation period from the initial 
conception to the first demonstration. A great deal of progress has been 
made in a short period of time in a field in which the ideas have always 
far outpaced the technical capabilities. The work done so far has shown 
that catalytic antibodies can accomplish truly exciting deeds. The work to 
be done should show that catalytic antibodies will ultimately fulfill their 
potential. 
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CHAPTER 10 

The Combinatorial Approach to 
Human Antibodies 

C.F. BARBAS III 

A. Introduction 
The development of hybridoma technology 18 years ago appeared to promise 
antibodies for every application. Unfortunately, extension of the technique 
used for the production of mouse monoclonal antibodies (mAbs) to the 
production of human mAbs has proven to be difficult. Indeed, it is only 
within the past few years that advances in the field of molecular biology, 
coupled with the "combinatorial approach," have allowed for the routine 
production of human mAbs. This chapter is meant to serve as an intro
duction to this new methodology, to review its success and to highlight 
future directions for the production of antibodies. 

B. The Combinatorial Approach 
The combinatorial approach, as it exists today and continues to develop, 
seeks to mimic nature's strategies for the evolution of antibodies. This 
strategy is at every level (i.e., gene, protein and peptide) combinatorial. In 
its most basic form, the combinatorial approach involves construction of 
heavy and light chain libraries which are randomly combined and screened 
or selected for clones which bind a target antigen. This method became 
possible due to two developments. Firstly, it was demonstrated in 1988 
that the antigen binding fragments Fv and, Fab could be expressed and 
functionally assembled in Escherichnia coli (SKERRA and PLUCKTHUN 1988; 
BETTER et al. 1988). These experiments were successful because the anti
body fragments were secreted form the cytoplasm to the oxidizing environ
ment of the periplasm in E. coli under the guidance of bacterial leader 
sequences. The oxidizing environment and possibly the secretory event 
were necessary for disulfide bond formation and proper folding of the 
antibody domains. Secondly, development of the polymerase chain reaction 
(PCR) technique allowed for rapid cloning of antibody genes from hybrido
mas (LARRICK et al. 1989) and mixed populations of antibody producing 
cells (ORLANDI et al. 1989; SASTRY et al. 1989). Within the year, these 
two developments were utilized to produce the first combinatorial anti
body library (HUSE et al. 1989). At the same time a more simplistic ap
proach, consisting of production of single, heavy chain variable domains 
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Fig. 1. Screening of combinatorial libraries in lambda phage 

was reported by WARD et al. (1989). This approach, however, has not 
proven to be generally applicable. 

The first combinatorial library experiment, reported in 1989, involved 
antigen screening of antibody Fab fragments from libraries expressed 
in lambda phage (HUSE et al. 1989). In these experiments a mouse was 
immunized with the hapten designed to elicit catalytic antibodies and RNA 
was prepared from the spleen. After reverse transcription, the cDNAs of 
antibody heavy chains (Fd part of IgG1) and light chains were amplified by 
the peR reaction and ligated into modified lambda phage vectors to give 
libraries of heavy and light chains. The two libraries were then combined by 
digestion of opposite arms of the vectors and religation to generate a 
random combinatorial library containing the genetic information for pro
duction of Fab fragments. The library was screened by transfer of Fabs 
produced by lambda phage-lysed E. coli onto nitrocellulose filter. The filters 
were then probed with 125I-Iabeled hapten-conjugate and revealed a high 
frequency of positives (about 1 in 5000), which allowed identification of 200 
monoclonal Fab fragments following an examination of 106 Fabs (Fig. 1). 
The examination of this library of a million clones, which as we will see later 
is a relatively modest library size, required 20 filter lifts. Analysis of 22 of 
the positive Fabs showed sequence diversity and apparent binding affinities 
of the order of 107 M-1. 

With the demonstration of the applicability of the system for the cloning 
of mouse antibodies, the next step required a model system for cloning 
human antibodies. This was achieved utilizing an individual recently boosted 
with tetanus toxoid (PERSSON et al. 1991). Peripheral blood lymphocytes 
(PBLs) were utilized to construct an IgGlIK library. The antibodies gen
erated in this case showed considerable sequence diversity and apparent 
affinities in the range of 108_109 M-1. Similar studies have also been re
ported elsewhere (MULLINAX et al. 1990). Recent boosting was very import
ant in that it was not possible to isolate antigen binding Fabs from an 
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individual with a high anti-tetanus toxoid titer but who had not been boosted. 
This probably reflects the presence of antigen-specific plasma cells with their 
high concentration of specific mRNA in the peripheral blood of boosted 
subjects as compared to the low resting level of plasma cells in PBLs (LUM 
et al. 1990; SCHIBLER et al. 1978). The method has also been applied the to 
the generation of anti-thyroglobulin antibodies from the thyroid tissue of an 
autoimmune individual (HEXAM et al. 1991). 

c. From Screening to Selection 
Selective procedures are generally more efficient than screening procedures. 
Indeed, this was the most limiting feature of the lambda system. The 
screening procedure limits the size of the library which may be examined. 
For example, the screening of a library of 107 antibodies would require 
examination of a minimum of 200 filter lifts. Furthermore, the screening 
procedure places restrictions on the antigens which are being examined, in 
that the antigen must be available in significant quantities in purified form, 
be amenable to labeling with 1251 or enzymes and should not stick signifi
cantly to filters in the absence of antibody. This is very restrictive if your 
interest is in isolating antibodies against proteins which have yet to be 
identified or characterized but which would be found on the surface of a cell 
or in a crude protein extract, for example, from a viral lysate. 

A logical next step was to attempt to mimic the immune system's 
linkage of recognition and replication, or phenotype and genotype, and to 
express antibody fragments on the surface of bacteria or phage (SMITH 
1985). This would allow selection of specific antibodies based on their ability 
to bind to immobilized antigen largely circumventing the problems above. 
Expression on the surface of bacteria met with limited success (FUCHS et al. 
1991) but expression on phage was achieved (MCCAFFERTY et al. 1990; KANG 
et al. 1991a; BARBAS et al. 1991; CLACKSON et al. 1991). I shall concentrate 
here on one particular system we have developed, pComb3 (BARBAS et al. 
1991). 

In this system, the heavy (Fd region) and light chains are cloned 
sequentially into the phagemid vector pComb3 (see also BARBAS and LERNER 
1991) using the same restriction sites described for the lambda phage system 
(Fig. 2). The vector is constructed to fuse Fd with the COOH-terminal 
domain of the M13 minor coat protein III (cpIII). The COOH-terminal 
domain of cpIII was chosen for the site of fusion because previous reports 
had shown this domain to be essential in capping the tail of the phage as it is 
extruded through the membranes of E. coli. It was important not to utilize 
the entire cpIII protein as a fusion partner since its NHz-terminal is involved 
in infectivity and host cell immunity to superinfection by additional phage. 
Utilization of the entire cpIII necessitates additional steps in library expres
sion (MARKS et al. 1991). The Fd-cpIII fusion protein is targeted to the 
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Fig. 2. Surface display vectors for the selection of combinatorial libraries 

periplasmic space of E. coli where it is anchored in the inner membrane 
by the cplll domain. The light chain then assembles on the heavy chain 
template to give an Fab fragment. Since the volume of the periplasmic space 
of E. coli is on the order of 10-16 liters, a hundred molecules produces a 
micromolar concentration and a driving force for chain assembly and sub
sequent interchain disulfide bond formation. Inclusion of the Fl intergenic 
region in the vector and subsequent superinfection of the host with M13 
helper phage leads to packaging of the phagemid, which carries antibody 
heavy and light chain genes, in single-stranded form by the helper phage
produced proteins. Normal phage morphogenesis leads to incorporation of 
the Fab-cpllI fusion and the native helper phage-produced cpIll into the 
virion. Native cpIII is necessary for infection as the infectivity domain is not 
present in the Fab-cpIII fusion. The fusion, generally one copy per phage 
particle, is displayed in functional form on the surface of the phage and is 
available for antigen selection (Fig. 3). 

The display of the antibody on the surface of the phage allows for the 
selection of clones by panning against antigen in ELISA wells. This is 
analogous to an affinity chromatography step. Antigen immobilized on beads 
or whole cells may also be utilized. After vigorous washing, the bound 
phage, which is now enriched for those bearing antigen-specific Fabs, is 
eluted with acid or antigen. This phage is then amplified and reselected by 
further rounds of panning (Fig. 4). Each step selects for antigen-specific 
clones and for clones of the highest affinity. In this way one can rapidly 
generate a panel of antigen-specific Fabs. For example (BARBAS et al. 1991), 
the first experiments began with a human combinatorial anti-tetanus toxoid 
library in which the frequency of positives was about 1 in 5000. This number 
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Fig. 3. Electron micrograph showing the specific binding of filamentous phage to 
hepatitis B surface antigen via a human antibody Fab fragment displayed at the tail 
of the phage. The phage encapsulates pComb3 phagemid DNA, which encodes the 
Fab fragment displayed on its surface. (Kindly provided by Suzanne Zebedee; see 
ZEBEDEE et al. 1992) 

was 13 in 57 after one round of panning against the antigen, seven out of ten 
following two rounds and nine out of ten following three rounds. Experi
ments which involved the doping of phage displaying one specificity into an 
excess of phage displaying a Fab of another specificity or no Fab showed 
that a single panning step can enrich for specific phage by 103_ to lOs-fold. In 
another study, a library was prepared which included known anti-tetanus 
toxoid clones at a frequency of about 1 in 170000. Three rounds of panning 
against toxoid were found to give enrichment such that 20/20 clones were 
antigen-specific, indicating the method could access clones of low abun
dance. Subsequent investigations of more diverse libraries suggest the tech
nique may be utilized to isolate clones present at 1 part per 10 million if not 
less. The efficiency of the selection process is due in part to over-sampling of 
the library. This is a distinct advantage of phage since 1012 phage in a 
volume of 50,u1 may be applied to a single ELISA well. Thus, for a library 
of a million clones, each type will be present on a million phage. The 
method also allows sorting of clones based on affinity, as shown by a 250-
fold enrichment of a tight binding tetanus toxoid clone (apparent Ka 
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Fig. 4. The panning technique for selection of antigen-specific phage displaying 
antibody combining sites (phabs) 

approximately 109 M- 1) relative to a weaker binding clone (107 M-1) in a 
mixture of the two following one round of panning. This is a distinct 
advantage of the monovalent display of the Fab on the phage surface with 
the pComb3 system. A monovalent display avoids the avidity effects which 
accompany the display of multiple copies on the phage surface. This was 
clearly demonstrated by the lack of considerable enrichment with the 
pComb8 system, which produces phage which bear multiple copies of Fab, 
in a similar experiment and has likely resulted in the isolation of low affinity 
clones in other systems (CLACKSON et al. 1991). 

The pComb3 system was designed such that, once a surface display 
phagemid has been selected, the cpIlI gene can be excised in a NheI/SpeI 
digestion and the vector religated via the compatible cohesive ends. The 
phagemid can the be used to express soluble Fab fragment in the conven
tional manner (Fig. 2). Subsequently it has been determined that excision of 
the cpIII gene is not absolutely necessary and that considerable quantities of 
functional soluble Fab will be produced by proteolysis of the fusion within 
E. coli. 

D. Features of the Combinatorial Approach 
The experiments just described and others which will be discussed later were 
successful despite the scrambling of heavy and light chains inherent in the 
construction of random combinatorial libraries. One might have expected 
that this scrambling would render the chances of a productive heavy-light 
chain combination extremely improbable. Indeed, arguments have been 
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Fig. 5. A reconstitution matrix showing the results of a number of directed crosses 
between heavy and light chains isolated from a combinatorial library. Heavy chains 
are listed horizontally and light chains are listed vertically. Different groups are 
seperated by horizontal and vertical lines. All clones except p35 bind to gp120 IIIb. 
p35 binds to an MN peptide. ELISA results: -, negative; +, positive (comparable to 
the signal of the original combination); w, intermediate value. Identical chains carry 
the same identifier. (From COLLET et al. 1992) 

made by others that this approach is not applicable to the preparation of 
specific high-affinity antibodies (GHERADI and MILSTEIN 1992). However two 
factors seem to work to generate a reasonable frequency of binders in the 
library (BURTON 1991; BURTON and BARBAS 1992). One is the immune 
mRNA source, which leads to a high representation in the library of chains 
arising from in vivo binders. The second is chain promiscuity, i.e., the 
ability, particularly of heavy chains, to accept more than one partner in 
productive antigen binding (Figs. 5, 6). 

Questions then arise as to whether the heavy-light chain combinations 
isolated in the combinatorial approach resemble in vivo pairs or antibody 
produced by the hybridoma approach. In one instance where this has been 
examined functional heavy chains were found at a frequency of 1 in 50 and 
functional light chains at a frequency of 1 in 250, giving a frequency of 
functional pairs of 1 in 13750. This examination utilized complementarity 
determining region 3 (CDR3)-specific nucleotide probes which were con
structed using information derived from hybridoma derived sequences, so 
differences may exist in other regions of the antibody. Nevertheless, this 
experiment indicates that the diversity of IgG libraries of immunized animals 
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Fig. 6. The steps involved in cloning and selecting human antibodies using the 
combinatorial approach 

can be more restricted than theoretical arguments allow. An exact match 
of antibodies prepared from the combinatorial and hybridoma approaches 
should not be expected, since the combinatorial approach uses mRNA as a 
starting material and should reflect antibodies from plasma cells (a plasma 
cell produces orders of magnitude more antibody encoding mRNA than a 
resting B cell) whereas the hybridoma approach is thought to reflect anti
bodies from activated but not terminally differentiated B cells. 

The role of chain promiscuity in combinatorial antibody libraries is most 
vividly demonstrated in Fig. 5, where the results of a number of directed 
crosses using replicon-compatible plasmids are shown (COLLET et al. 1992). 
Within the panel a number of features should be noted. For example, heavy 
chain b6 can pair with every other light chain and still bind antigen. This is 
an extreme case of heavy chain promiscuity but it should be noted that 
binding was not observed when light chain was not present. This can be 
compared with p35 which pairs only with its light chain. Blocks of clones 
such as b4,12,7 and 21 or b1,14 and 24 have heavy chain CDR3 sequences 
which are identical or very similar to others within the same block but differ 
elsewhere in the gene. All of these family blocks can exchange light chains 
freely. These results do not imply that the resulting pairs have the same 
affinity for the antigen as the originally isolated pair, only that binding 
activity is maintained. The system was further used to examine combinations 
of chains from Fabs binding to gp120 with those binding to tetanus toxoid. 
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The results clearly supported the notion that specificity for antigen is 
dominated by the heavy chain. Heavy chains from some gp120 binders could 
retain affinity for gp120 with a light chain from a tetanus toxoid binder. A 
heavy chain from a tetanus toxoid binder could retain affinity for toxoid with 
light chains 'from gp120 binders. However none of the light chains in the 
experiment could dictate a new specificity to heavy chain partners (see also 
KANG et al. 1991b). Defined crosses within libraries using the pComb3, 
system, which selects on the basis of affinity, indicate that heavy and light 
chains sort to find similar partners at least within the CDR3 sequences 
(BARBAS et al. 1993). This approach can be utilized to produce a spectrum 
of related clones, of which some may show enhanced affinity and fine 
specificity differences. 

An important consequence of this extensive promiscuity is that it may 
be difficult, if not impossible, to know what the exact original chain pairings 
were in vivo (BURTON and BARBAS 1992). But, is it important to know the 
exact original pairing and to use this pairing in therapeutic applications? In 
the study of antibody responses the knowledge of pairings would be of use 
in studying the evolution of binding activity across both chains. In the 
absence of this information the fact that the heavy chain appears to play a 
dominant role in binding, as demonstrated by chain shuffling experiments, 
would at least allow examination of the evolution of the heavy chain. For 
therapeutic use it is unlikely to be of importance unless an unnatural com
bination led to an immunogenic protein. Chain promiscuity may be utilized 
advantageously for the generation of families of functionally related clones, 
which could be of use in therapy if anti-Id responses prove to be important 
in the repeated long-term administration of therapeutic antibodies. 

E. Human Antiviral Antibodies 

I. Introduction 

The utility of human mAbs in antiviral therapy remains for the most part 
untested. Although there has been considerable success in the development 
of pharmaceuticals to combat the more complex bacterial invaders, anal
ogous antiviral strategies are lacking. There appears to be some resistance in 
the field of immunology to the importance of the development of antibodies 
in postinfection antiviral strategies. This is due, in large part, to the current 
dogma that T cells are needed to clear virus from infected cells. There are, 
however, two recent reports which emphasize the role of antibodies in just 
such tasks. The first is a report by the group of Griffin which demonstrated 
antibody-mediated clearance of a-virus infection from neurons using mAbs 
(LEVINE et al. 1991). In this case transfer of sensitized T lymphocytes had no 
effect on viral replication. The second case was reported by the group of 
Walter Gerhard, who suggested that antibodies, not virus-specific T cells, 
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are required for the recovery of mice from pulmonary influenza virus infec
tion (SCHERLE et al. 1992). 

Antibodies may have a distinct advantage over T cells. Antibodies can 
be produced which recognize linear amino acid sequences or conformational 
epitopes (distinct shapes or surfaces). T cells are limited to the recognition 
of linear sequences presented in the context of MHC. The ability of anti
bodies to recognize shape may be an important feature in the development 
of antiretroviral agents since viruses utilize receptors (shapes) for entry into 
cells. Thus, even for viruses which readily vary their linear sequences, the 
maintenance of shape is important for receptor-mediated entry of the virus 
and may be utilized in the development of antiretroviral agents and strat
egies. I would now like to summarize the results of the application of the 
combinatorial approach to antiviral antibodies. 

ll. Antibodies to HIV-l 

1. Rationale 

The driving forces for this work include investigation of the use of human 
mAbs for passive immunization and prophylaxis in humans and the study 
of human immune responses. Studies of passive immunization in HIV-1 
infected humans have been reported but are controversial (JACKSON et al. 
1988; KARPAS et al. 1990). A correlation has been described between the 
presence of maternal antibodies against the V3 loop and the failure of 
infected mothers to transmit the virus to their offspring (GOEDERT et al. 
1989; DEVASH et al. 1990; ROSSI et al. 1989). Interpretation is difficult and 
firm conclusions must await studies in which the maternal antibodies are 
investigated in the context of the strain of virus transmitted. Nevertheless 
approximately 10%-20% of HIV-infected mothers transmit infection to 
their offspring, and in this situation it would seem worthwhile to evaluate 
the ability of antibodies given to the mother to prevent transmission to the 
fetus or newborn. Furthermore, recent studies (GOEDERT et al. 1991) on 
identical twins of HIV-positive mothers have implicated viral contact in the 
birth canal as an important factor in infection, a risk which could be reduced 
by systemic and topical administration of antibody to the mother. 

The incredible variability of the HIV -1 virus makes it desirable to have a 
cocktail of human mAbs rather than a single antibody for any clinical 
intervention. A cocktail of antibodies against a variety of distinct epitopes 
on several proteins should prevent the emergence of escape mutations. This 
approach requires the ability to generate relatively large numbers of human 
mAbs. As discussed, the combinatorial approach offers this capability. The 
cocktail is likely to find application in the treatment of individuals accident
ally infected with HIV-l, e.g., due to needle sticks, and in prophylaxis of 
infected mothers to hinder transmission of virus to the fetus or newborn. 
Given the complexity of AIDS, the value of antibodies in therapy remains 
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uncertain until this approach is tried. However it seems reasonable to 
suppose that reducing the viral load is always going to be a desirable goal 
and, even if antibodies alone do not reverse the course of the disease, they 
may be valuable in conjunction with new generations of antiretroviral drugs. 

2. Source of RNA 

The individual involved in this study was a 31-year-old homosexual male 
who had been HIV-positive for 6 years but had no symptoms of disease. 
Serological studies showed the presence of a significant ELISA titer (1: 3000) 
against the HIV-1 surface glycoprotein gp120 (IIIB strain). The tissue source 
in this case was bone marrow. Bone marrow has been shown, in humans, to 
be a major repository for differentiated B cells that spontaneously produce 
antibodies to maintain circulating antibody titers (LUM et a1. 1990) and 
therefore is probably the most convenient source of mRNA encoding a 
diverse set of antibodies. For PBLs to be a viable source of specific mRNA, 
recent boosting (within a few days) is probably required, as discussed above. 
We have also successfully used spleen as a source of RNA and isolated 
Fab fragments specific for measles virus from the corresponding library. 
However, this and other organs such as lymph nodes are not so readily 
obtained. The overall strategy is shown in Fig. 6. 

For this HIV-1 seropositive study (BURTON et a1. 1991), the amplified 
antibody genes were cloned into pComb3 to give a library of 107 members. 
This phage surface expression library was panned against recombinant gp120 
(strain IIIB) coated on ELISA wells. Four rounds of panning produced an 
amplification in eluted phage of a factor of about 100, indicating enrichment 
for specific antigen binding clones. A total of 40 reconstructed clones secret
ing soluble Fab fragments were grown up and the supernates screened in an 
ELISA assay for reactivity with recombinant gp120. The supernates from 
more than three quarters of the clones showed clear reactivity. The super
nates did not react with BSA-coated wells and anti-tetanus toxoid Fab 
supernates did not react with gp120-coated wells. 

3. Characterization of Antibodies 

The diversity of antibodies selected is most easily assessed by sequencing, 
which is greatly facilitated by the existence of the genes in a phagemid 
vector. This approach revealed that the heavy chains could be grouped into 
six families by CDR3 sequence (Fig. 7) with evidence of somatic mutation 
within a given family (compare clones b3 and b5). The light chains showed 
even greater diversity. Chain promiscuity was observed in the sense that a 
very similar or identical heavy chain was found paired with a different light 
chain, e.g., clones b3 and b5 (BARBAS et a1. 1993). 

To search for additional anti-HIV antibodies, the library was also panned 
against a number of related antigens. These were gp160 (strain IIIB), gp120 
(strain SF2) and a constrained peptide having the central part of the gp120 
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V3 loop sequence (strain MN/SF2). The sequences of the Fabs obtained by 
panning against gp160 (IIIB) or gp120 (SF2) were, with one exception, 
closely related to those described above from panning against gp120 (IIIB), 
showing some robustness in the system. Several Fabs were obtained by 
panning against the constrained peptide but only one reacted with gp120. In 
fact this Fab reacted with gp120 (SF2) but not gp120 (IIIB) which is fully 
consistent with the nature of the peptide used in panning. 

The affinities of the Fab fragments for gp120 were determined by in
hibition ELISAs using soluble gp120. The examination of 21 clones showed 
that most inhibition constants were less than 10-8 M implying monomer 
Fab-gp 120 apparent binding constants of the order of or greater than 108 M-1 • 

Characterization of the interaction of Fabs, gp120 and soluble CD4 was 
investigated by competition ELISAs (BARBAS et al. 1992a,c). All of the Fabs 
obtained by panning against gp120/160 were found to be competed by CD4 
for binding to gp120. Fab binding to the V3 loop was not competitive. 
Therefore the predominant Fabs isolated from this donor by the library 
approach appear to be strain cross-reactive and CD4-inhibited. This is con
sistent with the observation that more than 50% of the reactivity of the 
donor serum with gp120 (IIIB) is inhibitable by CD4. Furthermore, the 
Fabs appear to be directed to major epitopes on gp120, in that a cocktail of 
three of the Fabs was able to inhibit >50% of the serum reactivity with 
gp120 (IIIB) in more than 90% of a selection of seropositive donors (R. 
Burioni, private communication). Hence from this study we conclude that 
the specificities of the antibodies arising from a library approach do have 
relevance to the in vivo response. 

The ability of these Fabs to neutralize virus in vitro has been examined 
(BARBAS et al. 1992c). Neutralization was defined as the ability of Fabs to 
inhibit infection as measured in both p24 ELISA and syncytia assays. One 
group of closely sequence related Fabs was found to neutralize virus in both 
assays with a titer (50% neutralization) at approximately 1,ug/ml (Fig. 8). 
Another Fab neutralized in the p24 ELISA but not the syncytial assay. The 
majority of Fabs showed weak or no neutralizing ability. The results imply 
that virion aggregation or cross-linking of gp120 molecules on the virion 
surface is not an absolute requirement for HIV-l neutralization. Further
more, the observation that all of the Fabs were competitive with soluble 
CD4 for binding to gp120 and yet few neutralized effectively implied that 
the mechanism of neutralization in this case may not have involved receptor 
blocking. Subsequent investigations have demonstrated the efficacy of these 
Fabs in neutralization of fresh isolates from patients. 

III. Antibodies to Respiratory Syncytial Virus 

Respiratory syncytial virus (RSV) is the major pediatric viral respiratory 
tract pathogen, outranking all others as a cause of pneumonia and bron
chiolitis in infants and young children (reviewed in Mc INTOSH and CHANOCK 
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o Fab6 

80 • Fab7 
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0.01 0.1 10 100 
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Fig. 8. Neutralization of HIV-l by purified recombinant Fabs. The results shown are 
derived from a quantitative infectivity assay using the MN strain of HIV-l and show 
inhibition of infection as a function of Fab concentration. (From BARBAS et al. 1992c) 

1990). Very recently, it was concluded that RSV infection in bone marrow 
transplant patients is a serious and life-threatening infection with a high 
mortality rate once pneumonia develops (HARRINGTON et al. 1992). In one 
case, 14 of 31 patients in a bone marrow transplant center died as a result 
of infection during the immunosuppressed state. Several lines of evidence 
indicate that antibodies mediate resistance to RSV infection and illness. 
A clinical study of pooled human IgG containing a high titer of RSV 
neutralizing antibodies provided preliminary indications that these anti
bodies can exert a therapeutic effect in serious RSV infection in infants and 
young children (HEMMING et al. 1987). Given this evidence, there is con
siderable interest in having available human neutralizing mAbs to RSV for 
prophylaxis in protecting infants and immunocompromised adults at high 
risk of serious disease and for therapy in cases of serious RSV lower 
respiratory tract disease. 

Since ELISA analysis of the serum of the donor used in the HIV study 
above indicated a high titer to RSV FG glycoprotein (a recombinant fusion 
of the two major surface proteins), the same library was panned against the 
RSV antigen. A number of Fab fragments interacting with the F glyco
protein were identified (BARBAS et al. 1992d). One of these neutralized a 
wide range of virus isolates, ten subgroup A and nine subgroup B isolates, 
with a titer (60% neutralization) of approximately 0.1-1.0,ug/ml. These 
viruses represent a temporal collection spanning 30 years and geographic 
isolates from Australia to Sweden to West Virginia. Another Fab neutralized 
diverse isolates at a concentration somewhat higher. 

Evaluation of these Fabs will proceed in experimental animals as soon 
as the immunoglobulin fragments are incorporated into full length mole
cules. These will be required for passive immunoprophylaxis because of the 
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need to use immunoglobulins that circulate in the host as long as possible. 
Such molecules may also prove to be most efficient for use in therapy. The 
availability of such potent monoclonals may allow intramuscular adminis
tration, potentially avoiding hospital stays for those at risk. However, con
sideration will also be given to the use of Fabs or F(ab')2s administered by 
aerosol because of the effectiveness of the latter in a model system (PRINCE 
et al. 1987). 

IV. Antibodies to Hepatitis B Virus 

This study is analogous to the tetanus toxoid study in that a vaccination 
protocol was available. In this case (ZEBEDEE et al. 1992), two individuals 
were vaccinated with recombinant hepatitis B surface antigen and PBLs 
were extracted 7-14 days later (although 4-5 days is probably optimal). 
Libraries (IgGlIK and IgGlIA.) were constructed on the surface of phage and 
panned against the hepatitis antigen. Specific Fab were identified and, due 
to the particulate nature of the antigen, binding of phage expressing specific 
Fabs to virus antigen particles could be clearly visualized in the electron 
microscope (Fig. 3). All but one phage were found to be associated with a 
single surface antigen particle. One phage was found bound to two particles. 
These results support the view that most phage display a single antibody 
fragment on their surface. Sequencing of positive clones showed a limited 
diversity with a remarkable example of promiscuity, in that a given heavy 
chain was shown to bind antigen with either a K or A. light chain. In this case 
the light chain partner appeared to affect fine specificity, as measured by the 
ability of excess Fab to compete with mouse mAbs for virus antigen. This 
example illustrates the way in which chain promiscuity can be utilized to 
modify the characteristics of existing Fabs. 

F. Alternatives to the Use of Seropositive Humans 
There are a number alternative sources for antibody libraries which may 
prove complementary to the use of seropositive humans. These are naive 
libraries, synthetic or semisynthetic libraries, chimpanzees and severe com
bined immunodeficiency (SCID) mice populated with human cells. Taken 
together these sources allow every compartment of the immune response to 
be examined and even allow for synthetic extension of the repertoire (Fig. 
9). 

I. Naive Libraries 

The term "naive" in this sense refers to a library of antibodies which has not 
been "educated" or biased by the immune system towards the recognition of 
any particular antigen or antigens. Preparation of naive libraries involves the 



The Combinatorial Approach to Human Antibodies 259 

r··~················l 
, , , , , , , , 
t._~e.~: co~.:.~~:~ 

-.. -... --.. --.---.. --.. --~ r-~·--··--··--··--··-~ : ;&! !tj:. : I .' I !O-t ! -t ~ -to! 
, Pre B Mature B : ',Affinity Maturated : " , 

·····:~~-~,=~-s----- 0 ·----z~==~----
:r ~ Plasma Cell / ~ .-.. --..... -----.-.. ~ , , 

I I 
I I 

: '---: =>: 
I r---- I 
I , 
I , 

: Semi-Synthetic RepertOire I 

~---.----~---------: I .----.-.. -... ---.-.. ~ 
, I 
, I 
I , 

: )-c= >: 
I I 
I , , , 
: Synthetic Repertoire : 
~ •••••••••• - •• _ ••• __ I 

Fig. 9. Compartments of the immune system which are accessible to the com
binatorial approach. The memory compartment is accessed utilizing SCID mice. 
Additional artificial components of the immune system are shown and involve 
chemical synthesis of antibody genes in combination with natural genes 

use of RNA from nonimmune sources and amplification of f.1 or a heavy 
chains which are the starting point in the natural response. Naive libraries 
have been constructed from both humans and mice and have been selected 
from with some success for the production of low or medium affinity anti
bodies (MARKS et al. 1991; GRAM et al. 1992). There are two possible 
problems associated with antibodies selected from naive repertoires, re
latively low affinity for the antigen and possible deleterious cross-reactivity. 
Two strategies have been utilized to increase the affinity of antibodies 
isolated from naive libraries. The first has been the use of error-prone peR 
to mimic random somatic mutation (GRAM et al. 1992). This resulted in a 30-
fold increase in affinity from a very low affinity starting clone. Second, chain 
shuffling has been utilized to improve the affinity of a human anti-hapten 
antibody. By performing two sequential shuffling and selection steps an 
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almost 300-fold increase in affinity was reported (MARKS et al. 1992). In this 
case the final clone had only one of its original CDRs. 

II. Synthetic and Semisynthetic Antibodies 

Synthetic or semisynthetic antibody libraries are the second alternative to an 
immune source. Initial explorations of semisynthetic antibodies utilized a 
single clone selected from a library from an immune patient (BARBAS et al. 
1992b). A 16 amino acid random sequence was then introduced over the 
CDR3 region of the heavy chain to generate a vast library of antibodies. 
Selection of the library against a variety of antigens allowed for the cloning 
of new specifici ties. The complete randomization of 16 amino acids would 
require generation of a library of greater than l(fo clones, far in excess of 
the number which is obtainable by transformation of E. coli. However, 
libraries can be constructed which match or exceed the diversity of clones 
examined by an animal at a given moment, approximately 107 . Selection of 
this library, derived from a human anti-tetanus clone against a new antigen, 
fluorescein, resulted in the isolation of clones which bound flourescein with 
affinities approaching that obtained by secondary boost of a mouse. This 
strategy is proving to be useful in the generation of antibodies against a 
variety of antigens. Extension of this strategy to the synthesis of all the 
CDRs or the use of natural libraries of FR1-FR3 fragments in combination 
with synthetic CDR3s should yield libraries from which almost any given 
specificity is retrievable. This approach may be limited by the same pitfalls 
of the naive approach; however, it has one distinct advantage. The diversity 
of these libraries is controlled at the level of nucleic acid synthesis, whereas 
the diversity of a naive library is limited by the source of RNA, which is 
susceptible to bias by RNA derived from plasma cells or activated B cells. 
Recently, synthetic antibodies have been isolated which neutralize HIV. 
There is certainly reason to believe that synthetic antibodies may, in many 
cases, alleviate the need for the use of animals in the production of anti
bodies (LERNER et al. 1992). 

III. Human Antibodies from Severe Combined 
Immunodeficiency Mice 

Mice with SCID and populated with human cells offer the possibility 
of antigen stimulation of human responses outside the human body. The 
strategy involves transplantation of human immune components into mice. 
We have shown that SCID mice can be used in conjunction with the 
combinatorial library approach (DUCHOSAL et al. 1992). SCID mice were 
populated with PBLs from a donor who had not had contact with tetanus 
toxoid for more than 17 years. These cells generated a secondary response 
in the mouse, and antigen-specific, high affinity, human Fab fragments were 
cloned. For seropositive donors this sort of approach might be useful in 
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stimulating antibodies essentially relegated to the memory compartment. 
One also has the advantage of being able to boost with defined components 
of the original immunogen, which may be a virus. Thus, for instance, a 
response to a particular peptide could be stimulated and human monoclonal 
Fab fragments rescued. Future development may allow for the creation of 
both primary and secondary responses from seronegative donors. 

IV. Antibodies from Chimpanzees 

The differences between chimpanzees and humans is constant domain se
quences have recently been characterized and are similar to those between 
allotypes of humans (EHRLICH et al. 1990, 1991), suggesting that immunized 
chimpanzees may serve as an alternative source to seropositive humans. 
Furthermore, variation within the variable regions might prove to be neg
ligible. We have indeed found that the human PCR primers will successfully 
amplify y 1 heavy and K and A. light chains. It would thus appear that the 
library approach should be feasible. A distinct advantage of utilizing an 
immune source, human or chimpanzee, is that the antibodies have been 
both highly positively and negatively selected. Those antibodies which are 
tried and tested in the animal are likely to be the best source of therapeutic 
antibodies, although refinement by way of in vitro methods may prove to be 
important. 

G. Production of Whole Antibodies and Gene Rescue 
from Cell Lines 
For most therapeutic applications of antibodies, the whole antibody mole
cule is necessary, at least in part because of the glycosylation requirement of 
the Fc portion, of the molecule. This condition therefore necessitates the 
use of eukaryotic cell lines. The favorites in this regard have been myeloma 
(WRIGHT and SHIN 1991) or Chinese hamster ovary (CHO) cells (BEBBING
TON 1991), although baculovirus has also been used (HASEMANN and CAPRA 
1991). Modification of existing vectors enables facile expression of whole 
antibodies utilizing Fab cassettes from the phage system. In principle any Fc 
can be linked to heavy chain Fd from the phage system. This allows the 
experimenter to choose a suitable isotype for a given task. The reader is 
referred to Chap. 14 for a more complete discussion. Epstein-Barr virus 

(EBV) transformation and fusion have been successfully used to gen
erate human cell lines secreting mAbs against a number of antigens (JAMES 
and BELL 1987). Such lines can be unstable or low secretors of antibody. 
Alternatively, the antibody may not be of the isotype desired. In any of 
these cases, it may be appropriate to rescue heavy and light chain genes 
from mRNA from the cell line and express the Fab in bacteria. This process 
has been described for the cloning and expression of a human anti-rhesus D 
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Fig. 10. The future of antibodies will include vast antibody libraries derived from 
natural and synthetic sources. These will be coupled with genetic systems which will 
allow for experimenter controlled evolution of antibodies in computer controlled 
machines 

antibody (WILLIAMSON et al. 1991). In this case five out of five clones 
examined had the correct heavy and light chains. This is often not the case 
for hybridomas, which may contain mRNA from other chains that has been 
peR amplified and cloned. For instance, for one mouse hybridoma only 1 in 
1000 recombinants had antigen binding activity. Therefore the most prudent 
general strategy is to clone from the cell line into a phage display vector 
such as pComb3 and then pan against antigen to select positive clones. 

H. The Future of Antibodies 
The successful cloning of an antigen-specific antibody need not be an end in 
itself. The cloning of genes in a phage display system will likely lead to 
antibodies which can be further evolved to exceed even nature's best anti
bodies. One strategy which we have mentioned is chain shuffling, which is 
an extension of the basic combinatorial concept. Alternative strategies for 
the refinement of clones involve mutagenesis and reselection. This, in effect, 
attempts to carry evolution of the antibody farther than the body has. 
Random mutagenesis of the variable regions is possible by a number of 
different approaches such as chemical mutagenesis (MYERS et al. 1985), 
polymerase induced mutagenesis (LEUNG et al. 1989) and in vivo mutagenesis 
using mutator strains of E. coli (SCHAAPER 1988). Focused mutagenesis, in 
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which several residues are targeted, does not mimic the supposed random 
mutation and selection of the immune system but allows all possible mu
tations in a defined region to be explored. This strategy has been successful 
in the generation of high affinity variants of human growth hormone (Low
MAN et al. 1991). For antibodies, the strategy involves targeting specific 
CDR regions for mutagenesis since this is most likely to improve affinity and 
least likely to create problems of immunogenicity. 

Although positive selection fro variants of increased affinity is an obvious 
aim, mutagenesis could also be employed to increase or decrease cross
reactivity. For example, it may be desirable to produce antibodies that are 
highly cross-reactive in their binding to gp120 from a number of different 
strains of HIV -1. The selection strategy would then involve panning against 
alternate types of gp120 or a mixture. Specificity can conversely be increased 
by including the antigen with which the antibody is cross-reactive in the 
wash solution during selection or by preselection of the phage with the 
antigen. This effectively allows negative selection to be performed. 

The future of antibodies is likely to involve application of all the afore
mentioned strategies and techniques (Fig. 10). If the current pace of devel
opments continues we may expect that machines will produce antibodies to 
suit the experimenter's every requirement by the turn of the century. 
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CHAPTER 11 

Antibodies from Escherichia coli 

A. PLUCKTHUN 

A. Introduction 

Antibody engineering is still at its very beginning. No matter what the goal 
of the study, it is likely that a number of different ideas and variants of the 
recombinant antibody will have to be tested. It is therefore useful to be able 
to make new variants of the antibody protein easily, reliably and fast. 
Mostly for historic reasons, the molecular biology of Escherichia coli is more 
advanced than that of any other species; in fact essentially all molecular 
cloning is done today with this bacterial strain. It is therefore attractive to 
carry out antibody expression with this bacterium as well. 

This chapter will describe the molecular biology of antibody expression 
in Escherichia coli. Some of the problems encountered will be common to 
all protein expression in E. coli, and they will not be discussed in detail. As 
will become apparent, the unique problem of making antibodies in E. coli is 
not so much one of ribosomal biosynthesis of the polypeptide (and certainly 
not one of efficient transcription, as this problem is more or less solved), but 
one of efficient folding of the polypeptide in the cell or, for some applica
tions, in vitro. For this reason, it will be necessary to discuss the peculiarities 
of the antibody protein structure: its domain-like organization, its conserved 
disulfide bonds and its distinct sequence variability, which all have an effect 
on expression. 

Due to their glycosylation and their large size, the production of func
tional whole antibodies in E. coli is still impractical, and the relation of 
the particular antibody fragment chosen, its biophysical characteristics and 
the effects on expression (that is, folding efficiency) must also be analyzed. 
In this context, solutions of the bivalency problem uniquely suited for 
bacterial expression will be discussed. 

The bacterial system offers the possibility to produce fragments of the 
antibody directly, which can be useful for applications in which only binding 
is required. Examples might be in vitro diagnostics, affinity chromatography, 
antigen stabilization or catalysis. In other instances, the desired final product 
may be a whole antibody, humanized or human, to be used, for example, in 
therapy. In such cases, it can still be advantageous to carry out all testing of 
variants of the antigen binding site with E. coli fragments and then trans
plant the finished version to the eukaryotic expression system of the whole 



270 A. PLUCKTHUN 

antibody. Finally, the easy availability of the recombinant product invites 
construction of many new molecules: hybrid proteins and antibodies with 
engineered metal binding sites, or with peptide tags for easy detection, or 
molecules with substantial alterations in the framework and quaternary 
structure. 

Besides these "rational" alterations, E. coli permits a unique access to 
random approaches. Because of the unparalleled efficiency with which trans
formation with DNA or transfection by phages can be achieved in E. coli, 
many types of libraries of antibody variants can be assembled and screened 
by methods discussed below. With this background as a rationale, the 
emphasis of this article on the process of in vivo folding and assembly as the 
basis of all engineering and screening may become apparent. 

B. Expression of Functional Antibody Fragments 
in E. coli by Secretion 

I. General Overview 

There are two basic strategies for obtaining recombinant antibodies and 
their fragments from E. coli (Fig. 1). The first is to produce inclusion bodies 

Fig. la-c. The different expression strategies found to be useful for antibody pro
duction in E. coli. a Functional expression: In this case, the two chains making up 
the antibody combining site must be transported to the oxidizing milieu of the 
periplasm. In this compartment, there is a disulfide forming enzyme (DsbA) which 
allows the formation of the crucial intramolecular disulfide bonds, found in each 
domain and required for stability. A The pathway for two independent chains (as in 
a Fv or Fab fragment) is shown. Both are made as precursors containing a signal 
sequence and are then transported to the periplasm, where the signal sequence is 
cleaved off. There, folding, disulfide formation and assembly takes place. B Alter
natively, both variable domains can be linked to form a continuous polypeptide 
chain (scFv fragment) which can then also be secreted. 

For reasons not understood in mechanistic detail, secretion of these proteins 
presents a stress to E. coli and results in leakiness of the outer membrane after some 
time. This appears to occur to some degree with all types of antibody fragments and 
signal sequences tested, but its magnitude depends on the primary sequence of the 
antibody. The phenomenon is observed more readily in shake flasks than in con
trolled fermentation conditions, where it can be minimized. To prevent leakage 
and peri plasmic inclusion body formation, it is crucial to grow cells at low tem
peratures (e.g., 25°C). 

b Periplasmic inclusion body formation. This is observed for many fragments, 
but has been exploited preparatively mostly for scFv fragments. This phenomenon is 
temperature-dependent and is most easily induced at a temperature of 3rC or 
higher. The protein is apparently transported, processed and then precipitates. The 
protein must be refolded in vitro as in c. 

c Cytoplasmic inclusion body formation. In this case, the protein is expressed 
without a signal sequence under as strong a promoter and translation signal as 
possible. Inclusion body formation appears to be more successful at temperatures of 
3rC and higher. The protein must be refolded in vitro 
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and refold the protein in vitro. The second is to imitate the situation in 
the eukaryotic cell and secrete the protein. With this method, completely 
functional antibody protein can be obtained (SKERRA and PLUCKTHUN 1988; 
BETTER et al. 1988), and this strategy will be discussed first. 

In E. coli a secretion machinery exists which leads to the transport of 
those proteins to the periplasmic space which carry a signal sequence (for a 
recent review, see PUGSLEY 1993). These are usually proteins which need to 
be outside of the "main" cell, for example, to degrade some biomolecules 
for easier uptake (e.g., peptidases, phosphatases). This secretion allows the 
protein to escape from the reducing environment of the cytoplasm, which 
in general, while perhaps not always (CABILLY 1989), appears to prevent 
normal disulfide formation (GILBERT 1990). Antibodies, as proteins which 
are normally secreted and equipped with disulfide bonds which are gene
rally, but perhaps not for every primary sequence, necessary for stability 
(GLOCKSHUBER et al. 1992), ought to be secreted in bacteria, too, in order to 
reach a folded state identical to that formed in eukaryotes. 

The E. coli secretion machinery directs the protein to the periplasm. 
There are specialized systems for transport out of the cell (PUGSLEY 1993), 
but they have not yet been used for high level production of foreign proteins 
(HOLLAND et al. 1990). It should be noted that, under conditions of high 
temperature and depending on the particular primary sequence and frag
ment of the antibody, a leakiness of the outer membrane is frequently 
observed with a variety of signal sequences (PLUCKTHUN and SKERRA 1989). 
In these circumstances, periplasmic markers such as p-Iactamase and alkaline 
phosphatase are also found in the medium, just as is the recombinant anti
body protein. Nevertheless, some authors still refer to this phenomenon 
loosely as 'secretion to the medium" (see, e.g., TAKKINEN et al. 1991). This 
leakiness, whose molecular cause is still unknown, is possibly related to the 
formation of insoluble periplasmic protein from an aggregation process 
that occurs after the protein has been transported through the membrane 
(Fig. 1), but it may indicate the interference of the antibody with the trans
port of some crucial outer membrane component. After some time, the cells 
can also lyse completely, and this limits the production phase. 

Periplasmic secretion has permitted the functional expression of a 
wide variety of antibody fragments with many antigen binding specificities. 
Because of the general importance and widespread application of this tech
nology, it may be useful to discuss both the physiological limitations of the 
process in this chapter and the potential solutions to these problems. How
ever, using this technology, it is already possible to conveniently obtain 
recombinant antibody fragments in sufficient amounts for essentially all 
studies. 

II. Relation of Functional Secretion to Phage Libraries 

An interesting and important consequence of the successful periplasmic 
folding of antibody fragments is the compatibility of the antibody folding 
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Fig. 2. The coating of a filamentous phage with hybrid proteins, present as inter
mediates in the inner membrane of E. coli 

with display on the surface of a filamentous phage, such as M13 or fd. Since 
the NHz-terminus of both the minor coat protein g3p (the product of gene 
III) and the major coat protein g8p (product of gene VIII) are probably 
exposed to the aqueous surrounding in the phage coat, NH2-terminal ex
tensions are still compatible with phage assembly (Fig. 2). This was first 
demonstrated for peptides displayed on the phage coat (SMITH 1985; PARMLEY 
and SMITH 1988; SCOTT and SMITH 1990; CWIRLA et al. 1990; DEVLIN et al. 
1990; GREENWOOD et al. 1991; FELICI et al. 1991). During phage assembly, 
these coat proteins are present as intermediates in the inner membrane of 
E. coli (reviewed in RUSSEL 1991), with their NHz-termini exposed to the 
periplasmic space. The budding phage then coats its DNA with these 
proteins waiting in the membrane. Consequently, any protein folding of 
fusion proteins consisting of NHz-terminal antibody fragments and COOH
terminal phage coat proteins would take place in the periplasm, but while 
anchored to the inner membrane via the COOH-terminal membrane 
domain. Therefore, the same kind of fragments which correctly assemble in 
the periplasm can also ultimately be displayed on filamentous phage, with 
important applications in affinity screening of libraries. This has the im
portant consequence of coupling genotype (the antibody gene on packaged 
phagemid) and phenotype (the displayed antibody fragment). Such ex
periments have been carried out with both Fab and single chain Fv frag
ments (MCCAFFERTY et al. 1990; BARBAS et al. 1991; CLACKSON et al. 1991; 
BREITLING et al. 1991; MARKS et al. 1991; KANG et al. 1991; CHANG et al. 
1991; HOOGENBOOM et al. 1991; GARRARD et al. 1991; GRAM et al. 1992; 
BARBAS et al. 1992a) and will be discussed in more detail elsewhere in this 
volume. It is occasionally surmised that this process will automatically select 
for efficient folding and thus expression. However, while extremely poor 
expression will undoubtedly be selected against, it is unclear to what degree, 
at the extremely low expression levels of the minor phage coat proteins, 
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small differences in aggregation tendency of the displayed antibody frag
ment would be apparent. 

The use of filamentous phage in antibody libraries must be contrasted 
with the use of phage A (HUSE et al. 1989) . In this case, the phage only 
delivers the DNA to the E. coli cell. In the A phage genome, a plasmid 
constructed according to the principles laid out by SKERRA and PLUCKTHUN 
(1988) and BETTER et al. (1988), is incorporated. Since production of viable 
phage would severely interfere with protein production (which of course 
requires healthy cells), the plasmid must be rescued after library formation 
before useful production is possible. 

The display of proteins on the surface of E. coli has been described as 
well (FRANCISCO et al. 1992, 1993; KLAUSER et al. 1992; FUCHS et al. 1991), 
but as of yet no work with libraries has been reported. It remains to be seen 
how such screening methods would compare to the screening of filamentous 
phage libraries. 

III. Description of the Secretion Process 

At room temperature, a major portion of the Fv fragments and a significant 
fraction of the Fab fragments investigated in detail (SKERRA and PLUCKTHUN 
1991; KNAPPIK et al. 1993, unpublished) go to the native state (Fig. 3), but it 
is now clear that this portion crucially depends on the primary sequence 
of the variable domains. It was shown that the antibody fragments are 
processed correctly, contain their disulfide bonds, assemble to heterodimers 
and bind antigen with the same affinity as the normal antibody (SKERRA and 
PLUCKTHUN 1988). The two chains of the Fv or Fab fragment therefore find 

N N N N 
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a b c d e f 
Fig. 3a-f. Monovalent fragments of antibodies functionally expressed in E. coli. a 
Fab fragment; b Fv fragment; c disulfide-linked Fv fragment; d single chain Fv 
fragment with the orientation Vwlinker-VL ; e single chain Fv fragment with the 
orientation V L -lirker-V H; f Fv fragment which has been stabilized by chemical cross
linking after purification. (See GLOCKSHUBER et al. 1990a) 
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each other even if they are not covalently linked, as they do in eukaryotes. 
This has now been demonstrated for a variety of Fv fragments (see, e.g., 
SKERRA and PLUCKTHUN 1988; WARD et al. 1989; GLOCKSHUBER et al. 1991; 
McMANus and RIECHMANN 1991; ANTHONY et al. 1992; STEMMER et al. 
1993a) and Fab fragments (see, e.g:, BETTER et al. 1988; PLUCKTHUN and 
SKERRA 1989; ANAND et al. 1991a; CARTER et al. 1992; BARBAS et al. 1992b; 
BETTER et al. 1993), demonstrating the generality of the method. In con
clusion, the antibody binding site of the fragments produced in bacteria 
is functionally identical to the natural antibody (see also Sect. 1). Low 
bacterial growth temperature is the most efficient method to minimize peri
plasmic aggregation and maximize the yield of folded antibody protein 
(SKERRA and PLUCKTHUN 1991; KNAPPIK et al. 1993). This may have to do 
with the stability of folding intermediates and the rate of protein bio
synthesis or secretion, both of which are functions of temperature, but the 
relative importance of these phenomena is not yet clear. 

From an investigation of the limiting step in the process of secreting 
antibody fragments, it was concluded (SKERRA and PLUCKTHUN 1991) that, if 
a vector with strong transcription and translation initiation signals is used, it 
is periplasmic folding and/or assembly which limits the level of functional 
expression. During antibody folding, the insoluble periplasmic protein is 
formed as a by-product, presumably via the aggregation of an intermediate. 
This conclusion was arrived at as follows: With increasing promoter strength, 
the amount of correctly folded antibody does not increase significantly. The 
insoluble, correctly processed antibody protein increases, and only at the 
highest promoter strength is there a significant sign of precursor. This 
insoluble protein was shown, at least in one case (GLOCKSHUBER et al. 1992), 
to be accessible to externally added proteases after producing spheroblasts 
under conditions in which soluble cytoplasmic precursor was not degraded. 
One may conclude that the signal sequence is cleaved off and that part of 
the protein folds correctly to produce fully functional antibody fragments, 
although some part of it does not achieve the native state and instead 
aggregates and precipitates (Fig. 1). 

In the antibody McPC603 (PERLMUTTER et al. 1984; PLOCKTHUN 1993a), 
the Fv and Fab fragments are produced at about similar amounts on the 
ribosome from the same vector, and the total amount of protein produced is 
comparable (SKERRA and PLOCKTHUN 1991; KNAPPIK et al. 1993). However, 
the amount of functional protein is greater for the Fv fragment. This finding 
has suggested that particular folding problems in the CHI or CL domains 
may be responsible for the less efficient folding of the Fab fragment. 
Alternatively, the presence of the constant domains may just potentiate 
folding problems in the variable domains. There is evidence supporting the 
latter view, as different variable domains in the same Fab vector fold in 
different proportions (KNAPPIK and PLOCKTHUN, unpublished). This pheno
menon may be masked if an Fv fragment is particularly prone to proteolysis 
(SCHWEDER and PLOCKTHUN, unpublished). 
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While protein folding is an exergonic and spontaneous reaction, it is 
now clear that proteins exist which guide this process to prevent the side 
reaction of aggregation (JAENIcKE 1993). No general periplasmic molecular 
chaperone has been unambiguously identified at this time (see, e.g., PUGSLEY 
1993). There is no evidence, nor is it likely, that cytoplasmic molecular 
chaperones such as GroEL or DnaK (JAENICKE 1993) have any direct 
influence on periplasmic protein folding processes. They may, however, help 
the assembly of phage particles displaying the antibody under certain con
ditions (SODERLIND et al. 1993), and phages are known to require chaperone 
assistance in their assembly (ZEILSTRA-RYALLS et al. 1991), but there is no 
evidence to suggest that the chaperone influences antibody folding. Cyto
plasmic chaperones may have an indirect effect on cell stability. 

IV. The Role of Periplasmic Protein Folding 

There is great variation in the literature about the reported efficiency of the 
secretory expression method for antibodies. This fact has to do with vari
ations among vectors, procedures and quantification and the use of different 
fragments of antibodies varying in sequence. While the problem is far from 
being understood and still further from being solved, enough experiments 
have now been carried out to at least attempt some kind of correlation. 

From a variety of experiments (CARTER et al. 1992; KNAPPIK and 
PLUCKTHUN, unpublished), evidence is accumulating that the primary se-

cytoplasm periplasm 
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Fig. 4. Hypothetical folding pathway of a secreted protein. The protein is made on 
the ribosome as an unfolded precursor (pU) and probably kept in a transport
competent state (pI/) by association with an as yet unidentified cytoplasmic factor 
(chaperone). This factor presumably prevents premature folding. It is unknown 
whether a fraction of the protein is degraded on its way to the membrane. After 
transport, the signal sequence is cleaved to give the mature folding intermediate mIl. 
which must then fold via other hypothetical intermediates (mI2' mI3) to the native 
state N. During peri plasmic folding, as yet unidentified periplasmic chaperones may 
act on the protein, and the disulfide forming activity DsbA acts on the antibody. It is 
unknown whether the resident proline cis-trans isomerase (rotamase) acts on the 
antibody. Overexpression of rotamase and DsbA do not seem to change the amount 
going to N, and thus the diversion to aggregates appears to happen before these 
steps, or at least to be independent of their extent 
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quence of the antibody plays a decisive role. The primary sequence of the 
antibody determines the critical partitioning of the protein intermediates 
(presumably after transport) between folding to the native structure, aggre
gation and degradation (Fig. 4). This deduction requires constructs to be 
compared with each other which differ in nothing else but the primary 
sequence, i.e., the same type of fragments (Fab, Fv, single chain Fv) in 
exactly the same vector. As a case in point, an Fab fragment of a humanized 
antibody gave much more favorable (10- to 50-fold) partitioning between 
folding and aggregation than the chimerized version of the same molecule 
containing the mouse variable domains (CARTER et al. 1992). 

Other antibody fragments may conceivably be prone to proteolysis and 
thus not reach the expression limit possible by folding. In poorly designed 
vectors, it may of course also be possible that other steps, such as transcrip
tion or translation, are limiting and expression is so low that insoluble 
protein is never seen. In low expression systems, it is thus possible that an 
improvement of these processes will increase the overall yield of folded 
protein (STEMMER et al. 1993a). It should be generally feasible, however, to 
reach the limit set by protein folding with suitable vectors (see below and, 
e.g., SKERRA and PLUCKTHUN 1991), and it was shown that with such vector 
systems the antibody protein can be one of the most prominent soluble 
proteins in the cell, if it has a sequence and structure which allows efficient 
folding (KNAPPIK and PLUCKTHUN, unpublished; CARTER et al. 1992). 

V. Catalysis of Periplasmic Protein Folding 

1. Disulfide Bond Formation 

The observed difference in folding between the Fv and the Fab fragment 
of the same antibody (SKERRA and PLUCKTHUN 1991) led to the question 
of whether particular structural features in the constant domains can be 
delineated which might be responsible for this difference, perhaps by leading 
to particularly slow folding steps of the Fab fragment. Two types of slow 
processes in protein folding have been discovered which can be pinpointed 
to particular chemical events (FISCHER and SCHMID 1990): proline cis-trans 
isomerization and disulfide formation and isomerization. It is now clear, 
however, that these are not the only slow events and that noncovalent 
rearrangements of the protein during folding, once the protein has already 
attained a native-like structure, can be slower still and thus can be rate deter
mining. Unfortunately, the rate determining step for most antibody frag
ments is not known and, again, may well depend on the primary sequence. 

The importance of proline cis-trans isomerization and disulfide isom
erization can be tested by mutagenesis experiments and by catalysis with 
specific proteins in vitro and in vivo. Such experiments have been carried 
out with different fragments of the antibody McPC603 (SKERRA and PLUCK-
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Fig. 5. Cysteine residues and cis-peptide bonds adjacent to proline residues in the 
Fab fragment of the antibody McPC603, a mouse IgA 

THUN 1991; KNAPPIK et al. 1993) in E. coli and a single chain Fv-toxin fusion 
protein in vitro (BUCHNER et al. 1992a). 

The Fab fragment of McPC603, a mouse IgA, carries five disulfide 
bonds (SATOW et al. 1986). One consensus S-S bond is present in each 
domain linking the two p-sheets, and there is an extra one in CHI, which is a 
feature of mouse IgA (SATOW et al. 1986; COCKLE and YOUNG 1985) (Fig. 5). 
Removing this additional disulfide creates an Fab fragment which is fully 
functional but is not obtained at significantly higher yield (SKERRA and 
PLUCKTHUN 1991), although the removal of two cysteines might at first be 
expected to diminish the possibilities for incorrect disulfide linkages. The 
light chain of this Fab ends in a free cysteine probably linked to the other 
Fab in the mouse IgA (ABEL and GREY 1968), but similarly, its removal does 
not change the partitioning of Fab between folded and aggregated protein. 
If the CHI domain of an IgGI is introduced instead of the CHI of the mouse 
IgA, a covalent link is obtained between Hand L, yet again at about the 
same level of correctly assembled protein. These data are consistent with 
the idea that disulfide formation does not limit the periplasmic folding 
process. 

The formation of disulfide bonds is known to occur in the bacterial 
periplasm (POLLITT and ZALKIN 1983) (Fig. 4), and recently an enzymatic 
system has been discovered which is responsible for it (BARDWELL et al. 



Antibodies from Escherichia Coli 279 

1991, 1993; KAMITANI et al. 1992). Briefly, the protein DsbA, itself con
taining a reversibly opening disulfide bond, is involved in the formation and 
perhaps rearrangement of disulfide bonds of the proteins to be folded after 
they have reached the periplasmic space. There has been some debate about 
whether disulfide rearrangement involving stable intermediates (as opposed 
to the serial formation of only correct disulfide bonds) is a physiologically 
relevant reaction (CREIGHTON 1978; WEISSMAN and KIM 1991; GOLDENBERG 
1992). In the best investigated case in vitro, that of the bovine pancreatic 
trypsin inhibitor BPTI, disulfide formation occurs in a very late state of 
folding, after the tertiary fold is essentially complete (WEISSMAN and KIM 
1991). 

In the case of the antibody domains, the mechanistic details of disulfide 
formation have remained unclear. In their natural environment (the B 
cell or plasma cell) antibodies develop disulfide links in the endoplasmic 
reticulum (BERGMANN and KUEHL 1979), catalyzed by the eukaryotic disul
fide isomerase (FREEDMAN et al. 1989). The conserved intradomain disulfide, 
however, is completely buried, and it seems that its formation must occur at 
an early step in folding. 

Using a dsbA - deletion mutant, no formation of Fv fragment could be 
observed in the bacterial periplasm (KNAPPIK et al. 1993). Fv formation 
could, however, be restored by plasmid-encoded DsbA. These experiments 
show that bacterial DsbA takes part in the formation of active Fv fragment, 
and is required for this assembly. 

An obvious question was therefore whether the overexpression of DsbA 
would increase the amount of active Fv, single chain Fv (scFv) or Fab 
fragment. For the antibody McPC603, for which such an experiment was 
carried out, the answer was negative (KNAPPIK et al. 1993). This is consistent 
with the results from the experiments on removing disulfides by mutagenesis 
(SKERRA and PLUCKTHUN 1991), and it suggests that aggregation of the peri
plasmic protein occurs either before disulfide formation or is at least inde
pendent of its extent. This experiment does not, however, automatically 
lead to the generalization that disulfide formation may never be limiting for 
any fragments or fusion protein. There might conceivably be cases in which 
overexpression of a disulfide formation catalyst and/or the inclusion of redox 
couples (i.e., reduced and oxidized glutathione at various proportions) 
might make a difference. However, in the investigated cases, the aggregation 
phenomena seemed to be independent of the extent of disulfide formation 
and perhaps to precede it (Fig. 4). 

In vitro, a strong dependence of folding rates and yields on disulfide 
formation has been seen for antibody folding (HABER 1964; ROWE and 
TANFORD 1973; ROWE 1976; GOTO and HAMAGUCHI 1979, 1982, 1986; GOTO 
et al. 1988; HUSTON et al. 1991; BUCHNER et al. 1992a,b; BUCHNER and 
RUDOLPH 1991). Nevertheless, different scFv fragments seemed to show 
rather different requirements for the type of oxidative folding: the method 
most frequently used for disulfide containing proteins, simultaneous ox ida-
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tion and refolding (by dilution from denaturant into a buffer containing a 
redox couple) with or without prior formation of mixed disulfides, was not 
always successful (summarized in HUSTON et al. 1991). Some antibody Fv 
and scFv fragments require oxidative formation of disulfide bonds already in 
the completely denatured state, suggesting problems with accessibility of the 
cysteines (HOCHMAN et al. 1976; GLOCKSHUBER et al. 1992). 

In conclusion, the conserved disulfides of the variable domains, which 
are important for structural integrity (GLOCKSHUBER et al. 1992), can be 
formed in vitro and in vivo (in eukaryotes and bacteria) and they do not 
seem to constitute the reason for the amount of aggregation which may 
accompany antibody expression in bacteria. 

2. Proline cis-trans Isomerization 

Another reaction which can be the slow step in protein folding is proline cis
trans isomerization (BRANDTS et al. 1975). The peptide bond contains partial 
double-bond character and thus presents a significant barrier to rotation. 
Two stable configurations exist, but for all amino acids except proline, the 
trans configuration (labeled with respect to the two Ca atoms) avoids steric 
crowding, whereas for proline, the difference is marginal (summarized in 
STEWART et al. 1990). Proline cis-trans isomerization can be a slow step of 
protein folding in vivo, even of antibody domains (GOTO and HAMAGUCHI 
1982; LANG and SCHMID 1988; BUCHNER et al. 1992a). However, even for 
very slow folding proteins containing cis prolines, there may be packing 
rearrangements that occur still more slowly than proline cis-trans isomeriza
tion and thus constitute the rate-determining steps. 

There are two unrelated, Ubiquitous classes of proteins with proline-cis
trans isomerase activity (FISCHER and SCHMID 1990; TRANDINH et al. 1992). 
So far, actual demonstration of their involvement in folding in vivo is still 
lacking, but their acceleration of folding in vitro has been demonstrated for 
numerous substrate proteins. E. coli has two such enzymes, one in the 
cytoplasm, and one in the periplasm (LIU and WALSH 1990; HAYANO et al. 
1991). 

Antibodies contain cis pro lines both in their constant and in their vari
able domains (Fig. 5). In the particular case of the Fab fragment of the 
mouse IgA McPC603, there are five of them (SATOW et al. 1986) (two in VL 

at L8 and Ll01, one in CL at Ll47 and two in CH 1 at H143 and H155). 
Thus, the Fv fragment would contain two cis bonds and the Fab fragment all 
five. The observation that the Fab fragment and the Fv fragment of the 
same antibody fold to various efficiencies in the periplasm, whereas they are 
produced in about the same amount on the ribosome, made it worthwhile to 
test proline cis-trans isomerization as a possible cause for the different 
behavior of Fv and Fab fragments. 

For this purpose, a loop in the CH 1 domain at the opposite end of the 
molecule from the binding site was altered from its wild-type sequence 



Antibodies from Escherichia Coli 281 

(containing two trans-pro lines and one cis-proline) to a loop containing only 
1 trans-proline, but without dramatic effect on periplasmic folding (SKERRA 
and PLUCKTHUN 1991). Since the putative cause of aggregation might be in 
any of the cis-prolines, the E. coli periplasmic proline cis-trans isomerase 
was also overexpressed together with the Fv fragment, or both versions of 
the scFv fragment (Vwlinker-VL and VL-linker-VH ) or the Fab fragment 
(KNAPPIK et at. 1993). There was no effect on the yield of folded protein, 
with the possible exception of one of the scFv fragments. In this particular 
case, V L was preceded by the linker and perhaps isomerization of the 
peptide bond at L8 was sterically more hindered than in any other fragment. 
Nevertheless, there is no evidence that proline cis-trans isomerization has a 
limiting role on the folding of these antibody fragments in E. coli. This 
conclusion is also not changed by overexpressing E. coli disulfide isomerase 
DsbA together with proline cis-trans isomerase (KNAPPIK et at. 1993). 

It appears therefore that neither proline cis-trans isomerization nor 
disulfide isomerization can be held responsible for the absence of quanti
tative folding of antibody fragments in the bacterial periplasm. Rather, 
aggregation events which occur before these reactions or are at least in
dependent of their extent appear to be the cause (Fig. 4). Nevertheless, 
periplasmic functional expression is possible and provides a fast, convenient 
and versatile method to directly obtain folded antibody in quantities suf
ficient for essentially any experiments, up to grams per liter in fermentation 
(CARTER et at. 1992). 

VI. Design of Secretion Vectors 

The previous discussion has emphasized that it is the periplasmic folding 
process which appears to limit the expression level of functional antibody 
protein. Therefore, it is not necessarily useful to choose as high an expres
sion level as possible. Instead, it is crucial that expression is under the 
control of a repressible promoter, since secretion (or the concomitant 
production of some insoluble periplasmic protein) appears to stressful 
for the cells, which may respond with poor growth, plasmid loss, and, in 
extreme cases (observed for a single chain T cell receptor; WOLFING and 
PLUCKTHUN, unpublished), complete rearrangement of plasmids. Many 
different antibody secretion vectors have been designed by now, but they all 
essentially follow the principles laid out by SKERRA and PLOCKTHUN (1988) 
and BETTER et at. (1988). Phages use the E. coli machinery to make pro
teins in just the same way. Therefore, they must contain similar expression 
cassettes. This is true for phage A, in which the phage is merely used for 
transfecting the genetic information efficiently, and for filamentous phages 
(see above), in which a fusion protein is made from the antibody and a coat 
protein, using periplasmic secretion as an intermediate. 

In a walk around the vector (Fig. 6), the considerations leading to the 
choice of promoter of the recombinant immunoglobulin will be discussed 
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Fig. 6A,B. Secretion vectors for antibody expression in E. coli. As an example, a 
series of improved vectors suitable for expressing single chain Fv (scFv) Fv and Fab 
fragments is shown (L. GE, A. KNAPPIK and A. PLUCKTHUN, unpublished). These 
vectors incorporate restriction sites within the antibody gene for convenient PCR 
cloning and cassettes for detection, purification and phage display. 

A The design is very modular, allowing easy exchange of antibiotic resistance, 
the fragment of the antibody and the A and B cassettes. 

The A cassette contains a bacterial signal sequence, directly fused to the mature 
antibody part or preceded by only three additional Flag amino acids, which can be 
detected with extremely high specificity and sensitivity using a Ca2+ -dependent 
antibody (KNAPPIK et aI., unpublished) using a much shorter epitope than originally 
presumed to be necessary (PRICKETI et al. 1989). 

The B cassette may be used to introduce a COOH-terminal purification or 
detection tag, to fuse a hinge and helix for dimerization, to fuse a phage gene for 
surface display or an enzyme for easy detection of the antibody. 

PCR of antibody genes can be carried out with primers carrying extensions using 
EcoRI and EcoRV sites, which are both rare in antibody sequences. 

B The schematic arrangement of genes for functional expression. Since in this 
case both chains of the antibody must be secreted to the same peri plasmic space to 
assemble, they must either be produced as two different secreted protein chains in 
the same cell (a,b) or they must be linked via a peptide linker (c,d). It is advan
tageous to express the independent chains of the Fab fragment (a) or the Fv 
fragment (b) in a dicistronic operon (a,b), as discussed in the text. Two different 
orientation of the scFv fragment are shown which have both been shown to function 
(c,d). p/o denotes a promoter/operator structure; SD, a Shine-Dalgarno sequence; 
and term, a transcription terminator 

first. While it should be strong, it needs to be, first and foremost, very 
tightly regulated. Two natural promoters have proven to be particularly 
useful in this respect, the first being the lac promoter, which is regulated not 
only by the lac inducer IPTG, but also by glucose (BECKWITH and ZIPSER 
1970). The second is the phoA promoter (WANNER 1987), which is turned 
off in the presence of phosphate. The latter is more useful in reproducible 
fermentations, but perhaps less so on a laboratory scale, since the initial 
phosphate must be precisely calculated to run out at a particular point. A 
third system, which is completely tight and has been shown to be useful for 
T cell receptor expression, is that of invertible promotors (WOLFING and 
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PLUCKTHUN, 1993; PODHAJSKA et al. 1985), using phage A integrase for 
inverting a cassette in which any promotor can be placed. 

Less suitable are promoters such as pL when coupled with the ther
molabile cI857 repressor, since they have to be induced at high tempera
tures. This is counterproductive with regard to correct folding (COLCHER 
et al. 1990; GIBBS et al. 1991), which occurs more efficiently at low tempera
ture (TAKAGI et al. 1988; GLOCKSHUBER et al. 1990a; SKERRA and PLUCKTHUN 
1991), and it requires that the temperature is shifted back to room tempera
ture in the expression phase. 

The translation initiation region is usually taken from a well expressed 
protein and it might be taken from the same bacterial gene as the signal 
sequence. The principle of a mini-cistron preceding the actual antibody gene 
or genes, themselves arranged in two cistrons in the case of an Fab or Fv 
fragment, has been found useful (SKERRA et al. 1991; SCHONER et al. 1990). 
Despite intensive research (summarized in MCCARTHY and GUALERZI 1990), 
there is still only incomplete rational understanding of efficient translation 
initiation, especially the positive or negative effect played by secondary 
structure of the mRNA, which on the one hand prevents translation and on 
the other hand protects the mRNA from degradation (see, e.g., EHRETSMANN 
et al. 1992). Therefore, pragmatic approaches using well expressed E. coli 
genes as a framework still prevail. At low expression levels transcription and 
translation may be limiting (STEMMER et al. 1993a). 

The signal sequence directs the antibody protein to the periplasmic 
space. There is no evidence that there are particular signal sequences which 
can direct the antibody protein to the medium; it appears rather that the 
outer membrane becomes leaky due to the mature antibody protein. 
Eukaryotic signal sequences often work successfully in bacteria, but the 
original heavy chain signal sequence of the antibody T15 failed in E. coli 
(SKERRA and PLUCKTHUN 1991), probably because it cannot be cleaved 
properly due to its cysteine residue at the -1 position. Among bacterial 
signal sequences used successfully are those of the bacterial outer membrane 
protein A (ompA), alkaline phosphatase (PhoA) and pectate lyase of Erwinia 
carotovora (pe/B). The latter tolerates a sequence change, in which a very 
rare restriction site can be introduced, useful for PCR cloning (see below). 

Beckwith and coworkers made the remarkable observation that a small 
amount of secretion to the periplasm of some proteins is detectable even if 
no signal sequence at all is used, especially in a prlA strain of E. coli 
(DERMAN et al. 1993). It remains to be investigated whether the observation 
of some amount of functional Fab, expressed without signal sequence in E. 
coli (CABILLY 1989), is related to this phenomenon. 

For efficient secretion, the antibody gene must surely be fused precisely 
to a bacterial signal sequence. In the case of a scFv fragment, both domains 
making up the binding site are connected in a single protein (Figs. 3, 6, 7). 
In the case of Fv fragments and Fab fragments, however, both chains are 
unconnected. The most efficient way to guarantee co expression and cose-
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VL 

Fig. 7. A single chain Fv (scFv) fragment containing a histidine tail for purification 
with immobilized metal affinity chromatography. The linker is drawn very sche
matically, as it is now known to have no defined structure. (For details, see FREUND 
et al. 1993; see text) 

cretion of both chains has been to design an aritificial operon, in which 
both genes, each fused to its signal sequence, are encoded in tandem on a 
single mRNA (SKERRA and PLUCKTHUN 1988; BEITER et al. 1988) (Fig. 6). 
This way, simultaneous folding of heavy and light chains can occur in the 
periplasm. There is no indication that there is a higher kinetic barrier to 
association of V H and V L in an unlinked Fv fragment than in a scFv frag
ment, as evidenced by the similar expression yields (GLOCKSHUBER et al. 
1990a). However, at equilibrium, some Fv fragments show significant 
dissociation into V H and V L which is of course concentration dependent (see 
below). 

For protein production, the original dicistronic approach (Fig. 6) (SKERRA 

and PLUCKTHUN 1988; BEITER et al. 1988) still seems to be the most ad-
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vantageous, as only one promoter needs to be tightly regulated and only one 
plasmid needs to be maintained at high copy number. Nevertheless, other 
approaches have now been used as well. A two-promoter system has been 
used in a phage vector (BARBAS et al. 1991), as have been two-plasmid based 
systems (COLLET et al. 1992). These vector systems may add versatility to 
combinatorial libraries, but they will also add complications in stable pro
duction systems. 

The mRNA ends at a transcription terminator, and there is evidence 
that efficient termination also protects the mRNA against exonucleolytic 
degradation (BELASCO and HIGGINS 1988 and references therein). Other 
elements of the plasmid include an antibiotic resistance, which, despite 
being a standard procedure, is worth a comment. The periplasmic leakiness 
induced by the antibody can lead to massive amounts of fi-Iactamase in the 
medium, degrading the antibiotic and making it possible for plasmid-free 
cells to grow (PLUCKTHUN and SKERRA 1989). It is therefore better to resort 
to other antibiotics in prolonged growth experiments and fermentation, such 
as kanamycin or tetracycline. The origin of the expression plasmids based on 
the pUC series will give a high copy number (YANISCH-PERRON et al. 1985), 
but only at high temperature, and at room temperature, it falls below 
pBR322 (LIN-CHAO et al. 1992). Both for mutagenesis purposes and phage 
display (see below) an origin for a filamentous phage on the plasmid is 
useful (Fig. 6). 

VII. Fermentation 

Two reasons make it worthwhile to discuss the fermentation of bacteria 
producing antibodies in this context. First, the most efficient method to 
increase the amount of folded antibody per volume is by producing more 
cells, if the amount produced per cell is limited. Second, the fermenter 
allows for more careful control of the growth conditions. This is not only 
crucial for reproducibility, but also helps in understanding the physiology of 
the process. 

An unexpected observation was the lack of periplasmic leakiness under 
fed-batch fermentation conditions (PACK et al. 1993). One possible expla
nation might be the artificially slowed growth in the fed-batch process, which 
might lead to a higher degree of cross-linking of the peptidoglycan cell wall 
(PARK 1987) and thus to a greater stability of the cell. Alternatively, the 
defined medium may be lacking a leakiness-inducing component. It was 
found to be crucial to use tightly regulated promoters (CARTER et al. 1992; 
BETTER et al. 1993; PACK et al. 1993), since otherwise plasmid loss is observed 
during cultivation. Before induction, nitrogen levels stay constant, indicating 
a metabolic balance of the repressed cells. After induction, this balance is 
lost, demonstrating the stress that antibody secretion constitutes for the 
bacterial cell. This stress appears to be dependent on the particular antibody 
sequence (KNAPPIK and PLUCKTHUN, unpublished). 
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Fermentation now allows the production of functional antibody frag
ments (depending on the fragment and its sequence) with yields between 
100 mg and 1 g per liter E. coli culture (CARTER et al. 1992; BETTER et al. 
1993; PACK et al. 1993), demonstrating the general utility of the bacterial 
secretion technology. 

VID. Cloning Antibodies by Polymerase Chain Reaction 

The availability of a large number of antibody sequences obtained by con
ventional cloning and the advent of PCR made it possible to define con
sensus primers to amplify antibody sequences (reviewed in LARRICK et al. 
1992). PCR amplification of mRNA after reverse transcription and the 
amplification of rearranged V-D-J heavy chain or V-J light chain genes 
have been described (reviewed in LARRICK et al. 1992; HOOGENBOOM et al. 
1992). 

The "COOH-terminal" primers (reading toward the 5' end of the RNA) I 
are not a problem: all constant domain sequences of mice and humans are 
known, and precisely matching primers can be made to amplify mRNA. 
Together with appropriate "NH2-terminal" primers (reading towards the 3' 
end of the mRNA)1 sequences encoding the Fab fragment can be amplified. 
Alternatively, primers located in the J region (also completely known) can 
be used as the COOH-terminal primers. To amplify genomic V genes, 
different COOH-terminal primers have to be used for hybridizing at the end 
of the V genes (TOMLINSON et al. 1992). The NHz-terminal primer can be 
located at the very beginning of the mature region of the V gene (ORLANDI 
et al. 1989; SASTRY et al. 1989). Alternatively, primers hybridizing to the 
signal sequence have been used successfully (JONES and BENDIG 1991) for 
amplifying mRNA. While the latter strategy conserves the NHz-terminus of 
the mature gene, it requires an additional PCR step to introduce the gene 
into the bacterial expression vector and has been used mostly with eukaryotic 
expression vectors, and is less suitable for library construction. 

The former method of PCR amplification may change the identity of the 
amino acids at the very beginning of the gene, since one of the primer
encoded sequences will be obtained by necessity. One may, however, con
vert these residues to any consensus sequence or to an experimentally 
determined protein sequence in a second round of PCR amplification or 
site-directed mutagenesis. 

Most conveniently, the PCR product is cloned directly into the expres
sion vector or phage display vector. This may be achieved by directly 
extending the PCR primers to include an "overhang" encoding a restriction 
site plus some extra bases to ensure cutting of the restriction enzyme close 

I Winter and coworkers (see, e.g., HOOGENBOOM et al. 1992) have used a different 
nomenclature, in that the primer reading toward the 5' end of the mRNA is called 
"forward," whereas the one priming synthesis toward the 3' end is called "back." 
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to the end of the PCR fragment. Alternatively, a short precise primer can be 
used first to amplify the eukaryotic DNA or cDNA to eliminate any false 
priming by the overhang; a second round of amplification is then used to 
introduce the restriction site. 

A variety of methods for introducing the PCR products into the vector, 
e.g. a bacterial secretion vector (Fig. 6), have been used. Many variations 
on this theme are possible, depending on whether bacterial secretion vectors, 
vectors for inclusion body formation, eukaryotic cDNA based vectors or 
eukaryotic genomic based vectors are to be used for receiving the PCR 
products. 

IX. Purification 

Purification of whole antibodies has usually relied on classical chromato
graphy, antigen affinity chromatography or affinity chromatography using 
bacterial immunoglobulin-binding proteins such as staphylococcal proteins 
A, B, G or L (for summaries see BOYLE 1990; BOYLE and REIS 1987; FAUL
MANN et al. 1991; NILSON et al. 1992). However, the usefulness of this 
strategy for Fv or scFv fragments is fairly limited, as the bacterial proteins 
bind mostly to constant domains and only a few subgroups of V domains are 
recognized (INGANAS et al. 1980; NILSON et al. 1992). 

However, using affinity tails, any fragment can now be purified by 
rather convenient and reproducible procedures, and this technology can be 
carried out on a very large scale. The most convenient strategy is probably 
the use of a stretch of histidines at the COOH-terminus (SKERRA et al. 1991; 
LINDNER et al. 1992) (Fig. 7). This has been successfully tested with a scFv 
fragment of the form Vw linker-VL-His-5, with a VL domain (VL-His-5) and 
also with an Fab fragment, in which the His-5 tail was fused to CHI. Since 
the heavy chain is practicably insoluble if not paired with a light chain, this 
amounts to a purification of assembled Fab fragments (KNAPPIK et al., 
unpublished) even though the two chains are not covalently linked. In the 
mouse K V L domain, the last two amino acids, Arg-Ala (numbers 108 
and 109 according to Kabat), were replaced by histidines and only three 
additional His residues had to be added to the end. X-ray crystallography 
showed that this had no influence on the structure of the V L domain 
(LINDNER et al. 1992). 

Recent developments with immobilized metal ion affinity chromato
graphy (IMAC) now also include a convenient detection system: by com
bining the metal ligand nitrilotriacetic acid (NTA) with biotin, the His-5 or 
His-6 containing protein can be detected in Western blots using phosphatase
labeled avidin (HOCHUL! and PIESECKI 1992). Furthermore, the tail can also 
be used for obtaining a pseudocovalent binding: using C02+ as the metal 
bound to NTA, which is attached to a solid support, the protein can be 
adsorbed. A later oxidation of C02 + to C03 + makes it exchange-inert, 
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thereby effectively "covalently" binding the protein to a solid surface in a 
predetermined orientation with the binding site still intact (SMITH et al. 
1992). 

A whole number of different affinity tags have been suggested for 
detection and 'purification, such as an epitope of the myc protein (EVAN et 
al. 1985; MUNRO and PELHAM 1986; WARD et al. 1989), a Ca2+-dependent 
epitope useful both at the NH2-terminal and the COOH-terminus (WELS et 
al. 1992a; PRICKETT et al. 1989; KNAPPIK and PLUCKTHUN, unpublished), a 
peptide biotinylated in vivo in E. coli (MULLER and PLUCKTHUN, unpub
lished; WEISS, personal communication), peptides binding to streptavidin 
(DEVLIN et al. 1990; SCHMIDT and SKERRA 1993), or epitopes encoded in the 
linker of a scFv fragment (BREITLING et al. 1991), but scale-up would be 
more costly than with the metal affinity procedure. Nevertheless, for detec
tion purposes, these tags can be useful. For example, only three additional 
amino acids, Asp-Tyr-Lys, fused to the NHz-terminal Asp residue of the 
V L domain are sufficient to specifically detect the protein (KNAPPIK and 
PLUCKTHUN, unpublished) with a specific antibody (Fig. 6). In the case of 
novel types of constructs or new antibody-like domains, it may also be 
useful to test the integrity of the protein with the simultaneous use of an 
NHz-terminal and a COOH-terminal tag sequence, which has been shown to 
be possible with scFv fragments (GE et aI., unpublished). 

C. Expression of Antibody Fragments as Inclusion Bodies 

The production of antibody proteins as cytoplasmic inclusion bodies in E. 
coli is also possible, and it does not differ greatly from the production of 
other recombinant proteins by this method. This was the strategy used in the 
first reports about expressing antibodies in E. coli (Boss et al. 1984; CABILLY 
et al. 1984). All types of antibody fragments (Fab, Fv, scFv and even the 
chains for the whole antibody) have since been produced this way (see, e.g., 
Boss et al. 1984; CABILLY et al. 1984; WOOD et al. 1984; BIRD et al. 1988; 
HUSTON et al. 1988; FIELD et al. 1989; PANTOLIANO et al. 1991; CHEADLE 
et al. 1992; FREUND et al. 1993) and a variety of strains, plasmids and 
promoters have been used. There are no apparent requirements for the 
strain or expression system which would be specific for antibodies; any 
established production strain for E. coli inclusion bodies and most inducible 
strong promoters should be suitable. The use of the 17 system, as a parti
cularly strong, but regulatable system, was found useful (see, e.g., HUSTON 
et al. 1991; FREUND et al. 1993). Fermentation of E. coli can also be carried 
out according to established principles (summarized by RIESENBERG 1991). 

Too little is currently known to predict the ability of different sequences 
of form inclusion bodies (desired in this strategy) and their susceptibility 
to proteases. Recombinant proteins occasionally show signs of some degra-
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dation, even when produced as inclusion bodies. The problem with anti
bodies is that there is considerable variability in the sequence and not all 
behavior observed for the antibodies tested so far may be generally valid. 
It is, for example, not yet known whether protease deficient strains are 
generally. useful for the yield of inclusion bodies, and this may depend 
somewhat on the particular fragment and the particular sequence of the 
antibody of interest. 

Usually, the inclusion body approach is carried out using genes not 
encoding signal sequences. Therefore, the antibody fragments stay in the 
cytoplasm and largely precipitate. Since precipitation is desired, it is useful 
to do exactly what needs to be avoided when secreting the antibody, namely, 
to grow the cells at higher temperature, e.g., 37°C. At lower temperature, 
some soluble Fab fragment has been observed which can be isolated from 
the cytoplasm (CABILLY 1989), but it has not been completely characterized 
in terms of the extent of its disulfide formation and stability. 

Using secretion vectors, one may also isolate that portion of the secreted 
protein which precipitates after transport to the periplasm. This has been 
described for scFv fragments (COLCHER et al. 1990; GIBBS et al. 1991; 
WHITLOW and FILPULA 1991) and Fab fragments (SHIBUI et al. 1993). At 
higher temperatures (37°C), the protein still can be transported, but folding 
in the periplasm is often severely impaired, although apparently not for all 
antibodies (CARTER et al. 1992). Therefore, a heat inducible promoter is 
usually problematic for soluble expression and secretion, but ideal for 
inclusion body formation. The attraction of this at first paradoxical approach 
of refolding from periplasmic inclusion bodies comes from the fact that the 
periplasmic location protects the protein better from proteases. Therefore, 
some smaller antibody fragments may not reach the critical concentration 
required for precipitation because of competition from proteolysis in the 
cytoplasm. In the oxidizing milieu of the periplasm, some of the precipitated 
protein has disulfide linkages (PANTOLIANO et al. 1991), but it is not known 
what percentage of molecules has them and how many are correct. It is 
likely that a direct comparison of the yield from refolding periplasmic and 
cytoplasmic inclusion bodies depends on the exact vector constructions. 

Cell growth, vector construction and inclusion body enrichment are 
straightforward (as there are no obvious specific differences from other 
recombinant proteins), but it should be noted that, if the protein is produced 
without a signal sequence, the 5' -coding region is derived from the mature 
eukaryotic protein, and not the prokaryotic signal sequence, and its mRNA 
secondary structure then plays a more important role. Consequently, the 
nucleotide sequence may have to be modified to avoid hairpin structures 
(WOOD et al. 1984). In one case, even additional amino acids had to be 
fused to the heavy chain of the Fab fragment to obtain good inclusion body 
formation (BUCHNER and RUDOLPH 1991). However, in other cases the 
inclusion body formation of a scFv fragment was found to be very efficient 
and straightforward with a T7 based expression system (see, e.g., HUSTON et 
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al. 1991; FREUND et al. 1993) but several other promoters have been used as 
well. 

Several research groups have established refolding protocols. Fab frag
ments have been refolded at 10%-40% yield (see, e.g., BUCHNER and 
RUDOLPH 1991; SIDBUI et al. 1993), and scFv fragments have usually been 
refolded at 10%-20% yield (see, e.g., HUSTON et al. 1991; BUCHNER et al. 
1992a,b; FREUND et al. 1993), in both cases with distinct variations due to 
the primary sequence. After refolding, the protein must be purified again 
and, especially, separated from incorrectly folded but perhaps soluble con
taminating antibody protein (BUCHNER et al. 1992b). This is straightforward 
if an antigen affinity column is available, but it may require several steps of 
conventional chromatography if this is not available. It is thus not un
common to obtain a yield of only a few percent of purified refolded protein 
(BUCHNER et al. 1992b) relative to the protein initially present in the inclusion 
body. In comparing the productiving of different E. coli strategies, it is 
crucial to keep this in mind. 

What are the factors influencing the yield of in vitro refolding? Again, 
the refolding of antibodies is not principally different from that of other 
disulfide containing proteins (RUDOLPH 1990). First and foremost, the disul
fide formation must be kinetically catalyzed and thermodynamically allowed. 
Using redox couples of reduced and oxidized glutathiones, concentrations of 
1-2 mM reduced and 0.1-0.2 mM oxidized glutathione have been found 
useful (see, e.g., RUDOLPH 1990; BUCHNER and RUDOLPH 1991; HUSTON et 
al. 1991; BUCHNER et al. 1992a,b; FREUND et al. 1993), but the optimum may 
depend somewhat on the particular antibody (HUSTON et al. 1991). These 
conditions thermodynamically allow for formation of disulfide bonds, 
even if they appear at first sight to be reducing conditions, since the redox 
equilibrium of the protein disulfide bonds depends on the free energy of 
the folded protein, which stabilizes the oxidized form with respect to free 
cystine. Because of the importance of disulfide formation, it is useful to 
carry out refolding at high pH in order to speed up the disulfide reactions, 
since the reactive species is the thiolate anion. The aggregation of folding 
intermediates is a severe problem and probably the single most important 
side reaction lowering the yield in vitro and in vivo. Thus, rather low protein 
concentrations have to be used, but the unfolded protein may be added to 
the refolding mix in small portions since the folded protein has a much 
higher solubility. Additionally, additives such as 1 M arginine are often 
found useful, as they appear to increase the solubility of intermediates 
(RUDOLPH 1990). Too low a protein concentration may lead to gigantic 
volumes and prevents chain association in heterodimeric Fab fragments. 
Usually, refolding concentrations of 0.1-5 mg/ml are found useful (see, e.g., 
BUCHNER and RUDOLPH 1991; HUSTON et al. 1991, 1993; BUCHNER et al. 
1992a,b; FREUND et al. 1993). 

The addition of molecular chaperones in vitro has been investigated 
(BUCHNER et al. 1992a), yet without dramatic effects, just as in vivo (KNAPPIK 
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et al. 1993). Only very slight improvements in yield are seen, but the effort 
of providing stoichiometric amounts of such proteins makes this approach 
daunting on a technical scale. 

All in .all, in vitro refolding is a feasible strategy for a variety of antibody 
fragments. Yet, it is more laborious than production by secretion. Secretion 
is only now beginning to be optimized and, depending on the antibody 
primary sequence, already often levels of 1 g antibody per liter E. coli 
(CARTER et al. 1992) can be achieved. Crucial sequence determinants are 
beginning to be defined (KNAPPIK et al., unpublished). Therefore, if quantities 
of folded protein similar to those found in inclusion bodies can be obtained 
by secretion directly, it will always be the method of choice. If one parti
cular antibody fragment needs to be produced routinely, however, optimizing 
a refolding/purification scheme can be an attractive option. Additionally, 
special applications such as the production of isotope-labeled proteins, as in 
NMR studies (FREUND et al. 1993), may make use of in vitro refolding 
because of the considerable expense of the label. 

D. Antibody Fragments 
Much of the preceding discussion on expression focused on protein folding 
in vivo and in vitro. A recurring theme was to make the molecule smaller, in 
the hope of increasing the yield of folding both in vitro and in vivo. It is 
necessary, however, to clearly understand the implications of working with 
small fragments of the antibody. Generally, working with smaller fragments 
can be very advantageous (see below) for many applications, and certain 
stability issues can now be overcome. 

One may first ask: why make the antibody smaller at all. In most 
applications, binding the antigen is the central goal, and making the protein 
smaller simply removes much competing protein surface leading to non
specific reactions. In clinical applications, pharmacokinetics are an im
portant issue. For instance, in tumor imaging experiments it is useful if the 
background clears rapidly, and clearance is dependent on the molecular size 
(COLCHER et al. 1990; YOKODA et al. 1992). Furthermore, smaller molecules 
penetrate tumor tissue much more efficiently (YOKODA et al. 1992). It is 
possible that smaller antibody fragments are per se less immunogenic, but as 
of yet there have been no quantitative investigations. The issue of antibody 
antigenicity has been summarized by ADAIR (1992). Perhaps most attractive, 
however, is the convenient accessibility of these small molecules by bacterial 
expression technology. 

All domains of the antibody have a function, of course, but in applying 
antibodies in research, technology and medicine, binding the antigen is 
frequently the only function used. All antigen contacting regions are within 
V H and V L, and we must therefore also discuss which properties of the 
antibody might be lost if fragments consisting just of V H and V L are 
used. For instance, the constant domains of the Fab fragment contribute to 
stability in preventing the dissociation of VH and VL . However, VH and VL 
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can be linked covalently by a variety of methods (GLOCKSHUBER et al. 
1990a), (see below). Many detection systems have relied on the constant 
domains, using either antibodies directed against the C regions or bacterial 
proteins which have an affinity for them (see Sect. B.IX). This problem can 
also be circumvented by using a "tag" sequence at the NHz-terminus (WELS 
et al. 1992a), at the COOH-terminus (WARD et al. 1989) or in the linker of 
an scFv fragment (BREITLING et al. 1991). Alternatively, in ELISA applica
tions, the detection enzymes (e.g., alkaline phosphatase) can be fused 
directly (WELS et al. 1992a), and in RIA applications, a metal binding 
domain can be fused to the antibody fragment (SAWYER et al. 1992). 

The sugars of the CH2 domains have often been used as a means of 
covalently linking the antibody to other chemicals, proteins or solid sup
ports, since modifications there do not disturb the antigen binding activity. 
However, the same specific binding can be achieved with fragments not 
carrying CH2 domains or any sugars, for instance, by encoding an additional 
cysteine at the end of the antibody fragment which can be selectively 
derivatized with maleimide or iodoacetyl derivatives (see, e.g., BERRY et al. 
1991; BERRY and DAVIES 1992; CARTER et al. 1992; CUMBER et al. 1992; 
BERRY and PIERCE 1993; MCCARTNEY et al. 1993). This would be the only 
free cysteine in the molecule, all others being normally involved in disulfide 
bonds. 

An additional feature of whole antibodies, which is lost in making 
fragment, is bivalency; however, even this feature can be restored with small 
fragments. Bivalent mini-antibodies (PACK and PLUCKTHUN 1992; PACK et al. 
1993) have been designed (see below) which self-assemble in E. coli and 
show the same avidity as a bivalent whole antibody, but have the size of 
only one Fab fragment. 

There are nonetheless antibody functions which are lost when not using 
whole antibodies and for which no bacterial solutions have been reported 
yet. The most important ones are the binding of the Fe part to the Fe 
receptor (in the case of IgG, the receptors FcyRI, RII, and RIll), causing 
antibody-dependent cellular cytotoxicity (ADCC) , and the ability to bind 
the complement factor C1q, the crucial step for complement activation 
(reviewed in MORGAN and WEIGLE 1987; SEGAL 1990; SCHUMAKER and POON 
1990; SHIN et al. 1992; MORRISON 1992). Both of these functions need 
antibody glycosylation, presumably for the structural integrity of the CH 2 
region of the molecule, even if the sugars themselves are not directly 
involved in the contact to the Fc receptor or C1q (DUNCAN and WINTER 
1988; TAO and MORRISON 1989; GILLIES and WESOLOWSKI 1990; LUND et al. 
1990). It remains to be seen whether functional analogs, perhaps involving 
variable domains binding to the effector molecule, can be found for bacteria. 

I. Fv Fragments 

From the available 3-D structures of antibodies, it is now obvious that all 
contacts with the antigen are within the V H and V L domains. While the 
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proteolytic digestion of an antibody to make an Fab fragment is usually 
straightforward (WEIR 1986), the proteolytic preparation of Fv fragments is 
less so. GIVOL and coworkers (IN BAR et al. 1972; HOCHMAN et al. 1973, 1976; 
GIVOL 1991) could show that the proteolytically obtained Fv fragments they 
investigated were functional. However, the cleavage sites are not parti
cularly preferred, and only certain antibodies give rise to good Fv prepara
tions (SHARON and GIVOL 1976; TAKAHASHI et al. 1991), while in other cases 
complete functionality was not obtainable (SEN and BEYCHOK 1986) or only 
qualitatively ascertained (KAKIMOTO and ONOUE 1974; LIN and PUTNAM 
1978; RETH et al. 1979). 

These preparative problems have been overcome by using recombinant 
technology, and Fv fragments (Fig. 3) have been functionally expressed in 
E. coli (SKERRA and PLUCKTHUN 1988) and in myeloma cells (RIECHMANN et 
al. 1988). Since a number of recombinant Fv fragments have now been 
made (see, e.g., WARD et al. 1989; FIELD et al. 1990; GLOCKSHUBER et al. 
1991; McMANUS and RIECHMANN 1991; TAKAHASHI et al. 1991; CHEADLE et 
al. 1992; ANTHONY et al. 1992), more conclusions can be drawn about their 
properties. 

Fv fragments appear to have a lower interaction energy of V H and V L 

than Fab fragments, which are held together by the constant domains CHI 
and CL as well (BIGELOW et al. 1974; AZUMA et al. 1974, 1978; HOCHMAN 
et al. 1976; MAEDA et al. 1976; KLEIN et al. 1979; STEVENS et al. 1980; 
HORNE et al. 1982; GLOCKSHUBER et al. 1990a). Nevertheless, many Fv 
fragments are stable and a few have been studied in detail. A certain range 
of interaction energies between V H and V L would be expected, since the 
interface also includes complementarity determining region 3 (CDR3) and 
part of CDRI (CHOTHIA et al. 1985). It is possible that some very unstable 
Fv fragments have not been reported in the literature. 

In the case of the phosphorylcholine binding antibody McPC603, the 
V w V L association constant was measured and found to be about 106 M- 1 

(GLOCKSHUBER et al. 1990a). Since the antigen makes contact to both VH 
and V L, it stabilizes this interaction. In binding studies, a low apparent 
antigen binding constant may result because of chain dissociation. If it is 
deconvoluted into the V W V L association constant and the antigen binding 
constant (identical to that of the Fab fragment or the whole antibody), the 
experimental data can be reproduced (GLOCKSHUBER et al. 1990a). Other Fv 
fragments, e.g., of the lysozyme binding antibody D1.3 (WARD et al. 1989) 
or of the anti-digoxin antibody 26-10 (ANTHONY et al. 1992) may have a 
higher V W V L association constant, although exact quantitative data are not 
available. Taken together, these results suggest that the VWVL heterodimer 
faithfully reproduces the binding site of the whole antibody. 

Nevertheless, to make this a more general approach, methods are avail
able (GLOCKSHuBER et al. 1990a) to stabilize the VWVL interaction in anti
bodies: (a) by chemical crosslinking, (b) disulfide bond engineering and (c) 
genetic linking by a peptide linker (Fig. 7), to create a so-called single chain 
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Fv fragment (BIRD et al. 1988; HUSTON et al. 1988). It may be pointed out 
again that the reason for linking the domains lies in thermodynamic stability, 
but not in facilitating assembly in vivo, as the two unlinked domains do 
associate. 

II. Single Chain Fv Fragments 

Both orientations, Vwlinker-VL and Vdinker-VH' have been realized 
(summarized in HUSTON et al. 1993). In the antibody McPC603, both were 
compared and no significant difference in the free energy of folding was 
found. Also, both were expressed at about the same level in E. coli, 
indicating a similar partitioning between folding and aggregation (KNAPPIK 
et al. 1993). However, different expression levels between both orientations 
have been noted in another case yet without molecular cause the molecular 
cause being pinpointed (ANAND et al. 1991b). It is conceivable that the 
presence of the linker might interfere with binding of some antigens, if, e.g., 
the NHz-terminal residues make crucial contacts. In this case, it may be 
useful to switch the genetic order of the domains to free the particular 
NHz-terminus. 

Interestingly, the equilibrium denaturation curve of the scFv fragment is 
consistent with a two-state system (PANTOLIANO et al. 1991; KNAPPIK et al. 
1993). This requires either that there is some coupling energy between VH 
and V L, i.e., that a state in which only one of the two domains is unfolded is 
not a stable intermediate (although it almost certainly is a kinetic inter
mediate, see below). Alternatively, the free energy of folding of VH and VL 

may be accidentally similar. However, the free energy of folding of the scFv 
of McPC603 is about 4.7kcallmol, whereas that of the VL domain of the 
same antibody is only about 3 kcallmol (LUPAS et aI., unpublished). This 
indicates that more probably the folding of both domains is coupled. 

A wide variety of linkers for connecting V L and V H have been tested 
(summarized in HUSTON et al. 1993), and it appears that there is great 
tolerance, as the linker seems to be a very passive entity contributing rather 
little to thermodynamic stability. It only appears to be critical that the linker 
has a length of around 15 residues, and of course it is important in this 
context how the end of the variable domain is defined. It is crucial for 
stability that the complete domain is present, as defined by the 3-D struc
ture. One of the most frequenty used linkers has the sequence (GlY4-Serh 
(HUSTON et al. 1988, 1991, 1993). 

Recently, NMR experiments have made it possible to define the struc
tural properties of this linker in a scFv fragment (FREUND et al. 1993). This 
was possible by comparing the NMR spectrum of the Fv fragment to the 
scFv fragment of the same antibody. The spectra were essentially super
imposable, except for the linker region. This shows that the linker has 
essentially no influence on the structure of the variable domains at all 
(Fig. 7). Since the Fv fragment was obtained by periplasmic secretion and 
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that the same structure is obtained in both cases. To confirm that the 
additional peaks were indeed due to the linker, the scFv was selectively 
labeled with 15N-glycine and 15N-glycine/15N-serine, and the spectrum 
correctly integrated to the expected number of amino acids in the linker. 

The. identification of the linker residues thus allowed the following 
conclusions to be drawn: the chemical shift of the glycine and serine residues 
shows almost no spread and is very similar to these amino acids in water, 
indicating that the linker must be largely exposed to solvent. Furthermore, 
the Tz relaxation times are significantly longer than comparable residues 
elsewhere in the protein, indicating that the linker must be very flexible 
(FREUND et al. 1993). The linker can therefore adopt to a wide variety of 
structures. There are very few crosspeaks with the rest of the protein, 
indicating that there are few if any persistent contacts of the linker with the 
rest of the protein. 

A number of laboratories have noticed a tendency of the VH and VL 
domains of some scFv fragments to not only associate intramolecularly but 
also intermolecularly (GRIFFITHS et al. 1993; WHITLOW et al. 1994; DESPLANCQ 
et al. 1994; MEzEs, personal communication). This appears to depend on 
the primary sequence and on the length of the linker: The multimerization 
decreases with increasing linker length (DESPLANCQ et al. 1994). Whether 
the multimers reequilibrate rapidly or slowly also appears to depend on the 
system under study. HOLLIGER et al. (1993) made use of this phenomenon to 
force dimer formation by decreasing linker length to zero, and to also force 
two different scFv to come together to form bispecific scFvs. 

Because of the genetic simplicity of the molecular system, a large 
number of fusion proteins have now been made with scFv fragments, in
cluding fusions with domains of protein A (GANDECHA et al. 1992; TAl et al. 
1990), toxins (CHAUDARY et al. 1989, 1990; BATRA et al. 1990, 1991; KREIT
MAN et al. 1990; SEETHARAM et al. 1991; BRINKMANN et al. 1991, 1992; 
BUCHNER et al. 1992a,b; WELS et al. 1992b; NICHOLLS et al. 1993), alkaline 
phosphatase (WELS et al. 1992; KOHL et al. 1991), maltose binding protein 
(BREGEGERE and BEDOUELLE 1992), interleukin-2 (SAVAGE et al. 1993), 
DNAse, RNAse (SPOONER and EPENETOS, personal communication), the 
COOH-terminal domain of the E. coli carboxyl carrier protein (BCCP) 
which is biotinylated in vivo in E. coli (MOLLER and PLOCKTHUN, un
published; WEISS, personal communication) and avidin (SPOONER and 
EPENETOS, personal communication). In the production of these fusion 
proteins, both native secretion and in vitro refolding have been used. Fusion 
proteins do not have to be limited to single chain antibodies, however, and 
with bacterial systems Fab fragments made in bacteria have been fusion 
partners as well (see, e.g., SAWYER et al. 1992), following the work of 
NEUBERGER et al. (1984). Due to their genetic simplicity (requiring only a 
single gene), scFv fragments have been the antibody fragments of choice to 
establish expression systems in other hosts such as Bacillus subtilis (Wu 
et al. 1993), the yeast Schizosaccharomyces pombe (DAVIS et al. 1991) and 
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plants (OWEN et al. 1992, discussed elsewhere in this volume). Nevertheless, 
because of its convenience, E. coli has remained the strain of choice for 
producing scFv fragments. A complete list of the reported scFv fragments 
has been compiled by HUSTON et al. (1993). 

ITI. Disulfide-Linked Fv Fragments 

Another strategy for linking V H and V L has been to design an intermole
cular disulfide bond (GLOCKSHUBER et al. 1990a). Initial experiments of this 
type concentrated on the antibody McPC603 as a model system. Using a 
purely geometric approach (PABO and SUCHANEK 1986), all positions of VH 

and V L were searched for the best root mean square fit of the main chain 
atoms of any candidate pair of amino acids with any disulfide bond taken 
from the database. Using the best root mean square fits and excluding pairs 
involving proline residues or residues involved in antigen binding, several 
candidate disulfide bonds were found for McPC603. Two of these were 
tested experimentally, L56-H106 and L55-H108 (sequential numbering). 
The Fv fragment can be obtained in a disulfide-linked form directly from the 
periplasm, and it shows an almost indistinguishable antigen binding con
stant. The periplasmic protein can be purified directly by antigen affinity 
chromatography, and the protein obtained by this procedure is covalently 
linked (GLOCKSHUBER et al. 1990a). 

The disulfide-linked Fv fragment appears to be much more resistant to 
irreversible denaturation than the unlinked Fv fragment. The stabilization is 
also much more dramatic than for the scFv fragment and greater than found 
in a chemically cross-linked Fv fragment. This may be the most important 
argument for pursuing this strategy. It thus appears that covalent linking is 
necessary, but not sufficient, for stabilizing the protein against irreversible 
denaturation. Rather, the type of covalent linking is important. 

Least effective is the single chain strategy. Apparently, a rather loose 
link is created which does not prevent the Fv fragment from aggregation and 
precipitation after heating, consistent with the structural results from NMR 
(see above). Somewhat more efficient is chemical cross-linking (GLOCK
SHUBER et al. 1990a), but this is not as easily reproducible for different 
antibodies as the other methods because of the different surface residues 
which can be cross-linked, and it is probably not as suitable as a general 
method or on a large scale. Most effective is the disulfide bond strategy. 
Probably, the location of the disulfide bonds does not allow much reversible 
opening and closing of the Fv fragment and may thus prevent aggregation of 
the Fv fragment at higher temperatures. 

While very effective and demonstrating the principles, the particular 
disulfide bonds initially investigated are not necessarily of general utility. 
They connect CDR3 of VH and CDR2 of VL yet without interfering with 
binding of the antigen phosphorylcholine (PC). Because of the enormous 
structural variability, modeling of CDR3 is fairly difficult (CHOTHIA et al. 
1989), and for most antibodies a similar juxtaposition of residues would not 
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a b 

Fig. 8~,b. a Monoview of the Fv fragment of the antibody McPC603 with the 
positions labeled which were found suitable for linking VH and VL in the framework 
in a variety of Fv fragments. b Same fragment as in a rotated 1800 about the y-axis. 
The similarity of the two possible positions, due to the molecular pseudo-twofold 
axis, is apparent . In each case, framework region 2 is connected to framework region 
4. (For nomenclature see KABAT et al. 1991) 

necessarily be expected. Therefore, a general solution to this problem was 
searched for (PLUCKTHUN 1993; BRINKMANN et al. 1993; CARTER, personal 
communication). The Fv portions of ten different antibodies of known 
structure were superimposed, and all suitable positions for interchain di
sulfide bonds were calculated for all of them. Possible cross-links were 
superimposed, and two types of possible framework cross-links were iden
tified for a majority of fragments (PLUCKTHUN 1993) (Fig. 8). Because of the 
pseudo-twofold axis of the Fv fragment (due to the similarity of V Hand 
V L), the two positions are structurally related by a rotation about this axis, 
and in both cases framework region 2 is linked to framework region 4 of the 
opposite chain (as defined in KABAT et al. 1991). None of the proposed 
positions will work well for all antibodies , and there is always some uncer
tainty about the exact geometry of the V W V L interaction of a new antibody. 
Nevertheless, either of these positions appears to be reasonably promising 
(BRINKMANN et al. 1993) and need now to be tested on a sufficiently large 
number of different antibodies to evaluate their generality as a means of 
linking the component chains of an Fv fragment. 

IV. Mini-antibodies 

Nature has equipped antibodies with at least two binding sites. This way, 
they can bind to a surface (e.g., a bacterial surface or a virus particle) with 
higher functional affinity (sometimes called avidity) (CROTHERS and METZGER 
1972; KARUSH 1976, 1978) (Fig. 9). Furthermore, a collection of different 
bivalent antibodies recognizing different epitopes on the same antigen can 
aggregate the antigen . This phenomenon will also be noticeable in solid 
phase binding assays such as ELISA. 
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Fig. 9. Enhancement of apparent equilibrium constant due to bivalency effects, 
according to the treatment of CROTHERS and METZGER (1972). KJ is the observed 
binding constant for a monovalent fragment; Kob" for a bivalent fragment. [Ab], 
[Ag] and [Ab·Ag] are the molar concentrations of antibody, antigen and complex, 
respectively (as if the number of molecules in the reaction well were evenly distri
buted). K2 is the binding constant of the second binding site, made unitless by the 
constant effective antibody concentration [Ab]eff' which results from constraining it 
within the hemisphere of radius r. The hapten density x is a two-dimensional 
concentration (molecules per area). NAvo is Avogadro's number, used to convert 
molecular into molar concentrations 

Why do dimeric or multimeric antibody molecules bind better and 
by how much? While the first part of the question is intuitively obvious, 
the second part is nontrivial. A number of quantitative approaches have 
been developed (summarized in KARUSH 1976, 1978), of which perhaps the 
most intuitive is that of CROTHERS and METZGER (1972). This says that the 
gain contributed by the second binding site is only observed if the antigen is 
on a surface or is polymeric. In this case, the gain is the product of the two 
binding constants of the two sites, (Fig. 9) the first being that which an Fab 
fragment would show, the second is the (dimensionless) constant of the 
second site, once the first site is bound. This is the binding at the average 
molar concentration of the second site constrained in the neighborhood of 
its epitope. The essence of the derivation is that the gain of having a second 
binding site should be proportional to the true intrinsic association constant 
K, and inversely proportional to the distance r of the two binding sites. 
Furthermore, it is proportional to the epitope density x on the surface. 
Therefore this gain is not a constant but dependent on many variables of a 
particular molecular system. This derivation neglects any energy needed to 
"bend" either antibody or antigen, complications from already occupied 
sites, surface layer effects (different ion concentrations, inaccessibility) and 
uneven microscopic distributions of the antigen on the surface. Neverthe-
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less, it makes clear that a minimum distance is needed to have a limited 
chance of binding two different antigen molecules simultaneously. 

While it is very desirable to access functional bivalent antibodies by 
bacterial technology, so far, no successful attempts to make functional 
whole antibodies in E. coli have been reported. Part of the problem is that, 
at least in IgG, for which a crystal structure is known (MARQUART et al. 
1980; HARRIS et al. 1992), the two CH2 domains make no protein-protein 
contact but their contact is entirely mediated by glycosylation (SUTTON and 
PHILLIPS 1983), which of course does not take place in E. coli. Therefore, 
other means of dimerization are required. 

One may chemically link recombinant Fab fragments to (Fab h frag
ments via the free cysteines. The most efficient and stable dimer is probably 
not obtained by forming a disulfide, but by using a bis-maleimide (BRENNAN 
et al. 1985). This can be done with recombinant Fab fragments produced in 
E. coli (see, e.g., CARTER et al. 1992). Similarly, scFv fragments can be 
linked this way (CUMBER et al. 1992). 

It may be asked why disulfide-linked dimers do not form efficiently from 
proteins containing hinge peptides with cysteines in the periplasm in E. coli 
(CARTER et al. 1992; DE SUTTER et al. 1992) when formation of the intra
molecular disulfide bond is possible. One reason may be that disulfide bonds 
do not cause dimer formation, they merely make covalent existing dimers 
which have previously formed by noncovalent forces. Intermolecular disulfide 
formation has been successfully obtained in E. coli between V H and V L 

(GLOCKSHUBER et al. 1990a), between CHI and CL (BETTER et al. 1988; 
SKERRA and PLUCKTHUN 1991) or between two coiled-coil helices (PACK and 
PLUCKTHUN 1992) (see below). While equilibrium dimer formation has been 
seen in vitro with a model peptide of the hinge region (WUNSCH et al. 1988), 
there may not be equilibrium conditions in the periplasm, and other proteins 
or peptides may instead be cross-linked to the hinge (DE SUTTER et al. 1992), 
or the structure may be trapped in nonnative intra domain disulfide bonds. 
Therefore, it appears crucial to provide a specific, noncovalent dimerization 
interface, in addition to any cysteine. Such examples will now be discussed. 

1. Mini-antibodies Based on Coiled-Coil Helices 

Methods have now been devised by which scFv fragments dimerize by 
themselves in vivo. These have been based on the tendency of amphipathic 
helices to dimerize or tetramerize. Two different principles have been ex
ploited, that of antiparallel four-helix bundles and that of parallel coiled
coils (Figs. 10, 11). 

Most useful is probably the attachment of these dimerization handles to 
scFv fragments (PACK and PLUCKTHUN 1992), although in principle they can 
be added to Fab fragments (KOSTELNY et al. 1992) or Fv fragments. In the 
scFv fragment, unique heterodimers can be made, because wrong V W V L 

pairing (which might occur during simultaneous in vivo expression or during 
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4-helix bundle derivatives 

leucine zipper tetrazippper 

coiled coil derivatives 

Fig. 10. Bivalent fragments which have been shown to assemble in E. coli. In each 
case, a single chain Fv (scFv) fragment is connected to a hinge region followed by an 
amphipathic helix. Top row, the helix comes from a 4-helix bundle design by 
deGrado and coworkers. Top left, only one helix is fused, but the predominant 
molecular species are dimers. Top middle, the helices are connected by a peptide 
which ends in a cysteine. Top right, two helices are fused in tandem and a 4-helix 
bundle is probably obtained, as very stable dimers are formed in vivo. Bottom row, a 
parallel coiled-coil helix from a leucine zipper is used. This design is suitable for 
making heterodimers . Bottom right , the sequence of the zipper is changed, as 
described in the text. (For details see PACK and PLUCKTHUN 1992, PACK et al. 1993) 

in vitro refolding) is not an issue. In these cases, the dimerization handle 
was not added to the scFv fragment directly, but rather separated by a hinge 
(the upper hinge from IgG3 , known to be very flexible, as summarized by 
BURTON 1990). This way, an orientation and a distance between the two 
binding sites, similar to those in a whole antibody, are possible; this arrange
ment is also known to be very flexible (HARRIS et al. 1992). 

Coiled-coil helices occur, for example, as dimerization devices in 
eukaryotic transcription factors (LANDSCHULZ et al. 1988). Because of their 
preference for leucine in every seventh position, they have been termed 
"leucine zippers." Leucine zippers have also been used as dimerization 
devices in other proteins (Hu et al. 1990; BLONDEL and BEDOUELLE 1991). 
In a preliminary series of experiments, the zipper from the yeast transcrip-
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Fig. lla,b. Molecular models of the dime ric mini-antibodies derived from the single 
chain Fv fragment of the mouse antibody McPC603 (SATOW et al. 1986). The hinge 
region was modeled according to a polyproline-II helix with ¢ = -78° and 'P = 149°. 
a The 4-helix bundle design is shown, modeled on the E. coli protein Rap for 
packing. b The zipper design is shown , taken from the leucine zipper of the yeast 
transcription factor GCN4 
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tion factor GCN4 was used and shown to be suitable as a dimerization 
device, although it does not perform as well as four-helix bundles (see 
below). The reason for this difference is not quite clear, but it might have to 
do with the parallel arrangement of the helices, further constraining the two 
hinge regions. In the four-helix bundle, which is antiparallel, the length 
of the helix itself contributes to the distance the mini-antibody can span 
between two binding sites, and it may therefore increase the likelihood of 
two binding sites binding simultaneously to the surface. 

Coiled-coil helices offer an approach to self-assembling heterodimers 
from E. coli eukaryotes (KOSTELNY et al. 1992). A number of different 
strategies have previously been employed to obtain heterodimeric antibodies 
or antibody fragments: (a) covalent cross-linking via disulfides or via hetero
bifunctional cross-linkers of whole antibodies (STAERZ et al. 1985; PEREZ 
et al. 1985) or monovalent fragments (NISONOFF and MANDY 1962; RASO and 
GRIFFIN 1981; BRENNAN et al. 1985), (b) forming two hybridomas to make a 
so-called heterohybridoma or quadroma (MILSTEIN and CUELLO 1983) or 
(c) cotransfection of a plasmid encoding the second antibody in a hybridoma 
producing the first (LENZ and WEIDLE 1990). All co expression suffers from 
the statistical H-L pairing, in which the desired pairs may form only in small 
proportion, although preferential assumbly of the original H-L pairs is 
sometimes observed. Using scFv fragments and two complementary coiled
coil helices, such as from the transcription factors fos and jun, heterodimers 
can be made in vivo and the chain scrambling problem is greatly simplified. 
However, further alterations to the wild-type zipper sequences will be 
necessary to improve the yield of heterodimers (PACK and PLUCKTHUN, 
unpublished) . 

It is now also possible to make tetrameric mini-antibodies. In this case, 
advantage was taken of the analysis of point mutants of coiled-coil helices 
(ALBER and KIM, personal communication). In the coiled-coil helix, repeti
tive heptads are found, with distinct preferences for hydrophobic [i-branched 
amino acids in position a and d of the heptad (lettered from a to g) (COHEN 
and PARRY 1990; O'SHEA et al. 1989, 1991). If the naturally occurring Val 
(position a) and Leu (position d) are replaced with Leu and lie, the mole
cule responds by tetramerizing (KIM and ALBER, personal communication). 
Again, this "tetrazipper" was linked to the scFv fragment by a hinge region, 
and gel filtration chromatography showed the tetrameric nature of these 
molecules, and an increase in binding avidity over dimers (PACK and 
PLUCKTHUN, unpublished). Since the gain from multivalence is dependent 
on many molecular variables, it is very probable that there are cases in 
which this gain is large. 

2. Mini-antibodies Based on Four-Helix Bundles 

Four-helix bundles are compact folding motifs of natural proteins. Eisen
berg, deGrado and coworkers described a synthetic four helix bundle (EISEN
BERG et al. 1986) made from either four single helices, two helix-tum-helix 
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peptides or one continuous chain (Ho and DEGRADO 1987; REGAN and 
DEGRADO 1988; HILL et al. 1990). In this design, all four-helices have the 
same sequence, and a surprisingly high thermodynamic stability has been 
measured (Ho and DEGRADO 1987). 

Using this association principle, three different versions have been tested 
with scFv fragments. In the first, only one helix was fused to the scFv 
fragment, linked by the upper hinge region from mouse IgG3 (Figs. 10, 
11). No tetramers are formed, however, but rather a distribution between 
monomers and dimers is obtained, presumably because the association 
energy of the helices is too weak. This can be improved by extending the 
helix with a hydrophilic peptide ending in a cysteine (PACK and PLUCKTHUN 
1992). The covalently linked scFv mini-antibody is stable and remains in the 
dimer state. In this case, the peptide linker may be in the way of tetramer 
association. 

Most stable, however, is the construct carrying a helix-tum-helix motif 
(Figs. 10, 11). In this case, very little degradation is observed and avidities 
are obtained identical to whole IgA (PACK et al. 1993). It appears that these 
amphipathic helices are compatible with transport through the bacterial 
membrane and cause no problems in folding of the scFv fragments. 

E. Conclusions 
Producing and characterizing an engineered antibody fragment is the pre
requisite for improving its performance, no matter what the application. 
Since all cloning and mutagenesis is carried out in E. coli, it is convenient 
to use these bacteria for expression as well. It is possible to produce sur
prisingly complex multi subunit structures in E. coli with correct folding and 
assembly, provided the expression strategy is adapted to the physiology 
of the growing cell. In this case not only can small amounts of the antibody 
constructs be obtained rapidly for laboratory testing, but amounts useful for 
clinical and industrial applications can now be produced by fermentation. 
Combined with library selection and current developments in imitating 
affinity maturation, bacterial antibody technology will become an integral 
part of any research involving immunoglobulins. 
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CHAPTER 12 

Structure, Function and Uses of Antibodies 
from Transgenic Plants and Animals 

A. HIATT and M. HEIN 

A. Introduction 
The natural production of soluble antibodies is restricted to a specialized 
population of lymphoid cells in vertebrates. Development of immortalized 
murine cell lines secreting monoclonal antibodies (KOHLER and MILSTEIN 
1976) revolutionized the development of antibody reagents and provided a 
critical experimental component for the investigation of the structure and 
function of immunoglobulins and the genes which encode them. Since the 
development of murine hybridomas, a variety of prokaryotic and eukaryotic 
cell types, as demonstrated in this volume, have been shown to synthesize 
immunoglobulin peptides from mammalian transgenes. However, few of 
these cell types are capable of assembling, processing and subsequently 
secreting functional antibodies with the fidelity or efficiency of B cells or 
hybridomas. A surprising exception to this observation is the capacity of 
plant cells to synthesize and assemble functional antibodies with fidelity and 
in relatively high concentration (HIATT et al. 1989). Plants do not contain B 
cells or other lymphoid cells and the specific plant cell types capable of 
antibody production have yet to be identified. 

The production of antibodies in various cell cultures has been important 
for the investigation of a wide range of biological questions and for the 
production of reagent antibodies for research and medicine. The more 
recent development of techniques for recovery of whole transgenic organisms 
has allowed new experimental approaches for investigating in vivo processes 
which are integrated and controlled at the organismal level. By far, most 
studies of multicellular eukaryotic organisms (as opposed to those of cell 
cultures) bearing immunoglobulin transgenes have utilized transgenic mice. 
However, recent progress has resulted in the generation of both transgenic 
large animals expressing immunoglobulin genes (Lo et al. 1991) and the 
production of antibodies in plants (HIATT et al. 1989). The focus of this 
review will be on the potential uses of antibodies derived from transgenic 
animals and plants and the structure and function of various antibodies 
derived from different transgenic systems. 
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B. Transgenic Antibodies from Mice 
Transgenic mice can be produced by several methods, the most frequently 
used being microinjection of the cloned genes into one of the pronuclei of a 
fertilized egg (BRINSTER et al. 1985). The microinjected embryos are de
veloped to term in the uterus of a pseudopregnant mouse. About 25% of 
the resulting pups contain the injected gene and they generally contain 
foreign DNA stably integrated in all cells which is propagated in the germ 
line. 

In general, immunoglobulin transgenes with their own control regions 
are correctly expressed in the B lymphocytes of transgenic mice. These mice 
therefore provide an ideal tool to investigate many parameters of the control 
of immunoglobulin synthesis. High levels of immunoglobulin transgene ex
pression can occur and this does not appear to be at the expense of the 
health or longevity of the animal, suggesting that immunity against a variety 
of pathogens is not impaired. However, the expression of an immunoglobulin 
transgene can result in significant inhibition of gene rearrangement and 
expression of endogenous immunoglobulin genes (RITCHIE et al. 1984; 
RUSCONI and KOHLER 1985; STORB 1990; NUSSENZWEIG et al. 1987; STALL et 
al. 1988). Therefore, it is a matter of ongoing concern to determine whether 
the trans gene approach could potentially have a deleterious effect on the 
host immune system or whether the host immune system could in fact be 
augmented by expression of a novel antibody. 

c. Potential Uses of Antibody Expression in 
Transgenic Animals 

I. Investigation of Immune System Regulation 

Transgenic animals expressing immune system loci have provided an especi
ally valuable tool for analysis of the control of expression of immunoglobulin 
genes in animals. Because of the extreme heterogeneity of the B cell pool 
with respect to the specific immunoglobulin genes expressed, the ability to 
introduce a well characterized immunoglobulin transgene and to follow its 
fate in the majority of B cells has provided new insights into regulation of 
the immune system. Phenomenon such as the control of allelic and isotypic 
exclusion (KITAMURA and RAJEWSKY 1992), rearrangement and somatic 
hypermutation can probably best be solved using transgenic animals har
boring an antibody trangene of known sequence. Other emerging areas 
in which these transgenic animal systems are finding applications are the 
investigation of tolerance to autoantibodies (OFFEN et al. 1992), the acti
vation and control of immunoglobulin recombinases in pre-B cells (STORB 
1990), and the regulation of immunoglobulin isotypes involved in allergic 
diseases (AOAMCZEWSKI et al. 1991). 
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II. Human Monoclonal Antibodies in Animals 

The potential of transgenic animal technology is not limited to basic biologi
cal questions since the technology can be developed to include commercial 
and clinical applications. One potential therapeutic application is the pro
duction in animals of monoclonal antibodies of human origin. Most im
mortalized human cell lines or hybridomas do not stably express large 
amounts of antibody; in vivo immunization of humans is not feasible for 
many antigens and in vitro priming is usually inefficient. The introduction of 
an unrearranged repertoire of human immunoglobulin gene segments into 
transgenic mice could potentially result in the production of a corresponding 
repertoire of human antibodies. The test this possibility, mice have been 
created that carry a human heavy chain minilocus comprising unrearranged 
immunoglobulin variable, diversity, and joining elements linked to a human 
J1. chain gene (BRUGGEMANN et al. 1989). The gene segments of the minilocus 
were found to be rearranged in a large proportion of cells in thymus 
and spleen but not in nonlymphoid tissue. Approximately 4% of the B 
lymphocytes synthesized human J1. chains resulting in a serum titer of about 
50 J1.g transgenic IgM per ml. In addition, hybridomas could be established 
from transgenic mice that stably secreted mg/ml quantities of antibodies 
containing human J1. chains. 

A similar approach has sought to create transgenic mouse strains that 
express human immunoglobulin genes from 100 kb of cosmid DNA (BRUG

GEMANN et al. 1989). Rearrangements of the human derived sequences in 
the transgenic mice, similar to those seen in human DNA, were found only 
in spleen but not in thymus. Random hybridomas made from these trans
genic mice show heterogeneous rearrangement of human transgenes. The 
results suggest that utilization of human immunoglobulin genome segments 
does occur in transgenic mice making possible the derivation of mouse 
strains that produce authentic human antibodies from inserted heavy and 
light chain genetic loci. 

III. Pathogen Protection in Agricultural Animals 

Expression of a transgenic immunoglobulin specific for a common pathogen 
could provide an animal with congenital immunity for that pathogen. If 
successful, this approach would be of tremendous use in large agricultural 
animals. Since the production of antibody to various polysaccharide antigens 
can be protective against pathogenic bacteria, transgenic mice, pigs and 
sheep carrying genes encoding mouse antibodies against phosphorylcholine 
have been investigated to determine whether the transgene antibody might 
be used to influence susceptibility to common diseases. 

It was found, in one set of experiments involving only mice (PINKERT et 
al. 1989), that the transgenic offspring produced elevated levels of anti
phosphorylcholine antibodies constitutively, at 16 days of age, when normal 
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nontransgenic mice were not fully immunocompetent. A triggering antigenic 
stimulus was not necessary to evoke anti-phosphorylcholine immunoglobulin 
production. Additionally, the frequency of phosphorylcholine B cells in 
these transgenic mice was further increased upon specific immunization. 

In a more extensive study involving mice, pigs and sheep carrying genes 
encoding the mouse a and K chains for antibodies against phosphorylcholine 
(Lo et al. 1991), it was found that high serum levels of the transgenic IgA 
could be detected in transgenic mice and pigs, but not in transgenic sheep. 
In one mouse line, expression of the transgene resulted in less than 10% 
of the spleen B cells expressing endogenous IgM. This is consistant with 
previous observations that immunoglobulin transgenes can suppress both 
immunoglobulin gene rearrangement and endogenous immunoglobulin ex
pression. Despite this effect, significant levels of endogenous IgM were 
secreted into the serum. Suppression of endogenous IgM expression was not 
observed in all mouse lines nor did this effect occur in transgenic pigs. 

In the transgenic pigs, the mouse IgA was detected in the serum despite 
the inability to detect the transgenic K chain gene. Presumably, the secreted 
mouse IgA was assembled with pig light chains and this was reflected in the 
absence of a phosphorylcholine binding specificity of the transgenic mouse 
IgA. 

In the sheep, mouse IgA was detected in peripheral lymphocytes but not 
in serum. Mouse K expression was not detected in transgenic sheep har
boring an intact K transgene. 

These results illustrate both the potential and some of the problems 
inherent in introducing beneficial traits such as germ line-encoded immunity 
into large mammalian species. The complexities of introducing an immunog
lobulin trans gene into a population of endogenous immunoglobulin genes 
necessitates a broader understanding of the factors which contribute to 
suppression of both endogenous and transgenic immunoglobulin expression. 

D. Transgenic Antibodies from Plants 

DNA-mediated transformation of plant cells can be accomplished in a variety 
of ways (SAUNDERS 1989; KNIGHT 1991; WEAVER and POWELL 1989; BOYNTON 
et al. 1988; NESTER and KOSUGE 1981; BEVAN and CHILTON 1982; SCHELL 
1983). The most commonly used method employs Agrobacterium tume
faciens as the agent for introduction of recombinant DNA to the plant cell 
nucleus (NESTER and KOSUGE 1981; BEVAN and CHILTON 1982; SCHELL 1983). 
This method of plant cell transformation is accomplished simply by cocul
tivation of leaf segments with the bacterium containing vector DNA derived 
from a Ti plasmid, which is the causal agent in neoplastic transformation of 
many types of plant cells (NESTER and KOSUGE 1981; BEVAN and CHILTON 
1982; SCHELL 1983). Cells on the margin of the leaf segment are infected by 
A. tumefaciens, a process in which a portion of the Ti plasmid DNA is 
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transferred to the plant nucleus, and in some cells the transferred DNA is 
stably integrated into the nuclear genome. 

Whole plants can be regenerated from this population of transformed 
cells in some species of plants by manipulation of phytohormones and 
nutrients in the medium on which the cells are cultured. Although the 
process of regeneration required to obtain transgenic plants can take months, 
the basic manipulations and reagents required to induce regeneration are 
very simple. This process and the development of antibiotic markers for the 
selection of transformed cells has provided a general and facile method for 
plant transformation. 

Vectors have been developed which contain plant selectible markers, 
promoters upstream from polylinkers, and Escherichia coli and Agrobac
terium origins of replication (ROGERS et al. 1987). Since the process of 
transformation is mediated by a recombinant bacterium, a spectrum of 
transformation events is possible. The Agrobacterium can contain a single 
gene or cDNA of interest, a defined population of cDNAs or a library of 
DNA fragments (DfITA et al. 1980). Not all plants are amenable to the 
manipulations required for the stable introduction of foreign DNA. Tobacco 
is the most commonly used plant since it is easily transformed and regen
erated and was the first plant shown to accumulate assembled mammalian 
antibodies (HIATI et al. 1989). 

There are no hard and fast rules for achieving high level expression of 
foreign gene products in a new plant environment; techniques which may 
work for one gene may not result in the accumulation of another gene 
product. In the case of immunoglobulin genes, it is unlikely that native 
mammalian control regions would promote expression of antibodies in dif
ferentiated plant cells. However, there are a range of options available 
for expression of foreign proteins in plants in which temporally controlled 
(developmental or inducible), tissue-specific or cell-specific expression of 
genes can lead to accumulation of a protein product. 

In the first report of antibody expression in plants, a catalytic IgG l 

antibody (6D4) was chosen for expression in tobacco (HIATI et al. 1989). 
This antibody recognizes a synthetic phospho nate ester, P3, and can catalyze 
the hydrolysis of certain carboxylic esters. The y and K cDNAs derived from 
the 6D4 hybridoma were cloned into the plant expression vector pMON530 
(ROGERS et al. 1987). This vector contains the control region from the 35S 
RNA transcript of the cauliflower mosaic virus and promotes expression of 
foreign genes in a number of plant tissues (ODELL et al. 1985; BARNES 1990; 
BENFEY and CHUA 1990). Transgenic plants containing y or K chains were 
crossed to produce progeny expressing both chains. The Fl plants contained 
assembled functional antibody as determined by the following criteria: (1) 
western blots of plant extracts under reducing conditions contained equi
molar amounts of y and K chains which migrated at 50 kDa and 25 kDa, 
respectively. Under nonreducing conditions both y and K bands migrated at 
about 160 kDa. (2) ELISA assays in which extracts were added to microtiter 
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plates coated with goat anti-mouse-y then detected with goat anti-mouse K

HRPO indicated the presence of equimolar amounts of y bound to K with no 
detectible free y or K chains. (3) ELISA assays with a P3-BSA conjugate 
as antigen gave similar results: the affinity of y-K complexes for P3 was 
identical to that of the hybridoma-derived antibody. The specificity for P3 
was indicated by inhibition of P3-BSA binding by free P3 in which half
maximal inhibition was about lOmM for plant-derived or hybridoma-derived 
antibody. 

A surprisingly high level of accumulation of functional antibody was 
observed. In the case of 6D4, greater than 1 % of total extractable protein 
was found to be functional antibody. Other antibodies, which have sub
sequently been expressed in tobacco using the same strategy, have resulted 
in similar levels of accumulation. DURING et al. (1990) used an expression 
strategy employing a single vector carrying both y and K chain cDNAs of an 
antibody in the Ro generation, obviating the need for crossing to achieve 
expression of both chains simultaneously. Different promoters were used to 
drive expression of the K and y chains which may be partially responsible for 
the comparatively low level of accumulation of these immunoglobulins. 

Plants are capable of accumulating antibody-derived binding proteins in 
conformations other than assembled heterotetramers. Other investigators 
have demonstrated the ability of plant tissues to accumulate single heavy 
chain domain peptides at nearly 1 % of extractable leaf protein (BENVENUTO 
et al. 1991), and more recently a single chain Fv antibody recognizing the 
plant photoreceptor phytochrome has been expressed in tobacco (OWEN et 
al. 1992). With the potential for manipulation of immunoglobulin gene 
transcription rates, the accumulation of an antibody either in whole plants 
or in specific tissues could be increased significantly. 

E. Structure and Function of Antibodies from Plants 
One of the more surprising results from the initial expression of antibodies 
in plants was the quantitative assembly of heterotetrameric IgG in plants 
which expressed both y and K chains (HIATT et al. 1989; HEIN et al. 1991). 
When both y and K chain genes were introduced with identical transcrip
tional control regions no individual y or K chains were detectible. Further
more, the level of assembled antibody which accumulated in F] plants 
expressing both chains was generally higher than that found for the in
dividual chains in the respective parent plants. These observations were the 
first indications that plant cells possessed cognate systems for assembly of 
mammalian heteromultimers and of the inherent stability of the assembled 
antibody in the cells or extracellular water (apoplast) of plants. 

Further analysis of the plant antibody was performed after purification 
on Sephacryl-FPLC and protein-A Sepharose (HEIN et al. 1991). After this 
simple size exclusion and affinity purification the antibody was evaluated by 
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Coomassie blue staining and western blotting and was found to be virtually 
pure. The quantitative retention of the antibody on protein A Sepharose 
indicates that the interdomain conformation of Fc recognized by protein A 
(between CH2 and CH3) is intact. In addition to the substrate binding and 
general chara~teristics of the protein, the catalytic activity of purified protein 
was measured. The catalytic activity of plant-derived antibody, in the absence 
or presence of a competitive inhibitor, were indistinguishable from the 
ascites-produced antibody (HEIN et al. 1991). The results demonstrate that 
the antibody maintains its catalytic capability. 

I. Glycosylation of Antibodies Produced in Plants 

Glycosylation of heavy chain was investigated by lectin binding analysis of 
western blotted antibody. Several biotinylated lectins were used to decorate 
the blots after which lectin binding was visualized with streptavidin-alkaline 
phosphatase and bromo-chloro-indoyl-phosphate (KIJIMOTO-OCHIAI et al. 
1989; HEIN et al. 1991). Only concanavalin A (specific for mannose and glu
cose) bound to the plant-derived y chain whereas y chain derived from ascites 
fluid was recognized by both concanavalin A and the lectins from Ricinus 
communis (specific for terminal galactose and N-acetylgalactosamine) and 
wheat germ agglutinin (specific for N-acetylglucosamine dimers, terminal 
sialic acid) (GOLDSTEIN and HAYES 1978). A variety of other lectins did not 
bind to either plant- or ascites-derived y chain. These results indicate that 
the transgenic plant antibody is processed in a similar fashion to complex 
mammalian glycoproteins but has a different secondary glycosyl elaboration 
and lacks a terminal sialic acid residue. 

N-Linked glycosylation of proteins in plants is similar to that in mam
mals (JONES and ROBINSON 1989; STURM et al. 1987). A core high man nose 
oligosaccharide is attached to the asparagines contained within the canonical 
Asn-X-Ser/Thr sequence. Glycosylation occurs in the endoplasmic reticulum 
(ER) and can be modified in the Golgi apparatus where a-mannosidase 
removes some mannose residues and terminal sugars are attached. In mam
mals, the predominant terminal residue is N-acetyl neuraminic acid (NANA); 
this carbohydrate has not been identified in plants. Terminal residues in 
plants have been found to consist of xylose, fucose, N-acetylglucosamine, 
mannose or galactose (STURM et al. 1987). This suggests a distinct com
position of terminal residues on the plant glycan and is consistent with the 
absence of NANA in plants. 

II. Antibody Processing and Assembly 

Evidence that the antibody has been proteolytically processed in the lumen 
of the ER is provided by the NHz-terminal amino acid sequence of the K 

chain from assembled antibodies isolated from plants. The light chain NHz-
terminal sequence was Asp-Val-Val-Leu for both plant and mouse antibody 



324 A. HIATT and M. HEIN 

(HEIN et al. 1991). This demonstrates appropriate proteolytic processing of 
the mouse signal sequence by the plant ER. Heavy chain from either plant 
antibody or hybridoma was intractable to sequencing indicating a blocked 
NHrterminal. 

Plants must contain an assembly and processing apparatus which can 
recognize mouse immunoglobulins. The efficiency of assembly in plants was 
surprising since there was generally an increase in the levels of expression of 
assembled antibody over the levels of individual y or K chains in the parental 
plants. Typically a heavy chain parent produces 20- to 50-fold more im
munoglobulin than the light chain parent (HIATI et al. 1989). Progeny of 
crosses between parents with these widely differing levels of y and K chain 
typically produced fivefold or higher levels of y chain in assembled antibody 
than the level of the un assembled chain produced by the y chain parent. 
This suggests that the assembled antibody is more stable in plants than the 
individual heavy or light chains. It is apparent that cognate mechanisms 
function in plants to coordinate the assembly of oligomers, direct N
glycosylation and effect processing in the Golgi such that immunoglobulins 
are recognized and efficiently processed. 

Assembly of immunoglobulin chains in mammalian cells is thought to 
involve a native component of the ER, immunoglobulin heavy chain binding 
protein (BiP), which has been shown to be involved in the posttranslational 
processing of heavy chains (ROTHMAN 1989). BiP has been found associated 
with unassembled immunoglobulin heavy chains prior to assembly with light 
chains. Unassembled heavy chains remain associated with BiP and are not 
transported to the Golgi apparatus (ROTHMAN 1989). A Bip-like protein in 
plants has recently been characterized (FONTES et al. 1991; BOSTON et al. 
1991) as has a protein disulfide isomerase (SHORROSH and DIXON 1991, 
1992). 

III. Mutagenesis to Remove N-Linked Glycosylation 

Glycosylation of the heavy chain constant region of the 6D4 antibody occurs 
at an Asn-Ser-Thr site in the CH2 region beginning at nucleotide 953. This 
is the site that is glycosylated in antibodies derived from mammalian cells. 
We changed the Asn codon to an His codon to inactivate the glycosylation 
target site. To assess the efficiency of synthesis and assembly, the mut
agenized heavy chain and complementary light chain genes were electro
po rated into tobacco protoplasts. Protein isolated from the electroporated 
cells or the protoplast culture medium was subjected to ELISA assays to test 
for assembly into a y-K complex and to assess functionality by binding to the 
6D4 antigen (P3). The results showed that the aglycosylated heavy chain 
was completely assembled with K chains and was capable of binding antigen. 
Both the assembly into y-K complexes and the antigen binding of the agly
cosylated antibody was indistinguishable from the glycosylated counterpart. 
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IV. Deletion of Heavy Chain Constant Regions 

Fab fragments are ordinarily derived from the proteolytic digestion of full 
length antibodies, resulting in the removal of the CH2 and CH3 region of 
the heavy chain constant region. These fragments are fully functional with 
respect to antigen binding but do not contain specific sites (such as the gly
cosylation sequence) which mediate effector functions in the host organism. 
To investigate the assembly of Fabs in plants, we first made by PCR a 
truncated 6D4 heavy chain containing a new stop codon at nucleotide 
position 745. This construct eliminates the three intermolecular disulfide 
bridges which ordinarily form between the heavy chains in the full length 
antibody. In addition, we made a slightly longer construct (stop codon at 
nucleotide position 763) which includes the three cysteine codons. Expres
sion in protoplasts revealed that in both cases functional Fab fragments were 
secreted into the medium. The construct containing the additional cysteines, 
however, did not form disulfide bridges between the heavy chains. 

Other truncated antibody constructs have also been shown to accumulate 
in plant tissues. BENVENUTO et al. (1991) demonstrated the stability of heavy 
chain antigen binding domains in plants which accumulated in large amounts 
in stably transformed leaf tissues. OWEN et al. (1992) more recently demon
strated expression of a small, single chain, antigen binding protein contain
ing the variable regions of both heavy and light chains. Collectively these 
examples illustrate the general capacity of plant cells to synthesize and 
assemble a wide variety of antigen binding proteins derived from antibodies. 

F. Potential Uses of Antibodies Expressed in 
Transgenic Plants 

I. Scale and Economics of Plantibody Production 

The reported levels of antibody accumulation in plant tissues is greater than 
1 % of extractable plant protein for whole assembled IgG (HIAIT et al. 1989) 
and for a heavy chain protein alone (BENVENUTO et al. 1991). Little effort 
has been expended in optimizing the accumulation of antibodies in plants. 
A number of strategies for increasing the antibody content of plant tissues 
are currently possible. These include accumulation of multiple copies of 
antibody genes by sexual crossing or by multiple gene transformations, 
stabilization of immunoglobulin mRNA by inclusion of message-stabilizing 
nontranslated sequences and manipulation of promoter or enhancer se
quences to increase transcription rates. With transgenic protein expressed at 
the 1 % level, the cost of production for a transgenic antibody in green tissue 
or in a seed grain would be less than $l.OO/g. This low cost estimate 
indicates that plants may provide a relatively cheap source of antibodies 
which could be used in applications for which current sources of monoclonal 
antibodies are not economical. 
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II. Potential Medical Uses of Plant Produced Antibodies 

Since plants do not possess the cellular or humoral immune systems of 
vertebrates, the presence of immunoglobulin transgenes provides no insight 
into the regulatory mechanisms of the immune system as outlined for animal 
systems. it does however provide a eukaryotic system with the potential for 
large scale production of reagent antibodies. 

Plant produced antibodies could potentially be used in the same bio
medical applications as antibodies produced in cell culture or fermentation 
systems since function and assembly have been shown to be generally con
served for antibodies produced in plants. A number of specific areas warrant 
further investigation to evaluate the potential of plant produced antibodies 
for these purposes. For instance, while the Fc portion of assembled anti
bodies from plants appears to be intact, there has been no specific evaluation 
of the ability of antibodies produced in plants to participate in antibody
dependent cell-mediated cytotoxicity. The occurrence of plant-specific gly
cosylation patterns could pose unique challenges to therapeutic, imaging or 
other parenteral applications of plant-produced antibodies. Whether the 
plant-specific glycosylation patterns will result in specific or deleterious host
anti-plant antibody (HAPA) responses has yet to be investigated. Modifi
cation of the coding sequence of immunoglobulins to remove glycosylation 
sites is one possible means of obviating this type of HAP A response. But 
the effectiveness of the resulting aglycosylated antibodies will likely have to 
be determined for each individual antibody. 

Other potential biomedical applications for antibodies produced in plants 
include extracorporeal shunts for plasma purification, diagnostics or passive 
immunization of mucosal surfaces. Extracorporeal filtration and other affinity 
purification processes would benefit from an inexpensive bulk source for 
specific monoclonal antibodies. Diagnostic antibodies represent a small com
ponent of cost in diagnostic kits and are required in much smaller quantities 
for each use than for these larger scale applications. Therefore there would 
be little benefit from the potential production scale and low cost of plant
produced antibodies. 

One potential application for bulk antibodies produced in plants is 
passive immunization of mucosal surfaces. The potential for employing 
plant-derived antibodies for protection of mucosal surfaces was recently 
described by HIATI and MosTOV (1992). Most infectious agents enter the 
mammalian body through exposed mucosal surfaces, such as the gastro
intestinal, respiratory, urinary, reproductive and ocular systems. Mammals 
have a specialized mucosal or secretory immune system (CHILDERS et al. 
1989). The primary antibody component of this system is secretory IgA and 
in some cases secretory IgM. These antibodies are unusually complex and 
consist of four different polypeptides normally synthesized by two cells: 
plasma cells and epithelial cells. IgA and IgM, especially when found in 
secretions, are usually polymers and for this reason they are known as 
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polymeric immunoglobulins (pIg) (UNDERDOWN and SCHIFF 1986). Secretory 
immunoglobulins prevent infection by several mechanisms (CHILDERS et al. 
1989) including: agglutination, direct killing, inhibition of attachment and 
invasion of epithelial surfaces, opsonization, and inhibition of bacterial 
toxins and enzymes. The antibodies also inhibit entry of other antigens 
thereby modulating the immune response. 

Polymeric IgA is classically a dimer (i.e., four heavy or a chains, and 
four light chains), although there are also higher polymers and IgM is 
usually a pentamer. These polymeric immunoglobulins usually contain an 
extra polypeptide known as the J or joining chain, a 15600 MW peptide. 
Typically one molecule of dimeric IgA contains one J chain and IgM con
tains one or more J chains. In mammals the J chain-containing polymeric 
immunoglobulins are synthesized by plasma cells. These plasma cells tend to 
underlie exposed mucosal surfaces. The epithelial cells that line these sur
faces express a polymeric immunoglobulin receptor that functions to trans
port the polymeric immunoglobulin across the epithelial cells and release it 
at the mucosal or luminal surface (MOSTOV and SIMISTER 1985). This delivers 
the polymeric immunoglobulin to the optimal location where it can form the 
first line of defense against invading orgnisms. During this process the 
receptor-ligand complex is endocytosed and carried by vesicles to the apical 
or mucosal surface in a process called transcytosis. After reaching the apical 
cell surface the extracellular ligand-binding domain of the polymeric im
munoglobulin receptor is endoproteolytically cleaved from the membrane
spanning portion of the receptor. This cleaved fragment is called secretory 
component (SC) and is released together with the polymeric immunoglobulin 
into the external secretions. The complex of SC and polymeric immunog
lobulin is generically called secretory immunoglobulin; secretory IgA (sIgA) 
and secretory IgM (sIgM) refer to SC complexed to IgA or IgM, respec
tively. It may be possible to express all four chains required for formation of 
secretory antibodies in single plant cells by a number of strategies (HIATT 
and MOSTOV 1992), including transfecting genes for the individual poly
peptides into separate plants and then creating a strain expressing all four by 
sexual crosses and selections. Since plants assemble two immunoglobulin 
chains into assembled anitbodies with a high degree of fidelity, they may 
also assemble all four secretory chains into intact, functional secretory 
antibodies. 

These plants would provide passive oral immunity to numerous enteric 
pathogensand could be used to protect both animal herds and humans. They 
would be especially useful in newborn humans and animals, which are 
particularly susceptible to enteric illnesses (CHILDERS et al. 1989). 

III. Pathogen Protection in Agricultural Plants 

Expression of antibodies in plants potentially offers many of the same 
agricultural benefits as expression in large animals. These might include 
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resistance to certain intractible plant pathogens and a relatively inexpensive 
production system. Since plants lack the general immune system mechanisms 
for challenging disease organisms, the inherent antigen binding function of 
the immunoglobulin must be sufficient for neutralization of plant pests. 
Therefore the most likely targets for antibody-mediated pathogen protection 
in plants will be those in which the molecular mechanisms of disease pro
gression or pathogen attack and replication are well characterized. In these 
cases molecular targets for antibody-based neutralization can be addressed. 
To date no reports of successful plant protection against pathogens using an 
antibody-mediated mechanism have been reported, though a number of 
laboratories worldwide are currently attempting to generate plants which 
express antibodies specific to plant viral antigens. 
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CHAPTER 13 

Some Aspects of Monoclonal Antibody 
Production 

R.G. Rupp 

There is presently a wide range of uses for monoclonal antibodies, from 
research reagents in the laboratory to therapeutic products in the medical 
clinic. In all cases, the use to which the antibody preparation will be put 
must determine the manner in which the antibodies are made. Antibodies 
intended for therapeutic usage, for example, are subject to production 
restrictions that do not apply to antibodies intended solely for research 
purposes. Furthermore, therapeutic antibody preparations are often required 
in large quantities, in the gram to kilogram range, while antibodies for the 
research laboratory are generally needed in much smaller amounts, in the 
microgram to milligram range. The method selected to produce monoclonal 
antibodies must thus be determined by the ultimate quality and quantity 
desired. The purpose of this chapter is to outline my strategy for producing 
monoclonal antibodies - a strategy that has been used successfully to make 
over 60 different monoclonal products from at least that many cell lines. It is 
not intended as a review of the literature, since a number of excellent 
reviews (FEDER and TOLBERT 1985; Ho and WANG 1991; LUBINIECKI 1990; 
LYDERSEN 1987; ONO 1991) have already covered the field extensively. 

In the initial stages of monoclonal antibody production, hybridomas are 
cloned in 96-well microtiter plates and, after several days in culture, the 
growth medium from each well is tested for the presence of antibody of 
the correct specificity. During this screening procedure, one also indirectly 
selects for cells of some minimal level of productivity, determined by the 
sensitivity limits of the assay used to detect the antibodies. One must not 
underestimate the importance of selecting a screening assay that is both 
sensitive and accurate. It is not unusual to develop screening assays capable 
of detecting antibody levels as low as O.l,ug/ml. The primary requirement 
for the assay of dozens to hundreds of potentially active cell clones is a 
sufficient quantity of the antigen to which the monoclonal antibodies are 
directed. In most cases, the enzyme-linked immunosorbent assay is the 
technique of choice, because it can be sensitive to antigen concentrations in 
the nanogram to microgram range. It can also be conveniently established in 
the same 96-well microtiter plate format as the cloned cell populations. 

Once an actively producing hybridoma culture has been selected and 
definitively shown to be monoclonal, the clone must be expanded into 
increasingly larger volumes in order to obtain sufficient numbers of cells for 
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Fig. 1. Typical hybridoma growth curve. Hybridoma cells were seeded in a T-25 
flask at a density of 1 x 105 cells/ml. At daily interval, the viable cells were 
quantitated by trypan blue exclusion and direct counting on a hemocytometer. 
Antibody was quantitated by enzyme-linked immunosorbent assay (ELISA) 

storage in the freezer. Prompt storage minimizes the risk of loss of clonal 
populations due to contamination, equipment failure, or other adverse 
laboratory events. Cells are routinely frozen at a concentration of 5-10 x 
106 cells/ml culture medium containing 10% glycerol. To obtain adequate 
numbers of cells for frozen storage, the clone is first removed from a well of 
the 96-well plate (a total volume of approximately 0.1-0.2 ml) and trans
ferred to one well of a 12-well plate containing 1 ml medium. When the 
culture reaches a cell concentration of 4-5 X 105/ml or greater (cells can be 
quantitated by direct count or, with experience, appropriate concentrations 
can be approximated by visualization), the cells are transferred to a T-25 
flask containing 5-7 ml medium. The process of expanding into ever in
creasing volumes can continue through sequentially larger T flasks. In
dividual hybridoma clones have population doubling times ranging from 
12-36h; murine hybridomas generally divide faster than human hybridomas. 
It usually takes 3-6 weeks to scale cells from a 96-well microtiter plate to 
the larger T flasks. 

The cells can be maintained and perpetuated indefinitely in the larger T 
flasks, provided that care is taken to subculture before the cells exceed their 
maximum density and begin to die. As a rule of thumb, it is important to 
maintain the cell population at no less than 5 x 104 cells/ml culture medium. 
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Below this density, the population will not produce sufficient cellular factors 
to enrich the growth medium, a process essential for establishing an environ
ment conducive to cell replication. Conversely, it is equally important to 
prevent the cells from exceeding a certain population density. Hybridomas 
display a very typical growth curve, illustated in Fig. 1. Subculturing must 
take place at or before the point when the dividing cells achieve maximum 
density. It is difficult to subculture cells effectively from the declining phase 
of the curve. 

Many basal media adequately support the growth of hybridoma cells, 
provided that they are supplemented with fetal bovine serum (FBS). The 
usual media employed are Roswell Park Memorial Institute (RPMI) 1640, 
Dulbecco's modified Eagle's medium (DMEM), Iscoves, or a DMEM-HAM 
(developed by Dr. Richard Ham) F12 mixture (1: 1), supplemented with 
5%-10% FBS. It is, however, often advantageous to culture cells in a 
serum-free (or low-protein) medium. In general, culture of cells in serum
free medium is more successful if preceded by a gradual adaptation period. 
While the necessary adaptation period varies from cell line to cell line, a 
general method involves growing the cells for 1 week in medium supple
mented with 5% FBS, followed by sequential week-long intervals in medium 
supplemented with 2%, 1 %, 0.1 %, and finally 0% FBS. 

There are a number of serum-free media available commercially. The 
serum-free media I have found most successful, however, are based on a 
noncommercial basal medium developed in my laboratory and designated 
REM!, the components of which are listed in Table 1. REM is a highly 
enriched medium which, with the addition of very few supplements, can 
suffice as a defined medium for many different cell lines. Table 2 lists two 
serum-free or low-protein media I have used for the growth of mouse, rat, 
and human hybridomas. These media support the growth and expression of 
differentiated function in other cell lines as well, including CHO, C127, and 
HL-60 cells. The single major difference between the two media is that 
REM. 1 contains bovine serum albumin, and REM. 2, human serum albumin. 
Supplementation with human serum albumin is preferred for production of 
antibodies intended for therapeutic use, since the albumin is the major 
contaminant of antibodies purified from cultured hybridomas. 

If the established goal is to produce monoclonal antibodies in small 
quantities, the adaptation of the cells to serum-free medium is of minimal 
importance. On the other hand, if large quantities of antibody are required, 
as are necessary for therapeutic use, it is very important, if not essential, to 
adapt the cells to a defined, low-protein medium. This field is discussed by 
GRIFFITHS (1985) and SPIER (1988). Such adaptation has at least three major 
advantages. Most prominently, it significantly simplifies the process of down-

1 Author's note: REM is often thought to stand for "Rupp's Enriched Medium". 
However, I actually named it because I developed it while working all night and in 
"REM" sleep. 
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Table 1. Components of REM basal medium 

REM 

Ingredient 

Group I 
NaCI 
KCI 
MgS04 
NaH2P04H20 
WB/SFM Trace elements stock 
FeS04·7H20 
ZnS04'7H20 

Group II 
L-Alanine 
L-Arginine· NCI 
L-Asparagine· H20 
L-Aspartic Acid 
L-Cysteine·HCI·H20 
L-Cystine·2HCI 
L-Glutamic acid 
L-Glutamine 
Glycine 
L-Histidine·HCI·H20 
L-Isoleucine 
L-Leucine 
L-Lysine·HCI 
L-Methionine 
L-Phenylalanine 
L-Proline 
L-Serine 
L-Threonine 
L-Tryptophan 
L-Tyrosine Na2·2H20 
L-Valine 
Calcium chloride - CaCI2·2H20 

Group III 
Dextrose 
Ascorbic acid 
Biotin 
Calciferol (ergocalciferol) 
o-Calcium pantothenate 
Choline chloride 
Folic acid 
Glutathione (reduced) 
{-Inositol 
Lipoic acid 
Menadione, sodium bisulfite 
Methyllinoleate 
Nicotinamide 
Putrescine· 2HCI 
Pyridoxal· HCI 
Riboflavin 

Amount (gil) 

6.799646030 
0.400000000 
0.097700000 
0.140000000 
0.000393300 
0.000834000 
0.001400000 

0.09000000 
0.06000000 
0.02000000 
0.03000000 
0.01500000 
0.02000000 
0.05000000 
0.14600000 
0.05000000 
0.02000000 
0.10000000 
0.10000000 
0.10000000 
0.03000000 
0.05000000 
0.03000000 
0.04000000 
0.09500000 
0.01600000 
0.10000000 
0.09000000 
0.14700000 

3.00000000 
0.00200000 
0.00050000 
0.00100000 
0.00400000 
0.01000000 
0.00400000 
0.00005000 
0.01000000 
0.00020000 
0.00000920 
0.00009000 
0.00400000 
0.00020000 
0.00400000 
0.00040000 

R.G. Rupp 
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Table 1. Continued 

REM 

Ingredient 

Thiamine· HCI 
Sodium pyruvate 
Vitamin E phosphate·Na2 
Vitamin A acetate 
Vitamin BI2 

Group IV 
AIC13:6H20 
AgN03 
Ba(C2H30 2h 
KBr 
CdC12:2.5H20 
CoC12:6H20 
CrCn(anh) 
NaF 
Ge02 
KI 
MnS04:5H20 
(NH4)6Mo7024:4H20 
NiS04:6H20 
RbCI 
Na2Se03 
Na2Si03:9H20 
SnC12:2H20 
TiCI4 
Ammonium m-vanadate 
ZrOCI2:8H20 

Group V 
NaHC03 

Group VI 
2NHCI 

Table 2. Serum-free formulations 

REM Sodium Insulin Holo-
(gil) bicarbonate (gil) transferrin 

(gil) (gil) 

REM. I 11.96 2.2 0.002 0.01 
REM. 2 11.96 2.2 0.002 0.01 

BSA HSA 
(gil) 

2 

Amount (gil) 

0.00400000 
0.11000000 
0.00001000 
0.00010000 
0.00100000 

0.00000121 
0.00000017 
0.00000255 
0.00000012 
0.00000228 
0.00000238 
0.00000016 
0.00000420 
0.00000053 
0.00000017 
0.00000024 
0.00001236 
0.00000024 
0.00000121 
0.00000129 
0.00000028 
0.00000226 
0.00000095 
0.00000124 
0.00000322 

2.2 

2ml 

L-Glutamine Ethanolanine 
(mM) (gil) 

6 0.06 
6 0.06 

BSA, bovine serum albumin. fraction V; HSA. human serum albumin. 
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stream purification. In the absence of serum, monoclonal antibody purities 
in excess of 95% are easily achieved with two to three chromatographic 
steps, as opposed to a probable four to five chromatographic steps in the 
presence of serum (or high protein). Secondly, the elimination of serum 
confers a regulatory advantage: the presence of adventitious agents in serum 
may compromise the quality of antibodies intended for therapeutic use. 
Thirdly, cells adapted to serum-free media often show an increased cellular 
productivity. The desirability of this is obvious and, since this is not a well
known phenomenon, a detailed discussion of the data follows. 

After culturing substantial numbers of hybridoma cell lines, results in 
our laboratory indicated that in most cases cells cultured in the presence of 
FBS produced less antibody than when cultured in our serum-free media. 
Similar results have been reported elsewhere (GLASSY et al. 1987). In an 
attempt to correlate phenotypic alterations to this change in productivity, 
we monitored surface antibody levels by staining the cells with a viable 
fluoresceinated anti-immunoglobulin G (lgG) and quantitated cell popu
lations with a fluorescent-activated cell sorter (FACS). The application of 
this technique to optimization of cell cultures (i.e., selection of high pro
ducers) has been discussed recently by RUBEAI and EMERY (1993) and Rupp 
et al. (1989). Surface Ig production by various hybridomas was determined 
using two-color fluorescence F ACS analysis. Cell lines were stained both 
with species-specific fluorescein isothiocyanate (FITC)-labeled anti-heavy 
chain and phycoerythrin (PE)-labeled anti-light chain reagents. A hybridoma 
line producing mouse IgGl, for example, was stained with goat anti-mouse 
IgG IIFITC and goat anti-mouse KAPPE/PE. Such two-color staining allows 
greater resolution of populations with differing levels of surface Ig than 
would be possible using a single subclass reagent. 

The data can best be understood by studying the F ACS results presented 
in Fig. 2. The viable cells with the highest intensity staining are designated 
the "A" group; those with little or no staining, the "B" group. The analyzer 
quantitates the number of cells in each group and determines the percentage 
of cells in each population. Figure 2A shows that in the presence of 10% 
FBS, only 25% of the cells displayed high levels of surface antibodies. 
Specific productivity of this subpopulation was found to be 18 flg antibody I 
106 cells per day. The cells were then switched to a serum-free formulation 
designated REM. 6. The components of REM. 6 are identical to those of 
REM. 1 (see Table 2), with the addition of a 0.1% (v/v) supplement of a 
commercial lipid preparation, Excyte I (Miles Laboratories). Three weeks 
after the transfer to serum-free medium (Fig. 2B), the percentage of cells 
containing surface antibodies increased to 65%; 8 weeks after transfer (Fig. 
2C), the percentage was 98%. By 8 weeks, cellular productivity had in
creased to 28flg antibodyll06 cells per day. Cells were cultured in the serum
free medium for an additional 2 weeks (Fig. 2D), and the A population was 
then "sorted" or selected and 100% of the cells were maintained as stable 
high producers. 



.. 
co 

... 
III 

... 
III 

., 
CiI 

.~ 

CiI 

'" o 

a 

Some Aspects of Monoclonal Antibody Production 337 

A 

II! 1 Ila 2 

1 
REM + lO\FBS 
\A 25 
\B 75 

lIa 3 lla' 

., 
0 

C 
." ~ 

~ 

'" ~ 

G@mouse IgG2a/fitc 

o REM.6 
\A 98 
\B 2 

IIi! 1 1D2 

., 
o 

.~ 

o 

'" o 

REM.6 
\A 98 
\B 2 

"I 

1~3 

., 
0 

.~ 

B 

d-l 
"A 

( .. ' ' 
»J 

E 

10i:' 

REM.6 
\A 65 
\8 35 

REM.6 
\A 100\ 

~ Sorted Population A 

." 1 
~ 

Sorted Population B 
no growth 

Fig. 2A-E. Effect of serum-free medium on antibody production. PE, phycoery
thrin; Ig, immunoglobulin; file, fluorescein isothiocyanate 



338 R.G. Rupp 

Not all serum-free media are as effective. Figure 3 summarizes an 
experiment in which cells were initially cultured in REM. 1 (designated 
Serum-Free I; Fig. 3A). The cells at this point constituted a homogeneous 
population producing approximately 20pg antibody/ml. The cells were then 
switched to a commercially available serum-free medium (designated serum
free II). After 3 weeks in this medium, analysis revealed a bimodal popu
lation, with only 90% of the cells maintaining high productivity levels (data 
not shown). At 5 weeks, only 60% of the cells were in the high-productivity 
population (Fig. 3B). The cells were then returned to the serum-free I 
medium (REM. 1). After 4 weeks (Fig. 3C), high productivity cells com
prised 90% of the cell population. 

Methods used to estimated specific antibody production often vary from 
laboratory to laboratory. Some researchers simply report productivities in 
pg of antibody per milliliter, without adjustment for cell number or time in 
culture. This method, though perhaps useful for discussing data within a 
particular laboratory, becomes deceptive when comparing data from cell 
line to cell line in the general research community. To avoid such compli
cations, we approximate specific cellular productivity by the method de
scribed in Table 3. 

Cells are seeded into culture medium at a density sufficient to permit 
exponential growth. Samples are taken daily for determinations of cell 
viability and antibody concentration in the medium. Assuming that the 
antibody is relatively stable once secreted into the medium, the amount of 
antibody present in a given sample is thus proportional to the number of 
viable cells and their time in culture. By integrating the data, one can derive 
a specific productivity per cell in a given unit of time. Alternatively, one can 
simply sum the number of viable cells per milliliter on consecutive days 
to approximate the integral. This (daily) summation is referred to as the 
number of "accumulated" viable cells per milliliter (see column 3). The 
amount of antibody per milliliter on any given day is then divided by 
the corresponding daily number of accumulated cells per milliliter. (We 
standardized this figure at 106.) Sequential determinations of antibody /106 

cells per day are then averaged to estimate the specific productivity. There
fore, even though the absolute amount of antibody increases daily, the 
specific productivity remains relatively constant. In this case (see Table 3), 
the cells are producing 25.1 pg antibody /106 cells per day. Variability in the 
daily estimate of specific productivity often results from not sampling the 
cells at the same time on consecutive days, thus resulting in varying day-to
day time intervals. This error can be eliminated by recording the exact time 
of sampling and calculating specific productivity as amount of antibody /106 

cells per h. 
A frequent misconception is that cells increase their specific antibody 

production level as they enter the stationary and subsequent death phase. 
This is not generally true. As can be seen from Table 3, even though the 
viable cell number decreases on day 5 and antibody concentration increased 
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Table 3. Working estimation of specific productivity 

Days in No. of viable Accumulation J.lg/Ab/ml Specific productivity (pg Ab/ 
culture cells/ml viable cells/ml accumulated cells per day) 

1 0.11 x 106 0.11 X 106 2.86 18/2 
2 0.23 x 106 0.34 X 106 9.3 27.4 
3 0.54 x 106 0.88 X 106 23.50 24.0 
4 1.20 x 106 1.0 X 106 28.0 28.0 
5 0.8 x 106 1.8 X 106 49.9 27.7 

Average 25.1 

Cells were cultured in T-25 flasks contammg 7ml medium. Each day 0.5ml 
was received from the flask and viable cells quantitated by tripan blue exclusion 
on a hemocytomerter. Monoclonal antibody was estimated by enzyme-linked 
immunosorbent assay (ELISA). 
Ao, antibody. 

significantly from 28 to 49.9,ug/ml between days 4 and 5, the specific pro
ductivity remains relatively constant at 25.1,ug/106 cells per day. Figure 4A 
provides an alternative visualization of these data. When antibody and 
viable cell concentrations are plotted on the same graph, it can be seen that 
on day 5, antibody concentration increases while cell number decreases. 
Figure 4B, however, clearly shows that specific antibody production is 
relatively constant. This simple method of quantitating specific antibody 
productivity provides an accurate and readily comprehensible picture of the 
relative productivities of cell lines. 

An accurate assessment of the specific productivity of cells is of parti
cular importance for large-scale production. This information is essential for 
determining the efficiency of the chosen method of large-scale production 
and for estimating the number of cells required to produce a certain quantity 
of antibody in a given period of time. An average murine hybridoma, for 
example, will produce approximately 20,ug of antibody/106 cells per day. To 
obtain milligram quantities of antibody, murine hybridomas cultured in 
roller bottles, each containing 200ml medium, can produce roughly 1-2mg 
crude antibody per bottle in a 3-day culture period. (The cells can also be 
cultured in large T flasks, but, since the volume of medium is less in these 
smaller containers, production in flasks is less efficient than that in roller 
bottles.) Assuming a 30% yield of antibody after purification, this constitutes 
a net yield of only 300-600,ug of pure antibody per bottle per 3 days. 
Specific productivities of human hybridomas are often only 1 % -10% those 
of murine hybridomas, with concomitantly lower overall yields. This may be 
sufficient for applications requiring small quantities of monoclonal antibodies. 

When gram quantities of antibody are required, I recommend initially 
growing the cells in small (100- to 250-ml) spinner flasks. Initial propagation 
of the cells on this scale is important to establish growth rate and specific 
antibody productivity in a dynamic (stirred) environment. Often yields 
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change when cells are grown in stirred flasks. It is also possible to culture 
the cell population in fluidized bed or perfusion bioreactors, which minimize 
the actual movement of the cells. However, after working with many kinds 
of reactors, I find simple stirred flasks preferable for optimization of con
ditions for growth and expression of differentiated function. The simplicity 
and success rate possible with such vessels is highly advantageous, parti
cularly if the goal is to obtain antibody as quickly as possible. After adapting 
cells to growth in small spinner (stirred) flasks, the cells can be transferred 
to increasingly larger vessels, beginning with 3-1 spinner flasks. 

The optimal volume of medium in any of these flasks is approximately 
one half of the total working volume; one cannot, in other words, fill the 
flask completely with growth medium. For optimum cell growth and pro
ductivity, one must maintain a surface-to-volume ratio of approximately 
1: 1. (To calculate this, determine the surface area of the medium in the 
vessel and divide by medium depth.) Cells grown in spinner flasks only 
obtain necessary oxygen through the exposed surface of the medium. If the 
volume of medium in the container is too great, oxygen cannot diffuse into 
the medium rapidly enough to support the growth of cells. Furthermore, the 
carbon dioxide generated by the metabolizing cells cannot escape rapidly 
enough, thus acidifying the medium, which may have adverse effects on 
cell growth and production patterns. Therefore, in a 3-1 spinner flask, for 
example, one should usually culture cells in a medium volume of 1.5-21. 

One 3-1 spinner flask is equivalent in volume and antibody production 
capacity to ten roller bottles. One laboratory worker can easily maintain 
five to ten of these flasks at a time. Our recommended culture procedure 
involves maintaining the cells at a density less than maximal. If maximum 
population density is 106 cells/ml, for example, we allow the cells to reach a 
concentration of approximately 8 x 105 cells/ml. We then harvest 50%-
75% of the medium volume, replacing it with fresh medium equal in volume 
to that removed, and continue culture until cell density again reaches 8 x 
105/ml. This cycle of harvest and medium replenishment continues until 
enough medium has been collected to yield the required amount of anti
body. From a hybridoma with a specific productivity of 20 flg of antibody /106 

cells per day, five to ten 3-1 spinner flasks can yield 100 mg of crude antibody 
per day. In 2-3 weeks, one can thus produce enough crude antibody to 
yield 1 g purified product. 

When multiple gram to kilogram quantities of antibody are desired, I 
recommend the same stirred-flask technology, increasing in scale to accom
modate the increased requirements. The principles of the culture are essenti
ally the same, though in such cases the vessels are much larger, including 
stirred-tank bioreactors with capacities up to 10 000 I, and the equipment 
used to handle fluids is different. The technology for growing cells in large 
stirred-tank reactors has proven adequate for most antibody production. 
While there are more expensive and much more complex cell culture systems 
available, the importance of using a type of bioreactor that is simple, 
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efficient, and dependable cannot be overemphasized (OKA and Rupp 1990). 
A stirred-tank reactor fits this definition. 

In summary, there are a few basic approaches to producing monoclonal 
antibodies for research or therapeutic use at either small or large scale. 
These are: 

1. Ensure that the selected clone is indeed monoclonal. 
2. Expand the clone in T flasks until sufficient quantities are available for 

storage in the freezer before any other work is performed. Do not risk 
weeks of effort to obtain the clone only to lose it to contamination or 
some other mishap. 

3. Culture the cells in an enriched basal medium such as REM. This medium 
both supports the growth of cells in the presence of serum and serves as 
the basis for a serum-free medium. REM is highly enriched with essential 
vitamins, cofactors, fatty acids, and trace elements. It can be supple
mented with insulin, transferrin, albumin, ethanolamine, and additional 
lipids to yield a functional serum-free medium. Both basal medium and 
serum-free formulations presented here are routinely made at pH 6.7-
7.0, since we have found that cells tend to grow and produce more 
effectively at low pH. 

4. The calculation of specific cellular productivity is the only reliable way to 
determine the productivity of cell populations. It is essential that the data 
be presented as mass of antibody per cell per unit of time. Without this 
calculation, it is impossible to adequately or accurately compare effects 
of media, culture conditions, or other parameters from one cell line or 
one laboratory to the next. 

5. Culturing cells in large T flasks or roller bottles is the most rapid and 
efficient means of producing milligram quantities of antibody from the 
average hybridoma, which produces approximately 1O-20,ug antibody/ 
106 cells per day. 

6. Culturing cells in spinner flasks of up to 3-1 capacity at half volume in a 
CO2 incubator is the most efficient means of producing antibody in gram 
quantities. 

7. To produce multiple gram or kilogram quantities of antibody, cells should 
be cultured in large (50- to 10000-1) stirred-tank bioreactors. These 
reactors, in simplest form, reflect the same technology used when grow
ing cells in spinner flasks. Do not be intimidated by their size. 

8. Avoid using very sophisticated bioreactors, such as hollow-fiber or per
fusion systems, or any other reactors that require equally sophisticated 
operators and leave little room for error. In some of these bioreactors, 
control paradigms are so exacting that an entire culture can be obliterated 
if control of a single physiological parameter is lost for 5 min. If your goal 
is to use alternative bioreactors to study the biochemical engineering 
principles of culture or to investigate the effects of very high density cell 
culture, these reactors are effective. A traditional stirred-tank bioreactor, 
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however, is the system of choice for producing antibodies with least 
effort and cost. The primary reason for this is that investigators have 
been unable to develop a reactor that permits high density cell cul
ture without using a volume of culture medium proportional to the 
cell number. Thus, one may obtain a very high cell density in a small 
bioreactor but, to maintain the population, the cells must still be per
fused with a very large volume of medium. It is much more efficient to 
grow the cells directly in the necessarily large volume of medium in a 
stirred-tank bioreactor. For a more complete discussion of this, see Rupp 
and OKA (1990). 

9. The most likely way to increase specific cellular productivity is by select
ing and amplifying active clones of cells, either through genetic or physio
chemical methods, rather than by developing alternative bioreactors. By 
selecting the appropriate serum-free medium, for example, cellular pro
ductivity can be increased by 50% - 70% relative to that seen when cells 
are cultured in the presence of serum or in an inappropriate serum
free medium. A general discussion of methods to increase cellular pro
ductivity are discussed by OKA and Rupp (1993). 
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CHAPTER 14 

Prospects for Cancer Imaging and Therapy with 
Radioimmunoconjugates 

D.M. GOLDENBERG, R.D. BLUMENTHAL, and R.M. SHARKEY 

A. Introduction 
Immunological methods for cancer therapy have been sought for over 
a century (DELAND and GOLDENBERG 1986), especially in an attempt to 
achieve a more targeted, tumor-selective approach. This immunotherapy 
has involved "active" immunity when host defenses are stimulated, such as 
by immunization with nonviable tumor cells or extracts, or has been "pas
sive," as when immune cells or antibodies are transferred from donor to 
patient. Both active and passive immunotherapy strategies have received 
rekindled attention in recent years, particularly with the use of anticancer 
antibodies. 

In the past, conventional antibodies evoked in various laboratory animals 
against human cancer cells were laborious to prepare, difficult to reproduce, 
and required extensive absorption to yield a high specificity and purity for 
the desired antigen. Hence, these technical difficulties impeded progress 
in the development of anticancer antibodies. The advent of monoclonal 
antibody (MAb) production by in vitro hybridization methods in 1975 
(KOHLER and MILSTEIN 1975) resolved many of these technical problems and 
revitalized efforts to develop antibodies for numerous immunological appli
cations in cancer and other diseases, such as in isotopic and nonisotopic 
immunoassays, immunohistopathology, flow cytology, marrow purging, 
external imaging of diseased tissues, and immunotherapy with unconjugated 
antibodies. In addition, antibodies have also been conjugated with drugs, 
toxins, or isotopes (GOLDENBERG 1993). The chapter summarizes the current 
status and future prospects for the in vivo use of radiolabeled MAbs anti
bodies (radioimmunoconjugates) for cancer detection and therapy. 

B. Nature and Pharmacology of Radioimmunoconjugates 
Since the radioimmunoconjugate consists of an antibody and an isotope, and 
sometimes also a linker for both, the in vivo behaviour is influenced by the 
nature of each and the fidelity of the conjugate. Iodine isotopes have been 
conjugated to antibodies by direct oxidation at such sites as tyrosine by 
several methods, such as iodogenation, lactoperoxidase or chloramine-T 
(WEADOCK et al. 1990). Radiometals, such as technetium 99m, indium-111, 
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and yttrium-90, have been conjugated to antibodies by a chelate linker 
(KREJCAREK and TUCKER 1976; HNATOWICH et al. 1985), or, in the case of Tc 
and rhenium isotopes, also by direct attachment to SH groups (HANSEN et 
al. 1990; GRIFFITHS et al. 1991). Different labeling methods have resulted in 
different degrees of conjugation stability, particularly after circulating in the 
body, thus fostering attempts at improving the binding without affecting the 
antibody's immunoreactivity. When an antibody is introduced into the body 
systemically, it behaves like most other proteins and faces a number of 
barriers and impediments that are also related to its immunological func
tions, thus affecting the amount of antibody delivered to a target organ or 
lesion. The injected antibody passes through a number of compartments, 
including vascular and extravascular spaces of diverse organs and tissues, as 
it is metabolized and excreted. Different radioconjugates and linkers behave 
somewhat differently, especially when different antibody forms are involved. 
Whole (intact) IgG molecules have a longer biological half-life than anti
body fragments, and human or humanized IgGs have a longer biological 
half-life than rodent IgGs in humans (KHAZAELI et al. 1991). Whole IgG is 
metabolized principally by the liver, whereas antibody fragments show a 
higher metabolism by the kidneys. Iodine radioimmunconjugates are met
abolized differently than radiometal conjugates, and different radiometal 
conjugates also behave differently from one another. For example, 111In 
immunoconjugates show a stronger accretion to hepatocytes and certain 
reticuloendothelial system (RES) tissues than Tc-99m immunoconjugates, 
whereas the latter show a higher retention in renal tissue. The net effect of 
all of the barriers and metabolic processing is that in humans only a very 
small portion of the injected antibody, in the range of 0.0006%-1.04%, per 
gram of tumor usually is taken up (EPENETOS et al. 1986; SIEGEL et al. 1990). 
Binding of the antibody to circulating antigen or to the antigen present on 
normal tissue can divert the immunoconjugate from the target. A host 
immune response to the murine foreign antibody (human anti-mouse anti
body, HAMA) can complex to the immunconjugate and hinder targeting 
while fostering release of the radiolabel. Poor vascularization and vascular 
penetration at the tumor site can also reduce the amount of antibody 
available for binding to tumor. In the tumor, antigen modulation, inacces
sibility, and low density can affect the amount of antibody that is bound. 
Results from animal radioimmunotherapy experiments have shown that the 
amount of tumor reduction is proportional to the antigen density at the cell 
surface (CAPONE et al. 1984). This would suggest that use of multiple anti
bodies directed against different tumor-associated antigens should be in
jected in combination to increase targeting of the radionuclide and, hence, 
enhance the therapeutic results. Indeed, experimental and preliminary clini
cal results support this prospect (BLUMENTHAL et al. 1991). More recent 
theoretical and experimental considerations have suggested that efforts to 
increase MAb uptake in tumor should involve the use of antibodies against 
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antigens that are highly expressed on tumor cells rather than the selection of 
high-affinity antibodies (SUNG et al. 1992). The organ and tissue location 
of the antigen-containing tumor can similarly affect antibody targeting 
and accretion, depending also upon the route of antibody administration. 
Whereas the. i.v. route has been the most prevalent one, intralesional, 
regional, and intracavitary injections have also been undertaken for im
proved targeting (WAHL et al. 1988). It should be appreciated that antigens 
in easily accessible sites interact with circulating antibody first. These sites 
must thus be saturated before the antibody can pass to other compartments 
and, ultimately, penetrate tumor and bind to antigen in less accessible areas, 
as emphasized recently by KENNEL (1992). High concentration of the target 
tumor antigen on the tumor's cell surface or extracellular space may also 
impede penetration of the MAb to internal tumor sites, which may favor the 
use of lower affinity antibodies that may not be as highly complexed on the 
tumor surface as lower affinity antibodies (FUJIMORI et al. 1991). 

Whether or not circulating antigen plays a significant role in antibody 
targeting is still not clearly understood. Although experimental animal 
models have suggested altered distribution properties, and in some instances 
a reduction in tumor uptake, clinical evidence has been less convincing. 
An analysis of 56 patients given 125I-Iabeled anti-carcinoembryonic antigen 
(CEA) MAb followed by surgery to quantitate activity in tumors and tissues 
revealed no significant correlation between serum CEA and percent tumor 
uptake (BOXER et al. 1992). However, the same relationship may not exist 
for other tumor markers. For example, studies with B72.3 MAb have sug
gested that serum TAG-72 elevation correlates with best tumor targeting in 
patients (DOERR et al. 1992). Using quantitative imaging methods, we did 
not find any correlation between tumor uptake of a l3lI-labeled anti-CEA 
MAb and serum CEA (SHARKEY et al. 1993). In marked contrast, complexes 
formed between HAMA and the radiolabeled antibody are rapidly removed 
from the blood and deposited in the liver and spleen. Although tumors may 
be visualized in patients with HAMAs, there is evidence that this type of 
complexation will adversely affect uptake of MAb in the tumor (SAKAHARA 
et al. 1989). It is also important to preclude the binding of the injected MAb 
to circulating blood cells, because this can result in hematopoietic and 
systemic toxicity. In an early clinical study involving the injection of a CEA 
MAb which reacted with the CEA cross-reactive antigen present on human 
granulocytes, a marked decrease in circulating granulocytes and severe side 
effects were experienced (DILLMAN et al. 1984). The presence of antigen in 
normal tissue can also divert the antibody from tumor sites. However, if the 
antigen is located in a sequestered site, where access to the antibody in the 
circulation is limited, the presence of antigen in normal tissues should not 
preclude the MAb's use in tumor targeting so long as the normal tissue's 
antigen is not accessible to circulating antibody. Indeed, even with the 
presence of antigen in normal tissues, targeting to tumor may be enhanced 
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by increasing the amount of MAb protein given, so as to saturate non tumor 
antigen sites. Poor vascularization and vascular penetration at the tumor site 
have also been cited as important parameters that affect tumor targeting. 
These can it part be overcome by using antibody fragments, which penetrate 
more quickly and distribute more uniformly in tumors than whole IgG 
(SUTHERLAND et al. 1987). Antibodies coupled with vasoactive compounds, 
such as interleukin-2 (IL-2), may open vascular barriers and improve tumor 
targeting (LEBERTHON et al. 1991). Likewise, inducing hyperemia in the 
tumor site can affect targeting and accretion (STICKNEY et al. 1987). Thus, 
many factors influence antibody targeting and accretion, and these factors 
appear to be amenable to control. 

C. Radioimmunoconjugates in Detection vs Therapy 
The nature of the antibody, the radionuclide attached thereto, and the 
scheme of administration may vary for detection as compared to therapy. 
Detection of a target lesion by external imaging or photoscanning requires a 
high count ratio, detectable by the imaging camera's crystals, in relation to 
that present in adjacent tissues. When scanning in a single plane is per
formed (planar imaging), a higher count ratio of target to background 
is required than when numerous sections through the body, in different 
planes, are made (emission tomography, also known as single-photon 
emission computer tomography, or SPECT). The choice of imaging radio
nuclide and antibody form should be compatible, particularly the physical 
half-life of the isotope and the biological half-life of the targeting antibody 
vehicle. In imaging, for example, the use of a short-lived isotope, such as Tc 
99m (6h half-life), requires a rapid targeting agent, for which reason smaller 
fragments, such as Fab and Fab', are suitable (GOLDENBERG et al. 1990). 
Isotopes of a longer half-life, such as lllIn (2.5 days), are compatible with 
whole IgG, especially since later imaging (3 days and beyond) appears to be 
desirable for 111In-based agents. In therapy, an isotope of high energy and 
compatible physical half-life and which delivers a path-length that is suitable 
for the tumor size, location and type should be chosen. These should have a 
minor imaging (y) energy to permit monitoring of targeting and dosimetric 
calculations, but pure p and a emitters, including those emitting Auger 
electrons, are also of promise as therapeutic nuclides (GOLDENBERG 1989). 
In the therapeutic mode, radioimmunoconjugates should deliver a high dose 
to the tumor for a long duration, thus delivering a high rad dose to tumor as 
compared to normal tissues. Unfortunately, these goals have been achieved 
only to a limited extent. At present, it appears that radioimmunotherapy 
will be used best against radiosensitive neoplasms and in an adjuvant setting, 
perhaps in combination with other therapeutic modalities and bone marrow 
supportive measures. As the application becomes complex, so too do the 
studies needed to prove efficacy of this new modality. 
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D. Nature and Problems of Radioimmunodetection 

Although initial studies in the 1950s and later indicated the potentials of 
cancer imaging with radiolabeled antibodies, the anticancer antibodies and 
labeled products were poorly characterized, and the problems of image 
interpretation with this new class of agents were not adequately appreciated. 
In the early 1970s, we began work in human tumor xenograft models to 
determine the conditions and potentials of tumor targeting and imaging with 
radioiodinated goat antibodies to a tumor-associated antigen, CEA (GOLD 
and FREEDMAN 1965). The studies in the colonic carcinoma xenografts showed 
that: (a) the radioiodinated labels were stable, (b) there was high and 
specific accretion in the CEA tumors, (c) the tumors could be imaged by 
external photoscanning, and (d) nonspecific accretion could be demon
strated in large tumors, either with the specific or an irrelevant antibody 
(GOLDENBERG et al. 1974). Later studies showed that affinity purification of 
the polyclonal antibody improved targeting and accretion of the anti-CEA 
antibody in this colonic carcinoma xenograft (PRIMUS et al. 1977). Clinical 
studies with l31I-labeled polyclonal anti-CEA antibodies ensued, and failure 
to image cancer was reported (REIF et al. 1974; MACH et al. 1978). In 
contrast, a polyclonal antibody against an undefined melanoma antigen 
showed evidence of tumor radiolocalization clinically (BELITSKY et al. 1978). 
However, whether this was due to a nonspecific accretion in highly vascular 
lesions or true tumor targeting was not clear. At the same time, we pro
gressed from our encouraging animal studies with radiolabeled anti-CEA 
antibodies to the clinic and examined a group of patients with CEA
containing and also CEA-devoid neoplasms. The initial results showed that: 
(a) an antibody protein dose of 0.20mg sufficed, (b) the antibody's radio
activity provided high counts in blood-rich organs and tissues, particularly 
the heart and major vessels, for several days after injection of l31I-labeled 
whole IgG preparations, (c) tumors containing CEA away from these blood
pool regions could disclose sufficiently increased radioactivity for inter
preting the tumor images, (d) non-CEA tumors could not be disclosed, and 
(e) circulating elevated levels of CEA did not block targeting of the radio
active anticancer antibody, although evidence of in vivo complexation was 
found (GOLDENBERG et al. 1978). In order to compensate for blood and 
interstitial nonspecific radioactivity, a dual isotope subtraction method was 
implemented which improved the contrast of images near blood-rich areas 
(GOLDENBERG et al. 1986; DELAND et al. 1980). In one case in which the 
tumor was excised after the radioimmunodetection (RAID) study, a radio of 
radioactivity in tumor to adjacent intestine of 2.5 was determined (GOLDEN
BERG 1979). Subsequent clinical studies involved both more patients with 
diverse tumor types and the use of a control, normal goat IgG prepara
tion. The specificity of antigen targeting was confirmed, while a sensi
tivity of tumor imaging of 70%-90% was computed (GOLDENBERG et al. 
1980). 
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Table 1. Potential indications for antibody imaging 

Presurgical staging of disease 
Postsurgical evaluation of residual disease 
Confirmation of viable tumor sites revealed by other methods 
Disclosure of sites of tumor elaborating a tumor-associated marker 
Determination of suitability of patient for antibody-mediated therapy 

Since these initial clinical results, many other tumor targeting anti
bodies, labels, and imaging protocols have been studied, as reviewed else
where (GOLDENBERG and LARSON 1992). Suffice it to conclude that, at the 
present time, cancer RAID is gaining in acceptance as an adjunct method 
for the disclosure of sites of cancer in diagnosed patients who are being 
monitored, even revealing sites of cancer that are missed by other diagnostic 
modalities. The potential clinical uses of RAID are given in Table 1. The 
disclosure of occult tumors and the confirmation of sites revealed by other, 
more anatomic, radiological methods appear to be the indications that are 
best established at present. However, evidence in support of other appli
cations, such as in initial diagnosis, staging, and assessment of therapeutic 
response, is increasing (GOLDENBERG and LARSON 1992). To date, several 
thousand patients have been studied with radiolabeled anticancer antibodies 
in RAID, and usually between 60% and 90% of known lesions have been 
disclosed correctly. Different antibodies and their respective forms, radio
nuclides, and scanning methods have yielded different results, but the basic 
observations are fairly consistent, as summarized in Table 2. Most studies of 
RAID have involved colorectal and ovarian cancers, but additional tumor 
types are under investigation. RAID results have already contributed to 
better (or potentially better) patient management in about 25%-50% of 
patients in whom this has been measured (GOLDENBERG and LARSON 1992). 

The four principal radionuclides studied for RAID are 1311, 111 In , 1231, 
and Tc-99m. Of these, the most desirable is Tc-99m, since it has a high 
intensity photon energy and is easily and inexpensively available from on
site generators. Its only limitation is a short physical half-life of 6.02h, 
which therefore requires a rapid targeting agent that permits imaging within 
24 h. This is achieved best with smaller antibody molecules, such as antibody 
fragments (bivalent and monovalent). Indeed, our experience with Fab' 
reagents of diverse MAbs labeled with Tc-99m indicates that early and rapid 
imaging can be achieved (GOLDENBERG et al. 1990). 

Dehalogenation of radioiodine and sequestration of 111 In in reticulo
endothelial organs, particularly the liver, are limitations for these isotopes. 
Since the liver is a major organ of metastasis, 111In uptake in normal liver 
makes differentiation of tumor uptake of radioactivity difficult to interpret 
over background liver radioactivity (HNATOWICH et al. 1985). Another im
portant consideration is the induction of host antibodies against the foreign 
proteins. When intact murine immunoglobulin is used, HAMAs are induced 
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Table 2. Current status of antibody imaging 

Subject 

Safety 

Sensitivity 

Small tumors 

Occult tumors 

Serum antigen 

HAMA 

Findings 

Radioactive antibodies have been found to be safe in over 
10,000 patients studied worldwide. 

On a tumor site basis, results between 60% and over 90% 
sensitivity and specificity have been reported, with the highest 
accuracy rates found for MAbs labeled with 1311, 1231, or Tc 
99m. 

Tumor as small as 0.4-0.5 cm have been disclosed with Tc-99m 
MAbs, especially with emission tomography, but resolution 
usually is in the range of 1.0-2.0cm. 

Tumors missed by other methods, including CT, have been 
revealed by antibody imaging. 

Antibody imaging can be positive even before the antigen titer 
in the blood is elevated. Complexation with circulating antigen 
does not compromise antibody imaging. 

Repeated injections of animal antibodies result in human 
antibodies against these foreign proteins that can compromise 
antibody targeting. 

MAbs, monoclonal antibodies; CT, computerized tomography; HAMA, human anti
mouse antibodies. 

in up to 50% of patients receiving a single injection (REYNOLDS et al. 1989). 
Low protein doses (1 mg or less) of Fab' fragments have evoked HAMAs in 
less than 1% of patients after a single injection (HANSEN et al. 1992), 
indicating that this form will be best suited for repeated administrations. 
Accordingly, the development of RAID has progressed from first-generation 
l3lI-labeled whole IgGs to second-generation 111In whole IgG preparations 
and to the current (third-generation) Tc-99m-Iabeled monovalent (Fab') 
fragments that permit imaging lesions of less than 1 cm (by SPECT methods) 
within a few hours of injection (GOLDENBERG et al. 1990). 

E. Nature and Problems of Radioimmunotherapy 
Just as radioimmunoconjugates have been targeted successfully to cancer 
cells for imaging, so too can they be utilized in a cancer radio immunotherapy 
(RAIT). Whereas tumor imaging requires a high target to nontarget ratio of 
counts for optimal results, therapy with radio labeled antibodies depends on 
a high concentration of tissue radioactivity for a long duration. The anti
tumor effects of RAIT appear to exceed the expected doses as compared to 
external beam therapy, which may be related to the low dose rate achieved 
by MAb-targeted radionuclides (KNOX et al. 1990). There is also a contri
bution of both nonspecific targeting to tumor, as we observed almost 20 
years ago (ORDER et al. 1990), and whole-body radiation to the antitumor 
effects of RAIT. The range of action of radionuclides is defined pre-
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dominantly by the nature of the particle (a, fJ, Auger) and the energy of 
emission. The first radio nuclide used in RAIT was 1311, which has had a long 
history in the successful treatment of thyroid cancer. It is suitable for RAIT, 
having an averge fJ energy of 0.183 Me V and a physical half-life of 8 days, 
while emitting y rays for imaging and quantitation. It is also easy to bind 
to antibodies without affecting their immunoreactivity, and the minimal 
toxicity to normal tissues (hypothyroidism) and the extensive clinical experi
ence with this isotope favor its use. However, it has shown relatively low 
tumor dose rates of 5 cGy/h in clinical studies (BRADY et al. 1991), and rapid 
excretion after antibody degradation and/or dehalogenation has been ob
served. Also, with 1311 there is excessive radiation exposure to the patient 
and attending staff due to the high level of high-energy y radiation from an 
81 % abundant emission at 364 ke V. Finally, its average fJ energy penetration 
of less than 1 mm restricts its efficacy in larger tumors. Table 3 presents a list 
of the more popular radionuclides for RAIT, including some advantages and 
disadvantages. 1251 emits Auger electrons, whose short-range energy can 
affect the nucleus and, thus, destroy cells once the electrons are inter
nalized. This isotope is being used, after conjugation to MAbs, against 
epidermal growth factor receptor in the therapy of intracranial neoplasms 
(BRADY et al. 1991). Yttrium-90 is a pure fJ emitter with an average maximum 
emission of 0.937 MeV and a physical half-life of 2.7 days. 

In clinical experience, a much higher radiation dose to tumor is achieved 
with 90y conjugated to MAbs than with 1311 but with increased host toxicity, 
since most current labeling methods result in 90y detachment and targeting 
to bone, resulting in bone marrow toxicity (SHARKEY et al. 1990). However, 
improved chelates for conjugating 90y to MAbs are in development and 
evaluation (DESHPANDE et al. 1990). Preclinically, the magnitude of toxicity 
(myelosuppression) from 90y is similar to that of l311 at their maximum 
tolerated doses, but the duration of toxicity is about 2 weeks shorter than 
with 1311 (BLUMENTHAL et al. 1993). Rhenium-186 and 188Re have gained 
much interest recently because of the similarity in their chemical properties 
to Tc-99m. 186Re has an average fJ energy of 0.781 MeV, a physical half-life 
of 3.8 days, and emits a y energy of 137 ke V for imaging and quantitation of 
uptake. 188Re has a maximum fJ energy of 2.116 MeV and a physical half-life 
of 17 h, with a y energy component of 155 ke V for imaging and quantitation 
of uptake. Lutetium-l77 is a lanthanide fJ emitter (497 and 133 ke V) with y 
emissions of 208 and 113 keY, thus allowing imaging and quantitation of 
uptake. It has a physical half-life of 6.7 days, a shorter path than 90y or 
188Re, and a longer half-life than these other two therapeutic radionuclides. 
In addition to fJ emitting isotopes, a emission from bismuth-212 and astatine-
211, which irradiate at very short distances, has been used in laboratory 
studies and appears to hold promise for the therapy of circulating tumor 
cells or micrometastases. Thus, each of these isotopes has advantages and 
disadvantages for RAIT, and it is stilI an important research objective 
to determine which one is best for each treatment situation and clinical 
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problem. Although many radionuclides have potential for RAIT, a major 
problem has been the achievement of tight and stable binding to the MAb 
at a sufficiently high specific activity without affecting the antibody's 
immunoreactivity and, in turn, targeting properties. A basic problem, how
ever, has been the very low radiation dose delivered to tumor with each 
systemic injection, due to the very low accretion of antibody in tumor. One 
consideration to compensate for this problem has been to fractionate the 
radiation doses delivered by RAIT. Indeed, there has been an advantage 
found for this method compared to single dose administration, in terms of 
increased therapeutic effects and/or decreased bone marrow doses, in both 
experimental and clinical studies (MEREDITH et al. 1992; SCHLOM et al. 1990; 
BUCHEGGER et al. 1989; BLUMENTHAL et al. 1989a). In contrast to other 
immunoconjugates, however, RAIT has the advantage of the radiation 
being deposited at a distance by the antibody capable of destroying cells, 
thus not requiring antibody uptake by each cancer cell. Depending on the 
form of radiation and the isotope's particular energy, the distance can be 
large, such as with ceretain fJ emitters (e.g., 90y and 188Re), or short, as 
in the case of a emitters. This helps address the problem of tumor cell 
heterogeneity in the expression of target tumor antigens, which is less likely 
to be solved with other forms of immunoconjugates. Indeed, autoradio
graphic studies have shown that MAb localizes in tumor heterogeneously 
and can even accumulate in necrotic areas more than in viable areas (BOXER 
et al. 1992). This heterogeneous targeting may not only be due to variable 
expression of antigen in the tumor cell population, but also to variable 
accessibility to antibody, as discussed already above. For example, CEA
positive tumor cells near the blood vessels in an experimental tumor model 
were targeted better than more distant tumor cells (BOXER et al. 1992). 
Various methods are under investigation to increase antibody accretion in 
tumors, such as affecting tumor blood flow and vascular permeability, in
creasing antigen expression by the tumor, and use of multistep pretargeting 
methods (MSIRIKALE et al. 1987; CHAN et al. 1984; GREINER et al. 1987; 
PAGANELLI et al. 1991b). The indirect multistep targeting and therapy 
strategies attempt to decrease circulating time of the radionuclide, thus 
decreasing nonspecific targeting to the bone marrow. One method is to 
inject an unlabeled bispecific antibody, in which one arm of the MAb is 
directed against the tumor antigen and the other against the radio labeled 
hapten (GOODWIN 1990). After the bispecific MAb has localized in the 
tumor and cleared the circulation, a radiolabeled hapten is injected and 
should attach to the antihapten arm of the bispecific MAb in the tumor. 
Variations of this approach, involving a bivalent radiolabeled hapten, have 
also been pursued (LEDouSSAL et al. 1989). Still other indirect approaches 
have been described involving the high avidity of avidin or streptavidin for 
biotin (HNATOWICH et al. 1987). In one scheme, the first injection is made 
with an unlabeled biotinylated anticancer MAb and then radiolabeled avidin 
or streptavidin is given once the first agent concentrates in the tumor 
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selectively (PAGANELLI et al. 1991b). In a three-step strategy, the nontar
geted, unlabeled, biotinylated antibody is cleared from the circulation by 
injection of avidin, which also binds to biotin in the tumor, followed by ad
ministration of the labeled biotin that again binds at the tumor (PAGANELLI 
et al. 1991a). These multistep approaches appear attractive but require 
evaluation in well controlled trials that compare the indirect method to the 
direct RAIT approach under similar conditions of timing. In order to reduce 
circulating, nontargeted, radiolabeled antibody, we and others have merely 
injected a second antibody against the primary antitumor antibody and have 
found enhanced tumor/blood ratios, enabling an increase in the radiation 
dose injected and targeted to tumor, although some reduction in tumor 
deposition of MAb can also be found (SHARKEY et al. 1992). A simpler 
approach has been direct injection of the MAb into the tumor or the tumor
containing cavity (WAHL et al. 1988). 1311, 90y, and 186Re conjugated to 
antibodies have been used in these direct approaches with variable but 
encouraging results (:RIvA et al. 1989; ORDER et al. 1986; BREITZ et al. 1992). 
As expected, responses have been better in patients with less extensive 
disease than in those with bulky tumors, and this is generally the case with 
all RAIT agents. 

The administration of high and repeated doses of radio labeled MAbs 
has been limited by the HAMA response to murine antibodies and by 
myelotoxicity (SIEGEL et al. 1990; GOLDENBERG 1989). The former may be 
avoided by the development and use of totally human or partially human 
("humanized") MAbs (MORRISON 1985; STEPLEWSKI et al. 1988; HARDMAN et 
al. 1989), while the latter may be overcome by autologous bone marrow 
grafting and/or the use of marrow-stimulating cytokines, such as IL-l, IL-3, 
IL-7, granulocyte colony-stimulating factor (G-CSF), and granulocyte/ 
macrophage colony-stimulating factor (GM-CSF) (MORTON et al. 1990; 
BLUMENTHAL et al. 1992a), which have permitted a 25%-30% increase 
in the radio antibody dose that can be administered in an animal model 
(BLUMENTHAL et al. 1992a). Preliminary results suggest that this higher dose 
can improve therapeutic effects against the tumor (BLUMENTHAL et al., 
manuscript in preparation). 

F. Current Clinical Status of Radioimmunotherapy 
The major problems of low MAb doses delivered to tumors and increased 
myelotoxicity as radiation doses are escalated have limited the exploitation 
of cancer RAIT, as already mentioned. It is interesting, nevertheless, that 
the anticancer effects of radiolabeled antibodies seem to exceed their 
expected tumor doses, which is probably attributable to the low dose rates 
achieved by RAIT (KNOX et al. 1990). Much of the recent success of cancer 
RAIT has involved radiosensitive neoplasms, particularly hematopoietic 
tumors (ROSEN et al. 1987; PRESS et al. 1989; DENARDO et al. 1988; Czucz-
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MAN et al. 1991; KAMINSKI et al. 1991; GOLDENBERG et al. 1991; SCHWARTZ et 
al. 1993; SCHEINBERG et al. 1991). The majority of studies involved 1311 
labels, particularly because of their long history of safe use, cost, and ease of 
radioiodination. In contrast with many other radioisotopes, free radioiodine 
is metabolized or excreted by the thyroid, renal organs, and gastrointestinal 
tract with controllable side effects, whereas some of the radio metals may 
accrete in the liver, gastrointestinal tract, and bone. Regressions have been 
reported for T and B cell lymphomas with several different antibodies using 
a variety of doses and schedules for achieving remissions or for induction of 
dose-limiting myelotoxicity. Another area of interest is the treatment of 
myeloid leukemia by RAIT (SCHWARTZ et al. 1993). It has been estimated 
that antileukemic and marrow-ablative doses of 1311 can be delivered with an 
anti-CD33 MAb, in which more than 99% of leukemia cells (about 1 kg) can 
be eliminated without nonhematologic toxicity (SCHEINBERG et al. 1991). 
This method may also be of use for ablating the marrow before marrow 
transplantation (SCHEINBERG et al. 1991). These results support the en
couraging view that RAIT is gaining in acceptance as a promising modality 
in the treatment of leukemia and lymphomas, and it now needs to be 
determined how it will relate or be combined with other modalities in the 
routine treatment of these hematopoietic neoplasms. 

In contrast, systemic RAIT of solid tumors has been generally dis
appointing for many of the reasons discussed above. A possible exception 
has been the use of chimeric (human/mouse) L-6 labeled with 1311 in the 
therapy of advanced breast cancer. Initial results suggest therapeutic activity 
related to a concomitant antibody-mediated cellular immune and/or vascular 
function, including high antibody accretion in tumor (DENARDO et al. 1991). 
High tumor accretion of antibody has also been observed in neuroblastoma 
treated with MAb 3F8, with excellent targeting, relatively high tumor ac
cretion of radioactivity, and evidence of therapeutic efficacy observed 
(LEUNG et al. 1986). Locoregional and direct tumor administration has 
shown more encouraging results. For example, STEWART et al. (1989) have 
studied the i.p. administration of 1311-labeled MAbs for the treatment of 
ovarian cancer and have observed responses and initial evidence of im
proved survival. 1251 labeled to a MAb against epidermal growth factor 
receptor has also been used in the therapy of brain neoplasms by carotid 
artery infusions, with encouraging clinical responses (BRADY et al. 1991). 
However, most of these studies have involved only modest rad doses de
livered to tumor, usually less than 2000cGy. In contrast, very high radiation 
doses, approaching 20 times this value, have been achieved by intratumoral 
injection of anti-tenescin MAb labeled with 1311 for brain cancers, resulting 
in objective and durable tumor responses (RIVA et al. 1992). 

In addition to the use of 90y for RAIT of solid tumors (ORDER et al. 
1986), attention has turned recently to 177Lu and the rhenium isotopes 186Re 
and 188Re as preferred fJ emitters. As in the case of 1311 and 90y RAIT, 
preclinical studies have shown efficacy in human solid tumor xenograft 
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models with these other radionuclides (GRIFFITHS et al. 1991; SCHLOM et al. 
1991; BEAUMIER et al. 1991), and early phases of clinical trials are in pro
gress. Unfortunately, however, the induction of HAMAs has limited ad
ministration of repeated courses, which are necessary in order to deliver 
therapeutic ra~iation doses to solid tumors. Therefore, we will need to await 
clinical trials with different forms of human or humanized antibodies with 
these different radionuclide labels before a proper assessment of the status 
and potential of RAIT can be made. But before this is achieved, is there a 
more immediate role for lower loses of RAIT in solid cancer therapy, 
similar to the apparent results in hematopoietic tumors? Also, can RAIT be 
combined with other forms of anticancer therapy for an improved result? 
Initial results in animal models suggest that, at least as an adjuvant therapy, 
RAIT can be curative at low, well tolerated radiation doses. 

G. Experimental Studies of Adjuvant 
Radioimmunotherapy 
The poor prognosis in most cancers relates principally to the relatively 
advanced stage of disease at the time of diagnosis. In colorectal cancer, for 
example, more than 50% of patients have eviqence of tumor dissemination 
at the time of diagnosis. This fact supports the view that adjuvant therapy of 
cancer after surgical intervention is an important approach to improving 
patient survival. Radiolabeled antibodies have shown selective targeting to 
tumors in preclinical and clinical experiments, including improved thera
peutic responses being reported in several human tumor models (LEUNG et 
al. 1986; GOLDENBERG et al. 1981; BADGER et al. 1985; VESSELLA et al. 1985; 
SHARKEY et al. 1987; BLUMENTHAL et al. 1992b). Further, animal studies 
have shown better responses in smaller as opposed to larger human tumor 
xenografts (BLUMENTHAL et al. 1989a). Also, is has been determined that 
higher rad doses can be delivered to smaller tumors in patients (SIEGEL et al. 
1990). Therefore, it appears to be a logical conclusion that radioimmuno
conjugates are of considerable potential as an adjuvant therapy of cancer. 
Indeed, our initial studies in animal models support this perspective 
(BLUMENTHAL et al. 1992b) and will be summarized here. 

The first task was to establish an appropriate, and hopefully predictive, 
model for early disseminated cancer and to determine if RAIT could be used 
to extend life expectancy. In the past, most human tumor xenograft models 
used to study a therapeutic modality involved a subcutaneous growth site in 
athymic nude mice. However, since almost all human solid cancers do not 
present clinically as subcutaneous tumors, and because the location of the 
tumor may playa role in antibody targeting (BLUMENTHAL et al. 1989b) , 
a model with tumor seeded in a visceral site would appear to be more 
clinically relevant. Although the liver is the principal organ for metastasis of 
subdiaphragmatic tumor types, such as colorectal cancer, seeding of experi-
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Fig. lA-C. Microscopic tumor foci in the lungs of animals 7, 14, or 28 days (A, B, 
and C, respectively) after i.v. injection of GW-39 target cells. Hematoxyl in and 
eosin stained sections. Arrows indicate representative tumor nodules; V, viable 
tumor; N, necrotic tumor. (From SHARKEY et al. 1991) x32 

mental tumors in this organ depends on either direct inoculation or indirect 
spread by intrasplenic or colonic injection (GIAVAZZI et al. 1986). These 
methods require surgical procedures and can present technical difficulties. 
Therefore, we pursued a simpler metastatic model that is representative of 
micrometastatic disease, namely, a human colonic carcinoma cell line. By 
means of intravenous injection into nude mice of a human colonic car
cinoma cell line, GW-39 (GOLDENBERG et al. 1966), which produces CEA 
and other colonic tumor markers (GOLDENBERG and HANSEN 1972), reliable 
and quantitative dissemination and metastasis to the lungs could be achieved 
(SHARKEY et al. 1991). After i.v. injection of 0.03 ml of a 10% tumor cell 
suspension, multiple microscopic tumor colonies (10-60) that ranged in size 
from 50 to 200,um in diameter resulted within 1 week. By 2 weeks, the 
colonies reached 0.5-1.0mm in diameter, and as many as 100 colonies could 
be counted in some specimens. After 4 weeks, the colonies continued to 
enlarge, and many reached a diameter of 2 mm, including areas of central 
necrosis. Despite this central necrosis, tumor colonies continued to enlarge, 
with only a narrow rim of viable tumor cells seen on the colony's periphery 
(SHARKEY et al. 1991), as shown in Fig. 1. The animals began to lose weight 
3-6 weeks after tumor inoculation and died when their body weight loss 
exceeded 20%. The median survival time in several separate experiments 
ranged from 5 to 10 weeks. At death, the GW-39 human colonic tumor cells 
were not found in any organ other than the lungs. These results were 
basically similar for two other human colonic tumor cell lines, LS174T and 
GS-2, inoculated i.v. in nude mice, but with fewer colonies in the lungs 
(SHARKEY et aI., unpublished results). Using either CEA or mucin (CSAp) 
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Fig. 2. Survival curves of nude mice bearing either 7- or 14-day-old GW-39 lung 
nodules and treated with the maximal tolerated dose of NP-4 anti-CEA or irrelevant 
antibody anti-AFP-7-31 IgG (275,uCi) or F(ab'h fragment (1200,uCi). Lung nodules 
were initiated by caudal vein injection of 30,u1 of a 10% GW-39 suspension. All 
groups had 10 animals. Filled triangle indicates the time that the radioantibody was 
administered. (From BLUMENTHAL et al. 1992a) 

antibodies labeled with 1311, even as a single i.p. injection, nude mice 
bearing the lung metastases of the human colonic cancer model could 
be cured in a high percentage of cases, depending on when therapy was 
instituted. At early times after metastasis (7 days), higher cure rates were 
found than when later therapy times (14 days) were instituted (SHARKEY et 
al. 1991), as shown in Fig. 2. Interestingly, this RAIT protocol was more 
effective than a similar adjuvant therapy with 5-fluorouracil and leucovorin 
in this experimental model (BLVMENTHAL et al. 1992a). In conclusion, the 
greatest current prospect for RAIT of solid tumors appears to be for the 
treatment of micrometastatic cancer, as in an adjuvant setting. This view 
was recently supported by a mathematical analysis, especially when based 
on the use of extracorporeal immunoadsorption of nontargeted, circulating, 
radioactive MAbs, as proposed by SGOUROS (1992) and supported by 
ZANZONICO (1992). 
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H. Conclusions and Future Prospects 

For over a decade, MAbs have been used in a variety of ways to detect and 
treat various cancer types. This has followed an even longer period in which 
less well characterized polyclonal antibodies (DELAND and GOLDENBERG 
1986) were used. At present, a multitude of radiolabeled anticancer anti
bodies, involving different antibody preparations and radiolabels, have 
shown various degrees of clinical utility in detecting sites of cancer, even 
those missed by conventional radiological methods (GOLDENBERG and 
LARSON 1992). However, MAbs, including radioimmunoconjugates, have 
not yet gained a role in the therapy of cancer, although encouraging re
sponses have been achieved in lymphomas with different radiolabeled anti
body preparations. Thus, despite the absence of truly cancer-specific MAbs 
or target antigens, many MAbs have been shown to be relatively selective 
cancer agents, and it is now a subject of intensive investigation to improve 
the accretion of these agents into tumors in order to deliver higher thera
peutic doses. Solutions to the problems of MAb immunogenicity and host 
myelotoxicity appear to be feasible, thus enhancing the prospects of cancer 
RAIT. Furthermore, RAID studies have shown that MAbs can be used 
safely and successfully for the improved management of cancer patients, 
which reinforces our enthusiasm for the development and use of similar 
agents for therapy. 

Acknowledgements. The authors' studies have been supported in part by U.S. Public 
Health Service grants CA39841, CA37895, and CA49995 from the National In
stitutes of Health. 

References 

Badger CC, Krohn KA, Peterson AV, Shulman H Bernstein ID (1985) Experi
mental radiotherapy of murine lymphoma with Lhl-labelled anti-Thy 1.1 mono
clonal antibody. Cancer Res 45:1536-1544 

Beaumier PL, Venkatesan P, Vanderheyden JL, Burgua WD, Kunz LL, Fritzberg 
AR, Abrams PG, Morgan AC Jr (1991) 186Re radio immunotherapy of small cell 
lung carcinoma xenografts in nude mice. Cancer Res 51:676-681 

Belitsky P, Ghose T, Aquino J et al. (1978) Radionuclide imaging of metastasis in 
renal cell carcinoma patients by l3lI-labeled antitumor antibody. Radiology 
126:515-517 

Blumenthal RD, Sharkey RM, Kashi R, Goldenberg DM (1989a) Comparison of 
therapeutic efficacy and host toxicity of two different l3l1-labelled antibodies and 
their fragments in the GW-39 colonic cancer xenograft model. Int J Cancer 
44:292-300 

Blumenthal RD, Sharkey RM, Kashi R, Natale AM, Goldenberg DM (1989b) 
Influence of animal host and tumor implantation site on radio antibody uptake in 
the GW-39 human colonic xenograft. Int J Cancer 44:1041-1047 

Blumenthal RD, Kashi R, Stephens R, Sharkey RM, Goldenberg DM (1991) Im
proved radioimmunotherapy of colorectal cancer xenografts using antibody 
mixtures against carcinoembryonic antigen and colon-specific antigen-po Cancer 
Immunol Immunother 32:303-310 



Prospects for Cancer Imaging and Therapy with Radioimmunoconjugates 363 

Blumenthal RD, Sharkey RM, Goldenberg DM (1992a) Dose escalation of radio
antibody in a mouse model with the use of recombinant human interleukin-l 
and granulocyte-macrophage colony-stimulating factor intervention to reduce 
myelosuppression. J Natl Cancer Inst 84:399-407 

Blumenthal RD, Sharkey RM, Haywood L, Natale AM, Wong GY, Siegel JA, 
Kennel SJ, Goldenberg DM (1992b) Targeted therapy of athymic mice bearing 
GW-39 human colonic cancer micrometastases with l3lI-labeled monoclonal 
antibodies. Cancer Res 52:6036-6044 

Blumenthal RD, Sharkey RM, Forman D, Rodriguez B, Goldenberg DM (1993) A 
preclinical comparison of therapy and toxicity for Mu-9 anti-CSAp IgG labeled 
with 1-131, Y-90, or Re-188 (Abstr). J Nucl Med 34:1014 

Boxer GM, Begent RHJ, Kelly AMB, Southall PJ, Blair SB, Theodorou NA, 
Dawson PM, Ledermann JA (1992) Factors influencing variability of localisation 
of antibodies to carcinoembryonic antigen (CEA) in patients with colorectal 
carcinoma - implications for radioimmunotherapy. Br J Cancer 65:825-831 

Brady LW, Miyamoto C, Woo DV, Rackover M, Emrich J, Bender H, Dadparvar 
S, Steplewski Z, Koprowshi H, Black P, Lazzaro B, Nair S, McCormack T, 
Nieves J, Morabito M, Eshleman J (1991) Malignant astrocytomas treated with 
iodine-125 labeled monoclonal antibody 425 against epidermal growth factor 
receptor: a phase II trial. Int J Radiat Oncol BioI Phys 22:225-230 

Breitz HB, Weiden PL, Vanderheyden JL, Appelbaum JW, Bjor MJ, Fer MF, Wolf 
SB, Ratliff BA, Seiler CA, Foisie DC, Fisher DR, Schroff RW, Fritzberg AR, 
Abrams PG (1992) Clinical experience with rhenium-186-labeled monoclonal 
antibodies for radioimmunotherapy: results of phase I trials. J Nucl Med 33: 
1099-1112 

Buchegger F, Pfister C, Fournier K, Prevel F, Schreyer M, Carrel S, Mach J-P 
(1989) Ablation of human colon carcinoma in nude mice by 131I-Iabeled mono
clonal anti-carcinomembryonic antigen antibody F(ab'h fragments. J Clin Invest 
83:1449-1456 

Capone PM, Papsidero LD, Chu TM (1984) Relationship between antigen density 
and immunotherapeutic response elicited by monoclonal antibodies against solid 
tumors. J Natl Cancer Inst 72:673-677 

Chan RC, Babbs CF, Vetter RJ, Lamar CH (1984) Abnormal response of tumor 
vasculature to vasoactive drugs. J Natl Cancer Inst 72:145-150 

Czuczman MS, Divgi CR, Straus DJ, Lovett DR, Garin-Chesa P, Yeh S, Feirt N, 
Graham M, Leibel S, Gee TS, Myers J, Pentlow K, Finn R, Schwartz M, 
Oettgen HF, Larson SM, Old U, Scheinberg DA (1991) 131-Iodine-Iabeled 
monoclonal antibody therapy of acute myelogenous leukemia and B cell lym
phoma. Antibody Immunoconj Radiopharm 4:787-793 

DeLand FH, Goldenberg DM (1986) Radiolabeled antibodies: radiochemistry and 
clinical applications. In: Freeman LM (ed) Clinical radionuclide imaging. Grune 
and Stratton, Orlando, p 1915 

DeLand FH, Kim EE, Simmons G, Goldenberg DM (1980) Imaging approach in 
radioimmunodetection. Cancer Res 40:3046-3049 

DeNardo SJ, DeNardo GL, O'Grady LF et al. (1988) Treatment of B-cell malig
nancies with 1311 Lym-l monoclonal antibodies. Int J Cancer SuppI3:96-103 

DeNardo SJ, Warhoe KA, O'Grady LF, Denardo GL, Hellstrom I, Hellstrom KE, 
Mills SL (1991) Radioimmunotherapy with 1-131 chimeric L-6 in advanced 
breast cancer. In: Ceriani RL (ed) Breast epithelial antigens. Plenum, New 
York, p 227 

Deshpande SV, DeNardo SJ, Kukis DL, Moi MK, McCall MJ, DeNardo GL, 
Meares CF (1990) Yttrium-90-labeled monoclonal antibody for therapy: labeling 
by a new macrocyclic bifunctional chelating agent. J Nucl Med 31:473-479 

Dillman RO, Beauregard JC, Sobol RE, Royston I, Bartholomew RM, Hagan PS, 
Halpern S (1984) Lack of radioimmunodetection and complications associated 
with monoclonal anticarcinoembryonic antigen antibody cross-reactivity with an 
antigen on circulating cells. Cancer Res 44:2213-2218 



364 D.M. GOLDENBERG et al. 

Doerr RJ, Abdel-Nabi H, Krag D, Mitchell E (1992) Radiolabeled antibody imaging 
in the management of colorectal cancer. Results of a multicenter clinical study. 
Ann Surg 214:118-124 

Epenetos AA, Snook D, Durbin H et al. (1986) Limitations of radiolabeled mono
clonal antibodies for localization of human neoplasms. Cancer Res 46:3183-3191 

Fujimori K, Fisher DR, Weinstein IN (1991) Integrated microscopic-macroscopic 
pharm'acology of monoclonal antibody radioconjugates: the radiation dose dis
tribution. Cancer Res 51:4821-4827 

Giavazzi R, Jessup JM, Campbell DE, Walker SM, Fidler IJ (1986) Experimental 
nude mouse model of human colorectal cancer liver metastases. J Natl Cancer 
Inst 77:1303-1308 

Gold P, Freedman S (1965) Demonstration of tumor-specific antigens in human 
colon carcinomata by immunological tolerance and absorption techniques. J Exp 
Med 121:439-462 

Goldenberg DM (1979) CEA and other tumor-associated antigens in colon cancer 
diagnosis and management. In: Grundmann E (ed) Colon cancer. Fischer, 
Stuttgart, p 163 

Goldenberg DM (1989) Future role of radiolabeled monoclonal antibodies in on
cological diagnosis and therapy. Semin Nucl Med 19:332-339 

Goldenberg DM (1993) Monoclonal antibodies in cancer detection and therapy. Am 
J Med 94:297-312 

Goldenberg DM, Hansen HJ (1972) Carcinoembryonic antigen present in human 
colonic neoplasia serially propagated in hamsters. Science 175: 1117 -1118 

Goldenberg DM, Larson SM (1992) Radioimmunodetection in cancer identification. 
J Nucl Med 33:803-814 

Goldenberg DM, Witte S, Elster K (1966) GW-39: a new human tumor serially 
transplantable in the golden hamster Transplantation 4:610-614 

Goldenberg DM, Preston DF, Primus DM, Hansen HJ (1974) Photoscan localization 
of GW-39 tumors in hamsters using radiolabeled anti-CEA immunoglobulin G. 
Cancer Res 34:1-9 

Goldenberg DM, Deland F, Kim E, Bennett S, Primus FJ, Van Nagell JR Jr, Estes 
N, DeSimone P, Rayburn P (1978) Use of radiolabeled antibodies to carcino
embryonic antigen for detection and localization of diverse cancers by external 
photoscanning. N Engl J Med 298: 1384-1388 

Goldenberg DM, Kim EE, DeLand FH, Bennett SJ, Primus FJ (1980) Radio
immunodetection of cancer with radioactive antibodies to carcinoembryonic 
antigen. Cancer Res 40:2984-2992 

Goldenberg DM, Gaffar SA, Bennett SJ, Beach JL (1981) Experimental radio
immunotherapy ofaxenografted human colonic tumor (GW-39) producing 
carcinoembryonic antigen. Cancer Res 41:4354-4360 

Goldenberg DM, Goldenberg H, Sharkey RM, Higginbotham-Ford E, Lee RE, 
Swayne LC, Burger K, Tsai D, Horowitz JA, Hall TC, Pinsky CM, Hansen HJ 
(1990) Clinical studies of cancer radioimmunodetection with carcinoembryonic 
antigen monoclonal antibody fragments labeled with 1231 or 99mTc. Cancer Res 
50:909s-921s 

Goldenberg DM, Horowitz JA, Sharkey RM et al. (1991) Targeting, dosimetry, and 
radioimmunotherapy of B-cell lymphomas with iodine-131-labeled LL2 mono
clonal antibody. J Clin Oncol 9:548-564 

Goodwin DA (1990) Strategies for antibody targeting. Antibody Immunoconj 
Radiopharm 4:427-434 

Greiner JW, Guadagni F, Noguchi P, Pestka S, Co1cher D, Fisher PB, Schlom J 
(1987) Recombinant interferon enhances monoclonal antibody-targeting of car
cinoma lesions in vivo. Science 235:895-898 

Griffiths GL, Goldenberg DM, Knapp FF, Callahan AP, Chang C-H, Hansen HJ 
(1991) Direct radiolabeling of monoclonal antibodies with generator-produced 
rhenium-188 for radioimmunotherapy: labeling and animal biodistribution 
studies. Cancer Res 51:4594-4602 



Prospects for Cancer Imaging and Therapy with Radioimmunoconjugates 365 

Hansen HJ, Jones AL, Sharkey RM, Grebenau R, Blazejewski N, Kunz A, Buckley 
MJ, Newman ES, Ostella F, Goldenberg DM (1990) Preclinical evaluation of an 
"instant" 99mTc-Iabeling kit for antibody imaging. Cancer Res 50:7945-7985 

Hansen HJ, Sharkey RM, Jones AL et al. (1992) Lack of human anti-mouse anti
body (HAMA) response in patients imaged with ImmuRAID-CEA [Tc-99m] 
and ImmuRAID-MN3 [Tc-99m]. Antibody Immunoconj Radiopharm 5:354 

Hardman N, Gill LL, Winter RFJ et al. (1989) Generation of a recombinant mouse-
human chimeric monoclonal antibody directed against human carcinoembryonic 
antigen. Int J Cancer 44:424-433 

Hnatowich DJ, Layne WW, Childs RL, Lanteigne D, Davis MA, Griffin TW, 
Doherty PW (1983) Radioactive labeling of antibody: a simple and efficient 
method. Science 220:613-615 

Hnatowich DJ, Griffin TW, Kosciuczyk C et al. (1985) Pharmacokinetics of an 
indium-llllabeled monoclonal antibody in cancer patients. Clin Sci 26:849-858 

Hnatowich DJ, Virzi F, Rusckowski M (1987) Investigations of avidin and biotin for 
imaging applications. J Nucl Med 28:1294-1302 

Kaminski M, Zasadny K, Buchsbaum D, Wahl R (1991) 131-1 anti-Bl: initial clinical 
evaluation in B-celllymphoma. Antibody Immunoconj Radiopharm 4:59 

Kennel SJ (1992) Effects of target antigen competition on distribution of monoclonal 
antibody to solid tumors. Cancer Res 52:1284-1290 

Khazaeli MB, Saleh MN, Liu TP, Meredith RF, Wheeler RH, Baker TS, King D, 
Secher D, Allen L, Rogers K, Colcher D, Schlom J, Shochat D, LoBuglio AF 
(1991) Pharmacokinetics and immune response of l31I-chimeric mouselhuman 
B72.3 (human y4) monoclonal antibody in humans. Cancer Res 51:5461-5466 

Knox SJ, Levy R, Miller RA, Uhland W, Schiele J, Ruehl W, Finston R, Day
Lollini P, Goris ML (1990) Determinants of the antitumor effect of radiolabeled 
monoclonal antibodies. Cancer Res 50:4935-4940 

Kohler G, Milstein C (1975) Continuous culture of fused cells secreting antibody of 
predefined specificity. Nature 256:495-496 

Krejcarek GE, Tucker KL (1976) Covalent attachment of chelating groups to macro
molecules. Biochem Biophys Res Commun 77:581-585 

LeBerthon B, Khwali LA, Alauddin M, Miller GK, Charak BS, Mazumder A, 
Epstein AL (1991) Enhanced tumor uptake of macromolecules induced by a 
novel vasoactive interleukin 2 immunoconjugate. Cancer Res 51:2694-2698 

LeDoussal J-M, Martin M, Gautherot E, Delaage M, Barbet J (1989) In vitro and 
in vivo targeting of radio labeled monovalent and divalent haptens with dual 
specificity monoclonal antibody conjugates: enhanced divalent hapten affinity 
for cell-bound antibody conjugate. J Nucl Med 30:1358-1366 

Leung NKV, Landmeir B, Neely J, Nelson AD, Abramowsky C, Ellery S, Adams 
RB, Miraldi F (1986) Complete tumor ablation with iodine 131-radiolabeled 
disialoganglioside Goz specific monoclonal antibody against human neuro
blastoma xenografted in nude mice. J Nat! Cancer Inst 77:739-745 

Mach J-P, Carrel S, Merenda C, Heumann D, Rosenspier U (1978) In vivo localiz
ation of anti-CEA antibody in colon carcinoma. Can the results obtained in the 
nude mice model be extrapolated to the patient situation? Eur J Cancer Suppl 
1:113-120 

Meredith RF, Khazaeli MB, Liu T, Plott G, Wheeler RH, Russell C, Colcher D, 
Schlom J, Shochat D, LoBuglio AF (1992) Dose fractionation of radiolabeled 
antibodies in patients with metastatic colon cancer. J Nucl Med 33:1648-1653 

Msirikale JS, Klein JL, Schroeder J, Order SE (1987) Radiation enhancement of 
radio labeled antibody deposition in tumors. Int J Radiat Oncol BioI Phys 13: 
1839-1844 

Morrison SL (1985) Transfectomas provide novel chimeric antibodies. Science 229: 
1202-1207 

Morton BA, Beatty BG, Mison AP, Wanek PM, Beatty JD (1990) Role of bone 
marrow transplantation in <JOy antibody therapy of colon cancer xenografts in 
nude mice. Cancer Res 50 Suppl:1008s-1010s 



366 D.M. GOLDENBERG et al. 

Order SE (1990) Presidential address: systemic radiotherapy - the new frontier. Int J 
Radiat Oncol BioI Phys 18:981-992 

Order SE, Klein JL, Leichner PK, Frincke J, LoHo C, Carlo DJ (1986) 90y 
antiferritin- a new therapeutic radiolabeled antibody. Int J Radiat Oncol BioI 
Phys 12:277-281 

Paganelli G, Magnani P, Zito F, Villa E, Sudati F, Lopalco L, Rossett C, Malcovati 
M, Chiolerio F, Seccamani E, Siccardi AG, Fazio F (1991a) Three-step mono
clonal antibody tumor targeting in carcinoembryonic antigen-positive patients. 
Cancer Res 51:5960-5966 

Paganelli G, Malcovati M, Fazio F (1991b) Monoclonal antibody pretargetting 
techniques for tumor localization: the avidin-biotin system. Nucl Med Commun 
12:211-234 

Press OW, Eary JF, Badger CC, Martin PJ, Appelbaum FR, Levy R, Miller R, 
Brown S, Nelp WB, Krohn KA, Fisher D, DeSantes K, Porter B, Kidd P, 
Thomas ED, Bernstein I (1989) Treatment of refractory non-Hodgkin's lym
phomas with radiolabeled MB-1 (ant-CD37) antibody. J Clin OncoI7:1027-1038 

Primus FJ, MacDonald R, Goldenberg DM, Hansen HJ (1977) Localization of GW-
39 tumors in hamsters by affinity-purified antibody to carcinoembryonic antigen. 
Cancer Res 37:1544-1547 

Reif AE, Curtis LE, Duffield R, Shauffer IA (1974) Trial of, radiolabeled antibody 
localization in metastases of a patient with tumor containing carcinoembryonic 
antigen (CEA). J Surg OncoI6:133-150 

Reynolds JC, Del Vecchio S, Sakahara H et al. (1989) Anti-murine antibody re
sponse to mouse monoclonal antibodies: clinical findings and implications. Int J 
Rad Appl Instrum [B]16:121-125 

Riva P, Lazzari S, Agostini Met al. (1990) Intracavitary radioimmunotherapy trials 
in gastrointestinal and ovarian carcinoma: pharmacokinetic, biologic and 
dosimetric problems. In: Nuclear medicine quantitative analysis in imaging and 
function. Schmidt HAE, Chambron J (eds) Shattauer, Stuttgart-New York, 
pp 586-588 

Riva P, Arista C, Sturiale C, Moscatelli G, Tison V, Mariani M, Seccamani E, 
Lazzari S, Fagioli L, Franceschi A, Sarti G, Riva N, Natali PG, Zardi L, 
ScasseHati GA (1992) Treatment of intracranial human glioblastoma by direct 
intratumoral administration of 13lI-labeHed anti-tenascin monoclonal antibody 
BC-2. Int J Cancer 51:7-13 

Rosen ST, Zimmer AM, Goldman-Leikin R et al. (1987) Radioimmunodetection 
and radioimmunotherapy of cutaneous T-ceHlymphoma using an 131-1-labeled 
monoclonal antibody: an Illinois Cancer Council study. J Clin Oncol 5:562-573 

Sakahara H, Reynolds JC, Carrasquillo JA, Lora ME, Maloney PJ, Lotze MT, 
Larson SM, Neumann RD (1989) In vitro complex formation and biodistri
bution of mouse antitumor monoclonal antibody in cancer patients. J Nucl Med 
30:1311-1317 

Scheinberg DA, Lovett D, Divgi CR, Graham MC, Berman E, Pentlow K, Feirt N, 
Finn RD, Clarkson ED, Gee TS et al. (1991) A phase I trial of monoclonal 
antibody M195 in acute myelogenous leukemia: specific bone marrow targeting 
and internalization of radionuclide. J Clin Oncol 9:478-490 

Schlom J, Molinolo A, Simpson JF et al. (1990) Advantage of dose fracitonation 
in monoclonal antibody-targeted radioimmunotherapy. J Natl Cancer Inst 82: 
763-771 

Schlom J, Siler K, Milenic DE, Egensperger D, Colcher D, Miller LS, Houchens D, 
Cheng R, Kaplan D, Goeckler W (1991) Monoclonal antibody-based therapy of 
a human tumor xenograft with a 177-lutetium-labeled immunoconjugate. Cancer 
Res 51:2889-2896 

Schlom J, Siler K, Milenic DE, Egensperger D, Colcher D, Miller LS, Houchens D, 
Cheng R, Kaplan D, Goeckler W (1991) Monoclonal antibody-based therapy of 
a human tumor xenograft with a 177-lutetium-labeled immunoconjugate. Cancer 
Res 51:2889-2896 



Prospects for Cancer Imaging and Therapy with Radioimmunoconjugates 367 

Sgouros G (1992) Plasmapheresis in radioimmunotherapy of micrometastasis: a 
mathematical modeling and dosimetrical analysis. J Nucl Med 33:2167-2179 

Sharkey RM, Pykett MJ, Siegel JA, Alger EA, Primus FJ, Goldenberg DM (1987) 
Radioimmunotherapy of the GW-39 human colonic tumor xenograft with 1311_ 
labeled monoclonal antibody to carcinoembryonic antigen. Cancer Res 47:5672-
5677 . 

Sharkey RM, Motta-Hennessy C, Gansow OA, Brechbiel MW, Fand I, Griffiths 
GL, Jones AL, Goldenberg DM (1990) Selection of a DTPA chelate conjugate 
for monoclonal antibody targeting to a human colonic tumor in nude mice. Int J 
Cancer 46:79-85 

Sharkey RM, Weadock KS, Natale A, Haywood L, Aninipot R, Blumenthal RD, 
Goldenberg DM (1991) Successful radioimmunotherapy for lung metastasis of 
human colonic cancer in nude mice. J Natl Cancer Inst 83:627-632 

Sharkey RM, Boerman OC, Natale A, Pawlyk D, Monestier M, Losman MJ, 
Goldenberg DM (1992) Enhanced clearance of radiolabeled murine monoclonal 
antibody by a syngeneic anti-idiotype antibody in tumor-bearing nude mice. Int 
J Cancer 51:266-273 

Sharkey RM, Goldenberg DM, Murthy S, Pinsky H, Vagg R, Pawlyk D, Lee RE, 
Siegel J, Wong GY, Gascon P, Izon DO, Vezza M, Burger K, Swayne LC, 
Pinsky CM, Hansen HJ (1993) Clinical evaluation of tumor targeting with 
a high-affinity, CEA-specific, murine monoclonal antibody, MN-14. Cancer 71: 
2081-2096 

Siegel JA, Pawlyk DA, Lee RE, Sasso NL, Horowitz JA, Sharkey RM, Goldenberg 
DM (1990) Tumor, red marrow, and organ dosimetry for 131I-Iabeled anti
carcinoembryonic antigen monoclonal antibody. Cancer Res 50 Suppl: 1039s-
1042s 

Steplewski Z, Sun LK, Sherman CW et al. (1988) Biological activity of human
mouse IgGJ, IgG2, IgG3, and IgG4 chimeric monoclonal antibodies with anti
tumor specificity. Proc Natl Acad Sci USA 85:4852-4956 

Stewart JSW, Hird V, Sullivan M, Snook D, Epenetos AA (1989) Intraperitoneal 
radioimmunotherapy for ovarian cancer. Br J Obstet Gynecol 96:529-536 

Stickney DR, Gridley DS, Kirk GA, Slater JM (1987) Enhancement of monoclonal 
antibody binding to melanoma with single dose radiation of hyperthermia. 
Monogr Natl Cancer Inst 3:47-52 

Sung S, Shockley TR, Morrison PF, Dvorak HF, Yarmush ML, Dedrick RL (1992) 
Predicted and observed effects of antibody affinity and antigen density on 
monoclonal antibody uptake in solid tumors. Cancer Res 52:377-384 

Sutherland R, Buchegger F, Schreyer M, Vacca A, Mach JP (1987) Penetration and 
binding of radiolabeled anti-carcinoembryonic antigen monoclonal antibodies 
and their antigen binding fragments in human colon multicellular tumor 
spheroids. Cancer Res 47:1627-1633 

Vessella RC, Alvarez V, Chious RK, Rodwell J, Elgon M, Pal me D, Shafe R, Lange 
P (1985) Radioimmunoscintigraphy and radioimmunotherapy of renal-cell car
cinoma xenografts. Monogr Natl Cancer Inst 3:159-167 

Wahl RL, Barrett J, Geatti 0, Liebert M, Wilson ES, Fisher S, Wagner JG (1988) 
The intraperitoneal delivery of radio labeled monoclonal antibodies: studies on 
the regional delivery advantage. Cancer Immunol Immunother 26:187-201 

Weadock KS, Sharkey RM, Varga DC, Goldenberg DM (1990) Evaluation of a 
remote radioiodination system for radioimmunotherapy. J Nucl Med 31:508-511 

Zanzonico P (1992) Radioimmunotherapy of micrometastasis: a continuing evolution 
(Editorial). J Nucl Med 33:2180-2183 



CHAPTER 15 

Clinical Experience with Murine, Human and 
Genetically Engineered Monoclonal Antibodies 

M.N. SALEH, R.M. CONRY, and A.F. LoBuGLIO 

A. Introduction 

Monoclonal antibodies (MAbs); by virtue of their unique antigen specificity, 
have emerged as important biologic reagents with wide ranging clinical 
utility. Over the last decade, MAbs have moved from the laboratory bench 
to the forefront of innovative clinical application. Early clinical trials utilized 
murine antibodies since these could be readily produced by immunizing 
mice with candidate antigens and generating hybridomas that secrete antigen
specific MAbs (KOEHLER and MILSTEIN 1975). Extensive clinical experience 
with murine MAbs has led to the recognition of a number of limitations 
associated with the use of such xenogeneic proteins. Thus, murine anti
bodies are immunogenic (DILLMAN et al. 1984; KHAZAELI et al. 1988) and 
have a short circulating half-life which often makes frequent administration 
necessary (MEEKER et al. 1985; LoBUGLIO et al. 1988). 

Several strategies have been used to circumvent some of these limi
tations. The first was the utilization of human components for hybridization 
with the generation of human MAbs (TENG et al. 1985; COTE et al. 1986). 
This has been discussed in detail in Chap. 1. The generation of human 
MAbs is associated with a number of technical difficulties and only a few 
human antibodies generated by conventional methods have entered clinical 
trials (ZIEGLER et al. 1991; IRIE and MORTON 1986; STEIS et al. 1990). 

With the advent of recombinant DNA technology, strategies to modify 
the murine nature of MAbs have emerged. One of these approaches involves 
cloning the immunoglobulin variable region genes from the murine hy
bridoma cells and ligating these with the constant region genes of human 
immunoglobulin. The resulting genetic construct can be transfected into 
eukaryotic cells for the production of genetically engineered chimeric mouse/ 
human MAbs (MORRISON 1985). Chapter 5 gives a detailed overview of this 
technology. Such reagents were projected to be less immunogenic than their 
murine counterparts and to have a circulating capacity similar to human im
munoglobulin. A number of such chimeric mouse/human MAbs have entered 
clinical trials (LoBuGLIO et al. 1989; MEREDITH et al. 1991; SALEH et al. 
1992b; MEREDITH et al. 1992; BEGENT et al. 1990; MORELAND et al. 1993a). 

A second genetic approach to generate MAbs that more closely resemble 
human antibodies has also been developed. This strategy entails grafting the 
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murine complementarity determining regions (CDRs) to the genetic con
struct for human immunoglobulin (RIECHMANN et al. 1988). Chapter 5 is 
devoted to the description of this technology. Such "humanized" (CDR
grafted) MAbs have been predicted to be less immunogenic than their 
murine or chimeric counterparts and are beginning to enter into clinical 
trials (HALE et al. 1988; CLENDENINN et al. 1992; KOSMAS et al. 1992). 

A more recent approach goes one step further to create genetically 
engineered human antibodies (HUSE et al. 1989). Human lymphocytes from 
immune or nonimmune donors are used to create a library of possible V 
region combinations (combinatorial library) with subsequent screening. A 
selection of appropriate antigen binding F Ab fragments may significantly 
expand our repertoire of human monoclonals. Such agents have not reached 
clinical trials as yet. 

This review will discuss the limitations associated with the clinical appli
cation of murine MAbs and the clinical experience to date with human, 
chimeric, and CDR-grafted MAbs. 

B. Difficulties Encountered with Murine Monoclonal 
Reagents 

I. Immunogenicity of Murine Antibodies 

Clinical trials have utilized murine MAbs or their fragments for radio
immune imaging (GOLDENBERG 1989). They have also been utilized for 
therapeutic intent either as unmodified native antibodies (MEEKER et al. 
1985; SEARS et al. 1982) or conjugated to radioactive isotopes (ORDER et al. 
1989), cytotoxic drugs (REISFELD et al. 1989; OLDHAM 1991), or natural 
toxins (VITETIA et al. 1987; BYERS et al. 1989; HERTLER and FRANKEL 1989). 
These clinical trials have resulted in some degree of success but optimal 
clinical application appears to be limited by the immunogenicity of the 
murine protein (DILLMAN et al. 1984; KHAZAELI et al. 1988). Initial trials 
using murine MAbs for the treatment of chronic lymphocytic leukemia 
were associated with the development of human anti-mouse antibodies 
(HAMA) in only a minority of cases (FOON et al. 1984). This, however, 
appeared to be related to the underlying immunosuppression of the study 
population since administration of the same antibody to patients with 
cutaneous T cell lymphoma resulted in HAMA in over half of the patients 
(DILLMAN et al. 1984). In general, the administration of xenogeneic murine 
MAbs has resulted in frequent development of HAMA (KHAZAELI et al. 
1988, 1992; SALEH et al. 1992a,b; ESTEBAN et al. 1987; VADHAN-RAJ et al. 
1988). The antibody response occurs across a wide dose range of MAb with 
no hint of tolerance (KHAZAELI et al. 1988; REYNOLDS et al. 1989). The 
development of HAMA is more likely with repeated administration (LIND 



Clinical Experience with Murine, Human and Genetically Engineered MAbs 371 

et al. 1991). Antibody fragments appear less immunogenic than intact mole
cules presumably due to their short plasma circulating time and absence of 
the CH2 and cm immunogenic epitopes of the murine constant region 
(REYNOLDS et al. 1989). Some murine antibodies such as the anti-GD2 MAb 
14G2a (SALEH et al. 1992b) and the anti-GD3 MAb R24 (VADHAN-RAJ et al. 
1988; CAULFIELD et al. 1990; BAJORIN et al. 1990) appear consistently more 
immunogenic than others such as the anti-TAG-72 MAb B72.3 (KHAZAELI 
et al. 1992). 

The HAMA response is generally not detected before day 8 following 
initial exposure and peaks between 2-6 weeks and may persist for many 
months (KHAZAELI et al. 1988; COURTENAy-LUCK et al. 1986). The initial 
exposure typically results in a primary immune response with IgM antibody 
followed by development of IgG antibodies (COURTENAy-LuCK et al. 1986). 
The specificity of HAMA is variable. In general, a pattern of early anti
constant region reactivity is followed by increasing specificity for variable 
region epitopes, especially following repeated exposure (SHAWLER et al. 
1985; SCHROFF et al. 1985; SALEH et al. 1990). Conversely, however, we have 
shown that murine B72.3 can elicit an early anti-V region (anti-idiotypic) 
response (KHAZAELI et al. 1992). This has also been observed in renal trans
plant patients receiving murine OKT3 as rejection prophylaxis (CHATENOUD 
et al. 1986). The variability in the human immune response to murine 
antibodies is the subject of ongoing research. 

II. Pharmacokinetics of Murine Antibodies 

The pharmacokinetics of immunoglobulins differ from most therapeutic 
agents because of their large molecular weight and the slow equilibration 
between the intravascular and extravascular space. The pharmacokinetics of 
MAbs have been studied using radio labeled antibodies or by quantitating 
the concentration of the monoclonal protein in plasma or serum using 
radioimmunoassay techniques. 

One of the most studied murine MAbs has been MAb 17-1A, an IgGla 
mouse antibody directed at the 38 kDa glycoprotein antigen expressed on a 
variety of adenocarcinomas (SEARS et al. 1982, 1985; LoBuGLIO et al. 1988). 
Using the double antigen radiometric assay, we have reported that the 
pharmacokinetics of 17-1A follows a one-compartment model with a mean 
plasma half-life (tllzP) of approximately 15 h (KHAZAELI et al. 1988). Since 
then, a variety of murine MAbs have been studied in humans with the tllzP 
varying between 15 and 52h (KHAZAELI et al. 1988; SALEH et al. 1992a,c; 
ESTEBAN et al. 1987). It is, thus, apparent that the circulating half-life of 
murine antibodies of all IgG SUbtypes is rather short and therefore repeated 
administrations of antibody is necessary in order to achieve sustained cir
culating plasma concentrations. This obviously enhances their immuno
genicity and further precludes adequate circulation of the antibody due to 
rapid clearance by the reticuloendothelial system. 
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III. Clinical Efficacy of Murine Antibodies 

1. In Cancer 
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The in vitro biologic actIvIty of antibody usually refers to its ability 
to mediate antibody-dependent cellular cytotoxicity (ADCC) and/or 
complement-dependent lysis of antigen-positive target cells (ROITI et al. 
1991). In addition, delayed clinical antitumor responses observed in some 
patients receiving MAbs (KOPROWSKI et al. 1984; VADHAN-RAJ et al. 1988) 
have been attributed to the generation of an idiotype-anti-idiotype cascade 
in vivo (JERNE 1974; KOHLER et al. 1989). The contribution of this phenom
enon to these anti-tumor responses is unclear. Immunotherapy using anti
idiotypic antibodies directed at unique immunoglobulin idiotypes expressed 
on malignant B cells has been associated with encouraging responses 
(BROWN and MILLER 1989; MILLER et al. 1982). In addition to ADCC and 
complement-dependent lysis, such reagents may specifically inhibit clones 
that express the target idiotype. The finding that many B cell lymphomas 
share idiotypes may substantially enhance the practical application of this 
therapeutic modality (SWISCHER et al. 1991; MILLER et al. 1989). 

Some of the earliest trials employing unlabeled MAbs were conducted 
in patients with hematologic malignancies (reviewed GROSS BARD et al. 1992b; 
KUZEL et al. 1990). The murine antibodies were directed against cell surface 
antigens expressed by leukemia/lymphoma cells. In most cases, there was a 
prompt but transient reduction of circulating tumor cells with little impact 
on the disease in the bone marrow or lymph nodes. The antibodies caused 
significant down-modulation of the target cell surface antigens and most 
responses were therefore partial and short-lived (DILLMAN et al. 1984; FOON 
et al. 1984). Subsequent studies using unlabeled MAbs in solid tumors have 
focused primarily on colorectal carcinoma and malignant melanoma and 
objective clinical responses have ranged between 5% and 20% (reviewed in 
LoBuGLlO and SALEH 1992; DIMAGGIO et al. 1990; SCHLOM 1990). 

Antibodies conjugated to radioactive isotopes or toxins further expand 
the biologic spectrum of MAbs by using the antigen binding specificity of the 
antibody for selective delivery to the tumor target. Administration of radio
labeled murine antibodies has resulted in favorable antitumor activity in 
patients with Hodgkin's disease (LENHARD et al. 1985) and non-Hodgkin's 
lymphoma (DeNARDo et al. 1988; GOLDENBERG et al. 1991). Delivery of 
high doses (up to 600mCi) of a l3lI-labeled anti-B cell MAb followed by 
autologous bone marrow rescue has resulted in complete responses in a 
majority of patients, with some patients surviving beyond 3 years (PRESS et 
al. 1989). Radioimmunoconjugates have, however, had little or no efficacy 
to date in solid tumors (GOLDENBERG 1989; SCHLOM 1990; STEWART et al. 
1990; KNAPP and LAU 1990; DIMAGGIO et al. 1990). Recently, very encour
aging clinical responses have also been demonstrated in lymphoma patients 
receiving anti-B cell MAbs conjugated with blocked ricin (GROSSBARD et al. 
1992a) or deglycosylated ricin A chain (VITETIA et al. 1991). 
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2. In Nonmalignant Disorders 

The clinical application of murine monoclonal reagents has not been re
stricted to the treatment of malignant disorders. To date, only one MAb has 
been approved by the Food and Drug Administration (FDA) for therapeutic 
use. The murine MAb OKT3 is directed against the T cell receptor complex 
(CD3) ubiquitously expressed on mature T cells. Clinical trials of the OKT3 
antibody in recipients of cadaveric renal transplants have demonstrated 
a superior reversal of acute rejection when compared with conventional 
immunosuppressive therapy. Kidney survival rates at 1 year were signifi
cantly higher for the group treated with OKT3 than for the control group 
which received standard immunosuppressive therapy (ORTHO MULTICENTER 
TRANSPLANT STUDY GROUP 1985). Therapy with OKT3, however, has been 
associated with a significant increase in opportunistic infections, especially 
cytomegalovirus. Some cases of B cell lymphomas have been linked to the 
chronic immunosuppression induced by such antibodies. Murine antibodies 
directed at the lipid A component of endotoxin have been studied for the 
treatment of gram-negative sepsis (GREENMAN et al. 1991). A reduction in 
mortality was only observed in the subset of patients with gram-negative 
sepsis who were not in shock. The role of such reagents and their clinical 
impact has yet to be defined (BONE 1991; WOLFF 1991). The CD4 subset of 
T cells has been implicated in the pathogenesis of a number of immunologic 
disorders (KUMAR et al. 1989; MORELAND et al. 1993b; KRONENBERG 1991; 
SINHA et al. 1990). Pilot studies using murine anti-CD4 MAbs conducted in 
patients with rheumatoid arthritis have yielded promising results (HORNEFF 
et al. 1991; REITER et al. 1991; WENDLING et al. 1991; GOLDBERG et al. 1991; 
HERZOG et al. 1989). In addition, anecdotal reports have suggested possible 
beneficial effects of anti-CD4 therapy in other autoimmune disorders (VAN 
DER LUBBE et al. 1991; CHOY et al. 1991; EMMRICH et al. 1991; MATHIESON et 
al. 1990; HAfiER et al. 1988). 

Platelet aggregation plays a pivotal role in the pathogenesis of arterial 
vaso-occlusive processes (COLLER 1991). MAbs that block the platelet GPIIbl 
IlIa receptor are potent inhibitors of platelet function (COLLER et al. 1991) 
and phase IIII studies using 7E3, an anti-GPIIblIIla Fab, demonstrated 
profound inhibition of platelet function without causing excessive bleeding 
tendency (ELLIS et al. 1990). 

The role of specific coagulation factors in mediating vaso-occlusion 
following vascular injury has led investigators to target and inhibit such 
coagulation factors using MAbs. A phase I study of an anti-factor VII 
antibody is currently ongoing at the University of Alabama at Birmingham 
and interim data indicate that the antibody induces an immediate, reversible 
and dose-dependent inhibition of factor VII activity in vivo (RUSTAGI et al. 
1992). 
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IV. Toxicity Associated with Murine Antibodies 

In general, administration of murine antibodies to patients has been associ
ated with minimal toxicity. Acute toxicity has occasionally been associated 
with rapid infusion in patients with circulating target cells (shortness of 
breath and,chest pain) which can be avoided by prolonging the duration of 
the antibody infusion (DILLMAN et al. 1986). Anaphylactic reactions are rare 
even with repeated infusions and readily reversible with minimal therapeutic 
intervention (LoBuGLIO et al. 1988). Despite theoretical concerns, the ad
ministration of mouse proteins in the presence of HAMA has rarely re
sulted in serum sickness or immune complex disease, though shortening of 
antibody circulation has been observed (SALEH et al. 1992). The admin
istration of some MAb has been associated with the development of acute 
reversible toxicity that is felt to be related to binding of the antibody to 
native or cross-reactive antigens expressed on normal tissue. Thus, admin
istration of MAb D612 which binds to a 48 kDa antigen present on malignant 
and normal gastrointestinal epithelium (FERNSTEN et al. 1991) induces a 
reversible dose-dependent secretory diarrhea (SALEH et al. 1992a), whereas 
administration of the murine anti-GD2 antibody 14G2a is associated with 
reversible neurotoxicity (SALEH et al. 1992c). Such cross-reacting toxicities 
have been even more dramatic with toxin conjugates (WEINER et al. 1989; 
GOULD et al. 1989). 

C. Human Monoclonal Antibody Trials 
The most extensively studied human MAb has been HA-IA, an IgM anti
body directed to the lipid A component of endotoxin. Phase I trials with 
HA-IA were carried out in 15 nonseptic patients with cancer (KHAZAELI et 
al. 1990) and 34 patients with sepsis (FISHER et al. 1990) using single 
infusions of 50 jig to 250 mg. No adverse reactions to HA-IA were observed 
and a "double antigen" radiometric assay detected no evidence of antibody 
response to HA-IA. The mean plasma half-life of HA-IA was 31.5h in the 
nonseptic cancer patients and 15.9 h in the patients with sepsis syndrome. 
More recently, a multicenter double-blind trial of HA-IA in sepsis syndrome 
randomized patients to a single dose of 100mg of HA-IA or placebo (ZIEG
LER et al. 1991). A statistically significant (p < 0.05) decrease in mortality 
was reported among patients with gram-negative bacteremia who received 
HA-IA. No benefit of treatment with HA-IA was demonstrated in the 
patients who did not prove to have gram-negative bacteremia. All patients 
tolerated HA-IA well, and no anti-HA-IA antibody response was detected 
by double antigen assay. Among 1158 patients infused with HA-IA as of 
December 1991, hypersensitivity-like reactions were observed in six patients 
(SMITH et al. 1992). There has been no significant difference in the incidence 
or types of adverse events in patients receiving multiple doses of HA-IA 
compared with patients receiving either one dose of HA-IA or placebo. 



Clinical Experience with Murine, Human and Genetically Engineered MAbs 375 

A mixture of five IgM human MAbs against lipopolysaccharide antigens 
of Pseudomonas aeruginosa, plus a human IgG1 MAb against exotoxin A, 
were studied in 12 noninfected patients and eight patients with Pseudomonas 
aeruginosa bacteremia or pneumonia (SARAVOLATZ et al. 1991). The pre
paration was .well tolerated with no evidence of an antibody response to the 
monoclonal reagents. Serum half-lives ranged from 34 to 99 h and infusion 
of the antibody preparation significantly increased serum opsonin activity. 

Three neutralizing human IgG1 MAbs to cytomegalovirus (CMV) have 
been evaluated in phase I trials (AZUMA et al. 1991; AULITZKY et al. 1991). 
The first, antibody C23, was administered to 20 healthy volunteers with no 
evidence of an immune response by double antigen assay. The antibody had 
a mean plasma half-life of 24 days. Some patients received three doses at 
weekly intervals with no alteration of pharmacokinetics and sustained cir
culating levels of antibody. The other two antibodies, SDZ 89-104 and SDZ 
89-109, were administered biweekly to 13 bone marrow transplant patients 
for 3 months. The mean serum half-lives were approximately 6 days. No 
adverse reactions were seen with any of the three anti-CMV human mono
clonals and high serum levels were closely accompanied by increased neu
tralizing activity against CMV. 

The first reported trial of a human MAb in cancer therapy utilized L72, 
an IgM antibody specific for GD2 ganglioside (IRIE and MORTON 1986). 
The antibody was injected directly (intralesionaI) into cutaneous metastatic 
melanoma nodules in eight patients with total doses of 3-15 mg divided into 
two to four treatments. They utilized a passive sheep erythrocyte aggluti
nation assay for detection of antibody response and reported that five of 
eight patients gave positive assays during the course of treatment. With the 
exception of mild local erythema, no side effects were observed in any 
patient. Of the 21 nodules treated with antibody, ten completely regressed 
and five partially regressed. One patient with melanoma satellitosis showed 
complete regression with no sign of recurrence 20 months after MAb therapy. 

STEIS et al. (1990) have reported on two l3lI-labeled human IgM MAbs 
(16.88 and 28A32) specific for colon cancer-associated antigens in phase I 
trials of metastatic colon cancer patients. A latex agglutination assay was 
used to monitor for anti-globulin response with no evidence of response to 
16.88 in 12 patients receiving repeated injections. This assay had a high 
degree of "nonspecific" positivity with antibody 28A32, including five of 
twelve normal sera, seven of 23 colon cancer patients prior to receiving 
antibody, and eight of 14 patients at some time after multiple infusions of 
28A32. These were all of low titer (i.e., 1110 dilution) and did not appear 
to affect antibody half-life. Two patients developed localized urticarial re
actions following injection of antibody 28A32, but otherwise these reagents 
were well tolerated. No antitumor effects were seen with either antibody. 
Serial scans showed tumor uptake of radioisotope in 21 of 28 patients 
including lesions in the liver, lung, lymph nodes, peritoneum, bone, and 
brain. Only rarely were tumors smaller than 2 cm in diameter imaged. 
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These studies suggest that human MAbs have low immunogenicity, have 
relatively long half-lives, and rarely produce adverse reactions in human 
trials. Potentially, anti-idiotype antibody responses may occur but will 
most likely be associated only with repeated doses and/or subcutaneous/ 
intratumor, injections. The efficacy of human MAbs in the therapy of 
bacterial and viral infections and malignancies will be tested in forthcoming 
phase II trials. 

D. Chimeric Antibody Trials 
The first clinical trial of a genetically engineered chimeric antibody was 
reported in 1989 with the chimeric MAb 17-1A, consisting of the V regions 
of murine 17-1A and the constant regions of human IgG1K (LoBuGLIO et al. 
1989). Patients received single and multiple doses of 10 mg or 40 mg. The 
chimeric antibody was able to circulate five to six times as long as murine 17-
1A. A subsequent trial with radiolabeled chimeric 17-1A in six patients 
(MEREDITH et al. 1991b) confirmed its improved plasma f3 half-life (100 h vs 
19h). The chimeric antibody was less immunogenic than murine 17-1A with 
only one of 16 patients demonstrating a weak anti-idiotypic immune re
sponse (LoBuGLIO et al. 1989; MEREDITH et al. 1991). 

Since then, a number of chimeric antibodies have gone through phase I 
clinical testing. Radiolabeled chimeric anti-TAG-n MAb Bn.3 (human 
IgG4K) was administered to a total of 24 patients with metastatic colon 
cancer (MEREDITH et al. 1992b). The pharmacokinetic data fit a two
compartment model with a mean t1l2a of 18h and a t1l2ft of 242h (KHAZAELI 
et al. 1991). Of the 24 patients, 16 developed an immune (anti-Id) response 
with six patients demonstrating moderate to high amounts of antibody. Two 
of the high responder patients developed an anamnestic response upon 
retreatment with chimeric Bn.3 and the second treatment was associated 
with rapid clearance of the infused antibody. Chimeric Bn.3, thus, has a 
four- to sixfold prolongation of circulation as compared to murine Bn.3 
(ESTEBAN et al. 1987) yet retains considerable immunogenicity. The maximal 
tolerated dose of 131I-Iabeled-chimeric Bn.3 was 36mCi/m2 administered as 
a single dose and thrombocytopenia was the dose-limiting toxicity observed 
(MEREDITH et al. 1992). Toxicity was not significantly ameliorated when the 
radio labeled antibody was administered in split doses (MEREDITH et al. 
1992a). 

The chimeric anti-GD2 antibody 14.18 (human IgG1K) has been studied 
in adult patients with malignant melanoma (SALEH et al. 1992b) and in 
children with neuroblastoma (Yu et al. 1991). Toxicity consisted primarily 
of infusion-related abdominal pain which was similar to that observed 
with its murine counterpart, 14G2a (SALEH et al. 1992c). The pain re
solved following completion of the antibody infusion, a phenomenon that 
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remains unexplained since high levels of antibody persist in the circulation. 
Similar to the other chimeric antibodies, 14.18 has a half-life five to six times 
longer (t1l'lP of 168h) than that of murine 14G2a. Weak to modest anti-Id 
antibody responses were noted in eight of 13 patients following chimeric 
14.18 therapy (SALEH et al. 1992b). This was a dramatic reduction in im
munogenicity as compared to murine 14G2a which produced very high 
immune responses (SALEH et al. 1992c). Although no clinical responses were 
observed in this phase I study, patients receiving >45 mg of chimeric 14.18 
had antibody detectable on tumor biopsies. 

In a recently completed phase I trial, 25 patients with refractory 
rheumatoid arthritis received single or multiple doses of the chimeric anti
CD4 MAb M T412. There was a prompt and often sustained decline of 
CD4-positive T cells. Only two of the 25 patients developed a transient and 
low level of anti-M T412 antibodies. Significant clinical benefit as evidenced 
by a >50% improvement in tender joint counts was observed both at the 5 
week and 6 month evaluation (MORELAND et al. 1993a). 

The chimeric derivative of the anti-GPIIb/lIIa antibody 7E3 (c7E3) has 
undergone phase 1111 testing. Whereas 20% of patients treated with m7E3 
in a previous phase I study developed HAMA that were predominantly 
directed at the murine V region, no immune response was seen in any of the 
64 patients treated with c7E3 (JORDAN et al. 1992). The chimeric antibody is 
currently in phase III testing in patients undergoing elective percutaneous 
coronary angioplasty. Interim data indicate that c7E3 blocks platelet aggre
gation in vivo without affecting platelet survival (SWEENEY et al. 1993). 
Combined therapy with c7E3, heparin, and aspirin may potentially reduce 
the risk of myocardial infarction following coronary angioplasty (SIMOONS 
et al. 1993). 

The experience with chimeric antibodies to date allows some generalized 
observations. As predicted, chimeric antibodies survived much longer than 
murine antibodies but not as well as human immunoglobulin (LoBuGLIO et 
al. 1992; WALDMANN and SCHWAB 1965; BARTH et al. 1964). Furthermore, 
the degree of immunogenicity of chimeric antibodies is quite variable. Thus, 
chimeric 17-1A and MT412 were very weakly immunogenic in humans 
whereas the chimeric B72.3 antibody induced a substantial degree of anti
body response, not unlike that seen with murine B72.3. Other chimeric 
antibodies appear intermediate between these extremes. The underlying 
mechanism for this variable immune response to chimeric reagents is yet to 
be defined and may well lie in the immunogenicity of the murine variable 
region sequences which are preserved in the chimeric molecule (KHAZAELI 
et al. 1992). The clinical efficacy of chimeric MAbs in the treatment 
of malignant disorders has not been tested adequately in phase II trials 
to estimate the advantage over murine monoclonal reagents. However, 
repeated administration and prolonged blood levels may prove advantageous 
for several of these reagents. 
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E. CDR-Grafted Humanized Monoclonal Antibody Trials 

The second type of murine/human constructs are CDR-grafted (humanized) 
MAbs which utilize not only human constant regions but also human frame
work of the VH and VL regions. This reduces the murine component to the 
CDR regions and selected other vital residues required for CDR orientation 
(RIECHMANN et al. 1988). Modest information from clinical trials of these 
molecules is currently available. 

The most widely studied of these reagents is CAMPATH-1H, a 
humanized IgG 1 MAb specific for CDw52 present on all lymphocytes and 
some monocytes. CAMPATH-1H was originally used to treat two patients 
with non-Hodgkin's lymphoma (NHL). Both patients demonstrated clear
ance of lymphoma cells from the blood and bone marrow and resolution of 
splenomegaly (HALE et al. 1988). A single patient with systemic vasculitis 
received multiple does of CAMPATH-1H in combination with a rat anti
CD4 MAb resulting in a remission lasting greater than 12 months (MATIDESON 
et al. 1990). 

In both of these studies, no anti-globulin response was detectable by 
ELISA despite repeated dosing. Subsequently, eight patients with refractory 
rheumatoid arthritis received multiple doses of CAMPATH-1H with sig
nificant sustained clinical benefit seen in seven patients. No anti-globulin 
response was measurable by ELISA after one course of therapy, but three 
out of four patients did have an antibody response (predominantly anti
idiotype reactivity) on retreatment (ISAACS et al. 1992). Most recently, 113 
patients with relapsed or refractory NHL or chronic lymphatic leukemia 
(CLL) received multiple doses of CAMPATH-1H (CLENDENNIN et at. 1992). 
Low levels of anti-CAMPATH-1H antibody were detected in 4% of patients 
tested and the mean terminal half-life was 28 h. Major disease responses 
(50% or greater reduction in disease) were seen in some patients with CLL 
and NHL. Circulating tumor cells appear more sensitive to CAMPATH-1H 
than bone marrow, nodal, or splenic disease, although major improvement 
in these sites has been observed. Opportunistic infections including herpes 
simplex, herpes zoster, pneumocystis carinii, and CMV occurred in 34 in
stances. In all of the above trials, acute self-limited toxicity including fever, 
rigors, nausea, vomiting, hypotension, and rash has been observed during or 
within 6 h of CAMPATH-1H infusion reflecting the lymphokine release 
syndrome seen with other anti-lymphocyte antibody reagents. 

An IgG1 humanized anti-placental alkaline phosphatase (anti-PLAP) 
conjugated to lllIn via a macrocyclic chelating agent (DOTA) has been 
utilized in six patients to image a variety of carcinomas including ovarian, 
breast, and gastric (KOSMAS et al. 1992). ELISA assays demonstrated an 
anti-DOTA response without evidence of an anti-globulin response. How
ever, the apparent dose in this report was a few hundred micrograms with 
relatively brief plasma circulation; so the immunogenicity of this reagent 
will require further study. A variety of humanized MAbs are approaching 
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clinical trials and a more clear picture of their immunogenicity and clinical 
efficacy will be forthcoming. 

F. Future Prospects 
The structural makeup of monoclonal reagents has undergone significant 
genetic alteration in an effort to manipulate the circulating capacity, im
munogenicity and the effector function of these molecules. 

Compared to murine reagents, many, albeit not all, chimeric MAbs 
appear to be less immunogenic. Much, however, needs to be learned about 
the immunogenic epitopes of such antibodies in order to predict beforehand 
whether the chimeric or CDR-grafted variants of specific murine anti
bodies will be substantially less immunogenic and will readily permit re
petitive administration. 

The circulating capacity of chimeric antibodies is four to eight times 
longer than murine antibodies but falls short in comparison with human 
immunoglobulin. The role of immunoglobulin constant region glycosylation 
patterns may be critical in determining clearance of the protein by the 
reticuloendothelial system. In the case of genetically engineered antibodies, 
this is dictated by the expression system which is not human in origin. 

The clinical efficacy of native antitumor antibodies depends substantially 
on the ability to achieve high and sustained levels of antibody in the tumor 
microvasculature and interstitium (JAIN 1987, 1988). Use of cytokines to 
manipulate tumor vasculature and up-regulate tumor antigen density may 
positively influence the balance in favor of antibody deposition onto tumor 
cells (FAUCI 1987; DINARELLO and MIER 1987; KIRKWOOD and ERNSTOFF 
1984). Enhancing the human effector function using appropriate cytokines 
(ROBINSON and QUESENBERY 1990) is another modality that could improve 
the biologic activity of such reagents. A number of trials have been initiated 
to address these specific issues. 

The ability of MAbs to target circulating cells (e.g., CD4 cells, platelets) 
or factors in plasma (e.g., endotoxin, factor VII) appears easier to achieve 
than targeting of malignant cells in poorly vascularized solid tumors. This 
may explain the increasing utility and apparent success of MAbs in the 
treatment of nonmalignant disorders, a phenomenon that is bound to 
generate new demands for these reagents. 

The data generated from the clinical use of human, chimeric and CDR
grafted antibodies will certainly pave the way for more effective application 
of newer reagents such as those that will be generated by combinatorial 
libraries. The field of MAb therapy demonstrates the close-knit and inter
dependent relationship between basic science and clinical medicine, for what 
is possible in the test tube may not be readily achieved in the patient. 
Conversely, clinical application of novel reagents frequently leads to obser
vations that can be best dissected and understood in the controlled setting of 
the laboratory. 
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CHAPTER 16 

Anti-idiotypic Monoclonal Antibodies: 
Novel Approach to Immunotherapy 

M. CHATTERJEE, K.A. FOON, and H. KOHLER 

A. Introduction 

Immunoglobulin molecules possess variable regions specific for antigen re
cognition. The variable region is encoded by VH, D and JH genes for the 
heavy chains and VL and JL chains for the light chain (TONEGAWA 1983). 
The variable region contains determinants known as idiotypes (Ids) which 
are themselves immunogenic. Anti-Id antibodies can recognize idiotopes 
expressed by the light chain, heavy chain, or a combination of both chains 
(KUNKEL et al. 1963; QUDIN and MICHEL 1963). The initial studies by QUDIN 
and MICHEL (1963) and KUNKEL et al. (1963) indicated that an Id was unique 
to a small set of antibody molecules. However, the Id determinants may 
show a continuum of specificity ranging from more or less private to semi
public (WILLIAMSON 1976; STEVENSON and GLENNIE 1985). Shared idiotopes 
are attractive targets for active and passive immunotherapy approaches and 
may play important roles in the regulation of the antibody response. 

In 1973 LINDENMANN and in 1974 JERNE proposed theories which de
scribed the immune system as a network of interacting antibodies and 
lymphocytes. According to this original network hypothesis, Id-anti-Id inter
actions regulated the immune response of a host to a given antigen. Both Ids 
and anti-Ids have been used to manipulate cellular and humoral immunity. 
Ids are distinguished by their topographical location on the immunoglobulin 
structures and are classified by their physical relation to the antigen binding 
site of the antibody (Ab1). If an anti-Id antibody (Ab2) recognizes an 
idiotope thereby not interfering with antigen binding, it is designated the a 
type (JERNE et al. 1982). If the target idiotope is close to the binding site of 
Ab1 so that it interferes with antigen binding, it is called the y type (BONA 
and KOHLER 1984). If the Ab2 binds to the antigen-binding site (paratope) 
of Ab1, then this Ab2 is referred to as P type (JERNE et al. 1982; KOHLER 
1984). Anti-Id antibodies of the P type are thought to express the internal 
image of the antigen for Abl. They can effectively mimic the three
dimensional structures of external antigens. The original network concept 
predicted that only immunization with Ab2P could lead to the generation of 
anti-anti-Id antibodies (Ab3) that recognized the corresponding original 
antigen identified by the Ab1 (Fig. 1). However, recent data have shown 
that Ab2a and Ab2y (KOHLER et al. 1989a) can also induce specific antibody 
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responses (KOHLER et al. 1989b). The induced Ab3 has Abl-like reactivity 
and is called Ab1' to indicate that it might differ in its other Ids from Abl. 
The cyclic nature of complimentary binding sites and idiotopes is the basis 
for the approach to Id vaccines (NISONOFF and LAMOYI 1981). 

The idea of anti-Ids as vaccines for infectious disease has been derived 
from the successful preparation and characterization of anti-Id antibodies 
able to mimic bacterial, viral and parasitic antigens (KOHLER et al. 1989b). 
When appropriately manipulated, anti-Ids can serve as effective inducers of 
T and B cell immunity to pathogens. 

B. Advantages of Anti-idiotypic Antibodies Over 
Conventional Vaccines 
The approach to produce vaccines is entering a critical state of transition. 
There are serious side effects associated with certain vaccines for infectious 
diseases and some vaccines are limited in quantity. This has created a 
pressing need for safer vaccines in situations in which large segments of the 
population require vaccination. 

In recent years, emphasis has been directed towards the use of synthetic 
peptides containing the antigenic or immunogenic determinants of viral 
surface coat proteins (SHINNICK et al. 1983). In effect, this approach presents 
to the immune system only a fragment of the nominal antigen, thereby 
alleviating the difficulties associated with antigen isolation and purification 
or immunization with attenuated and live viruses. 

The network hypothesis (JERNE 1974) offers still another elegant concept 
for developing vaccines which is not based on the conventional approach of 
using the nominal antigenic material. These anti-Id vaccines take advantage 
of the fact that the repertoire of external or nominal antigens is mimicked by 
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Id structures on immunoglobulins and possibly on receptors and products of 
T cells as well. Thus, with this approach, Id-based vaccines do not contain 
nominal antigen nor its fragments. This excludes the possibility that Id 
vaccines would have the same undesired side effects which are associated 
with conventional vaccines. 

Besides the increased safety of Id vaccines, these new kinds of antigens 
have other practical, economical and biological advantages over conven
tional vaccines. Id vaccines do not depend on the availability of large 
amounts of pure antigen which often is a limiting economical factor in 
vaccine production. By virtue of their being proteins, Id vaccines can be 
easily manipulated and can be coupled to potent immunogenic carriers 
to become T cell-dependent antigens which can receive full T help. T
dependent protein vaccines can 'become a decisive factor in situations in 
which the responding immune system is immature or suppressed. From 
experimental studies on animals we know that the response to T cell
dependent antigens matures earlier than the T-independent response to 
carbohydrate antigens and that often a genetically or acquired abnormal 
immune system responds better to T-dependent antigens than to T
independent antigens. 

Finally, data exist showing that an acquired state of tolerance to one 
antigen form can be broken by using a different molecular form of the same 
antigenic moiety (WEIGLE 1961). This could become an important con
sideration in a broader context such as in the immunotherapy of cancer 
patients, who may be often immunodeficient or tolerant against their own 
tumor. 

In this review, we will discuss various examples in which anti-Id anti
bodies are used as vaccine therapy in several models, which include acquired 
immune deficiency syndrome (AIDS) and malignancies. Recently, anti-Id 
antibodies have also been used in human therapy trials. 

c. Acquired Immune Deficiency Syndrome 
AIDS results from infection by the human immunodeficiency virus (HIV) of 
many cellular components vital for the maintenance of human immune 
homeostasis. The CD4 molecule is the receptor for HIV (KLATZMANN et al. 
1984). AIDS can also be considered as an autoimmune disease, in which 
HIV mimics the "self" component and is able to bind to CD4-expressing 
helper-inducer T lymphocytes, thereby creating a cascade of network errors 
leading to the destruction of the immune system. The gp120 envelope 
protein of HIV is known to possess the CD4 binding domain by which HIV 
type 1 attaches to its target cell (McDOUGAL et al. 1986; LASKY et al. 1987). 
Problems in designing a vaccine and/or immunotherapy in AIDS arise from 
the primary target of HIV infection, i.e., the CD4 receptor-bearing cells. 
CD4-expressing cells fulfill important regulatory functions in immune re-
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sponses, and any anti-HIV-targeted vaccine, based either on inactivated 
whole virus, viral recombinant subunit vaccine, or anti-Id antibodies, must 
circumvent side effects such as immunosuppression or the induction of 
autoimmune responses. 

Current approaches to anti-Id vaccines include anti-Id antibodies related 
to viral epitopes and CD4 (ZHOU et al. 1987; ZAGURY et al. 1988; HOMSY et 
al. 1987). Since the CD4 binding site appears to be conserved among a 
variety of different HIV isolates, the induction of anti-Id antibodies bearing 
the internal image of the CD4 receptor appears to be a promising approach 
towards an Id vaccine in AIDS. 

A variety of CD4 monoclonal antibodies block HIV infection of CD4-
expressing cells and therefore recognize the binding epitope of HIV for 
the CD4 molecule (SATIENTAU et al.1986). Anti-Ids generated in mice 
immunized with CD4 antibodies (DALGLEISH et al. 1987) neutralized in vitro 
viral activity in three diverse isolates of HIV-1 and a single isolate of HIV-2. 
These results are important, considering that a vaccine must stimulate the 
production of a wide range of virus-neutralizing antibodies. Other investi
gators (CHANH et al. 1987) generated a murine anti-Id monoclonal antibody 
that mimicked the CD4 receptor and bound HIV envelope antigens. 

As previously described, immunization of humans with anti-CD4 anti
body preparations can be potentially harmful (DEL GUERCIO and ZANE 1987; 
KOFF and HOTH 1988). Anti-CD4 antibodies can block those epitopes on T 
cells which demonstrate helper activity (BENJAMIN and WALDMANN 1986). 
However, immunization of newly positive HIV patients with an intact 
immune system may induce an anti-Id response to the anti-CD4, which 
will represent a new neutralizing set of antibodies. Alternatively, in those 
patients with AIDS anergic to neoantigens and not responding to anti-CD4 
antibody immunization, an anti-Id that mimics CD4 could be used for 
passive immunotherapy. Passive immunotherapy with such an antibody may 
be considered as a "CD4 sponge" which would bind all the HIV that is 
present (DALGLEISH et al. 1987; CHANH et al. 1987). 

Weak neutralizing activity against different HIV isolates has been found 
with antibodies (Ab1) raised against HIV envelope glycoproteins (WEISS et 
al. 1986). However, there are recent observations that human monoclonal 
antibodies against HIV antigens, particularly neutralizing antibodies against 
HIV glycoproteins, e.g., gp120 possess virus-neutralizing activities (Ho et al. 
1990). More recently, broadly neutralizing antibodies could be isolated from 
sera of HIV-1 infected individuals (KANG et al. 1991). These neutralizing 
antibodies are directed against the CD4 attachment site of gp120. Studies 
are underway to produce human monoclonal antibodies against HIV gp120 
and gp41 to be used not only for immunotherapy or vaccination (Ho et al. 
1990; GORNY et al. 1988), but also as antigen to generate anti-Ids related to 
HIV epitopes. Recently (KANG et al. 1992), a monoclonal antibody was 
raised against purified human virus neutralizing antibodies which recognizes 
an idiotope frequently associated with human neutralizing antibodies. The 
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anti-Id, however, is not an internal image of the CD4 site on gp120. Instead, 
it recognizes human neutralizing antibodies and B cell receptors committed 
to produce neutralizing antibodies. This biological activity was demonstrated 
by immunizing nonhuman primates with this anti-Id and the induction of 
broadly neutralizing antibodies. Hence, this type of anti-Id can be described 
as an anti-clonotypic antibody. Monoclonal anti-Ids have been also used to 
screen sera from AIDS patients for Id-carrying anti-HIV antibodies as Id 
markers in the immune response of patients to HIV (MULLER et al. 1991). 

D. Solid Tumors and Cutaneous T Cell Lymphoma 
Active immunotherapy of cancer patients with tumor-derived material has 
been studied by numerous investigators with modest clinical responses 
(EILBER et al. 1976; MATHE et al. 1969; GUTTERMAN et al. 1974; VOGLER et 
al. 1978; MASTRANGELO et al. 1984; FOON et al. 1983; BERD et al. 1986; 
LMNGSTON et al. 1985; TAl et al. 1985; HOOVER et al. 1984, 1985; MCCUNE 
et al. 1981; HOLLINSHEAD et al. 1987). There exists a number of problems 
with using tumor material for immunization. One problem is that tumor
associated antigens are often poorly immunogenic possibly because the 
immune system has been tolerized (McBRIDE and HOWIE 1986; GREENE 
1980; HAUBECK and KOLSCH 1982; HOWIE and McBRIDE 1982). If this is true, 
steps could be taken to break tolerance to tumor antigen. One approach 
might be to present the critical epitope in a different molecular environment 
to the tolerized host (WEIGLE 1961). However, this is impossible for most 
tumor antigens because they are poorly defined chemically and difficult to 
purify. The network hypothesis could offer an alternative approach (JERNE 
1974). 

Active immunization with tumor-specific Id vaccines has been shown to 
inhibit the growth of tumors in animal models (HELLSTROM and HELLSTROM 
1989; STEVENSON and GORDON 1983; KAMINSKI et al. 1987). Furthermore, in 
some of these, the mechanisms responsible for inducing antitumor immunity 
have been studied in detail. We have reported on a mouse leukemia model 
L1210 in DBA/2 mice (RAYCHAUDHURI et al. 1986, 1987a-c), which has 
provided us with basic information on Band T cell induced responses using 
the anti-Id approach. A number of anti-Id hybridomas against monoclonal 
antibody to the L1210 tumor were generated. These anti-Id monoclonal 
antibodies induced tumor-specific delayed-type hypersensitivity, inhibition 
of tumor growth, generation of cytotoxic T lymphocytes and T helper cells 
and antitumor Ab3 antibodies. These findings are very promising since they 
demonstrate a cross-reaction of nominal antigen and internal image antigen 
for a tumor-associated antigen system at the T and B cell level. In a recent 
study, 100% cure of established tumors was achieved in DBA/2 mice 
by combining anti-Id vaccines with cyclophosphamide (CHEN et al. 1989). 
Similar results have been reported in a variety of murine tumor systems 
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(CAMPBELL et al. 1988; KENNEDY et al. 1985; NELSON et al. 1987). Cyclo
phosphamide (lOOmg/kg), administered in combination with Id vaccines to 
mice bearing lO-day-old, 1-2cm diameter subcutaneous B cell lymphoma 
(38C13), resulted in a dramatic survival benefit (CAMPBELL et al. 1988). An 
anti-Id antibody was used to induce immunity to SV-40 transformed cells 
(KENNEDY et al. 1985). Mice vaccinated with this anti-Id demonstrated 
prolonged survival after tumor transfer. The role of Id interactions in re
gulating the immune response of mice to chemically induced syngeneic 
sarcomas has been recently studied (NELSON et al. 1987). Treatment with 
anti-Id monoclonal antibody of mice with the established sarcomas (MCA-
490 and MCA-1511) had significant anti-tumor activity. 

In human clinical trials, anti-Id responses were implicated in the induc
tion of antitumor immunity to colorectal carcinoma (KOPROWSKI et al. 1984). 
In these trials, patients were passively infused with an Ab1 anti-colorectal 
cancer monoclonal antibody (17-1A). A small cohort of responding patients 
demonstrated Ab1' and Ab3 responses (KOPROWSKI et al. 1984). These 
investigators generated polyclonal anti-17-1A (Ab2) antibodies for an active 
immunization clinical trial. Thirty patients with advanced colorectal car
cinoma were immunized with alum-precipitated goat Ab2 in doses between 
0.5 and 4 mg per injection. All patients developed Ab3 that bound to tumor 
cells and blocked Ab1 binding. Clinical responses were observed in 13 of the 
30 patients treated (HERLYN et al. 1987). In another recent study it was 
demonstrated that subcutaneous injection of 0.5-4mg of a monoclonal anti
Id generated to an Ab1 that bound a high molecular weight human 
melanoma-associated antigen elicited an antitumor antibody response in 
the host (MITfELMAN et al. 1990). Furthermore, reduction in the size of 
metastatic lesions were observed in at least seven of the 37 immunized 
patients. Repeated injection of murine anti-Id monoclonal antibody was not 
associated with any side effects (MITfELMAN et al. 1990). 

We have generated monoclonal Id cascades for two different human 
tumor-associated antigens. The first cascade originated from a T cell 
leukemia/lymphoma (BHAlTACHARYA-CHAlTERJEE et al. 1987, 1988) and the 
other from carcinoembryonic antigen (CEA) (BHAlTACHARYA-CHAlTERJEE et 
al. 1990). In both cascades we have generated monoclonal anti-anti-Ids 
(Ab3) which bind to the original tumor-associated antigen (BHAlTACHARYA
CHAlTERJEE et al. 1991). 

We have initiated our first clinical trial for patients with cutaneous T cell 
lymphoma. We have begun the active immunotherapy trial with a murine 
monoclonal IgGl anti-idiotype antibody (Ab2) designated 4DC6 which 
mimics a unique tumor-associated cell surface glycoprotein (gp37) expressed 
exclusively on T cell leukemia and lymphoma but not on normal T cells. 
4DC6 was raised against the murine monoclonal antibody SN2 (Ab1) which 
defines gp37. Our first patient with cutaneous T cell lymphoma (CTCL) was 
immunized intradermally biweekly three times with 1 mg of alum-precipitated 
4DC6. Pretherapy serum was negative for human anti-mouse antibodies 
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(HAMAs) and a significant HAMA response was induced after the second 
immunization against 4DC6. A major portion of the HAMAs was directed 
against the idiotype of 4DC6 as measured by ELISA against 4DC6 F(ab')2 
and isotype-matched controls. The anti-anti-Id (Ab3) response increased 
after the third immunization and reached a plateau. The binding of radio
labeled Ab1 (SN2) to Ab2 (4DC6) was inhibited >50% by the patient's 
serum collected after the third immunization as compared to pretherapy 
serum, suggesting that the Ab1 and Ab3 share common Ids. However, the 
binding of labeled Ab1 to gp37-positive MOLT-4 cells was inhibited 10%-
15%, indicating that only a minor portion of the Ab3 was recognizing the 
same epitope as Abl. The patient has stable disease and is being followed 
at monthly intervals. Interestingly, serum lactate dehydrogenase (LDH) 
steadily declined from 730U/L prior to treatment to 417U/L following the 
third immunization. A second patient has begun the protocol, also at the 
1 mg dose. After three immunizations this patient has demonstrated sig
nificant reduction (greater than 90%) of his cutaneous tumors and has 
mounted a strong anti-anti-Id (Ab3) response. 

While preliminary results from anti-Id vaccine trials for human cancer 
have demonstrated Ab3 (Ab1') responses, it is not clear whether T cell 
responses, including specific cytotoxic T cells to tumor cells, have been 
generated as reported in our animal models (RAYCHAUDHURI et al. 1987b,c). 
Whether the Ab3 antibodies were able to recruit human effector cells or 
complement to destroy tumor cells remains to be determined. 

Allergic reactions to murine antibodies are a concern. Previous experi
ence with murine antibodies in humans has not shown serious anaphylactic 
type reactions, although low grade fever, nausea, diarrhea and urticaria are 
reported (FOON 1989; DILLMAN 1989). These reactions have rarely led to 
discontinuation of therapy. 

Anti-Id vaccines may be replaced by synthetic peptide antigens. It is 
possible to obtain the three-dimensional shape of Id internal antigens using 
computer modeling on the sequence of internal antigen hybridomas (KIEBER
EMMONS et al. 1986). The molecular modeling studies will indicate whether 
the internal Id antigen is expressed as a linear sequence or a complex 
determinant involving noncontiguous sequence contributions to the mole
cular architecture. After obtaining sufficient information as to the most 
likely peptide regions which might depict the antigenic structure, it should 
be possible to synthesize the relevant peptides which can mimic the structure 
and couple them to new synthetic adjuvants to increase the relative level of 
immunogenicity. 

Heterogeneous expression and modulation of target antigens represent 
other potential problems to immunotherapy with anti-Id vaccine prepara
tions. However, these problems are not insurmountable and they may be 
minimized by several complementary approaches. Heterogeneity of tumor
associated antigen expression may be addressed by utilizing cocktails of anti
Id vaccine preparations directed against multiple target antigens collectively 
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eKpressed by the vast majority of tumor cells. With respect to antigenic 
. modulations by Ab3 induced in response to Ab2{J, it is known that modu
lation rates for different antigens may vary considerably. Hence, tu'mor
associated antigens with slow modulation characteristics should be chosen 
as targets for anti-Id active immunotherapy. Furthermore, recent studies 
(CARREL et ai. 1985; LIAO et ai. 1982) have indicated that some biological 
response modifiers, such as interferon, are capable of inducing the expres
sion of tumor-associated antigens in several tumor systems. Thus, in addition 
to providing general stimulation to the immune system, the administration 
of biological response modifiers known to increase the expression of relevant 
tumor-associated antigens may further enhance the efficacy of anti-Id tumor 
vaccine application. 

The anti-Id approach needs to be compared to other tumor therapies, 
both established and experimental. A realistic assessment of anti-Id therapy 
predicts that complete remission in patients with advanced disease will be 
unlikely. However, evidence exists that partial remission and responses 
can be achieved with anti-Ids. It is apparent that successful therapy of 
established tumors will depend on a multimodality approach. Since the 
immune response has a limited capacity, immunotherapeutic manipulations 
will probably be most effective against small tumor masses. Consequently, 
immunotherapy with Id vaccine would be most attractive in the adjuvant 
setting. Compared to chemotherapy or most lymphokine therapy, the Id 
vaccine approach is considerably less toxic. 

E. B Cell Lymphomas and Leukemias 
Another therapeutic approach with anti-Id monoclonal antibodies is in B 
cell malignancies. This represents a departurc from the previous discussion 
of anti-Id Ab2 vaccines. In this case, the anti-Id (Ab2) is generated to the 
surface membrane immunoglobulin on the malignant B cells and is infused 
into patients to target directly to tumor cells. Indeed, this antigen is the 
closest we have come to identifying a tumor-specific antigen in humans. This 
specificity is based on the fact that individual B cells are committed to the 
synthesis of only one immunoglobulin species with a unique variable region 
structure (Id). Moreover, since B cell lymphomas and leukemias are clonal 
in nature, membcrs of the malignant clonc should express the same Ig 
molecule, and hence the same Id. This feature thus rcpresents a marker by 
which these tumors cells can be distinguished from normal cells of the host. 
These facts also imply that an individual patient's tumor cell Id will be 
different from that of other patients, hence anti-Id antibodies must be 
"tailor-made" for the individual patient. Because of the highly specific 
nature of these antibodies, treatment with these antibodies have yielded 
important results regarding the ultimate potential of monoclonal antibody 
therapy. 
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The largest experience reported with anti-Id therapy is the work of Levy 
and- coworkers .. Their first attempt at this therapy was a patient with malig
nant lymphoma (MILLER et al. 1~~2). At the time of treatment, the patient' 
had evidence of rapidly progressive systemic disease resistant to chemother
apy and interferon. Following eight continuous 6 h intravenous infusions 
spaced over the period of a month, the patient entered a complete clinical 
remission for 6 years (LEVY, personal communication). The mechanisms 
accounting for this dramatic response are not clear. Because it was noted 
that the patient's antitumor response continued after the period of passive 
antibody administration, evidence of an anti-Id antibody response by the 
-patient himself was investigated, but none was detected. It is still possible 
that indirect mechanisms could have been involved. Since the immune 
system may be regulated in part by networks of interactions between Ids and 
anti-Ids, the administered anti-Id could have triggered these types of net
works of interactions which led to an anti proliferative response against the 
patient's tumor. 

Additional patients have been treated with individually tailored anti-Id 
antibodies of varying antibody subclasses (MEEKER et al. 1985a). Some 
patients have been treated with more than one antibody (differing in isotype 
or epitope specificity) during the course of an individual treatment period. 
Significant tumor responses have been demonstrated in 50% of the patients 
with limited complete responses. The addition of combined therapy with 
interferon (BROWN et al. 1989) or chlorambucil (LEVY and MILLER 1990) may 
enhance responses but the numbers of patients on these trials are too small 
to draw critical conclusions. 

There exists a number of mechanisms by which the tumor could evade 
the anti-Id antibody. First, some tumor secrete the immunoglobulin (Id) in 
sufficient quantitites to bind the anti-Id in the serum, preventing it from 
binding to tumor cells. This is sometimes overcome by infusing with exces
sive quantities of anti-Id or plasmapheresis. A second problem is that some 
patients «25%) generate an immune response to the mouse antibody 
preventing further therapy. Another means by which the patients' tumors 
could evade the therapeutic effects of anti-Id antibodies is the emergence of 
Id variants within the tumors during the treatment (MEEKER et al. 1985b). It 
is now believed that somatic mutation accounts for this escape (RAFFELD et 
al. 1985; CARROLL et al. 1986). 

Various factors have been studied to predict the response to this therapy. 
Included among these are the isotype of the anti-Id antibody used, the 
density of cell surface Id, the epitope recognized by the anti-Id antibody, the 
affinity of anti-Id antibody for antigen, the relative ability of the anti-Id 
antibody to modulate surface antigen, the direct effect of antibody on tumor 
cell proliferation in vitro, and the degree of T cell infiltration present in 
pretherapy tumor specimens. None of these factors has been positively 
correlated with good clinical outcome, except the number of T cells present 
in pre therapy tumor tissues (LOWDER et al. 1987; GARCIA et al. 1985). In the 



396 M. CHATIERJEE et al. 

two best responding cases, the T cells actually outnumbered the tumor cells. 
The majority of these T cells were of the helper/inducer phenotype (CD4). 
Whether the anti-Id antibodies given to these patients augmented an on
going cell-mediated cytotoxic response by the host against the tumor is not 
clear. Certainly more observations on pretherapy T cell infiltration must be 
made before the actual significance and function of this finding become 
apparent. 

Some monoclonal anti-Id antibodies made against an individual patients' 
tumor cells have recently been shown to cross-react with more than one 
patient's tumor cells. A panel of 29 anti-shared monoclonal anti-Id anti
bodies that reacted with approximately one third of cases of B cell 
lymphoma and chronic lymphocytic leukemia has been identified (MILLER 
et al. 1989; CHATTERJEE et ,al. 1990). These antibodies also detected rare 
normal B cells and minor components of serum Ig. Thus far, it is too early 
to determine whether anti-shared idliotype antibodies will be as effective as 
tailor-made anti-Id antibodies. 

An active immune approach to anti-Id therapy for B-cell diseases that 
mimics the anti-Id internal image tumor vaccine approach is also possible. In 
this case, purified immunoglobulin derived from patient's tumors is used as a 
vaccine to immunize patients with B cell malignancies. In one study, eight of 
nine patients immunized with autologous tumor-derived immunoglobulin 
coupled to keyhole limpet hemocyanin (KLH) and mixed with adjuvant 
demonstrated Id-specific immune responses; either humoral, cellular or both 
(KWAK et al. 1992). Tumor regressions were also reported. 

We have been interested in a similar approach to active anti-Id therapy 
in B cell diseases. We are trying to generate a murine anti-Id monoclonal 
antibody to an antibody designated 1DlO (GINGRICH et al. 1990) that binds 
to a highly restricted antigen on malignant B cells. This antigen is not found 
on any normal cells, including inactive and activated lymphocytes. It is, 
however, identified on over 75% of B cell malignancies and presents an 
ideal target antigen for active immunotherapy. 

F. Conclusion 
Immunization with anti-Id antibodies represents a novel new approach to 
active immunotherapy. Preclinical trials using internal image anti-Ids for 
infectious diseases and cancer have supported the immune network theory. 
Whether this will have clinical applicability in humans is currently under 
investigation. 
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