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Preface

Thirty years have elapsed since the first description by S.A. BERSON and
R.S. YaLow of the basic principles of radioimmunoassay (RIA). During this
period of time, RIA methodology has been instrumental to the growth of many
areas of biomedical research, including endocrinology, oncology, hematology,
and pharmacology. It has done so by providing a relatively simple universal tool
allowing, for the first time, the detection of endogenous mediators that are present
in body fluids at concentrations as low as 107'2-107'° M. The fundamental
nature of this discovery and the wide-ranging fall-out of basic and clinical
knowledge derived from its application have been acknowledged by the many
honors tributed to its pioneers, including the Nobel Prize awarded to Dr. YaLow
10 years ago.

Although several excellent books have been published during the past decades
covering various aspects of RIA methodology, we felt the need, as
pharmacologists, for a comprehensive discussion of the methodological and
conceptual issues related to the main classes of mediators of drug action and to
drugs themselves. Thus, we gladly accepted the challenge provided by the
invitation to edit a volume of the Handbook of Experimental Pharmacology on
Radioimmunoassay in Basic and Clinical Pharmacology. We tried to balance the
emphasis placed on more general aspects of the RIA methodology and that on
specific mediators. A potentially endless list of substances of pharmacological
interest was necessarily limited by considerations of space and general interest,
although we did make some last-minute adjustments in order to include very
recent and exciting developments.

A number of introductory chapters provide the reader unfamiliar with RIA
with all the basic information concerning the production and characterization of
antibodies, labeling techniques, statistical aspects, and validation criteria.
Moreover, each of these chapters provides the experienced reader with further
insight into problems related to the development and validation of RIA for newly
discovered mediator(s). In the following chapters, the emphasis is placed on the
technical details relevant to each class of compounds and on specific aspects of
their application to basic and/or clinical pharmacological studies. New develop-
ments in this area such as monoclonal antibodies and nonradioactive labeling
techniques are also given adequate coverage.

We hope this book will represent a valuable working instrument in the hands
of those investigators interested in measuring changes in the synthesis and
metabolism of a variety of endogenous mediators, as well as in the kinetics of



X Preface

drugs, as related to experimental or clinical models of disease and to pharma-
cological intervention.

We are indebted to Mrs. P. TIERNEY, Mrs. A. ZAMPINIL, and Ms. K. BUSCHEY
for invaluable help in the handling and editing of the manuscripts, to Mrs.
D.M. WaLKER for providing all the necessary support and advice from the
publisher, and to all the authors for generously sharing with us the effort and time
that this project required.

Rome C. PATRONO
Bochum B. A. PESKAR
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CHAPTER 1

Radioimmunoassay: Historical Aspects
and General Considerations

R.S.YALow

A. Historical Aspects

Radioimmunoassay (RIA) could be considered a serendipitous discovery in that
it arose as fallout from investigations into what would appear to be an unrelated
study. To test the hypothesis (MIRSKY 1952) that maturity-onset diabetes might
be a consequence of abnormally rapid degradation of insulin by an enzyme, in-
sulinase, which was shown to be widely distributed in the body, we administered
radioiodine-labeled insulin as a tracer to study the distribution and turnover of
insulin in diabetic and nondiabetic subjects (BERSON et al. 1956). We observed
that the labeled insulin disappeared more slowly from the plasma of subjects with
a history of insulin treatment than from the plasma of diabetic or nondiabetic
subjects who had never received animal insulin. We soon demonstrated that the
slower rate of removal was a consequence of the binding of insulin to an acquired
antibody. Almost immediately we appreciated that the methodology used to
study the kinetics of reaction of insulin with insulin-binding antibody and to de-
termine the binding capacity of that antibody could be applied reciprocally to de-
termine the concentration of insulin in body fluids. Although we first used the
word immunoassay to describe the general methodology in 1957 (BERSON and
YarLow 1957), it was not until several years later that our assay had sufficient sen-
sitivity to measure the concentrations of insulin in the circulation of humans
(YALow and BERSON 1959).

During the first decade after its discovery RIA was used primarily to measure
the concentration of peptide hormones. Since these substances are present in
plasma in the unstimulated state at concentrations as low as 10712 — 10719 A,
the sensitivity and specificity of RIA were required to study the dynamic interac-
tions between the peptide hormones and the substrates which they regulate and
by which they are in turn regulated. By the 1970s RIA methodology had spread
from endocrinology, its first home, into many other areas of medicine, including
pharmacology and toxicology (OLIVER et al. 1968; MAHON et al. 1973), infectious
diseases (WALSH et al. 1970), oncology (THOMSON et al. 1969), and hematology
(NosskeL et al. 1974).

B. Principle, Practices, and Pitfalls

RIA is simple in principle, but there has been an increasing appreciation that
there are many problems and pitfalls that one must guard against in applying the
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Labeled Specific Labeled antigen-
antigen antibody antibody complex
Ag* + Ab = Ag*—Ab
(F) + (B)
Unlabeled
antigen

Ag  in known standard
solutions or
1) unknown samples

Ag—Ab
Unlabeled antigen-
antibody complex

Fig. 1. Competing reactions that form the basis of radioimmunoassay (RIA)

methodology to the hundreds of substances now measured by RIA (YALOW
1973).

I. Principle

Measurements by RIA are made by comparing the inhibition of binding of radio-
labeled antigen to specific antibody by unknown samples with the inhibition by
known standard solutions of unlabeled antigen (Fig. 1). RIA differs from tradi-
tional bioassay in that it is an immunochemical method in which the measurement
depends only on the interaction of chemical reagents in accordance with the law
of mass action. There is no requirement for the labeled and unlabeled antigen to
be identical chemically or biologically. Furthermore, immunochemical activity
may or may not be identical with, or even reflect, biologic activity. A necessary,
but not sufficient condition for the validation of an RIA procedure is that the ap-
parent concentration of the unknown be independent of the dilution at which it
is assayed. Under some circumstances, however, assays may be clinically useful
even if they cannot be validated because of immunochemical differences between
standards and unknowns.

II. Practices

The essential requirements for RIA include suitable reactants, labeled antigen
and specific antibody, and some technique for separating the antibody-bound
from free labeled antigen since under the usual conditions of assay the antigen—
antibody complexes do not spontaneously precipitate.

1. Labeled Antigen

It is obvious that it is inadvisable to employ in the assay an amount of labeled
antigen whose immunochemical concentration is large compared with the con-
centration of unlabeled antigen in the unknown. Thus, the use of a tracer of
10 x 10~12 M to measure a hormone concentration of 10~ '2 M means that a ran-
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dom 5% error in the tracer would produce an error of 50% in the concentration
of the unknown. In particular, measurement of peptide hormones requires high
specific activity tracers and for this purpose 251 has become the radioisotope of
choice. Its longer half-life (¢, , =60 days) than that of '*'I (1, , =8 days) permits
the preparation of labeled antigens with useful shelf lives of up to several
months.

For nonpeptidal hormones and drugs that are generally present in much
higher concentrations than the peptide hormones, *H-labeled tracers may be em-
ployed. However 3H-labeled tracers do have the limitation that liquid scintilla-
tion counters are required for their detection, resulting in the cost of acquiring
and disposing of the organic solvent containing the scintillator. For these reasons,
even when there is no requirement for high specific activity, the method of choice
is usually to couple the substance to a moiety containing a residue that can be io-
dinated even if the substance itself does not contain a tyrosyl or histidyl residue.

2. Specific Antibody

Most peptide hormones are satisfactorily immunogenic in a variety of experimen-
tal animals when the peptide is administered as an emulsion in Freund’s adjuvant.
We have generally used commercial or low purity preparations to take advantage
of their possible slight denaturation which might render them more “foreign,”
thereby enhancing their antigenicity. Small peptides or nonpeptidal substances,
which are not of themselves antigenic, may be rendered so by covalently linking
them to a higher molecular weight carrier substance such as a protein, polypep-
tide, or polysaccharide.

Since the presence of other immunologic reactions does not interfere with the
reaction between labeled antigen and its specific antibody, immunization with
several unrelated antigens can be performed simultaneously. The antibody con-
centration and the sensitivity and specificity of antibodies directed toward the
various antigens appear to be unrelated. Immunization with several antigens has
the advantage of reducing the number of animals to be immunized and bled by
a factor equal to the number of antigens used simultaneously.

Monoclonal antibodies have now come into use in RIA procedures. The de-
velopment of such antibodies provides a virtually unlimited amount of homoge-
neous antibodies directed against a specific antigenic site. However, the energy
of interaction of these antibodies with antigen usually reflects the mean energy
of the heterogeneous antibodies produced in the immunized animal. In RIA em-
ploying a heterogeneous antiserum it is traditional to dilute the antiserum suffi-
ciently so that only the small fraction of the total antibodies with the highest en-
ergy of interaction binds the antigen. Thus, heterogeneous antibodies are more
likely to provide highly sensitive assays than are those employing monoclonal an-
tibodies. However, the latter are more likely to be highly specific than heteroge-
neous antibodies. Thus, the choice of the source of the antibodies may depend on
whether sensitivity or specificity is the limiting factor. For research laboratories
requiring only limited amounts of antisera, the simplicity of antibody production
in animals compared with the increased effort required for production of mono-
clonal antibodies must be considered.
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3. Separation Methods

Since RIA is used for measurements of hundreds of substances, often with very
different chemical properties, it is not surprising that there are a very large
number of separation techniques that have proven to be quite useful. For the
most part these techniques are some variation of two basic methods: precipitation
of antigen—antibody complexes; adsorption of either free antigen or antibody to
solid-phase material. Techniques for precipitation of the complexes include use
of a second antibody or an organic solvent such as polyethylene glycol. Materials
used to absorb free antigen include cellulose, charcoal, silicates, or ion exchange
resins. Antibody has been absorbed to plastic tubes or complexed to dextran or
glass.

II1. Pitfalls

Unlike many analytical chemistry techniques RIA is not a procedure for the di-
rect determination of a substance. Therefore, when using RIA one must be ever
alert to distinguish fact from artifact and to appreciate that not every reduction
in the binding of labeled antigen to antibody is due to the presence of the specific
substance of interest. Some of the problems relate to nonspecific interference in
the immune reaction; others relate to the heterogeneity of the molecular forms of
the antigen or the presence of related antigens.

1. Nonspecific Interférence in the Inmune Reaction

The chemicd! reaction of antigen with antibody can be inhibited by a variety of
factors and there may be substances in plasma which alter or destroy the reac-
tants. Antigen—antibody reactions are generally pH dependent and dissociate at
extremes of acidity or alkalinity. Most are pH independent in the range 6.5-8.5.
However, it has been demonstrated that in some assay systems, usually those with
very basic antigens, the binding of antigen to antibody is maximal at pH 5 and
the immune reaction is markedly inhibited at an alkaline pH (KAJuBi et al. 1981).
To maximize the sensitivity of the assay, the pH range should be chosen to opti-
mize the binding of antigen to antibody and both standard and unknown incuba-
tion mixtures should be within that range.

Formation of antigen—antibody complexes can also be affected by the pres-
ence of a variety of substances, including proteins, salts used for buffering, anti-
coagulants such as heparin, bacteriostatic agents such as thimerosal, and enzyme
inhibitors such as aprotinin (YALOW 1973). Not every substance interferes in all
immune reactions to the same extent. Thus, the possible effect of each substance
must be tested or, alternatively, it must be assured that the milieu of the unknown
sample is identical with that of the known standards.

2. Presence of Heterogeneous Molecular Forms

The assay of peptide hormones, whether by RIA or bioassay, has been compli-
cated by the demonstration that many, if not most, of these substances are found
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in more than one form in plasma and tissue extracts. Since the different molecular
forms may differ in biologic activity as well as in secretion and degradation rates,
measurement of immunologic activity per se may not suffice to characterize the
unknown peptide. Complications can also be introduced by the presence of im-
munologically related peptides with different biologic activities. For example,
gastrin, cholecystokinin, and cerulein share the same carboxy terminal pentapep-
tide and may react identically or completely differently, depending on whether the
specific antiserum is directed toward the amino or carboxy terminal portion of
the different molecules.

The problem of several related forms of the same antigen is relevant to the ap-
plication of RIA in pharmacology as well as in endocrinology. Structurally re-
lated compounds or metabolites of the drug to be assayed may be immunoreac-
tive with some antisera, but not with others and may or may not constitute a
problem, depending on the purpose of the assay. For instance, if the clinical prob-
lem relates to the efficacy or toxicity of a particular drug, then the question as to
whether or not the assay measures only the biologically active form is relevant.
If the question relates simply to whether or not a drug has been taken surrepti-
tiously, then the reactivity of metabolites or the variation in immunoreactivity
with the exact form of the drug may be irrelevant.

C. Conclusions

RIA has proven to be a powerful tool in many diverse areas of biomedical inves-
tigation and clinical medicine. It is probably no exaggeration now to state that
if there is a need to measure an organic substance of biologic interest and there
is no other easy method to do so, some perspicacious investigator will develop the
needed immunoassay.
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CHAPTER 2

Basic Principles
of Antigen-Antibody Interaction

F.CELADA

A. Introduction to the Immune System

The immune system may be viewed as the locus of a multitude of molecular in-
teractions involving a limited number of genetically determined structures. Most
of these structures act as membrane receptors (i.e., communication organs of
cells) or as secreted factors. These are called antibodies (Ab), T cell receptors, or
class I and II molecules coded for in the major histocompatibility complex
(MHCQ).

They often bind to each other and/or to a large, virtually infinite, number of
molecules “external” to the system, the antigens (Ag). All immune interactions
are reversible, based on “weak” forces, and governed by the law of mass action.
This confers a decisive role on the specificity, a property by which a given struc-
ture binds to one antigen with 10°-10° times higher affinity than to any other
molecule of similar size or composition. I shall list here seven types of “immune
interactions” occurring at various levels of the response. They are all essential to
the functioning of the machinery and it may be informative to compare them, al-
though in many cases our knowledge is incomplete.

1. Free antibody-antigen (to be described later; Fig. 1 a).

2. Ig membrane receptor on B lymphocyte-antigen (Fig.1b). The actual
binding interaction is identical to 1. If the antigen bears many determinants and
thus engages many receptors, modifications of the geography of the membrane
occur (capping). In all cases receptor—-Ag complexes are internalized with sub-
sequent “digestion” of antigen (processing) and reexpression of limited fragments
of the antigen on the B cell surface; at this stage the processed antigen is (with
high probability) bound to class II MHC proteins (Fig. 1 c).

3. Class II MHC protein—processed antigen. The existence of this interaction
is based on strong, but indirect evidence. “Processing” of the antigen can be sub-
stituted by proteolysis (Fig. 1 d).

4. Triangular binding: T helper cell receptor—processed antigen—class II syn-
geneic MHC molecule. This is the only way a T-B interaction occurs between cells
from the same individual. The result is: (a) triggering of the T helper (Th) cell [in-
creased production of interleukin-2 (IL-2), increased production of IL-2 mem-
brane receptors, binding of IL-2 to IL-2 receptors, proliferation of the Th cell into
a blast clone]; and (b) triggering of the B cell (by IL-2 and/or B cell growth fac-
tors) and consequent maturation, clonal proliferation, and Ab secretion
(Fig.1¢e).
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Fig. 1. a An antibody meets an antigen and binds an epitope. The variable parts of the heavy
and light chain are indicated by broken lines. b A receptor on a B-lymphocyte binds an
antigen and the complex is interiorized in a cytoplasm vesicle. ¢ The antigen, separated
from the Ig receptor, is digested and fragments are reexposed on the outside in close con-
nection with a class II MHC molecule. d A T cell, by means of its receptor, makes contact
with the complex syngeneic class IT molecule + antigen fragment on the surface of a B cell
(or other antigen-presenting cell).

5. Bilateral Th cell receptor—class I allogeneic MHC molecule. The triggering
of the Th cell is identical to that in 4 (Fig. 1 g).

6. Triangular binding T cytolytic (Tc) cell receptor—foreign antigen (e.g., viral
capsid)—class I syngeneic MHC molecule. The result in this example is killing of
the viral antigen-bearing syngeneic cell (Fig. 1 f).

7. Bilateral binding Tc cell receptor—class I allogeneic MHC molecule. The re-
sult is the killing of transplanted cells.

The functioning of the immune system as it has evolved in the higher animals
is based on the existence of at least three families of lymphocytes, endowed with
clonotypic receptors (i.c., different on cells of a given population, but identical in
the progeny of a single member of that population). The three families are T
helper, T effector or cytolytic, and B. Less well defined is a fourth family, the T
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Fig. 1. e Following the contact in d, the T cell
is activated. It exposes IL-2 receptors on the
surface and secretes IL-2 (part of which is
captured by its own receptors). f A T cytolytic
cell makes contact with a complex class I
MHC molecule + nominal antigen on the
surface of a syngeneic cell (e.g. a cell infected
by a virus). As a consequence,the target cell is
killed. g A T cytolytic cell makes contact with
a foreign cell, displacing a class I MHC
molecule on the surface. The target cell is
killed

g

suppressor cell. Each of these cell types has: (a) a large library of donotypic spec-
ificities — in the case of B-lymphocytes this is larger than 10%, allowing the recog-
nition of any possible external or internal structure —in the case of T-lymphocytes
the size of the library is not yet known; and (b) the property — through appropriate
binding of their surface receptors — to become stimulated, i.e., enter a state of in-
tense nucleic acid and protein synthesis, preceding both proliferation and synthe-
sis of more copies of their clonotypic molecules (for membrane display or for se-
cretion) or of a series of hormone-like factors, as in the case of the T helper
cells.

Hosting cells in fast proliferation is a potential danger for complex organisms;
thus, rituals have evolved which may limit stimulation or block the succession of
proliferation and differentiation of the triggered cells. One of these rituals is a sort
of double-double-check, which can be sketched as follows. Cell 1 is triggered if:
(a) its clonotypic receptor is bound and, (b) at a very short distance cell 2 also
happens to be triggered. Cell 2 in turn will be triggered in a restricted fashion if
its clonotypic receptor is bound. This only occurs in the presence of both the ap-
propriate Ag and a syngeneic isotypic molecule coded by the MHC. This ritual
imposes stringent requirements on the immunogen and limits the probability of
accidental stimulation. Also, when successful triggering, following appropriate
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stimulation, yields a “useful” immune response, safeguards have evolved — inter-
preted today as means of avoiding uncontrolled proliferation (too much of a good
thing is harmful). These safeguards are: (a) the still incompletely known sup-
pressor cell actions; and (b) the well-studied B and/or T anti-idiotype responses.
These are plausibly performed by the same T and B cell families that cope with
the external antigens and are a by-product of the phenomenon of clonal expan-
sion, e.g., a single B cell, bearing as a clonotypic antigen a certain amino acid com-
bination on the variable parts of its immunoglobulin (Ig) receptor, has virtually
no probability of meeting lymphocytes of the same organism “specific” for that
determinant (called antibody idiotype). If, however, a clone is formed following
a specific stimulation of that B cell, the idiotype in question may be represented
on 10°-108 cells and thus the probability of being recognized by the immune sys-
tem will be 10°-108 times higher. The effect of an anti-idiotype response will be
a block in the growth of the clone, either by competition with antigen binding or
by cytotoxicity by T effector cells.

In a provisional summary, the immune system can be regarded as representing
2%—5% of the weight of an organism, evolutionarily endowed with the capacity
of reacting to any changes — endogenous or exogenous — in the molecular land-
scape. This is achieved by a highly specific recognition capacity, a highly selective
capacity (Ag, vs Ag, or vs Ag,; hetero- vs autoantigen) obtained through the
mandatory use of cell cooperation and the combined reading of several filter re-
pertoires, and a number of severe regulatory mechanisms. The result is high sen-
sitivity to environmental changes with particular provisions to cope with repeated
or cyclical events. This is favored by the phenomenon of maturation which per-
mits, through repeated selection, the “best possible” response to be mounted.

If the evolutionary goal of the immune system is to maintain the primitive
status quo, then this goal is never achieved, since at the end of the succession of
anti-antigen and anti-idiotype responses, the equilibrium reached is at a new level
of information (memory) and prepared to cope differently with the next environ-
mental change.

This introduction has hopefully conveyed the impression that all parts, and
all interactions, of the immune system are necessary and important. It is only be-
cause, partly for historical reasons, incomparably more is known about the Ag—
Ab reaction that this chapter will deal solely with the principles of this particular
encounter.

B. Antigens

Antigens are defined by their property of being bound by antibodies through their
antigen-binding fragments (Fab), irrespective of their capacity to induce a re-
sponse when introduced in an organism.

1. Chemical Nature

Natural antigens are soluble or cell-bound molecules of protein, glycoprotein, li-
poprotein, or polysaccharide nature (LANDSTEINER 1936; SELA 1969; KABAT
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1968). Macromolecular antigens (>2000 dalton) are as a rule also immunogens;
that is, they are capable of stimulating the production of the corresponding an-
tibodies when introduced into an immunocompetent organism.

II. Antigenic Determinants (Epitopes)

The binding by the specific antibody takes place between a well-defined portion
of the antibody, the domain resulting from the co-folding of the variable parts
of the light and the heavy chain (VL and VH) and a portion of the antigen, called
antigenic determinant. The antibody-binding site is also called the paratope,
while epitope is a synonym of antigenic determinant (JERNE 1960).

III. Haptens and Carriers

Small molecules (~ 500 dalton) can be artificially linked in a covalent fashion to
protein carriers and function as epitopes. They are called haptens, are antigenic,
nonimmunogenic; their experimental use has led to a better understanding of im-
mune interactions (see Sect. D.IV) and the processes involved in the initiation of
a response.

It has been shown that a B cell, in order to be triggered by a hapten, has to
cooperate with a T cell recognizing a determinant of the carrier molecule
(MrtcHisON 1971 a, b). The carrier—hapten model, although useful, remains an ar-
tifact; in natural antigens it seems probable that cooperating T and B cells see geo-
graphically distinct epitopes, not necessarily of different nature.Natural soluble
macromolecular antigens bear many antigenic determinants. As a rule, the deter-
minants of the same protein antigen are different from each other, except when
the protein is a polymer of identical protomers. Polysaccharide and sometimes
glycoprotein antigens have repetitive determinants. When whole cells are consid-
ered as antigens, epitopes are also repetitive, but their density on the membrane
is variable.

IV. Size of Determinants

The size of epitopes is determined by the dimensions that can be accommodated
within the VH-VL domain. It corresponds to 3-6 saccharide residues in the case
of polysaccharides (KABAT 1966) and 3—4 amino acids in the case of protein
antigen (SCHECHTER et al. 1970). Haptens may be smaller or larger than this. In
the first case, the antibody will also bind to a part of the carrier; in the second
case, each antibody may recognize only a part of the hapten.

V. Sequential and Conformational Epitopes

The clusters of atoms that constitute an epitope may be amino acids ordered in
sequence on the polypeptide chain, or happen to be near each other in the three-
dimensional arrangements of the molecule although belonging to distant seg-
ments of the polypeptide chain — or even to different chains, in the case of poly-
meric antigens. The latter type of determinants, called conformation-dependent
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or conformational, are related to the general shape of the antigen molecule and
are affected (and often destroyed) by mild treatments that cause conformational
changes (SELA et al. 1967). Such events do not in the least disturb sequential de-
terminants. In protein macromolecules there is a prevalence of conformational
determinants, many of which are also dominant as immunogens. The existence
of conformation-dependent recognition allows high selectivity, which has an evo-
lutionary advantage.

C. Antibodies

Antibodies, or immunoglobulins, are specialized complex proteins synthesized by
B-lymphocytes and by their final maturation product, plasma cells. The basic
structure of any antibody is a heterodimer H — L, made up of a heavy H and a
light L chain, 50-60 and 20 Kilodalton, respectively. The two chains are synthe-
sized by the same cell, but are coded by genes on different chromosomes. An or-
ganism produces immunoglobulins which are heterogeneous in heavy chain class
or isotype (i, 9, y with subclasses ¢ and ) and in light chain type (K or 4). Each
of the five heavy chains can combine with either a K or a A type L chain to form
the basic heterodimer (NATVIG and KUNKEL 1973). Both H and L polypeptide
chains have a distinctive portion at the amino terminus, where the sequence of
the first 110 amino acids varies drastically among antibodies of the same individ-
ual, but produced by different cells. On the other hand, the remaining 100 amino
acids of the L chain and the remaining 330 amino acids of the H chain are remark-
ably similar among all antibodies of the same isotype in the species. The variable
parts of the heavy and of the light chain (VH and VL) intermingle to form the
first domain of the heterodimers. A cleft in this domain constitutes the paratope
(see Sect. C.I). Each competent B cell, once a laborious gene rearrangement is
achieved for both H and L chains, sets up to produce a single model of H-L. H
and L assemble in the cytoplasm and the resulting heterodimers are mounted on
the cell surface, the carboxy terminus of H actually reaching inside, a hydropho-
bic near-terminal section being rooted in the membrane, with the amino terminal
section of H and the entire L outside. They are the immunoglobulin receptors,
and from this moment the B cell is specific for whatever epitope the receptors can
bind. As a rule, the first heterodimer to be synthesized by any B cell is uK or uA.
Only a handful out of millions of B cells will ever meet an antigen that can be rec-
ognized by their receptors. The binding event, together with T-B cooperation,
will represent a positive selection in the Darwinian sense. The selected cell will
eventually proliferate to become a clone. With cell stimulation and clonal selec-
tion rounds, in connection with successive sensitizing events, the B cell will
undergo a series of changes in the genes concerned with H and L that will mark
the clone’s life history:

1. A substitution through rearrangements and RNA splicing of the hydro-
phobic (membrane anchoring) carboxy terminus with a hydrophilic peptide (se-
cretory switch) (ROGERS et al. 1980), allowing the Ig to be secreted as free anti-
body; the quaternary conformation varies depending on the isotype, but in all
cases it is a double heterodimer or a multiple thereof (5 x 2HL plus one joining
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peptide J in the case of IgM and 2 x 2HL plus a “secretory fragment,”” added when
passing through a mucosal epithelium, in the case of IgA). In all cases, the two
HL units of the double heterodimer are identical. This symmetry allows Ab poly-
valency and prevents one antibody molecule binding to two different epitopes.

2. The entire u constant gene is deleted by rearrangement and substituted
with the constant gene coding for one of the other isotypes. Thus, during the sec-
ondary response, the secreted antibodies will have the same variable, but different
constant parts as compared with those secreted by the same clone during the pri-
mary response (isotypic switch) (Davis et al. 1980).

3. During stage 2, or during the rapid proliferation following antigen chal-
lenge, a number of point mutations may affect the VH and VL genes. Therefore,
antibodies produced during the secondary response may be different in fine spec-
ificity from those produced by the cells from the same clone during the primary
response, and subclones may be generated (GERHART et al. 1981). This allows for
a second round of selection by antigen for the most effective (i.e., affine) subclone,
and explains the higher affinity and specificity reached after repeated antigenic
stimulations.

I. The Ab Combining Site (Paratope)

The paratope is a three-dimensional space within the VH-VL domain of the anti-
body heterodimer (Grvor 1973; PoLiak 1975).

1. VH and VL Structures

The VH and VL fragments have marked similarities in size and structure. They
both contain 110-115 amino acids, and they both have cysteine residues in posi-
tions 40 and 80 which allows an intrachain S-S bond. By comparing V regions
from different antibodies, it has been possible to identify within the primary struc-
ture of both VH and VL segments of low variability and high variability (hyper-
variable regions). The segments of low variability flank the two cysteines that are
always present. There are three hypervariable regions in both VH and VL (Wu
and KABAT 1970). It has been demonstrated by affinity labeling experiments that
it is amino acids within the hypervariable regions which have the closest contact
with the antigen epitope during the binding (referred to as CDR, contact deter-
mining residues) (Wu and KABAT 1970).

2. Genetic Control of V Regions

Hypervariable regions I and II of heavy and light chains are encoded in the VH
and VK or V segments, respectively. Region III on both H and L is encoded in
the J segment; variability to III is increased significantly by recombinational in-
accuracy at the V-D, D-J, and J-C junctions in H and V-J and J-C junctions
in L.
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3. Paratope Diversity

The theoretical diversity of antibody paratopes (and thus the number of specific-
ities attainable by the immune system) is extremely large (> 10°). It results from
the factorial multiplication of many variables: the number of V gene segments
present in the germ line; the number of D segments; the number of JH segments,
the number of VL and JL segments in the germ line; the probability of recombi-
nation inaccuracy; the frequency of somatic point mutation — especially impor-
tant at the secondary response; the assortment of heavy and light chains (e.g.,
combination of 10° H and 10° L yields 10° VH (LEDER 1982). Not all theoretical
specificities are actually realized. Nevertheless, since cross-reactivity must be
taken into account (the property of a given paratope to be able to bind with
graded affinity to two or more nonidentical epitopes), the theoretical expectation
agrees with the observed efficiency of the immune system.

4. Idiotypes

The VH-VL combination that constitutes a paratope is a structure unique to one
(or perhaps a few) clones in the whole organism. Parts of this clonotypic feature
may be recognized as new (thus, foreign) by the rest of the immune system. These
particular epitopes are called idiotypes, and the collection of idiotypes found on
a single immunoglobulin molecule are its idiotype. Idiotypes are extremely inter-
esting: they have served to map variable region genes and to characterize different
cellular receptors. They are the focus of Jerne’s network theory, proposing that
the system employs idiotypes as targets for recognition by anti-idiotypic regula-
tory cells and molecules (JERNE 1974).

D. The Immune Interaction

Epitope and paratope interact through a noncovalent bond. The resulting link is
determined by a number of attractions between the two entities (intrinsic). The
binding of the antibody molecule to a macromolecular antigen is determined by
the number of immune interactions that may be realized between the two. Since
Ab is always polyvalent, the possibility of multiple binding depends on the
antigen bearing more identical epitopes. This (see Sect. A, interaction type 2)
often happens with polysaccharides and is less common with proteins, where it
is limited to the cases of multimeric macromolecules, exhibiting the same epitope
on each protomer. Double binding in the case of 1gG, IgA, and IgE, and up to
quintuple binding in the case of [gM (a maximum of five of the possible ten bonds
have been verified) increase the strength of the link exponentially, with important
functional consequences.

I. The Forces Involved

The immune interaction, like any noncovalent protein bond, consists of multiple
finite attractions which take place between atomic clusters of the paratope and
the epitope. These forces are classified as:
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1. Coulombic: electrostatic attraction between positive and negative charges

2. van der Waals: attractions between electron clouds

3. Hydrogen bonds: attraction of the same hydrogen atom by two different
atoms

4. Hydrophobic forces: “cooperation” of hydrophobic groups (e.g., CH,) in ex-
cluding water molecules; this is possibly the single most significant force in im-
mune interactions

A common feature of these attractions is that they vary as inverse powers of
distance. This means that their effects virtually disappear with minimal incre-
ments of distance between the atomic clusters involved.

II. Paratope—Epitope Fit

The consequences of the facts listed in Sect. D.I are the following. Strong intrinsic
attractions are only possible if many weak attractions coincide in the binding (of
course, the cooperative gain is exponential). For this to come about a topologi-
cally close fit between the Ab combining site and the epitope is required. The
closer the fit (usually shown as a key-lock relation) the higher is the probability
of many weak bonds occurring. The resulting attraction is called intrinsic affinity.
Figure 2 shows the complementary shapes of paratope and epitope as revealed by
high resolution X-ray diffraction analysis.

Fig. 2. Complementary shapes of paratope and epitope by X-ray diffraction analysis and
computerized representation of water-accessible surfaces



16 F.CeLADA

IIL. Specificity

A given combining site can accommodate with different precision epitopes of
similar structure. This discriminating capacity is called the specificity of the anti-
body. Although based on affinity, it is not related to the absolute affinity of the
Ab. Thus, specificity is a relative concept, not measurable in quantitative terms.
As a rule, the antigen against which the antibody has been raised will be bound
with the highest affinity. An exception to this rule is the rare occurrence of het-
eroclytic antibodies which are able to bind with highest affinity epitopes different
from the one against which they were raised. The same concepts of cross-reactiv-
ity and of specificity apply when a given epitope is confronted with several, similar
antibody-combining sites.

IV. Affinity

As the fully reversible Ab—Ag interaction reaches an equilibrium, the amount of
bound Ag depends on the affinity of the bond and is determined by the molar con-
centrations of free antigen and antibody, following the law of mass action

k1
Ab+ Ag = AbAg

k2
hence
[Ab Ag]

[Ab] [Ag]

k L
where K= Ei represents the binding constant.
2

There is no substantial difference in terms of forces involved, range, specificity
between the binding of Ag and Ab, and that of enzyme and substrate. Thus, the
same basic methods, already developed in enzymology, can be applied to measure
affinity constants. In the case of Ab-Ag interaction (where no product will be
formed) the binding constant K is defined as the molar concentration of free epi-
tope necessary to reach, at equilibrium, 50% saturation of the antibody-combin-
ing sites.

1. Measurement of Ab-Hapten Affinity

The actual measurement of affinity (WEIR 1976) takes advantage of the small size
of the hapten (H). Ab is separated from H by a dialysis membrane which allows
free circulation of H, but not of Ab. To attain high sensitivity, H is radiolabeled.
The same concentration of antibodies is confronted with increasing concentra-
tions of H in a series of parallel experiments. At equilibrium, on one side of the
membrane H will be found in two forms, AbH and free H, while on the other side
only free H, at the same concentration, remains. For each experiment, bound H
is calculated simply by subtracting free H from total H, while free H will be the
sum of free H on both sides of the membrane. Once free and bound H have been
obtained from each experiment, there are two ways of plotting the data.
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a) The Lineweaver—Burk Plot

On the abscissa 1/[H]; on the ordinate 1/[AbH], both [H] is and [AbH] plotted be-
ing expressed in moles. By extrapolating to 1/[H]—0, the intersection with the or-
dinate indicates B,,,, (maximum H bound by Ab). The value of 1/[H] that corre-
sponds to 2 B, is 1/K,,, (where K, is the Michaelis constant), and corresponds
to the reciprocal of [H] at which the antibody is half-saturated (Fig. 3).

b) The Scatchard Plot

For this plot also, the molarity of the antibody is required in addition to free and
bound hapten: this means that a purified Ab preparation must be used. In this
plot, y=R/[H] and x =R, where R=[AbH]/[Ab,]. The resulting slope is — K, the
y intercept is nK and the x intercept is n, where # is the number of H molecules
bound per Ab molecule, i.e., the antibody valency. The affinity constant K is
readily calculated by determining the slope (Fig. 4).

2. Heterogeneity

An unexpected by-product of measuring antibody affinity is the demonstration
of the heterogeneity of combining sites among antibodies produced by an organ-
ism against a homogeneous hapten or determinant. This results in a curvature in
the Lineweaver—Burk double-reciprocal plot of the Ab-hapten saturation curves,
which can only be explained by the presence in the serum of combining sites, en-
dowed with different affinity toward the same hapten.
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In the past, efforts have been applied to quantify the extent of heterogeneity,
e.g., according to Sips (1949) the values on the abscissa are raised to a power be-
tween 1 and 0.1 until the curvature of the graph disappears. The corresponding
power is called the heterogeneity index and taken as an indication of the number
of different antibodies present in the Ag-purified antiserum and of the spread of
their affinity (WEIR 1976). The affinity constant calculated by this procedure has
been considered an “average” affinity. All these conclusions are only tentative
since there are too many unknowns (number of clonal antibodies, distribution of
affinities, relative amount of antibody with a given affinity) to reach any mean-
ingful conclusion.

3. Monoclonal Antibodies

There is no heterogeneity of affinity in a monoclonal antibody and no bending
of the double-reciprocal functions (VELICK et al. 1960), as in the determination
of affinity of enzymes.

4. Alternative Ways to Measure Affinity

Physical separation of bound and free Ag is not necessary if a functional way
exists to discriminate between the two forms. Two examples among many are: (a)
the method of fluorescence quenching; and (b) Ab-dependent enzyme activa-
tion.

a) Fluorescence Quenching

Immunoglobulin has a measurable natural fluorescence, which is lost when it
binds the hapten dinitrophenol (DNP), which absorbs the emitted wavelength.
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From the decrease in fluorescence it is thus possible to quantitate bound DNP
(VELICK et al. 1960).

b) Enzyme Activation

Antibodies may influence the conformation of antigens (see Sect. F). In the not-
able case of f-galactosidase, the binding of a single Ab paratope activates a mol-
ecule of defective enzyme. Thus, it has been possible to quantitate the bound Ag
by determining enzyme activity, and for the first time to measure intrinsic affinity
of Ab to the natural epitope of a macromolecular antigen (CELADA et al. 1973).

E. Effects of Ab—Ag Interaction

At variance with enzyme-substrate binding, the immune interaction is not di-
rectly linked with a catalytic step. Instead, it causes the formation of a rather
stable Ag—Ab complex and prepares the disposal of the antigen through a series
of antigen-nonspecific mechanisms. Examples are given for the situation of mem-
brane-bound antibody and free Ab.

I. Free Ag Binds Ig Receptor

In the case of antigen being bound by a receptor on the B-lymphocyte, the com-
plex is interiorized (with a rearrangement of the membrane architecture that be-
comes macroscopic when the bindings are multiple: the capping phenomenon)
and the antigen is degraded by proteolytic enzymes in the lysosomes. This process
is actually the basis for the reexpression on the membrane of fragments of the
antigen, in close connection with class II molecules, coded by the major histocom-
patibility complex, where they may be recognized by a specific T cell, thus initi-
ating the T-B cooperation.

II. Free Ag Binds Free Ab

In the case of free Ab binding free Ag, complexes of varying size may be formed,
depending on the valency of Ab and the number of epitopes available on Ag. If
the encounter takes place in body fluids — as in most natural situations — the pre-
cipitation does not occur, even in the so-called equivalence zone of the Ag/Ab ra-
tio. This is because the complement is present in large excess (except in extreme
pathologic cases) and it contains factors, within the alternative pathway chain,
that inhibit physical precipitation by binding to the crystallizable fragment (Fc)
moieties and interdigitating between them, with the result of preventing large ag-
gregates.

The principal action of the immune complex is to signal its existence to phago-
cytic and scavenger cells. This is done by binding (at the antibody hinge region)
Clq molecules and thus triggering the complement cascade. The immediate and
medium-term effects are the initiation of the phenomenon of inflammation
(through the liberation of C3a and C5a), the attraction by opsonization of phago-
cytic cells, and the display on the complex of C3b, which favors the binding by
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any cell, e.g., granulocytes and monocytes, that bear C3 receptors. The next step
is phagocytosis or pinocytosis, with consequent digestion and disposal of the
complex.

III. Free Ab Binds Cell-Associated Ag

A third possibility is the binding of free Ab to cell-bound Ag. This will happen
in responses to bacteria, protozoa, tumors, viruses, and self antigens. With the ex-
ception of certain antiviral antibodies that may neutralize the virus by simply
binding to or near sites critical for phenomena such as penetration into the target
cells, all other cases require signalling to, and further action taken by, macro-
phages or more specialized cells. The activation of complement (as in Sect. E.II),
ending with perforation of the target membrane, will cause direct killing of bac-
teria and of a certain fraction of tumor cells; killed cells will be disposed of by
phagocytes opsonized by complement products. Most nuclear cells (e.g., tumor
cells, or transplanted cells) are not killed by Ab + complement (C’). Instead,
killer lymphocytes (belonging to the family of LGL, large granular lymphocytes)
will be attracted and will make a lethal contact with the target through their Fc
receptors, which have affinity toward the carboxy terminal domain of bound anti-
body.

F. Immune Interaction as a Signal:
Role of Conformational Changes

I. Antibody

From the examples discussed in Sect. E, it appears that central questions in mo-
lecular immunology such as how the binding of antigen to membrane antibody
induces the immune response; how the phagocyte knows which molecule should
be disposed of; and how a nonspecific killer cell can zero in on the appropriate
target, would eventually produce the same answer, if we were able to decode the
language of the antibody molecule and to understand the transmission of a mes-
sage from the Fab end, where antigen binds, to the Fc end of Ab, where the in-
formation is read.

In order to explore this question at the molecular level, three models have been
devised for the generation of the immunologic signal between the Fab and Fc re-
gions of antibodies: (a) the allosteric model; (b) the distortive model; and (c) the
associative model. For IgG, using complement activation as a measure of immune
response, most of the evidence indicates that association is a necessary step for
signal generation (METZGER 1978). What is not clear, however, is whether associ-
ation of IgG is a sufficient step for complement activation or whether a conforma-
tional change in IgG structure induced by antigen must also accompany the as-
sociation. For IgM, on the other hand, a conformational change appears to be
essential for complement activation, since a single molecule of IgM acquires the
ability to bind and activate C1 when it becomes attached to a cell surface through
two or more combining sites. IgM is already a pentameric molecule, and this
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“built-in” association also appears to be a necessary feature for efficient comple-
ment activation. Therefore, signal generation in IgM has been described as a mix-
ture of models, associative, but also requiring a conformational change. There is
direct evidence that at least small conformational changes occur when hapten is
bound to antibody; however, these changes in structure may be restricted to the
readjustment of the variable domain to a better binding conformation, and their
biologic significance is not clear (CELADA et al. 1983).

II. Antigen

Since the two patners of a protein—protein interaction are subject to the same
forces and thermodynamic conditions, the hypothesis that conformational tran-
sitions are part of the “antibody language” has been considerably strengthened
by finding that, in a number of cases, antigen is changed in conformation after
ADb binding (CELADA and STrROM 1972). When two or more different kinetically
accessible conformations are compatible with the primary structure of a protein,
they can be envisaged to be in dynamic equilibrium, no matter how much this
equilibrium is displaced in favor of one of them. The transition from one to an-
other conformation may be marked by the disappearance, the new appearance,
and/or the modification of conformational antigenic determinants. In each of
these cases, the presence of specific antibody is expected not to be neutral, but
rather to influence the conformation by increasing the stability of one form or in-
ducing/selecting the change to the other form.

Therefore, the requirement for an antibody-induced “change in conforma-
tion” is for the antibody molecule to have a higher binding affinity directed
against the less frequently presented form. To this type of antibody-mediated ef-
fect belong the classical examples by CRUMPTON (1966) where interaction with
anti-apomyoglobin causes metmyoglobin to dissociate and release the heme, and
by SELA et al. (1967) where antibodies directed toward synthetic amino acid se-
quences in a helical conformation cause amorphous fragments to assume a helical
shape.

Possibly the most dramatic examples in terms of functional effects are those
involving antibodies elicited against a structurally “normal’ species, which are
then confronted with genetically defective molecules. Here, the outcome may be
the “cure” of the genetic damage at the product level, and this may be perceived
as the new appearance of phenomena such as enzyme activity, as in the well-stud-
ied case of Escherichia coli f-galactosidase (ROTMAN and CELADA 1968).
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CHAPTER 3

Production of Antisera
by Conventional Techniques

G. CIABATTONI

A. Introduction

An immunogen may be considered as any chemical structure capable of inducing
a specific immune response after injection. Immunogens are not characterized by
a specific chemical sequence, but are molecules which share the common property
of evoking the synthesis of specific antibodies and reacting with them. To possess
immunogenic properties, a molecule has to satisfy the following requirements: (a)
to be a heterogeneous substance for the animal species in which it is injected; (b)
to undergo slow metabolic clearance or excretion after injection; (c) to be of ad-
equate size and complexity to be recognized by the immunologic system; and (d)
to present active surface groups. Although isoantibodies or autoantibodies may
be produced in several animal species, including humans, heterogeneity repre-
sents an essential feature for the immunogenic activity of a substance. Generally,
the more different the species, the greater will be the specific immune response.
To be immunogenic a heterogeneous substance has to diffuse siowly from the
point of injection, and should not be excreted or metabolized quickly. Slow excre-
tion as well as low metabolic clearance does not mean low solubility. To be im-
munogenic and to stimulate immunoglobulin production by B-lymphocytes, an
antigenic structure has to be solubilized by macrophages.

Size represents an essential feature in determining the immunogenicity of a
molecule. However, size itself is not enough to make a substance immunogenic.
Synthetic polymers, such as nylon or polystyrene, are unable to induce antibody
production. Probably this is due to the lack of molecular complexity of these com-
pounds. Despite their high molecular weight, synthetic polymers are built up of
very simple units, i.e., one or two very simple repeated monomers. Polymers of
amino acids, which have a more complex chemical structure, have been shown
to induce antibody production (SELA 1969, 1971). Natural antigens, on the other
hand, are usually very complex molecules. Even the simplest proteins are made
up of at least 15 different amino acids, which may be arranged in a number of
sequences and steric configurations. Generally speaking, the more complex the
antigen is in terms of size and chemical structure, the more suitable it is in induc-
ing a strong immune response, although no general rule exists about the minimal
size required for immunogenicity, and no close connection has been found be-
tween molecular weight and antigenic strength. Very small natural proteins like
glucagon (molecular weight 2600) are immunogenic. However, the bigger the
antigen, the higher is the probability of chemical complexity of the molecule and,
therefore, the presence of antigenic determinants in the molecule, which are re-
sponsible for the immunogenic strength.
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Substances with a low molecular weight are poor immunogens or are com-
pletely unable to induce antibody generation. It is necessary to conjugate a small
antigenic determinant to a big molecule, preferably with high chemical complex-
ity, to evoke an immune response. This type of reaction allows production of a
very large number of antigens, which are not naturally occurring. A substance of
low molecular weight coupled to a large molecule represents a hapten. This tech-
nique was originally due to LANDSTEINER (1945). Conjugating a substance of low
molecular weight to a protein carrier and injecting the conjugate into an ex-
perimental animal, he observed an increase in the heterogencous population of
antibodies. These reacted with both the small coupled molecule and the protein
carrier. Landsteiner and co-workers conjugated a number of aromatic amines to
the tyrosine, histidine, and lysine residues of proteins. Immunization led to the
production of specific antibodies directed against the hapten, the protein, or the
hapten—carrier junction.

The carrier provides the antigen with the immunologically necessary size and
reactive groups on its surface. Although these reactive groups are not required in
determining specificity toward the hapten, they participate in inducing the im-
mune reaction by activating the B-lymphocytes, thereby leading to the generation
of a heterogeneous population of immunoglobulins. Haptens may thus be consid-
ered single antigenic determinants. Natural antigens, like proteins, have a large
number of different antigenic determinants and could be regarded as molecules
with a lot of natural haptens. In the years following the Second World War it was
possible to prepare antigens by attachment to synthetic polypeptides or naturally
occurring proteins of small haptens such as dinitrophenyl, p-azobenzenarsonate,
or penicilloyl groups. In the 1960s, antibodies were raised with specificity directed
toward sugars, nucleosides, peptides, coenzymes, vitamins, and several other
naturally occurring small molecules. In the following years, it has been possible
to synthesize immunogens leading to antibodies of nearly any specificity de-
sired.

B. Substances Which Are Able
to Evoke Immunogenic Responses Per Se

Proteins or large peptides, such as most of the peptide hormones, are satisfacto-
rily immunogenic in a variety of experimental animals and can be directly injected
as an emulsion in Freund’s adjuvant. The immune response of the host will lead
to the production of antisera, composed of a mixture of site-directed antibodies,
each of which is directed against a different antigenic site in the peptide structure.
Since the binding site of an immunoglobulin can accommodate only a few amino
acids, no single antibody molecule can make close contact with the entire surface
of a peptide larger than this. As a consequence, antisera produced in this way spe-
cifically recognize only small portions of the larger peptide as major antigenic de-
terminants, the other areas being unable (or less able) to elicit antibody forma-
tion. Intermediate-sized peptides (10-30 amino acids) may contain only one or
two highly antigenic regions, and partial sequences containing this region may in-
teract fully with antisera raised against the whole molecule. Generally, molecules
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Table 1. Immunogens and haptens
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Immunogenic substances
(conjugation to carriers
not necessary)

Poor immunogenic substances Haptens

(conjugation to carriers
improves immunogenicity)

(conjugation to carriers
necessary to produce
antisera)

Insulin

Proinsulin

FSH-LH

hCG

Human chorionic somato-
mammotropin (hCS)

Prolactin

hGH

Parathyroid hormone (PTH)

TSH

Calcitonin

Placental lactogen (PL)

Erythropoietin

Human pancreatic poly-
peptide (HPP)

Bovine pancreatic poly-
peptide (BPP)

Nerve growth factor (NGF)

Relaxin

Myelin basic protein

Carcinoembryonic antigen
(CEA)

a-Fetoprotein («FP)

Trypsin, chymotrypsin

Pancreatic amylase and lipase
Glial fibrillary acidic protein

(GFA)
Microtubule-associated

proteins (MAPs)
Neurofilament proteins
Australia antigen (Au)
Rheumatoid factor

Atrial peptides

Glucagon

Insulin C peptide

Gastric inhibitory
polypeptide (GIP)

Vasoactive intestinal
polypeptide (VIP)

Cholecystokinin

Pancreozymin

Gastrin, pentagastrin

Motilin

Neurotensin and related
substances

Secretin

Oxytocin

Vasopressin

Somatostatin

Urogastrone

GnRH

TRH

ACTH

Calmodulin

S 100 protein

Eicosanoids

Steroids

Bile acids

Serotonin

T, and T,

o-, f-MSH

cAMP and cGMP

Bradykinin

Bombesin and bombesin-
like peptides

Melatonin

Angiotensin I

Substance P and related
neuropeptides

Enkephalins

Atropine

Folic acid

25-Hydroxy and 1,25-
dyhydroxy Vitamin D,

Drugs

of this size are not very immunogenic and production of antibodies may be dif-
ficult, unless administered in a bound form, i.e., covalently attached or tightly
linked with a carrier substance. Table 1 lists some substances which have been
found to be immunogenic per se, substances which are poor immunogens by
themselves, and substances acting as haptens.

Compounds of the first series are usually capable of raising antisera when in-
jected emulsified in complete or incomplete Freund’s adjuvant (see Sect. E.II).
Chemical attachment to a larger carrier or polymerization are not required to im-
prove immunogenicity. Pituitary gonadotropins (FSH and LH), thyrotropin
(TSH), parathyroid hormone (PTH), growth hormone (GH), prolactin, ACTH,
placental lactogen (PL), human chorionic gonadotropin (hCG), calcitonin, and
many other substances of high molecular weight and high molecular complexity
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are good antigens, capable of eliciting soluble antibody production in several ani-
mal species, including nonhuman primates.

In the early days of radioimmunoassay (RIA), Berson and Yalow observed
that, for immunization with most peptide hormones, it is possible to use relatively
impure antigens (for review see BERSON and Yarow 1973). Commercial or low
purity hormonal preparations may present slight denaturations which render the
hormones more heterogeneous for the animal species which receives them and,
thereby, enhance their antigenicity. For example, the same authors reported that
immunization of guinea pigs with crude bovine parathyroid hormone (about 5%
purity), or with two preparations of semipurified porcine gastrin, gastrin A (0.5%
gastrin) and stage II gastrin (10% gastrin), resulted in the production of antisera
suitable for measurement of human parathyroid hormone (molecular weight
about 9000) or human gastrin (molecular weight about 2600), respectively (BER-
SON et al. 1963; YaLow and BErRsON 1970 a). Sera containing anti-gastrin anti-
bodies with high avidity were noted in approximately 40% of the treated ani-
mals.

Antisera strongly binding human insulin were reported for the first time by
BErsoN and YALOW (1959 a). This observation led in the following year to the im-
munoassay of endogenous plasma insulin in humans (Y ALOW and BERSON 1960).
Since then, a number of investigators have successfully raised anti-insulin sera
specific for the human hormone as well as for other animal species. Crystalline,
lente, NPH, protamine, or regular pork insulin available for therapeutic pur-
poses, and other preparations have been successfully used. However, the same
authors (YALOW and BERSON 1971 a) observed that crude preparations are not
necessarily poor immunogens and on occasion may be superior to the purified
antigen. Subsequently, studies performed by SCHLICHTKRULL et al. (1972) and
Roor et al. (1972) have shown that impurities of high molecular weight, which
cocrystallize with insulin, may be largely responsible for antibody stimulation in
rabbits as well as in diabetic patients, while highly purified insulin preparations
are less immunogenic. This suggests that the inherent immunogenicity of this pep-
tide may be increased if adsorbed on larger molecules, likely acting as a stimulant
of the immune apparatus.

Immunogenicity of relatively small molecules may be enhanced by physical
adsorption on carbon or latex microparticles or polyvinylpyrrolidone, or by con-
jugation to a larger carrier protein. Immunogenicity of human gastrin appears to
be increased by conjugation to bovine serum albumin (BSA), as judged by the
percentage of treated animals yielding high affinity antibodies suitable for RIA
(REHFELD et al. 1972). Similarly, the immunogenicity and the resultant antibody-
binding capacity and affinity for glucagon are increased by chemical binding or
physical adsorption on larger molecules. In 1965 AssaN et al. first demonstrated
that the adsorption of glucagon to polyvinylpyrrolidone prior to emulsification
with adjuvant greatly increases antibody production in rabbits. In 1970 GRrEY et
al. reported the production of high affinity antibodies by coupling glucagon to
hemocyanin and CUATRECASAS and ILLIANO (1971) obtained high affinity antisera
using a glucagon—poly (L-lysine) conjugate. HEDING (1972) obtained good anti-
sera production by coupling glucagon to glucagon, thus increasing the molecular
weight and offering a repeated antigenic sequence to the B-lymphocytes of immu-
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nized animals. Nevertheless, YALow and BErSON (1970b) have obtained anti-
bodies to unconjugated commercial glucagon in Freund’s adjuvant, which were
at least as satisfactory as those obtained with crystalline glucagon conjugated to
BSA or adsorbed to a silicate in suspension. Elsewhere, these authors described
an antiserum useful at a dilution of 1: 10° from a guinea pig immunized with com-
mercial glucagon (BERSON and YarLow 1973).

A similar case exists for arginine vasopressin (AVP). Like oxytocin, this hor-
mone is considered not to be sufficiently immunogenic per se and conjugation
with a larger carrier protein is thought to be necessary to evoke antibody produc-
tion. In 1966 ROTH et al. obtained antibodies to unconjugated AVP in rabbits,
even thought this substance circulates in that species. A possible explanation has
been suggested by R. S. Yalow. The protein impurities of the crude extracts which
were used in early RIAs could also serve as the larger protein carrier to which the
small peptide can be coupled (STRAUS and YArLow 1977). Moreover, some
denaturated hormone present in the standard injected into animals may improve
immunogenicity by increasing heterogeneity to the immunized animal species.

Adrenocorticotropin (ACTH) is a peptide hormone of 39 amino acid residues.
A 24 amino acid peptide (sequence 1-24) retains the activity of the parent hor-
mone and the eicosapeptide (sequence 1-20) is also fully active. The 1-39 se-
quence is sufficiently immunogenic by itself to stimulate antibody production. In
1968 BErSON and YALow reported production of ACTH antibodies by subcuta-
neous injection into guinea pigs with porcine ACTH emulsified in complete
Freund’s adjuvant. ACTH antibodies were detectable in almost all guinea-pigs
after two or three injections. Other authors followed the same procedure and suc-
ceeded in producing anti-ACTH antibodies suitable for RIA of plasma ACTH
(DEMURA et al. 1966; LANDON and GREENWOOD 1968; MATSUKURA et al. 1971).
However, 1-24 ACTH or other smaller fragments derived from the parent hor-
mone may be coupled to albumin, thyroglobulin, or other protein carriers and the
conjugate successfully used for immunization (ORTH 1979). The aminoacid se-
quence of ACTH contains several antigenic determinants; thus, a heterogeneous
population of antibodies directed toward single portions of the 1-24 sequence or
other fragments of the molecule may be raised. By using single fragments of
ACTH molecule for immunization, it is theoretically possible to induce antibody
formation with specificity directed against a preselected sequence of the peptide
chain.

Despite chemical structures similar to that of ACTH, a- and f-endorphin
(amino acid sequences with opioid activity derived from S-LPH) are generally
considered weak immunogenic substances and conjugation with protein carriers
is required to obtain good antisera production. Antibodies specific for - and g-
endorphins have been described by several authors (GUILLEMIN et al. 1977; WEBER
et al. 1982).

Calmodulin is a single polypeptide consisting of 148 amino acids, with a mo-
lecular weight of 16 700. Although satisfactory immunogenicity could be expected
on the basis of the relatively long amino acid sequence (compared with other
polypeptide hormones successfully employed for antisera production), only
monospecific antibodies suitable for immunofluorescence have been produced by
immunizing animals with purified preparations emulsified in Freund’s adjuvant
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(ANDERSEN et al. 1978; DEDMAN et al. 1978), while repeated efforts failed to obtain
antisera with titers high enough to enable development of RIA, even when calmo-
dulin was injected in a coupled form or polymerized. It should be noted that cal-
modulin has been detected in most eukaryotic cells examined and the amino acid
sequence is highly conserved throughout vertebrate and invertebrate species. In
other words, it lacks tissue and species specificity, an attribute which is required
by a strong immunogen. By contrast, good results have been obtained with dini-
trophenylated (WALLACE and CHEUNG 1979) or performic acid oxidized calmodu-
lin (VAN ELDIK and WATTERSON 1981) as antigen. The incorporation of several
dinitrophenyl groups or performic acid oxidation renders calmodulin highly im-
munogenic in experimental animals by slightly modifying its chemical structure.
For this polypeptide, the major immunoreactive site is contained in a unique re-
gion of the molecule. VAN ELDIK and WATTERSON (1981) identified this site within
an 18-residue region in the COOH terminal domain of calmodulin. It is likely that
the major antigenic determinants of this region are not substantially modified by
the complexing procedure. Immunogenic strength might be increased by modifi-
cations induced in other areas possibly required to activate B-lymphocytes.

C. Special Problems with Small Peptides

Very small peptide hormones are generally poor immunogens per se. They consist
of small molecules, often immunologically indistinguishable among different ani-
mal species, and when injected undergo a rapid enzymatic destruction both in
blood and in tissue. Antisera may be easily produced in experimental animals in-
jected with a conjugate of the small peptide with larger protein carriers. Successful
antibody production to bradykinin has been reported only when the nonapeptide
was injected as a complex with a protein carrier or in the larger kininogen form
(WEBSTER et al. 1970). Similarly, antisera to angiotensins were produced in rabbits
by angiotensin conjugated by carbodiimide condensation to albumin (Goob-
FRIEND et al. 1964) or succinylated polylysine (STASON et al. 1967). RIA measure-
ment of bombesin-like peptides was made possible by immunization of animals
with bombesin B-14 or B-9 polypeptide conjugated to heterologous serum albu-
min (WaLsH and HoLmQuisT 1976). Good results were obtained by EBEID et al.
(1976) and FAHRENKRUG et al. (1974) with purified porcine VIP coupled to BSA
with carbodiimide. On the other hand, antisera to gastric inhibitory polypeptide
(GIP) have been raised in guinea pigs by multiple injections with both the conju-
gated and unconjugated polypeptide (Kuizo et al. 1974). Indeed, immunogenicity
of heterologous GIP seems to be adequate to evoke antibody generation by it-
self.

In spite of their low molecular weights, vasopressin and oxytocin are antigenic
in many species (rabbits, guinea pigs, chickens, pigs, and humans). Antibodies
have been successfully produced by immunization of rabbits with commercial
vasopressin, or natural or synthetic AVP and lysine vasopressin nonapeptides
emulsified in Freund’s adjuvant (RoTH et al. 1966; WU and ROCKEY 1969; BEARD-
WELL 1971), as well as with unconjugated oxytocin (GILLILAND and PROUT 1965;
GLICK et al. 1968). However, the percentage of animals producing antisera and
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the titers of the antisera produced were relatively low. Better results seem to be
obtained using the natural or synthetic hormones coupled to bovine or human
serum albumin (BSA or HSA) or equine y-globulin with carbodiimide or glutar-
aldehyde as the coupling agents (PERMUTT et al. 1966; MILLER and MOSES 1969;
Wu and RockEy 1969; Ovama et al. 1971; BEARDWELL 1971), or adsorbed to car-
bon microparticles injected directly into lymph nodes (CHARD et al. 1970).

Recently, RIA systems have been developed for atrial natriuretic factor
(ANF) and related polypeptides. ANFs are a group of peptides possessing a po-
tent diuretic and natriuretic activity and producing vasorelaxation. A major
bioactive 28 amino acid sequence has been identified in « human and rat atrial
natriuretic polypeptide (xhANP and arANP). A 25 amino acid sequence (rat
ANF-IV) has been coupled to thyroglobulin by TANAKA et al. (1984) and used
as antigen to raise antibody with specificity directed toward rat ANF. A smaller
common COOH terminal fragment of «hANP and arANP, i.e., tANP; ;_,4), has
been conjugated to bovine thyroglobulin by Nakao et al. (1984) to produce an
antiserum which recognizes thANP and arANP equally. Finally, a synthetic 26
amino acid fragment of ANF has been employed by GUTKOWSKA et al. (1984) to
develop a direct RIA of ANF. In any case, because *ANP or ANF and related
peptides are small molecules, it was necessary to conjugate the peptide covalently
to a larger protein for immunization. The same procedure had been followed a
few years before for production of antibodies directed toward enkephalins. As
these compounds are opiate-like pentapeptides, they should be considered true
haptens rather than low immunogenic substances and, therefore, injected in a
coupled form.

In summary, small peptides with 9-20 amino acid residues in the chain may
be immunogenic per se in heterologous and, to a lesser extent, in homologous spe-
cies. Their ability to elicit specific antibody formation is increased by coupling to
a larger carrier protein. As the specificity of antibodies directed against them is
limited to a small amino acid sequence, fragments, rather than the whole hor-
mone, may be successfully employed to increase the specificity of immune re-
sponse in experimental animals. Single fragments containing less than ten amino
acids in sequence may be coupled by the reactions described in the following sec-
tion.

D. Haptens Covalently Coupled to Protein Carriers

I. Preparation of Derivatives Containing Reactive Groups

When preparing a hapten—protein conjugate for immunization, it is necessary to
select the site of coupling: a reactive group (i.e., carboxyl, amino, or other acti-
vated group) is required in this position to form a strong covalent linkage with
carrier proteins. Peptide bonds are among the most stable chemical bonds, and
various approaches have been reported to form this type of attachment between
substances of low molecular weight and proteins or polypeptides.

Substances which offer a suitable coupling site, represented by a carboxyl or
an amino group, may be directly coupled to protein carriers by forming peptide
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bonds between these reactive groups and amino or carboxyl groups of protein
molecules. Prostaglandins and thromboxane fulfill this requirement. They are
fatty acids containing a carboxyl group in a not particularly interesting part of
the molecule. This group can be easily coupled to a side amino group on the pro-
tein molecule, leaving other regions of the carboxyl side chain exposed. Keto and
hydroxyl groups are present in the ring and in the C-15 position (also C-6 for 6-
keto compounds): these parts of the molecule are more important for recognition
by the antibodies, whereas the structures close to and at the coupling site are of
minor importance. Therefore, when coupled to protein carriers, prostaglandins
are attached at the COOH terminus and the ring structure is exposed on the sur-
face of the hapten. This is a very favorable condition: ring structures have been
proved to be strong antigenic determinants and the coupling site should be as far
as possible from these structures.

Hydroxyl and keto groups of small molecules can be used as anchoring points
to prepare derivatives containing reactive groups. Steroid derivatives provided
with free carboxyl groups suitable for conjugation with the amino groups of pro-
teins have been prepared since 1957 (ERLANGER et al. 1957). Table 2 reports some
steroid derivatives employed to form peptide bonds with several protein carriers.

Table 2. Some steroid derivatives suitable for coupling to protein carriers

Antigen types Reference Protein
carrier®
Cortisone 21-hemisuccinate ERLANGER et al. (1957) BSA
LIEBERMAN et al. (1959) BSA
BEISER et al. (1959) BSA
SRIVASTAVA et al. (1973)
ABRAHAM (1974a) HSA
11-Desoxycorticosterone
21-Hemisuccinate LIEBERMAN et al. (1959) BSA
ERLANGER et al. (1959) BSA
BEISER et al. (1959) BSA
ABRAHAM (1974a) HSA
3-(0-Carboxymethyl)oxime ARNOLD and JAMES (1971) BSA
Cortisone 21-hemisuccinate UNDERWOOD and WiLLiaMs  BSA
(1972)
Cortisol
21-Hemisuccinate RUDER et al. (1972) BSA
3-(0-Carboxymethyl)oxime DasH et al. (1975) BSA
Faumy et al. (1975) BSA
3-(0-Carboxymethyl)oxime 21-acetate Cook et al. (1973)
60,/6 f-Hemisuccinoxy NisHINA et al. (1974) BSA
Aldosterone
18,21-Dihemisuccinate HANING et al. (1972) BSA
3-(0-Carboxymethyl)oxime MAYEs et al. (1970) BSA
ITo et al. (1972) BSA
VETTER et al. (1974) RSA-BGG
3-(O-Carboxymethyl)oxime BAYARD et al. (1970) RSA
18,21-diacetate MIGEON et al. (1972) BSA
3-(0-Carboxymethyl)oxime y-lactone FARMER et al. (1972) BSA

Pregnenolone 20-(O-carboxymethyl)oxime  ERLANGER et al. (1959) BSA
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Table 2 (Coninued)

Antigen types Reference Protein
carrier®
Progesterone
20-(0-Carboxymethyl)oxime ERLANGER et al. (1959) BSA
3-(0-Carboxymethyl)oxime FuruyaMa and NUGENT BSA
1971)
11a-Hydroxyhemisuccinate ANDERSON et al. (1964) BSA
LINDNER et al. (1972) BSA
ABRAHAM et al. (1975) HSA
6-(Carboxymethylene)thioether LINDNER et al. (1972) BSA
17a-Hydroxyprogesterone
3-(0-Carboxymethyl)oxime YOUSSEFNEJADIAN et al. (1972) BSA
ABRAHAM et al. (1975) HSA
20a-Hydroxyprogesterone
3-(0-Carboxymethyl)oxime ABRAHAM et al. (1975) HSA
17,21-Dihydroxyprogesterone
21-Hemisuccinate ABRAHAM et al. (1971) HSA
Dehydroepiandrosterone
17-(0O-Carboxymethyl)oxime NIESCHLAG et al. (1972) BSA
SEKIHARA et al. (1972) BSA
17B8-Glucuronide KELLIE et al. (1972) BSA
3-Succinate ABRAHAM et al. (1974a) HSA
Testosterone
17-Chlorocarbonate LIEBERMAN et al. (1959) BSA
17-Hemisuccinate BEISER et al. (1959) BSA
ABRAHAM et al. (1974) HSA
3-(0-Carboxymethyl)oxime ERLANGER et al. (1957) BSA
LIEBERMAN et al. (1959) BSA
BEISER et al. (1959) BSA
Furuyama et al. (1970) BSA
CHEN et al. (1971) BSA
ABRAHAM (1974a) HSA
Ta-Carboxymethylthioether WEINSTEIN et al. (1972) BSA
Ta-Carboxyethylthioether WEINSTEIN et al. (1972) BSA
17p-Glucuronide KELLIE et al. (1972) BSA
Estrone
3-Hemisuccinate ABRAHAM (1974a) BSA
3-(0O-Carboxymethyl)ether RaA0 and Moore (1977) BSA
Estradiol
178-Hemisuccinate FERIN et al. (1968) BSA
ABRAHAM (1974a) BSA
3-Succinate ABRAHAM (1974a) BSA
6-(0-Carboxymethyl)oxime DEAN et al. (1971) BSA
LINDNER et al. (1972) BSA
JURIENS et al. (1975) BSA
3-(0-Carboxymethyl)ether RA0 and MoORE (1977) BSA
178-Glucuronide KELLIE et al. (1972) BSA
Estriol
3-Succinate ABRAHAM (1974a) HSA
3-(0-Carboxymethyl)ether Ra0 and MOORE (1977) BSA
3-(0-Carboxymethyl)oxime LINDNER et al. (1972) BSA

2 BSA, bovine serum albumin; HSA, human serum albumin; RSA, rabbit serum albumin;

BGG, bovine gamma-globulin.
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The chemical reaction required to obtain the steroid derivative depends upon
whether hydroxyl or keto groups of the steroid are used as anchoring points. Se-
lective esterification of a hydroxyl group with succinic anhydride is among the
most commonly used methods. The degree of reactivity of hydroxyl groups de-
pends on the nature of the alcohol involved, being maximal for phenolic hydroxyl
and progressively decreasing for primary, secondary, and tertiary alcohols. If the
steroid hormone contains only one hydroxyl group, succination may be achieved
by incubating the steroid with succinic anhydride in pyridine. However, tertiary
alcohols are not esterified under these conditions: an acid-catalyzed reaction us-
ing p-toluenesulfonic acid instead of pyridine is required (ABRAHAM and GROVER
1971). (O-Carboxymethyl)oxime derivatives may be prepared with steroids pos-
sessing keto groups. The reaction of a keto group with (O-carboxymethyl)hydro-
xylamine yields the corresponding oxime. This reaction is usually base catalyzed
and was reported for preparation of steroid conjugates with BSA by ERLANGER
et al. (1957). These authors described testosterone-3-(0O-carboxymethyl)oxime
preparation by carrying out the reaction in ethanol under alkaline conditions. In
the following years, other investigators prepared the same derivatives of a large
number of steroids (Table 2). This chemical reaction may be carried out by reflux-
ing the steroid with O-(carboxymethyl)hydroxylamine in pyridine or alkaline
ethanol. Alkaline conditions are required to activate the amino group of ami-
noxyacetic acid. Finally, a third procedure has been used, i.e., the conversion of
a hydroxyl group to a chlorocarbonate by reacting the steroid with phosgene. All
these procedures have been described in detail by several authors (for review see
ABRAHAM and GROVER 1971). Generally, these reactions require chemical exper-
tise. Presently, oxime as well as hemisuccinate derivatives suitable for conjugation
are commercially available from several chemical companies for nearly all the ste-
roids.

Since then, antisera against 25-hydroxy- and 1,25-dihydroxycholecalciferol
have been raised by immunizing animals with a conjugate of BSA and the 3-hemi-
succinate derivatives of the parent compounds (BOUILLON et al. 1980, 1984; GrRAaY
et al. 1981). 25-Hydroxyvitamin-D;-3-hemisuccinate was prepared by 14 days in-
cubation with succinic anhydride in pyridine (BOUILLON et al. 1984); 1-a,25-dihy-
droxyvitamin-D;-3-hemisuccinate was prepared from 1-o,25-dihydroxy-7-dehy-
drocholesterol, by incubating the latter compound with 2,2,2-trichloroethylsucci-
nyl chloride in pyridine and subsequent passage through the 3-2',2',2'-trichlo-
roethylsuccinate derivatives of 1-a,25-dihydroxyprecholecalciferol and 1-a,25-di-
hydroxycholecalciferol (BouiLLON et al. 1980). In any case, the anchoring point
of the vitamin D5 molecule was represented by the 3 position.

A similar approach was followed for cyclic nucleotides. In order to increase
the possibility of obtaining specific antibody production, neither the purine rings
nor the diester 3',5'-bonds of CAMP or cGMP should be altered when conjugating
with protein carriers. Consequently, the cyclic nucleotides have been succinylated
at the 2'-O-position to yield 2’-O-succinyl cAMP (FALBRIARD et al. 1967) and 2'-
O-succinyl cGMP (STEINER et al. 1972), respectively, and the free carboxyl groups
of these derivatives have been conjugated to protein. Presently, the method for
preparing 2'-O-succinyl nucleotides consists in reacting cAMP or cGMP with suc-
cinic anhydride in aqueous solution in the presence of triethylamine. Details of
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the reaction have been described by CAILLA et al. (1973, 1976) and HARPER and
BROOKER (1975).

Raising antibodies suitable for RIA measurement of pharmacologic levels of
different drugs in human sera has been achieved on several occasions by introduc-
ing reactive groups into the molecule. Synthesis of 3-O-succinyldigitoxigenin was
described by YaMaDA (1960) and used to develop a specific RIA of digitoxin by
OLIVER et al. (1968). The method employs reaction with succinic anhydride in
pyridine and allows the coupling of digitalis to a protein carrier for immunization.
In the following years, very sensitive RIAs have been developed for a number of
drugs. Antisera directed against the major classes of pharmacologic substances
have been obtained by immunizing experimental animals with drugs or drug de-
rivatives coupled to protein carriers (for review see BUTLER 1977). Drugs which
possess reactive groups can be covalently linked to proteins by the usual methods
(see Sect. D.II). Alternatively, acidic or amino derivatives can be employed. For
example, antisera which react with methadone and with urine from users of this
drug have been prepared by immunizing animals with protein conjugates of 4-di-
methylamino-2,2-diphenylvaleric acid (chemically very similar to methadone, but
containing a carboxyl group; Liu and ADLER 1973), or D- and L-methadolhemi-
succinate (BARTOS et al. 1978). To yield the hemisuccinate derivative of metha-
done, reaction with succinic anhydride was carried out in dioxane (BARTOS et al.
1977). A similar approach led to RIA measurement of different groups of ana-
bolics, i.e., nortestosterone and related steroids. The 17-carboxymethyloximes
and 3-hemisuccinates of nortestosterone (HAMPL et al. 1979) as well as 19-noran-
drosterone and 19-noretiocholanolone (HAMPL et al. 1982) have been employed
for conjugation with protein carriers.

RAHMANI et al. (1982) reported antisera produced against 5'-noranhydrovin-
blastine (a hemisynthetic derivative of vinblastine) by converting the parent com-
pound into the monohydrazide derivative and, subsequently, into a reactive acid
azide, which, in turn, was used for preparation of immunogen by reaction with
BSA and glycyltyrosine.

Similar approaches have been that tempted for many other compounds. Pro-
duction of antibodies directed against atropine was made possible by introducing
a carboxyl group into the atropine (D,L-hyoscyamine) or L-hyoscyamine molecule
and conjugating this product to BSA or HSA (WURZBURGER et al. 1977; VIR-
TANEN et al. 1980). Introduction of a free carboxyl group in this case was achieved
by coupling these substances to diazotized p-aminobenzoic acid.

Oligopeptides having neither a tyrosine, nor histidine, nor free primary amine
may present some difficulties to raise antisera. First, these substances are often
difficult to conjugate by themselves; moreover, coupling through the COOH or
NH, terminus directly to proteins generally results in attaching the peptide close
to the carrier molecule so that little of the molecule remains exposed for immu-
nologic recognition. In many instances, small oligopeptides possess only a single
amino acid residue which can be easily employed for conjugation to a larger car-
rier. But even in this case, it may not be convenient to use this residue for conju-
gation if its location within the peptide chain may lead to an excessively tightened
molecular configuration of the immunogen. The attachment of a prosthetic group
to peptides is a technique which has been widely used to circumvent these diffi-
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culties. Activated aromatic amino acids, such as tyrosine or histidine, or short
chain fatty acids which bear an activated phenyl group, such as p-hydroxyphenyl-
acetic acid and p-hydroxyphenylpropionic acid, may be coupled to the NH, ter-
minal amine of oligopeptides, thus introducing an activated arylamine, which, in
turn, can easily be coupled to a protein carrier (YOUNGBLOOD and Kizer 1983).
This procedure has been used for producing antisera directed against neuropep-
tides, such as the tripeptide prolylleucylglycinamide (MIF-I), which is difficult to
couple through its NH, terminus because of the relative lack of reactivity of the
secondary amine of proline (MANBERG et al. 1982). A similar approach to prepare
NH, terminus extended peptides is represented by coupling a carboxybenzyloxy
N-blocked w-amino fatty acid to the C-blocked peptide, remove the N-blocking
group by hydrogenation, and couple the amino fatty acid NH, terminus to a
larger protein. For protein amides there is no need to block the COOH terminus
before coupling. Both N-carbobenzyloxy-w-amino-n-caproic and N-carboben-
zyloxy-a-aminobutyric acids have been successfully used (YOUNGBLOOD and
Kizer 1983). The result is represented by a more immunogenic conjugate, with
the oligopeptide not closely bound to the protein carrier, but separated by a
bridge of variable length.

II. Covalent Coupling to Protein Carriers

Several coupling methods are suitable for forming peptide bonds between carbo-
xyl groups of haptens and amino groups of protein carriers, and vice versa.

1. Carbodiimide Method

In 1964 GOODFRIEND et al. first reported the use of water-soluble carbodiimides
in immunology. These highly reactive compounds can couple substances contain-
ing several functional groups, including carboxylic acids, amines, alcohols, and
thiols, with the formation of amides, esters, and so forth. Haptens containing a
reactive carboxyl group can form peptide bonds with the NH, terminus or the
side amino groups of protein carriers; but also the COOH terminus or the side
carboxyl groups of proteins can react with amino groups of the hapten, if it pos-
sesses any. Bovine serum albumin, for instance, has 59 lysine residues, which pro-
vide sites sufficient in number to produce conjugates with carboxylic haptens,
with highly specific antigenic properties. In any case, the presence of at least one
reactive carboxyl or amino group in the hapten is required. Figure 1 illustrates
such a procedure. The method is generally simple and rapid and can be performed
at room temperature. As regards the choice of carbodiimide, many different com-
pounds have been successfully employed by several investigators, and a very large
number of recipes has been described which give excellent coupling reactions. Dif-
ferences between recipes concern buffers, incubation volume, solution, purifica-
tion of reactive compounds, stirring of solutions, nature and dimension of tube
or vial for reaction, and so on. Moreover, differences among the various coupling
procedures may be due to instability of the hapten, or to its peculiar characteris-
tics (solubility, salt generation, denaturation, etc.), or to possible formation of
other coupled products, either owing to low standard purity or chemical conver-
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Fig. 1. Chemical reactions involved in the carbodiimide conjugation method

sion of hapten. Presently, it is impossible to include in one recipe all the detailed
techniques that have been published. Investigators should check the nature of car-
bodiimide and incubation conditions against previously reported successful pro-
cedures. However, a general procedure may be summarized as follows. The total
amount of protein carrier (such as bovine, human, or rat serum albumin, or other
heterologous proteins) should be solubilized in water. Hapten, if soluble in water,
may be dissolved in the same vial containing the protein solution. Otherwise, a
separate solution in an appropriate solvent may be prepared. Relative amounts
of protein and hapten depend on the desired molar ratio in the conjugate (see
Sect. E.IV) and on the final yield of the coupling reaction.

Thus, if we consider a final conjugation of 10% added hapten, and if we wish
a 10:1 molar ratio in the conjugate (hapten : protein), then a 100: 1 initial molar
ratio should be realized in the reacting mixture. Usually, a protein solution is first
prepared. The vial or tube for chemical reaction should be carefully cleaned to
avoid extraneous material which could interfere with the carbodiimide reaction.
Polypropylene tubes are suitable for conjugation. pH adjustment is generally as-
sumed to be important; a weak acid pH (5.0-5.5) should be obtained if the hapten
is represented by an organic acid, while neutral pH (6.8-7.0) has usually been
specified for peptide substances. With constant stirring, carbodiimide is added to
the solution. Its amount is generally in molar excess. The reaction mixture, if com-
pounds are completely dissolved, remains clear throughout the conjugation pro-
cedure. However, formation of visible precipitates or colloidal suspensions may
occur. This may be caused by changes in the solubility of protein when substitu-
ents are added, or may be due to macroaggregate generation. Continuous stirring
helps to prevent the latter event. However, these phenomena do not always follow
the formation of conjugates. Reaction should be permitted to proceed at room
temperature until a satisfactory yield is obtained. A longer time might cause
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chemical changes of the hapten molecule, or damage the protein. Usually, 24 h
incubation is required with low carbodiimide concentrations and chemically
stable haptens containing a single carboxyl group. Shorter incubations are
usually employed for peptide hormones or substances which offer more than one
possible reactive group. Removal of excess coupling reagent and estimation of
yield are accomplished by gel filtration on Sephadex G-50 fine resin or by dialysis
against water for 24 h. The contents of the dialysis bag or the column eluates are
employed for later injection into animals (OLIVER et al. 1968; LEVINE and VAN
Vunakis 1970; JAFFE et al. 1971; LEVINE and GUTIERREZ-CERNOSEK 1972). Es-
timation of yield may be performed by adding a known amount of radioactively
labeled hapten to the reaction mixture, and counting a small fraction of the puri-
fied conjugate. This also helps to identify the presence of conjugate in column elu-
ates. Otherwise, estimation of yield is based on the assumption that the content
of a particular amino acid residue in the protein will increase in proportion to the
amount of peptide hormone coupled (OrTH et al. 1979), or the hapten: carrier
molar ratio may be calculated by UV analysis (see Sect. E.IV).

2. Mixed Anhydride Method

Since the original report of ERLANGER et al. (1957) this represents the most com-
monly used method of conjugating steroid derivatives to proteins. The oxime or
hemisuccinate of the steroid is reacted in dioxane and tri-n-butylamine-contain-
ing medium with isobutylchlorocarbonate (also termed isobutylchloroformate)
to form the mixed anhydride of the steroid; the mixed anhydride will then react
with free side amino groups present on the protein molecule (LIEBERMAN et al.
1959). Figure 2 illustrates this chemical reaction. The same method has been suc-
cessfully employed for several other products containing single carboxyl groups,
including prostanoids, drugs, vitamin D, and other substances (OLIVER et al.
1968; JAFFE et al. 1971; KIRTON et al. 1972; BOUILLON et al. 1980, 1984).
Prostaglandins are 20-carbon, unsaturated fatty acids derived from arachi-
donic acid. Coupling with heterologous proteins may be achieved by dissolving

1]
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them in dioxane containing tri-n-butylamine and reacting with isobutylchlorocar-
bonate for 20 min at 4 °C; thereafter the mixture is added to water—dioxane so-
lution containing the carrier protein. The mixture is stirred for 4 h at 4 °C, then
dialyzed against water or PBS. A similar procedure has been reported for conju-
gating leukotriene B, (SALMON et al. 1982) and (glycine)monomethylester of N-
trifluoroacetyl leukotriene D, (LEVINE et al. 1981) to BSA. Note in the latter ex-
ample the conversion of the dimethylester of N-trifluoroacetyl leukotriene D, in
the corresponding C-1 monoacid (eicosanoid carboxyl-free) to mask the glycine
carboxyl group (remaining as methylester); this procedure is required to select the
carboxyl group reacting with protein (LEVINE et al. 1981). The use of the eicosa-
noid carboxyl group for coupling to protein carrier permits the exposure of most
of the carbon chain of the molecule and, particularly, of the sulfidopeptide group
(glutathione for leukotriene C,).

A molar excess of hapten to protein of 40-80 to 1 is generally employed in this
coupling reaction to obtain a satisfactory level of incorporation in the conjugate.
The molar ratio after coupling is in the range 7:1-10:1 hapten to protein; the fi-
nal yield should be evaluated by adding a known amount of labeled hapten to the
reaction mixture and calculating the bound radioactivity, or through analysis of
the coupled product by UV absorbance after correction of protein absorbance at
280 nm (if BSA is employed).

3. Glutaraldehyde Method

This consists of an intermolecular cross-link, represented by five carbon atoms
in a chain between two nitrogen atoms (RICHARDS and KNOWLES 1968). The cou-
pling procedure may be realized by adding a glutaraldehyde solution dropwise to
a medium containing hapten and protein in solution. Reaction with a,w-dialde-
hydes, especially glutaraldehyde, has been widely employed for the intermolecu-
lar cross-linking of crystalline enzymes or to prepare protein polymers. A prereg-
uisite for this particular conjugation procedure is the presence of a reactive amino
group in the hapten molecule: it is required to allow formation of a bridge be-
tween its nitrogen atom and the one present in a homologous side amino group
on the protein molecule. This reaction has been successfully employed to conju-
gate peptide hormones (REICHLIN et al. 1968) as well as substances containing a
single reactive amino group, i.e., sulfidopeptide leukotrienes (AEHRINGHAUS et al.
1982). The coupling procedure in the latter example involves a reaction on the free
amino group of the glutamyl residue of leukotriene C,, thus leaving the most im-
portant parts of the hapten molecule (including the eicosanoid carboxyl group)
unchanged.

Possible polymerization of the protein carrier in this coupling procedure
should be considered. Reaction of antisera produced in this way with BSA
polymers has been described (REICHLIN et al. 1968).

4. Schotten—Baumann Method

This has been commonly employed to conjugate a steroid to a protein when the
chlorocarbonate derivative has been formed (LIEBERMANN et al. 1959). The Schot-
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ten—Baumann reaction yields amides when amines or amino acids are treated with
an acid chloride. Alkaline conditions (pH 9.5) are required to permit the chloro-
carbonate derivative to react with a side amino group of the protein: the product
is a carbamate, in which the steroid is joined to the protein via an amide bond.
However, this coupling procedure has not been extensively employed, because of
its limited application to a few compounds (see ERLANGER et al. 1957 for further-
details).

5. Periodate Oxidation Method

This is based on a technique originally described by ERLANGER and BEISER (1964)
for conjugation of ribonucleosides and ribonucleotides to the e-amino groups of
lysine in a protein carrier. In this reaction, the ribonucleoside or ribonucleotide
is first oxidized with sodium periodate at room temperature. In this way the ribose
ring is opened, thus leaving two groups which can react with amino groups sup-
plied by the lysine residues. After destruction of the excess periodate by the ad-
dition of ethylene glycol, the reaction product is coupled to protein at alkaline
pH. Subsequent reduction with NaBH, stabilizes the linkage between the
haptenic group and protein. This reaction is not restricted to ribonucleosides or
ribonucleotides, but is applicable to the synthesis of protein conjugates of any
glycoside possessing neighboring hydroxyl groups. This method has been also
employed to conjugate digoxin to BSA (BUTLER and CHEN 1967; SMITH et al.
1970). In a first stage, digoxin, which consists of a steroidal aglycone linked to
three digitoxose residues, is oxidized by sodium periodate. The digitoxose ring is
opened and in a second stage reacted with NH, supplied by lysine and NH, ter-
minal residues of the protein. Reaction details are described by BUTLER and CHEN
(1967).

6. Diisocyanate Method

This method was originally described by ScHick and SINGER (1961) to form cova-
lent linkages between two protein molecules. SPRAGG et al. (1966) reported the
synthesis of bradykinin coupled to poly(L-lysine) or rabbit serum albumin via
NH, terminal arginine. The reaction employs a bifunctional reagent of low mo-
lecular weight, i.e., toluene-2,4-diisocyanate, the functional groups of which react
at alkaline pH primarily with amino groups to give stable covalent linkages. The
coupling reaction is carried out in two stages: hapten is first reacted with toluene-
2,4-diisocyanate at 0 °C under continuous stirring for 45 min. During this step,
a stable ureido linkage is formed between the NH, terminal group of the hapten
and the isocyanate group in position 4 (SPRAGG et al. 1966). Thereafter, the excess
unreacted diisocyanate is removed; this is followed by the addition of protein car-
rier to the diisocyanate-treated hapten to yield a second stable ureido linkage be-
tween an amino group of the protein and the isocyanate group in position 2. The
final coupled product is represented by a double ureido linkage of hapten and
protein, the toluene ring acting as a spacer. For details of the chemical reaction
and procedure see SCHICK and SINGER (1961) and SPRAGG et al. (1966).
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7. N,N'-Carbonyldiimidazole Method

In this procedure N,N'-carbonyldiimidazole is employed as the coupling reagent.
The final product is represented by a peptide bond between the carboxyl group
present in the hapten molecule and a side amino group of the protein. The car-
boxyl group of eicosanoids represents a suitable reactive site for this conjugation
procedure. For this purpose, the compound to be coupled should be dissolved in
dry dimethylformamide and N,N’-carbonyldiimidazole added to the mixture.
Stirring under nitrogen is continued for 20 min and the resulting solution is then
added to an aqueous solution of protein. The reaction is carried out at room tem-
perature for 5 h and the coupled product separated by extensive dialysis, first
against a water: dimethylformamide mixture (3:2), then against running water
(AxEN 1974). The intermediate step is represented by a reactive imidazolide deriv-
ative. The reaction of this compound with amines is sufficiently fast to allow cou-
pling to protein with water as cosolvent.

8. Conjugation with Diazonium Compounds

Diazonium functional groups react readily with the phenolic (tyrosyl), hystidyl,
amino, and carboxyl groups of proteins. A variety of reactions employing the bi-
functional bis-diazotized benzidine (BDB) or bis-diazotized 3,3'-dianisidine
(BDD) have been reported for the preparation of various protein—erythrocyte
conjugates (LIKHITE and SEHON 1967). BDB is formed by reaction of an aromatic
amine with nitrous acid to give a diazonium salt. This can react in alkaline solu-
tion with the appropriate group in the protein molecule (i.e., a- or ¢-amino
groups, imidazole, phenol, or carboxyl groups), thus allowing the formation of
a benzidene bridge interposed between two proteins. This method has been used
for coupling small peptides, such as thyrotropin-releasing hormone (TRH) to
BSA (Bassirt and UTIGER 1971), gonadotropin-releasing hormone (GnRH), to
keyhole limpet hemocyanin (KLH) (JENNES and STUMPF 1983; NETT et al. (1973),
and luteotropin-releasing hormone (LRH), and TRH to thyroglobulin (BRYCE
1974).

9. Conjugations with Other Coupling Agents

1,5-Difluoro-2,4-dinitrobenzene (DFDNB) reacts quite specifically with amino
groups, allowing replacement of the two fluorine atoms (positions 1 and 5 of the
benzene ring) with two amino groups. The most likely candidates for the amino
acid side chain of the protein which can react with DFDNB are the ¢-amino group
of lysine, the terminal amino group, the phenolic hydroxyl group of tyrosine, the
sulfhydryl group of cysteine and, possibly, the imidazole group of hystidine (R1va
et al. 1977). On the other hand, haptens which possess a side amino group can
react with DFDNB to form an intermediate monoamino substitute, which, in
turn, may react with a side amino group of the protein, the second fluorine atom
of DFDNB being replaced at a slower rate. Moreover, the characteristic UV ab-
sorption of the reagent and its mono- and diamino-substituted derivatives allows
one to follow the course of the coupling procedure and to quantitate the final ad-
ducts by UV spectroscopy (YOUNG et al. 1982). The final result of this technique
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is represented by hapten—protein conjugate with a spacer group (dinitrobenzene)
interposed (see YOUNG et al. 1982 for details of this chemical procedure).

Enzyme-coupled immunoassay of insulin using N-Maleimidobenzoyl-N-hy-
droxysuccinimide ester as coupling reagent has been reported (KITAGAWA and A1-
KAWA 1976). This reagent reacts through acylation of amino groups by the active
ester and formation of thioether bonds by addition of a thiol group to the double
bond of the maleimide moiety. It results in a sufficiently stable complex with pro-
tein.

6-N-Maleimidohexanoic acid chloride, prepared from 6-aminohexanoic acid,
has been employed for conjugating leukotriene C, to protein through the free o-
amino group of the glutamyl residue (YOUNG et al. 1982). Also, leukotriene B,
converted into the hydrazide has been successfully coupled to KLH by this
method (HAYES et al. 1983). 6-N-Maleimidohexanoic acid chloride reacts with the
amino group of the hapten to form an amide, which, in turn, may be coupled with
a thiolated protein. The final product is represented by a hapten—protein complex
with a molar ratio of 7-10: 1. Hapten molecules are bound to the thiol groups of
the protein, 6-N-Maleimidohexanoic acid acting as a spacer between the amino
and thiol groups (YOUNG et al. 1982). The thiolated protein may be prepared by
reaction with S-acetylmercaptosuccinic anhydride (KLoTz and HEINEY 1962).

Finally, conjugation of an oxy group present in the hapten with side amino
groups of the protein may be realized by reaction with p-nitrophenylchlorofor-
mate. This chemical reaction has been described for the conjugation of leuko-
triene B, to BSA via the 12-oxy group of the lipid (LEwis et al. 1982). The result-
ing immunogen was a urethane derivative in which linkage had been established
between a side amino group of BSA and the 12-oxy group of leukotriene B,
through a carboxyl group, as represented by the formula: leukotriene B,-O-CO-
NH-albumin (LEwis et al. 1982). For this purpose, the eicosanoid carboxyl and
the 5-oxy groups were protected by conversion of leukotriene B, to the 5-ben-
zoate of leukotriene B, methylester. This compound was reacted with p-nitrophe-
nylchloroformate to form the 12-p-nitrophenoxycarbonyl derivative, which was
subsequently bound to the lysine amino group of the protein. The methylester and
benzoate groups were selectively saponified after conjugation. A molar ratio of
approximately 11: 1 (hapten: protein) was reported as the final yield of conjugate.

E. Immune Response to Hapten—Protein Conjugates
I. Effect of Method and Duration of Immunization

Rabbits and guinea pigs are the most frequently used animals for the immuniza-
tion process, although sheep and goats have been successfully used, especially for
producing large amounts of antisera. Relatively exotic species have occasionally
been used to raise antisera, for example, leghorn chickens (YOUNG et al. 1969).
Neither cows nor horses are mentioned in the literature for RIA purposes.
Among rabbits, New Zealand white rabbits seem to produce the highest antibody
amounts. In the early work of Yalow and Berson, rabbit antisera generally
reacted much less energetically with peptide hormones than did guinea pig anti-
sera and were therefore less satisfactory for use in RIA of plasma hormones
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(YAaLow and BERSON 1964, 1970b; BERSON and YaLow 1967). For this reason,
guinea pigs were extensively employed in the early days of RIA. Moreover, the
total amount of immunogen required to immunize a single animal is lower for the
guinea pig, thus allowing a larger number of animals to be immunized with a
given amount of immunogen. In this way, the probability of obtaining a satisfac-
tory immune response by at least one animal is increased. However, the use of
guinea pigs for RIA purposes suffers from some limitations. First of all, bleeding
of the guinea pig is performed by cardiac puncture; if this procedure is not per-
formed with great experience and ability, animals may die while the titer of an-
tisera is still increasing. Moreover, the small size of guinea pigs requires subcuta-
neous injection of antigen—adjuvant mixture in the thigh. This offers the advan-
tage of ileal lymphnodes being involved in immune response, but precludes in-
tradermal injection of very small doses at a large number of different sites, a tech-
nique which appears to be very effective when the amount of immunogen is very
limited and, in any case, helps to stimulate the immune apparatus maximally
(VAITUKAITIS et al. 1971). In addition, the amount of serum which may be ob-
tained by a single bleeding is not very high compared with rabbits and sheep, and,
finally, guinea pigs frequently suffer from enteric diseases or lung parenchymal
infections, which in a short time can kill several animals in neighboring cages.
Guinea pigs are immunized at intervals of 2—4 weeks, to a total of 3-6 doses
(YAaLow and BERSON 1964). About 10-15 days after the second, third, and sub-
sequent immunizations, approximately 10 ml whole blood is taken by cardiac
puncture into a plastic syringe while the animal is under light ether or chloroform
anesthesia. Heparin or sodium EDTA may be used to prevent blood clotting. The
plasma is separated by centrifugation and stored frozen. Rabbits are immunized
from 3 to 16 months, sheep up to 30 months. Booster injections are repeated every
24 weeks and bleedings may be performed 15 days after the third and subsequent
immunization. Sheep and goats are very easy to bleed by puncturing the jugular
vein and collecting blood through the Vacutainer system. In rabbits, 10-30 ml
blood can easily be collected from the central artery of the ear. For this purpose
vasodilation is obtained by rubbing the ear with cotton soaked in xylol. After a
few minutes, arteries are easily visible and can be cannulated. Extensive washing
after bleeding prevents damage of the ear. Animals producing satisfactory anti-
sera may subsequently be given booster immunizations every few months and
bled 10-15 days afterward. Some characteristics of the antiserum can improve by
the prolongation of the immunization, such as titer or specificity, but within
limits. After some months of immunization, a stabilization of titer may be ob-
served, while specificity of antibodies may decrease with prolonged immuniza-
tion. In this case, the optimal blood taking period is generally 10-20 days after
the last booster injection. An example of immunization is shown in Fig.3. Two
New Zealand rabbits received three injections of thromboxane B,—~HSA conju-
gate emulsified in complete Freund’s adjuvant at 3-week intervals. About 10 pg
coupled throboxane B, was given to each animal by multiple intradermal injec-
tions into the back. The first immunization was performed when animals were
still very young (about 2 months); 15 days after the third injection animals were
bled twice and reimmunized with about one-quarter of the previous dose of im-
munogen. A third bleeding was performed at the same time as the booster injec-
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Fig. 3. Antibody response in two rabbits immunized with a thromboxane B,~human serum
albumin conjugate

tion. A sensible rise of titer was observed in both animals. After extensive bleeding
(about 3040 ml on two different occasions), animals were again immunized with
a low dose of immunogen. No change of titer was observed in animal 2, while in
animal 1 the titer significantly decreased.

What may happen after multiple injections of the same immunogen into an
experimental animal and how may titer and specificity be influenced by the
method and duration of immunization? In the induction of antibodies against
hapten—carrier molecules, cooperation between B and T cells is required. After
the first injection of a hapten—carrier conjugate, specific precursor lymphocytes,
B cells as well as T cells, are activated. After the second injection of immunogen,
antibody production by B cells requires the presence of carrier-specific activated
T helper cells. These activated T helper lymphocytes are necessary in order to help
B cells in the formation of an antibody, which is specific for the hapten—carrier
complex. A secondary hapten response is absent if the second injection of antigen
is performed with the hapten coupled to another carrier. For this reason, prefer-
ably only one coupling reaction should be performed (according to the chemical
stability of the immunogen) with enough antigen to immunize the desired number
of animals repeatedly. In this way, the structure of the hapten—carrier conjugate
remains absolutely identical throughout the immunization. As for the type of
antibody produced, the first injection of an antigen into an experimental animal
leads to a stimulation of IgM-producing cells. Then, a large number of IgG-pro-
ducing cells rise and a switch to IgG production may be observed. This step is not
necessarily followed by an increase in the specificity of the antibodies, but only
represents a shift of this specificity to a different immunoglobulin class (NOSSAL
1975). When hapten—carrier conjugates are used as antigens, specific T helper
cells are required to switch antibody production from IgM to IgG.
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At the start of the immune response, a wide variety of antibodies are present.
However, during the course of immunization, the antibody production turns to
those immunoglobulins with higher affinity. This is due to a selective proliferation
of B-lymphocytes with a high affinity for the antigen when antigen concentration
decreases. Memory cells are responsible for a quicker response of the IgG type
after the second and following injections of antigen.

During immunization with hapten—carrier conjugates, the titer of antisera
usually increases and reaches a plateau after a variable period ranging from 34
months to 6-8 months of immunization. A concomitant increase in affinity gen-
erally accompanies the titer increase, but affinity often does not reach a plateau
an mavy still be rising after a longer period of immunization. As for the specificity,
in most cases there is an increase during the first few months of immunization,
followed by decreased specificity afterwards (see Sect. E.IV).

II. Role of Adjuvants in Antibody Production

A wide variety of organic as well as inorganic compounds are capable of po-
tentiating immune responses by acting as adjuvants. These can be: (a) water and
oil emulsions; (b) endotoxins; (c) lymphokines and monokines; (d) pharmaco-
logic substances and hormones; and (e) synthetic polynucleotides (WEBB and
WINKELSTEIN 1984). The most commonly used substance is represented by
Freund’s adjuvant, which consists of heat-killed cultures of Mycobacterium tuber-
culosis, dried and suspended in mineral oil and lanolin (Freund’s complete ad-
juvant). Also, an incomplete form exists, which differs from the former in being
free of bacteria. However, this Freund’s incomplete adjuvant is a poor substitute
for the complete form. When injected into experimental animals, antigens are
usually emulsified with complete Freund’s adjuvant. Its potentiating capacity ap-
pears to be due, at least in part, to a delayed antigen absorption, which, in turn,
provides a prolonged antigenic stimulus of the immune system. However, this is
not the only mode of action, since deprivation of bacterial components strongly
reduces immunopotentiation of Freund’s adjuvant. It is likely that some compo-
nents of the bacterium itself may be potent adjuvants per se. For practical use,
the emulsion with Freund’s adjuvant should be the water in oil type, the water
phase preferably one-third to one-fifth of the emulsion (v/v). The emulsion is pre-
pared by repeated aspiration of the mixture into a syringe or by joining one
syringe containing the aqueous phase to another syringe containing the adjuvant
by means of a double-hub connector and then rapidly passing the contents to and
from many times. Equipment specially designed for the preparation of emulsions
also exists.

A variety of inorganic compounds, such as aluminum salts and calcium phos-
phate, have also been used as adjuvants. Presumably, their potentiating capacity
is related to a slower release of antigen at the site of injection and to an inflam-
matory effect which intensifies the host reaction to antigen (WEBB and WINKEL-
STEIN 1984).

Finally, cellular as well as humoral responses to a wide variety of antigens may
be enhanced by simultaneous injection of bacterial endotoxins. Bordetella pertus-
sis vaccine injected in multiple intradermal sites in a different lymphatic drainage
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area from the primary immunization is among the most commonly used sub-
stances. Also, dried Mycobacterium butyricum may be employed to enrich
Freund’s adjuvant at a concentration of 5-10 mg/ml. Bacterial endotoxins
strongly affect B cells and macrophages, but may also activate some T cells. A
significant augmentation of antibody production to hapten—carrier conjugates
with adjuvants has been clearly demonstrated (HAMAOKA and Katz 1973).

II1. Effect of Carrier Protein on Characteristics of Antisera

The assertion that the larger and more immunogenic the carrier substance, the
higher is the success rate and the antibody titer is widely accepted, but requires
some critical consideration. Hapten—carrier conjugates stimulate antibody pro-
duction against the hapten, the carrier, and the site of junction. When conjugates
are prepared with synthetic polymers, such as polyglutamic acid or polylysine, the
lack of molecular complexity requires a further coupling, for example, to KLH
or thyroglobulin prior to injection into animals. This technique has been success-
fully used to produce antisera against prostaglandin—polylysine conjugates
(LEVINE et al. 1971; ATTALLAH and LEg 1973). In some cases, to improve immu-
nogenicity the primary conjugate was absorbed on a second carrier, such as pneu-
mococcus strain cells (STyLos and Riverz 1972; Raz and StyLos 1973).
Moreover, when comparing the ability of various immunogens to elicit formation
of antibodies toward intermediate-sized peptides, such as neurotensin, it clearly
appears that hemocyanin and thyroglobulin complexes give a higher success rate
than the neurotensin—polyglutamic acid or neurotensin—polyglutamic acid-lysine
complexes (CARRAWAY and LEEMAN 1976). The higher molecular weight of hemo-
cyanin (about 2x10°) and its higher complexity compared with synthetic
polymers can easily explain the stronger immunogenicity of its conjugates. The
problem, however, appears to be more complex if we consider that: (a) proteins
of lower molecular weight and perhaps of lower complexity than hemocyanin and
thyroglobulin have been successfully used as carriers; and (b) homologous instead
of heterologous proteins may be used for conjugation. As for point (a), bovine
serum albumin and human serum albumin are among the most commonly used
carriers for small molecules and excellent antisera have been obtained from con-
jugates with these proteins by a number of investigators in all the fields explored
by RIA. As for point (b), a hapten—carrier conjugate with a homologous carrier
is capable of inducing antibodies to the hapten or to new antigenic determinants
unmasked by the coupling reaction, but not against the carrier, because it is not
immunogenic in the same species. However, in the homologous system, the tem-
poral course of the antibody production is delayed compared with a heterologous
carrier, and antibody titer reaches a plateau in a short time (RUBIN 1972; RUBIN
et al. 1973). In any case, antibodies with a specificity to hapten will be raised. It
is well documented that prior immunity against the carrier enhances the anti-
hapten response to a subsequent challenge with the hapten—protein complex. This
may be explained by activation of T helper cells, which co-operate in raising spe-
cific antibodies to the hapten. A reduced or very limited number of T helper cells
are activated in the case of a homologous carrier, and this may explain the delayed
temporal course and the weaker antibody production against a homologous
hapten—carrier molecule.
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Thus, the main role of the carrier molecule appears to consist in graduating
the intensity of immune response, rather than the antibody specificity. Although
different results have been reported by several authors with a wide number of car-
rier molecules, no convincing evidence has been so far provided to demonstrate
a selective effect of different carrier proteins on anti-haptenic antibody specificity.
The frequently reported differences in the titer, affinity, and specificity of antisera
produced for RIA purposes may be explained on the basis of the different site of
hapten attachment to the carrier, the hapten: carrier molar ratio, the portion of
hapten molecule which is presented to recognition cells, and the mode of its pre-
sentation, rather than the nature of carrier protein employed. As a general rule,
we may summarize the following points: (a) a heterologous carrier is generally
preferable to a homologous one, because of the enhanced antibody production
to hapten; (b) a carrier with satisfactory chemical complexity should be preferred,
however, it is not necessary to employ highly sophisticated molecules of high mo-
lecular weight; (c) conjugates with more than one carrier should be used if no ex-
perience has yet been obtained with a particular substance; and (d) in the author’s
experience, serum albumin of heterologous species represents a suitable carrier,
inexpensive and easily coupled, for many substances of molecular weight below
1000.

IV. Effect of Hapten: Protein Molar Ratio
on Characteristics of Antisera

Estimation of the hapten:carrier molar ratio may be calculated by including a
small, known amount of the labeled antigen when preparing the conjugate, or by
UV analysis of the conjugate product. In the latter procedure, direct UV analysis
of the purified immunogen reveals an absorption spectrum with one or more
peaks characteristic for each substance. The light absorption of a hapten is gen-
erally little modified by attachment to a protein carrier. Assuming a given molar
extinction coefficient ¢ corresponding to the bound hapten and subtracting the
protein absorption, it is possible to calculate the number of moles of hapten per
mole of protein carrier from the formula 4 =¢C, where 4 =absorbance, and C=
concentration.

The molar ratio of a carboxylic hapten to a protein such as BSA has a theo-
retical maximum of 59, there being 59 free amino groups in the BSA molecule.
This ratio, however, is never reached. Molar ratios generally ranging from 1 to
25 have been reported by a number of investigators using different coupling pro-
cedures, although higher molar ratios have occasionally been described.

The molar ratio, or the degree of substitution on the protein carrier appears
to be important for the production of antisera directed against some substances,
such as steroids. An important effect of hapten density on carrier proteins has
been described for the production of antisera specific to aldosterone (VETTER et
al. 1974) or some other steroids (NISWENDER and MIDGLEY 1970). With steroid—
protein conjugates, a molar ratio of 18 was recommended (MIDGLEY et al. 1971).
High titer antisera were obtained with albumin conjugates carrying more than 20
steroid molecules (Kuss et al. 1973). When the steroid : protein molar ratio was
less than 10, the antibody titer was low (ABRAHAM 1974 b). Also, synthetic anti-
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genic determinants, such as dinitrophenyl groups, show an optimal immunoge-
nicity at a given degree of substitution on the carrier molecule (QUUIADA et al.
1974).

On the other hand, the molar ratio in the conjugate does not seem to be as
important for the production of prostaglandin antisera as for steroids (GRANSTOM
and KiNDAHL 1978). All conjugates which have been reported with various de-
grees of substitution in the conjugate have given rise to good antisera. In this field,
a hapten : protein molar ratio of approximately 10:1 is considered satisfactory by
most investigators. Occasionally, very high degrees of substitution have been re-
ported (DRAY et al. 1972).

Itis not a general rule that the larger the degree of incorporation of the hapten
into the carrier, the more pronounced is the antibody response. A maximal incor-
poration may be disadvantageous when conjugating small peptides or complex
molecules with an appropriate number of reactive groups. Overcrowding the sur-
face of the carrier may result in the formation of antigenic determinants made
from parts of several hapten molecules. Moreover, antigenic groups may be steri-
cally masked or hindered. The possibility of raising antisera with low specificity
should be considered. In such a case, inserting a suitable spacer between hapten
and carrier and allowing a high, but less than maximal degree of substitution to
occur may help in increasing specificity of antisera.

Finally, it should be considered that highly substituted conjugates which pos-
sess a high number of antigenic determinants may stimulate B-lymphocytes with
low affinity receptors and raise low affinity antibodies. Therefore, it seems rea-
sonable to consider the size of the hapten and the surface area available on the
carrier protein and not exceed a substitution of 20% of carrier weight (CARr-
RAWAY 1979). On some occasions, this means a low hapten : protein molar ratio,
depending on the size of the protein carrier.

V. Effect of Site of Hapten Linkage to Protein
on Characteristics of Antisera

There is general agreement among investigators that antibodies directed against
haptens are more specific for the position of the molecule protruding out of the
carrier protein and less specific for the position of the hapten used for linkage to
protein. In general, the more distant a certain structure is from the coupling site,
the better it will be recognized by the antibodies. The hydroxyl and keto groups
of biologically active compounds, such as steroids, eicosanoids, drugs, cyclic nu-
cleotides, vitamins, and peptides confer biologic specificity to these molecules, but
are also easily recognized by the antibodies. A few examples will explain this con-
cept.

With regard to steroids, attachment to the protein through ring 4, B, C, or
D seems to confer a different specificity to the antibodies elicited, with substantial
differences from steroid to steroid. Antibodies elicited by immunizing with a ste-
roid hormone attached to a protein through one of its preexisting functional
groups usually lack specificity toward the group used for the coupling reaction
and the region of the hapten in its immediate vicinity. For example, if carbon C-3
of ring A of a 4*-3-keto C,, steroid is used as a site of attachment to the carrier
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protein, antibodies elicited against this conjugate will be most specific for ring D
and least specific for ring 4 (ABRAHAM 1974 b). When 17-f-estradiol, estriol, and
progesterone molecules are attached to the carrier protein at carbon C-6 of ring
B and C-11 of ring C, the specificity of antibodies produced against the 11-con-
jugate is greater for some portions of the molecule, such as ring 4 and the C-17
side chain (LINDNER et al. 1972). A comparison between different conjugates of
A*-3-oxosteroids bound to protein through several positions of the steroid mol-
ecule reveals a greater specificity of antibodies directed against C-7 conjugates
(WEINSTEIN et al. 1972). Therefore, the specificity of antibodies appears to be
markedly influenced by the position of the steroid molecule used for coupling to
the peptide carrier, with a particular “proximity effect.” This means that anti-
bodies fail in discriminating between molecules differing but slightly in the vicin-
ity of the point of attachment of the steroid to the carrier protein.

Similar problems arise when working with prostaglandins, thromboxanes,
leukotrienes, and polyunsaturated hydroxy acids. The carboxyl group of these
compounds is generally employed for conjugation to proteins, thus leaving the
whole carbon chain protruding out of the carrier. Side hydroxyl and keto groups
in the cyclopentane ring are the groups best detected by the antibodies. Prosta-
glandins of the « series are usually well distinguished from the homologous com-
pounds of the f§ series, although the difference is represented by the steric config-
uration of the hydroxyl group in position 9. More problems are generated by
dioic acids, which are urinary metabolites of prostaglandins in humans and in sev-
eral animal species, and by leukotrienes. The former compounds possess two car-
boxyl groups. If the coupling procedure is performed in the usual way, the con-
jugation will occur randomly at either carboxyl group and the resulting antisera
will presumably contain several clones of antibodies directed toward different
portions of the molecule. Therefore, the specificity may be expected to be very
low. A selective coupling of BSA to the w-carboxyl group of 5a,7a,-dihydroxy-
11-ketotetranorprosta-1,16-dioic acid (a urinary metabolite of prostaglandin F,,
in humans) has been described (GRANSTROM and KINDAHL 1976). The a-carboxyl
group was protected by d-lactone formation with the 5¢-hydroxyl group. The re-
sulting antiserum did not recognize the w end of the molecule at all, but was spe-
cific for the tetranor side chain.

In the last few years, sulfidopeptide leukotrienes and leukotriene B, have rep-
resented a serious problem for raising antisera suitable for RIA. Immunization
with a conjugate of leukotriene D, and BSA via the eicosanoid carboxyl group
produced antibodies with comparable affinities for leukotrienes C,, D,, and E,
and their 11-trans stereoisomers (LEVINE et al. 1981). The use of the carboxyl
group as an anchoring point, thus leaving the sulfidopeptide subunit exposed for
recognition by the immune apparatus, does not seem to be very effective in im-
proving antibody specificity, although leukotrienes C,, D,, and E, differ in sub-
unit composition. Better results have been reported by using coupling procedures
which involve reactions on the free amino group of the glutamyl residue of leu-
kotriene C, (AEHRINGHAUS et al. 1982; HAYES et al. 1983). These antibodies rec-
ognized both the glutathione and the fatty acid moiety as immunodominant parts
of the leukotriene C, molecule. Thus, coupling the hapten via the single free
amino group may be adavantageous, leaving the most characteristic parts of the
hapten unchanged.
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Two different ways have been followed to raise antibodies to leukotriene B,
— coupling leukotriene B, to BSA via the 12-oxy group of the lipid (LEWIS et al.
1982), or conjugating it by the mixed anhydride method through the COOH ter-
minus (SALMON et al. 1982). A satisfactory specificity was obtained in both cases.
Studies of cross-reactivity with other prostanoids indicate that the C-5 and C-12
hydroxyl groups, with their relative positions determined by the 6-cis-8, 10-trans-
triene structure, are important immunodeterminants (LEWIS et al. 1982; SALMON
et al. 1982).

F. Characterization of Antisera
1. Titer

Antisera are first screened for titer. The optimum dilution of antiserum for immu-
noassay has been defined by YALow and BERSON (1964) as the dilution at which
~50% of tracer is bound, i.e., “trace bound/free (B/F) ratio” ~1. According to
most authors, the titer is the dilution of the antiserum at which 50% of the
radioactivity present in the RIA system is bound. When characterizing a new anti-
serum, a preliminary testing is performed at low dilutions (below 1:1000) and
with incubation periods ranging from a few hours up to 5-7 days (BERSON and
Yarow 1968). Under some circumstances, equilibrium is not complete (i.e., maxi-
mum B/F ratio is not achieved in tubes containing only the labeled tracer with
antibody) before 4-5 days (BERSON and YAaLow 1968). If a negligible amount of
labeled antigen is bound at 1:100-1:150 dilution, the antiserum will not be very
useful. A further increase of titer is required before it could be employed for RTA
purposes. If more than 50% of the radioactivity is bound, further dilutions must
be tested. On the basis of these tentative results, antisera are examined over a nar-
rower range of dilutions to find the final dilution in the assay yielding a trace B/F
ratio of about 1.

It must be emphasized that the titer of antiserum or concentration of antibody
cannot be used to define the quality of an antiserum. Except when a choice is to
be made among different antisera exhibiting identical characteristics in terms of
sensitivity and specificity, the titer is not made the basis for selection. The only
requirement of antisera in terms of titer is that it should be great enough to allow
a large enough number of assays to be performed over a reasonable period of time
with a small volume. Except for this reason, a very high titer is not required. The
measure of usefulness of an antiserum for assay of low concentrations of a given
substance is determined by the slope of its standard curve. This slope is related
to the equilibrium constant K, not to the titer of antiserum. Paradoxically, a com-
parison of various antisera for sensitivity for measurement of gastrin (BERSON and
YALow 1972), revealed that the antiserum with the lowest titer (1:2500) showed
maximal initial slope of the standard curve. It should also be considered that titer
is dependent on antibody-independent technical factors, i.e., specific activity of
labeled tracer, radioactive tracer concentration in the assay system, or conditions
of incubation (time, temperature, buffer, plasma, or albumin added to the mix-
ture, etc.). Therefore, it is reasonable to expect differences in titers of the same
antiserum from laboratory to laboratory.
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Fig. 4. Binding of the labeled tracer by an anti-6-keto-prostaglandin F,, serum at different
dilutions in the RIA system

Figure 4 depicts the percentage binding of labeled tracer by an anti-6-keto-
prostaglandin F,, serum at different final dilutions in the assay. The concentra-
tion of the labeled tracer (*H-labeled 6-keto-prostaglandin F,,) was maintained
constant all through the dilutions and was the lowest detectable by the counting
equipment. Specific activity of the tracer was 160 Ci/mmol. At dilutions lower
than 1:50000 there is only a minimal increase of the binding. This means that the
RIA system has excess antibody. In a range of dilutions from 1:100000 to
1:750000, the binding is nearly a linear function of the reciprocal of the final di-
lution of antibody in the assay. At dilutions exceeding 1:1000000, a residual
minimal binding is still present, but this is not useful for RIA purposes.

Immunization of animals is generally monitored by titer. When it increases,
booster injections are suspended and bleedings at regular intervals are made.
However, although titer may continue to increase significantly during the course
of immunization, the equilibrium constant K usually reaches a plateau and does
not seem to increase significantly on continued immunization. A single bleeding
when affinity has reached a plateau may produce enough antiserum to serve for
millions of assays, or even more. In these cases, it is convenient to bleed animals
frequently and to stock as much antiserum as possible for later use. Undiluted
rabbit or guinea pig antisera may be stored in the frozen state for a decade or
longer without evident loss of potency (BERSON and YaLow 1973). Lyophilized
aliquots may be stored indefinitely. Dilutions of 1:100-1: 1000 in normal saline,
containing 1% human or animal plasma and merthiolate (1 : 5000), are stable in
a refrigerator (+4 °C) for more than 1 year. The working titer of a given anti-
serum sometimes seems to change. Generally, this is only an apparent change; the
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reason is almost always found in one of the other reagents. If the maximum bind-
ing with a relative excess of antiserum decreases, degradation of the labeled ligand
is the most likely explanation. If the standard curve shifts to the right, this is
usually a consequence of degradation of standard. If the curve shifts to the left,
the error may reside in the standard dilutions. When the maximum binding and
the initial slope of the standard curve decrease, contamination of the RIA system
with specific or nonspecific interfering factors may be the reason. In this case, one
should check separately all the reagents of the RIA system. However, sometimes
no obvious explanation can be found for a change in the working titer. If a loss
of binding capacity can be ascertained, the working dilution must simply be ad-
justed to give the normal binding. No change in affinity constant nor in specificity
follows the titer decrease in such cases. Sometimes an apparent rise in titer may
be observed. If it appears to be real, two explanations may be possible. One is pro-
gressive deterioration of the endogenous antigen (hormones or other endogenous
substances) which is present in the antiserum or antiplasma, thus yielding
gradually more binding sites available for exogenous tracer. In this way, the final
dilution of antibody required in the RIA system to bind the same amount of
tracer increases. A second possibility is represented by a higher specific activity
of the labeled tracer. When a new labeled tracer preparation is to be used, its real
specific activity should be properly considered and its immunoreactivity should
be checked at different dilutions of antiserum.

II. Affinity

Sensitivity of RIA is influenced by several factors, but first it depends on the af-
finity constant of the antibody. The terms “avidity”” and “affinity” are generally
used to describe the energy of binding of a given antigen—antibody reaction. Avid-
ity refers to the properties of the antibody and affinity to the ability of antigen
to be bound at the specific antibody site. However, in both cases avidity and af-
finity may be expressed in terms of the association or equilibrium constant of the
antigen—antibody reaction. To consider the theoretical basis of the immuno-
chemical reaction we will refer to the model system developed by Solomon A. Ber-
son and Rosalyn S. Yalow (BErsON and Yarow 1964, 1973). The simplified
model originally proposed by these two authors consists of a univalent hormonal
antigen Ag reacting reversibly with a single order of antibody-combining sites Ab
to form an antigen—antibody complex

Ag+ Ab = AgAb, 1

_ky _ [AgAD] o
k,  [Agl[Ab]

were K is the equilibrium constant and k, and k, are the forward and reverse
rate constants, respectively. The square brackets indicate molar concentrations.
If we assume F (free)=[Ag] and B (bound)=[Ag Ab], then Fand B will represent
the concentrations of free antigen and antibody-bound antigen, respectively. If
[Ab®is the total antibody concentration and [Ab] is the concentration of antibody
still available at equilibrium, then [Ab°]=[Ab]+[Ag Ab]=[Ab]+ B. Thus Eq.2
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may be written

B
k= F([Ab]— B)

or
% = K[Ab’]-B. 3)

The association constant of a given antiserum can be calculated by the Scatchard
plot or the Michaelis-Menten hyperbola. The equation

y=mx+b

expressing a linear relationship between an independent and a dependent variable
(Scatchard plot) may be applied to Eq. 3, B being the independent and B/F the
dependent variable. RODBARD et al. (1971) have developed a mathematical theory
of RIA, showing the applicability of the Scatchard plot to calculation of the as-
sociation constant of antisera. In Chap. 8, Rodbard et al. discuss these mathe-
matical aspects in detail.

From a practical point of view, this type of plot allows a graphical determi-
nation of the affinity constant. The Scatchard plot may be constructed for labeled
antigen alone or for labeled antigen in the presence of various amounts of unla-
beled antigen. The latter method is widely employed. Molar antigen concentra-
tions bound to antiserum at equilibrium are plotted against B/F (Fig.5). In the
present example, a standard curve of prostaglandin E,, covering the whole work-
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ing range of the assay, was employed. Anti-prostaglandin E, serum was produced
by immunizing a guinea pig with a prostaglandin E,~HSA conjugate. The molar
amounts of antigen bound to antibody were calculated on the basis of the added
concentrations of standard, assuming identical immunologic behavior of labeled
and unlabeled prostaglandin E,. Complete equilibrium was reached after 24 h in-
cubation at +4 °C. The slope of this line is equal to — K (in the example of Fig. 5
it is approximately 1.64 x 10'! L/M). The x intercept is equal to the total number
of binding sites, and corresponds to [Ab°] in Eq. 3. The y intercept is equal to K
[AD°]. If linearity is satisfactory in this type of graphical representation, only a
single order of binding sites may be supposed in a given antiserum. This also
means that satisfactory linearity is present throughout the working range of the
assay. In practice, however, we generally do not deal with a single homogeneous
order of antibody-combining sites, since conventionally produced antisera are
usually quite heterogeneous in respect to affinities of the various classes of anti-
bodies which they contain.

Figure 5 is an example of this heterogeneity: the relative positions of the single
points on the left and right sides of the curve suggest at least two main compo-
nents of the graphically determined line. The second component (not represented
in Fig.5) shows a significantly lower slope, and, therefore, a lower affinity con-
stant K. More than one population of immunoglobulins may be supposed to be
present in antisera or antiplasma obtained from animals injected with a given im-
munogen. This leads to a nonlinear relationship between B/F and the molar con-
centration of bound antigen, since the assay system is represented by a mixture
of antibodies with different affinity constants. Equation 3 refers to a simplified
model system. Actually, it may be considered satisfactory only for monoclonal
antibodies. Nevertheless, the theoretical considerations developed by Berson and
Yalow are applicable to more complicated real systems as well. Indeed, when an-
tisera show a high affinity constant and are diluted extensively, it is frequently the
case that the reaction involves only (or principally) a single class of antibody—
combining sites remaining at significant concentration. This is why in Fig. 5 at op-
timal dilution of antiserum binding, about 35%-40% of labeled antigen, a single
clone of immunoglobulins emerges and the affinity constant of antiserum is de-
termined by these high affinity antibodies. A clearer example is given in Fig. 6,
which represents a standard curve for thromboxane B, obtained with an anti-
serum containing at least two different orders of antibody-binding sites. The
shape of the standard curve when represented in the conventional way (Fig.6b)
is asymptotic, with a steepest segment in the low dose range, where the slope
reaches a maximum value. The same curve is represented in a logit-log trans-
formation in Fig. 6a. It is evident that it consists of at least two different segments
of different slope, the left one being the steeper. In the low concentration range,
the linearity of the standard dose-response curve is mainly due to the activity of
immunoglobulins with high affinity for the substrate. However, the amount of
antigen they can bind is limited, or, in other words, they have a high affinity for
the antigen, but a low or limited binding capacity. The other orders of antibody-
binding sites which are present in the antiserum of Fig. 6 can account for the bind-
ing of higher amounts of antigen, but with a lower affinity. Thus, on increasing
antigen concentration, the high affinity binding sites will be saturated and in-
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creasing amounts of antigen will occupy sites with low affinity, but high binding
capacity. It is obvious that to gain the maximum specificity of this RIA system
the dilution of the samples must be adjusted to fall within the linear dose range.

III. Sensitivity

Sensitivity has been defined by different investigators either as the minimal de-
tectable concentration in the RIA system or the slope of the standard dose-re-
sponse curve. However, the former definition should be properly referred to as
the detection limit of the assay, i.e., the smallest amount of unlabeled antigen
(hormone or any other substance) that can be significantly distinguished from the
complete absence of the measured compound. The detection limit of an assay cor-
responds to the lowest point of the standard curve which differs by two standard
deviations from zero, or which causes at least 10% displacement of the maximum
binding in the absence of unlabeled antigen. It is obvious that the lowest detect-
able concentration of a given substance depends on the limit of the standard curve
plus the final dilution of the measured sample in the assay. If a given biologic
sample can be measured at 1:1 dilution in the RIA system, the assay limit will
be represented by a concentration which is double that at the lowest point of the
standard curve. This, however, is not the sensitivity with respect to antiserum.
BERSON and YALow (1973) originally defined sensitivity in terms of the slope of
the dose-response curve. In Eq. 3, B/F is a linear function of B. Although such
a simple linear relationship cannot be theoretically derived for heterogeneous sys-
tems containing more than one clone of antibodies, experimental data generally
closely approximate this simplified model. It is quite apparent that for a given
value of B/F, the slope of the dose-response curve decreases with increasing X
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[Ab°] or, conversely, the slope increases for decreasing values of K [Ab°], with a
limiting tendency of K [Ab°] toward zero. This means that the sensitivity of the
assay under certain conditions, i.e., incubation volume, time, temperature, la-
beled antigen-specific activity, and counting equipment sensitivity, is essentially
regulated by the dilution of antisera and the slope — K of the dose-response stan-
dard curve of the Scatchard plot. Conditions which increase the sensitivity are dis-
cussed in Chap. 7. If an adequate dilution of antiserum is realized in the RIA sys-
tem, the sensitivity is closely dependent on the affinity constant of antibody K.
For example, at B/F=1, K [Ab°]=1. Under these conditions, the lowest detect-
able concentration of unlabeled antigen is a function of the molar antibody con-
centration, which, in turn, is the reciprocal of the association constant K. Thus,
we can assume that the first condition regulating the sensitivity of an RIA is the
association constant of antisera. All other conditions can be modified to improve
sensitivity, but the theoretical limit of sensitivity achievable with an antiserum is
set by its affinity constant.

IV. Specificity

Although employing radioactivity and requiring expensive counting equipment
or sophisticated automated data handling systems, RIA relies on a biologic reac-
tion, i.e., an antigen—antibody reaction and, for this reason, can be regarded as
a sophisticated form of bioassay, substituting the classical smooth muscle strip
with a soluble antibody as reactant. Like all immunologic reactions, RIA offers
the potential advantage of great specificity. This specificity depends upon the in-
herent ability of the immunoglobulins present in the antiserum to recognize a
given molecular structure. However, cross-reactions with compounds closely re-
lated to the antigen structure are always observed. Moreover, like all chemical
reactions, an antigen—antibody reaction may be influenced by a series of nonspe-
cific factors which induce a nonimmunologic inhibition of Ag—Ab binding.

Specificity of RIA has been defined by MIDGLEY et al. (1969) as the extent of
freedom from interference by substances other than the one intended to be mea-
sured. This interference may be due to an immunologic cross-reactivity or to the
nature of the medium where the Ag—Ab reaction takes place. It should be remem-
bered that all an RIA does is to measure the degree of inhibition of the maximum
binding of labeled antigen to antiserum. When working with a given antiserum,
it is assumed that the displacement of labeled tracer is caused by the presence of
endogenous concentrations of the substance against which the antibody is di-
rected. Therefore, it is evident that everything causing a displacement of antibody
binding with labeled antigen may be seen as endogenous reacting antigen. If the
system is not examined critically, this inhibition will be interpreted as being
caused by true concentrations of the measured compound.

Given a particular antiserum, the specificity of the reaction will depend on a
constant, i.e., the affinity and conformation of the binding sites available on the
antibody, and a variable, the composition of the biologic fluid to be examined and
its degree of purification. The criteria for validating RIA measurements are dis-
cussed in detail in Chap.9. Here, we will summarize the basic considerations re-
lated to the specificity of antisera produced by conventional techniques.
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1. Immunologic Cross-Reactivity

Nonspecificity of the antibody may be due to cross-reaction by substances related
to antigen, i.e., substances with a chemical structure similar to antigen, antigen
fragments and derivatives, and products of antigen metabolism. An antibody-
binding site can combine with different antigens with different values of K. As a
binding site can accommodate only a few amino acids, or molecules with low mo-
lecular weight, or single regions of larger chemical structure, it is obvious that im-
munologic cross-reactivity will be the rule, rather than the exception, if antibody
reacts with compounds showing a similar chemical structure, or steric arrange-
ment, or common amino acid sequences. Moreover, considering the heteroge-
neity of antibody-binding sites present in the “classical” polyclonal antisera, at
least some of these binding sites in any one antiserum are likely to have at least
a weak association constant for immunoreactive sites in some other molecule.

The spectrum of possible interfering substances is obviously related to the
type of antigen against which the antibody was produced. However, the ability
of antigen-related compounds to react with a given antibody cannot, in general,
be predicted and is usually different from antiserum to antiserum. In the case of
antigens which possess several antigenic determinants, such as polypeptide hor-
mones, antisera specificity may vary greatly, depending on the particular frag-
ment which is best recognized by antibodies. Since the pioneering studies per-
formed by Berson and Yalow, it appears that big molecules, such as insulin
chains, may react with antisera in different ways: some antisera to insulin do not
react with the separated A and B chains (BERSON and YALOW 1959b), or specifi-
cally recognize some portions of the molecule, such as the B chain lacking the
COOH terminal 8 amino acid fragment (BERSON and YALOW 1963). The possibil-
ity that hormonal fragments, or polypeptides with similar amino acid sequences,
are present in the biologic samples to be measured and contribute to the immu-
nologic reaction cannot be excluded.

The problem is even more complex for neuropeptides, such as those from the
tachykinin family (neurokinin A and B, substance P, eledoisin, kassinin, physa-
laemin, uperolein, phyllomedusin). The common amino acid sequence of a rele-
vant portion of the molecule may represent a serious limit to antibody specificity
and, therefore, to the precision of the assay. An important example is represented
by the ACTH molecule. Cross-reactivity of anti-ACTH sera with a- and f-MSH
and with y- and S-LPH is usually present, because of the common peptide se-
quence of these hormones with ACTH. Characterization of an anti-ACTH serum
should include definition of the portion of the ACTH molecule to which antibody
is directed as well as cross-reactivity with different hormone fragments and syn-
thetic analogs (ORTH 1979). The problem also exists for small molecules, which
only occupy a single antibody-binding site. The exchange of a single atom of hy-
drogen and iodine in the structure of triiodothyroxine and thyroxine, the presence
or absence of a single atom of hydrogen in cortisone and cortisol, and the steric
configuration of the eicosanoid structure in sulfidopeptide leukotrienes and their
11-trans stereoisomers are examples of immunologic distinctions possible be-
tween structurally similar compounds. The cross-reactivity of an antiserum to
structural analogs of the primary compound against which antibody specificity
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Fig.7. Family of standard dose-response curves of an anti-thromboxane B, serum ob-
tained with the primary antigen and with a series of cross-reacting substances. TXB,
thromboxane B,; PG prostaglandin; DH dihydro; DK diketo; LT leukotriene; AA arachi-
donic acid

is directed is generally illustrated by a set of standard curves. The curves are cal-
culated by incubating the antibody with a constant amount of labeled tracer and
at a constant final dilution, yielding the optimal maximum binding, in the pres-
ence of the unlabeled, related compounds at increasing concentrations. Figure 7
shows an example of this way of calculating the cross-reactivities of an anti-
thromboxane B, serum. The standard curve with the highest slope should ideally
be referred to the compound which has been used to elicit antibody production.
Sometimes it may be that the specificity of an antiserum is primarily directed to-
ward some related compound. This usually happens when the antigen undergoes
enzymatic or nonenzymatic degradation after injection into an experimental ani-
mal. In the example of Fig. 7, the curve on the far left was obtained with standard
thromboxane B,. The other compounds tested are metabolites of thromboxane
B,, prostaglandins, and lipoxygenase products (i.e., leukotrienes and HETE). It
is noteworthy that the highest cross-reactivity is shown with 2,3-dinorthrom-
boxane B,. The difference between this metabolite and thromboxane B, is repre-
sented by the loss of a C, fragment resulting from a single f-oxidation step, the
remaining portion of the molecule being identical. For this reason, antibodies
produced against thromboxane B, or 6-ketoprostaglandin F,, coupled to pro-
teins via the COOH terminus generally show a high degree of cross-reactivity with
the related 2,3-dinor derivatives. Compounds with lower affinity to the antibody
are required in larger amounts to displace the labeled tracer. These standard
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curves are to the right in the diagram. Figure 7 shows that the more structurally
related a substance is to the antigen against which antibody specificity is directed,
the higher is its cross-reaction with antiserum. If we calculate the concentration
of each compound required to displace 50% of initially bound *H labeled throm-
boxane B, (IC;,), we will obtain a table of increasing concentrations correspond-
ing to decreasing degrees of cross-reactivity (Table 3). If we assume the lowest
ICs, (represented by the standard thromboxane concentration required to dis-
place 50% of labeld Ag—Ab binding) as corresponding to 100% cross-reactivity,
we can express the cross-reaction of all other tested compounds as a percentage
of that shared by the primary antigen (Table 3). The higher IC,, the related tested
compounds show with antibody, the higher is the specificity of antiserum.

This is the most commonly used way, but the percentage cross-reaction so de-
fined represents only the cross-reaction at 50% displacement of antibody binding
with radioactive tracer. A complete picture of the events over the total range of
displacement of binding is not given by a simplified representation such as the one
shown in Table 3. The percentage values which are generally reported by the vast
majority of authors to define the specificity of antisera cannot be used for an ac-
curate calculation of the amounts of cross-reacting substance, unless the displace-
ment curves of the cross-reacting substance and of the primary compound are ab-
solutely parallel. But even in this case, the percentage cross-reactivity of a given
compound varies if its standard curves are determined in the presence of variable
amounts of the primary antigen against which antibody has been elicited. The pic-
ture appears even more complex if a mixture of possibly cross-reacting substances
is incubated with the antibody in the absence or in the presence of variable
amounts of the primary compound. Moreover, the complex composition of bio-
logic fluids and the impossibility of testing all the possible cross-reacting com-

Table 3. Immunologic specificity of an anti-thromboxane B, serum

Substance measured? ICs,° Relative cross-reaction
(ng/ml) (%)
TXB, 0.006 100.0
2,3-Dinor-TBX, 0.057 10.5
11-Dehydro-TBX, 0.741 0.81
PGF,, 026.0 0.023
PGD, 30.0 0.02
PGE, 85.7 0.007
2,3-Dinor-6-keto-PGF,, >100.0 < 0.006
6-Keto-PGF,, >100.0 < 0.006
13,14-Dihydro-6,15-diketo-PGF |, >150.0 < 0.004
13,14-Dihydro-15-keto-PGE, >150.0 < 0.004
11,15-Bis-dehydro-TXB, >150.0 < 0.004
LTB, >150.0 < 0.004
LTC, >150.0 < 0.004
LTD, >150.0 < 0.004
Arachidonic acid >150.0 < 0.004

2 TX, thromboxane; PG, prostaglandin; LT, leukotriene.
® Concentration required to displace 50% of bound 3H-labeled thromboxane B,.
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pounds, does not enable us to develop a mathematical model (although this is the-
oretically possible) by which we can subtract all the cross-reactivities from the
measured immunoreactivity. Therefore, the validity of this approach is limited to
giving us a relatively simplified picture of the ability of a given antiserum to dis-
criminate among structural analogs of the compound which is to be measured.
A more extensive discussion of criteria which must be satisfied to validate an RIA
measurement, other than assessment of cross-reactivity with a limited number of
compounds, can be found in Chap.9.

2. Nonspecific Interfering Factors
a) Influence of pH and Ionic Environment

Although the antigen—antibody reaction is dependent on the pH of the buffer so-
lution, it is evident that immune complexes are dissociated only by extremes of
pH, while in the neutral and mild alkaline range the reaction is almost completely
stable. On several occasions, Berson and Yalow reported that there is little evi-
dence that peptide hormone systems exhibit a significant pH dependency in the
range 7.0-8.5. The same authors have established that the buffer systems em-
ployed for RIA are of considerable importance, since high concentrations of salts
as well as some buffers may inhibit the hormone—antibody reaction (BERSON and
YaLow 1968). Thus, it is advisable to maintain a constant pH for both standards
and unknowns and to use only well-known buffer solutions with moderate ionic
strength. However, under some conditions both the pH and ionic environment
of the RIA mixture may represent a serious problem. As for the influence of pH,
it should be remembered that some nonpeptide substances may modify their
chemical structure or steric configuration at different pH values.

The salt content of biologic samples like plasma, urine, gastric juice, synovial
fluid, tears, and so on, may represent an important source of artifactual concen-
trations of the hormone or the substance which is intended to be measured. No
general rule may be proposed in these situations. If the sensitivity of the assay al-
lows a high dilution of the sample into the incubation mixture, the problem may
be easily solved. If the content of the measured substance in the biologic fluid is
too low to allow a convenient dilution rate, extraction and chromatographic sep-
arations are usually required. Sometimes, it is difficult to choose between the ex-
traction and purification of the sample and the direct RIA measurement of the
unextracted material. This problem usually exists for plasma and serum. Gener-
ally speaking, direct RIA of unextracted plasma represents the advantage of being
free from interference introduced by solvent extraction and purification pro-
cedures, provided that antisera with high affinity constants are employed and that
plasma is adequately diluted in the assay mixture. A dilution at least 1:10-1:15
of plasma samples is generally considered to be satisfactory to eliminate the non-
specific salt inhibition of the antigen—antibody reaction and the competitive bind-
ing represented by plasma proteins, in particular, serum albumin. Nevertheless,
optimal conditions for specificity should be checked in any particular RIA system
with any kind of biologic sample. The same biologic fluid, deprived of the sub-
stance which is to be measured, is usually employed to build up the dose-response
curve with the standard substance. In any case, a comparison with an indepen-
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dent assay method should be considered to validate the results obtained with the
RIA techniques.

b) Temperature Effects

The antigen—antibody reaction is temperature dependent. Even K, the equilib-
rium constant of the reaction (see Chap.24) is influenced by temperature. The
pioneering studies performed by Berson and Yalow more than 25 years ago show
that higher B/F ratios are generally observed when the RIA system is equilibrated
at 4 °C than at room temperature (18°-22 °C). Temperature may influence the
rate of the antigen—-antibody reaction, the ratio of products (i.e., antigen—anti-
body complexes) at equivalence, the adsorption of free antigen to the adsorbing
agents, and the stability of the labeled and unlabeled antigens. Although the time
required to attain equilibrium is sensibly longer, the highest specificity is generally
obtained by incubating the mixtures at 4 °C. To shorten the incubation time, thus
reducing the overall time required for an RIA to be performed, incubation is often
carried out at room temperature within a few hours. However, this procedure
should not be recommended either for research purposes or for clinical evalua-
tion. The slight advantage of saving time is counterbalanced by lowering the sen-
sitivity, precision, and accuracy of the assay. Moreover, incubating the RIA sys-
tem for a short time at room temperature may result in disequilibrium or nonequi-
librium at the time of separation of antibody-bound from free antigen, also reduc-
ing sensitivity and specificity. Finally, this procedure requires a higher concentra-
tion of antibody-binding sites in the assay mixture (i.e., a lower antiserum dilu-
tion) to yield an acceptable B/F ratio. Thus, binding sites of low affinity and high
capacity may be involved in the immunochemical reaction.

¢) Anticoagulants

It is well known that certain anticoagulants may interfere with the antigen—anti-
body reaction as well as the separation of antibody-bound and free antigen. HEN-
DERSON (1970) first reported such interference from heparin, which was confirmed
by the classical studies of YaLow and BERSON (1971 b). These authors explained
the effect of heparin as being due to its polyanionic structure which exerts a salt
effect, inhibiting the antigen—antibody reaction. From this point of view, very
high concentrations of anticoagulants like sodium EDTA, citrate, citrate dex-
trose, and citrate phosphate dextrose, could also be expected to exert the same
action on the immunologic reaction.

d) Labeled Tracer Damage

This problem mainly involves peptide hormones, since they are subject to proteo-
lytic damage by enzymes in biologic fluids. But other nonpeptide substances may
also undergo enzymatic as well as nonenzymatic degradation during incubation
and/or separation of antibody-bound and free antigen. The incubation damage
of labeled antigen may result both in a reduced binding to antibody and in errors
in B/F determination, because the damaged tracer is improperly measured within
the bound or the free fraction, depending on the separation method employed.
Moreover, the extent of labeled tracer damage may vary greatly in the samples
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to be measured, as compared with the standard. This results in an apparent non-
specificity of the assay, since the concentrations of the measured substance in the
unknowns will show a nonlinearity with standard upon serial dilution.

In other circumstances, the use of labeled tracers with low radiochemical pu-
rity (i.e., compounds which have undergone significant decomposition) leads to
an apparently low binding with antiserum. If the purity is not checked, a large
excess of antibody-binding sites (i.e., a low antiserum dilution) will be employed
to increase the fraction of antibody-bound labeled tracer. The result will be an
RIA system working within an apparently normal or low binding of labeled
antigen, but, as matter of fact, working with a large excess of antiserum. This de-
creases the sensitivity of the assay (see Chap. 7), but also allows antibody-binding
sites with low affinity constants to participate significantly in the immunochemi-
cal reaction, with a consequent loss of specificity. Therefore, to gain the maxi-
mum specificity of any RIA system with a given antiserum, the radiochemical pu-
rity of the labeled tracer should be checked. A simple way to assess the immu-
noreactivity of the tracer is to test it with an excess of antiserum. Nearly complete
binding should be found under these conditions.

e) Influence of Extraction and Purification Procedures

Like all chemical reactions, the antigen—antibody reaction is influenced by the
presence of residues or impurities of organic solvents, acids, salts, gases, and
buffers employed for extraction and purification of samples. These methodolog-
ical problems arise when the substance which is intended to be measured cannot
be directly assayed in the sample, but must be extracted and subjected to chroma-
tographic separation to yield a purified solution free from other substances that
may react with antigen or antibody. When an RIA measurement includes some
processing of the sample, a “blank” procedure should be inserted. This is the re-
sult obtained in the assay from a water or buffer sample, or better still a sample
free from the endogenous substance subjected to exactly the same treatment as
the biologic samples. The reason for such a procedure is that even the most rig-
orously performed extractions and purifications are likely to introduce some in-
terfering material. The omission of this information makes it difficult to evaluate
the measured concentrations of a given substance in the unknowns. If a signifi-
cant blank value is measured by the RIA system, this inevitably implies a nonspe-
cific effect, either on the binding of antigen to antibody or on the separation of
antibody-bound and free antigen.

During the early days of RIA, peptide hormones were measured by direct RIA
in plasma or serum. But, as soon as the clinical investigation was extended to
more complex biologic fluids and nonpeptide substances were measured, or inter-
ference with plasma components were reported, most scientists extracted their
samples and purified them extensively. Later, the problem arose as to whether a
complex purification procedure is really necessary. This problem was particularly
discussed for nonpeptide substances, like steroids, prostanoids, and other deriv-
atives of fatty acid metabolism, which are present in biologic fluids at low concen-
tration in a mixture with other metabolites and related compounds, and, on the
other hand, are theoretically easily extractable by organic solvent systems. Al-
though a general rule cannot be established, a purification procedure is generally
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required when the concentration of the substance is below the limit of detection
of the assay, or the biologic samples contain undesirable factors that interfere
with the assay, or the antiserum is not very specific and cross-reacts with other
substances that occur in the sample and are chemically related to the measured
compound. The degree of purification of the sample, i.¢., the extraction and chro-
matographic steps which may be necessary, is strictly dependent on a series of
variables, which are related to the composition of the biologic fluid, the chemical
characteristics of the measured substance, the specificity of the antiserum em-
ployed, and the presence of cross-reacting compounds. The drawbacks of extract-
ing and purifying the samples before the assay are substantially related to the in-
troduction of nonspecific interfering factors by the procedure, the possibility of
a reliable estimation of recovery for each sample, the prolongation of the time re-
quired to perform the assay, and a series of practical problems depending on the
particular method employed. Thus, one may ask: when is it necessary to extract
samples? An affirmative answer is obvious when measuring complex biologic
fluids, like urine, gastric juice, or whole tissues that contain a very low concentra-
tion of the measured compound and too many interfering factors to be eliminated
by sample dilution in the assay. However, in some cases, such as plasma, serum,
or synovial fluid, extraction may introduce more problems than it solves. In most
cases, albumin or protein binding of hormones or endogenous substances in
blood appears to be the major problem. Nevertheless, this binding is generally
weak and reversible, and in competition with a high specific antibody the affinity
constant of albumin is two or three orders of magnitude lower. This means that
endogenous protein interference in most cases will disappear upon dilution of the
sample in the assay. In any case, the opportunity of measuring extracted or un-
extracted samples should be evaluated for any RIA system and the results vali-
dated according to the criteria discussed in Chap. 9.
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CHAPTER 4

Production of Monoclonal Antibodies
for Radioimmunoassays

K.BRUNE and M. REINKE

A. Introduction
I. Rationale for the Production of Monoclonal Antibodies

Specific antibodies (Abs) have proven most useful and versatile tools for the iden-
tification, quantification, and localization of minute amounts of small and large
molecules in biologic materials, e.g., body fluids, specific cells, and other body
components. So far the most widely used technique for the production of specific
Abs consists in immunization of animals like rabbits, goats, or horses, monitoring
of Ab formation in the serum, and selection of animals which produce serum con-
taining Abs sufficiently specific for the use envisaged. Although this approach has
yielded many valuable results, it has some deficiencies.

1. Disadvantages of Polyclonal Antisera

1. The serum produced by the sensitized animal contains the product of hundreds
or even thousands of different Ab-secreting cell clones. These clones comprise a
dynamic population in which the relative contribution of each cell clone to the
antiserum is changing with time, implying a varying concentration of different Ab
groups of different sensitivity and different Ab classes.

2. Within a vertebrate organism, an injected antigen is often metabolized rap-
idly, leading to metabolites which are immunogenic themselves. It has proven al-
most impossible to develop specific Abs against certain antigens because they are
metabolized very quickly or these antigens are less immunogenic than their me-
tabolites (cf. Chap.18). Hence, all attempts to produce sufficiently specific anti-
sera have been frustrated. ‘

3. Certain types of experiment require very large quantities of Abs of rela-
tively high specificity, but at the same time relatively low affinity toward the
antigen in question (e.g., affinity chromatography). In animals, the production of
such large quantities of high specificity, but only moderate affinity Abs has
proven almost impossible.

4. Even the best Ab-producing animal will lose its Ab production with time
and eventually die. Consequently, the production of a high quality antiserum is
limited, and further supply will vanish after some time.
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2. Advantages of Monoclonal Antibodies

These and many other problems have limited the use of conventionally generated
antisera in biomedical research. Most of them, however, may be solved by the de-
velopment of monoclonal Abs (mAbs) as first described by KOHLER and MILSTEIN
(1975). Using this technique, it is possible to select cell clones which produce Abs
of desired specificity and affinity. They may be stored or expanded to produce al-
most unlimited quantities of Abs for unlimited periods of time. In the beginning,
only mouse myeloma cell lines were available. Fusion of these cells with mouse
lymphocytes was the standard technique. The mouse, however, is a relatively
poor antigenic responder, producing mostly Abs of lower affinity than rabbits
and goats (MORGAN 1984). Consequently, thousands of mouse/mouse hybri-
doma’ clones have to be screened to select one producing sufficiently specific and
sensitive Ab (for assay purposes). The development of stable rabbit hybridomas
has so far not been achieved (GODING 1980). More successful was the develop-
ment of rat/mouse hybridomas. Rats provide larger spleens with more lympho-
cytes for fusion and may lead to larger numbers of Ab-producing clones (GODING
1980; HAMMERLING et al. 1981). Rat/rat hybridomas have also been produced.
These hybridomas show a high Ab secretion rate which is lost only exceptionally
(CLARK et al. 1983). Lately, attempts to produce human/mouse and also human/
human hybridomas have ben successful (LANE and Faucrt 1983; OLssON et al.
1983). Stable clones producing satisfactory Abs will be of obvious importance in
medicine.

II. Applications of Monoclonal Antibodies

The new options deriving from the possibility of producing mAbs are a rapidly
expanding area. They range from serologic diagnostic procedures, monitoring of
structural features of macromolecules, localization of specific cells (tumor cells)
or molecules (cell marker, hormones, drugs in tissues, etc.) to highly sensitive
purification techniques. mAbs will soon be applied in tumor and antimicrobial
therapy (GODING 1980; OBRIST 1983). These areas are still developing and are
only mentioned as examples. In pharmacology, the possibility seems to be par-
ticularly attractive: to produce Abs against drugs, mediators, and hormones with-
out any cross-reaction with their metabolites or structurally related compounds;
or to produce Abs specific toward metabolites, but lacking cross-reactivity with
their parent compounds. Specific mAbs appear to be particularly suited for this
purpose.

III. Problems

Although the advantages of the hybridoma technique of producing mAbs are evi-
dent, many technical difficulties remain to be overcome. They concern all levels
of the multistep technique, i.e., immunization and cell fusion as well as testing,
selecting, and cloning of the hybridomas. In addition, care has to be taken in char-
acterizing and purifying the resulting Abs. Altogether, it comprises a demanding
and difficult technique.

! Monoclonal antibodies producing hybrid cells.
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When spleen cells are fused with myeloma cells, the incidence of the formation
of a heterokaryon 2 is 1%. The chance that such a heterokaryon develops into a
stable synkaryon? is 1 in 1000. The chance that such a hybridoma produces an
ADb of the desired quality is less than 1 in 1000. These probability data suggest that
approximately 108 spleen cells have to be fused in order to yield one satisfactory
stable, and suitable Ab-producing clone (HAMMERLING et al. 1981). This rough es-
timate implies that many immunizations and fusions will end unsuccessfully. In
addition, it means that large numbers of cell clones have to be assayed for Ab pro-
duction and for the quality of the Abs produced. It should be added that unex-
pected events such as infections, technical problems, etc., may ruin an otherwise
promising experiment. Moreover, about 50% of the hybridomas lose their ability
to produce Abs or the clones themselves are lost by overgrowth of nonproducing
but faster reproducing cells which may develop owing to chromosomal losses
within 3-8 weeks after fusion. In order to avoid overgrowth by nonsecreting cells,
frequent cloning of “good” hybridomas is necessary to maintain high quality
clones, thus adding to the work involved (GODING 1980; OLSSON et al. 1983).

B. Techniques
I. Materials

1. Celis
Three different cell types are necessary for the production of hybridomas.

a) Myeloma Cells

It was the major contribution of KOHLER and MILSTEIN (1975, 1976) to develop
myeloma cell variants which could be fused with immune lymphocytes, bringing
about the expression of immunoglobulins (Igs) of the immunoblast, even if they
were not secreting Igs themselves. This success was based on experience with mye-
loma lines resistant to 8-azaguanine or 5-bromo-2'-deoxyuridine and lacking the
enzymes hypoxanthineguanosinephosphoribosyl transferase or thymidine kinase
(CottoN and MILSTEIN 1973; KOHLER and MILSTEIN 1975). These cell lines do not
grow in aminopterin-containing media, even if these media contain hypoxanthine
and thymidine, because they cannot utilize the “rescue pathways” for DNA syn-
thesis employing thymidine kinase and hypoxanthineguanosinephosphoribosyl
transferase as “normal” cell types can (LITTLEFIELD 1964). These myeloma cell
lines, therefore, will die in media containing hypoxanthine, aminopterin, and thy-
midine (HAT) in addition to the normal tissue culture medium constituents such
as Dulbecco’s modified Eagle’s medium complemented with L-glutamine, sodium
pyruvate, 2-mercaptoethanol, and fetal calf serum. Immunoblasts, lymphocytes,
and most other spleen cells, on the other hand, do not proliferate under normal
tissue culture conditions. Therefore, hybridomas resulting from the fusion of cells
of the defective myeloma cell lines and normal spleen cells (carrying the enzymes
for HAT resistance) will proliferate in HAT medium although both parent cell

2 System of genetically different nuclei within one cell.
3 Zygote nucleus generated by fusion of the heterokaryon nuclei.
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Table 1. Cell lines used for hybridization

Cell line Derivation  Drug Ig chains  References
resistance
H L
Mouse
X63-Ag8 (P3) MOPC-21 8-Ag o K KO6HLER and MILSTEIN
(1975)
X63-Ag8.653 P3 8-Ag KEARNEY et al. (1979)
SP2/0-Agl4 (SP2) P3xBALB/c 8-Ag SHULMAN et al. (1978)
NSI/1-Ag4-1 P3 8-Ag K KOHLER and MILSTEIN
(1976)
FO SP2 x SP2 8-Ag FAZEKAS DE ST. GROTH
and SCHEIDEGGER (1980)
Rat
210. RCY3. Agl  Lourat 8-Ag K CotTON and MILSTEIN
(1973)
Human
U-266 AR, U-266 8-Ag ¢ A CRroce et al. (1980)
GM 15006 TG-AL2 GM 1500 8-Ag Y2 K OLssoN and KAPLAN
(1980)

lines will not. Hence, selection of clones resulting from successful cell fusions be-
tween myeloma cells and lymphocytes is easy. Table 1 gives information about
some HAT-sensitive cell lines used so far successfully in hybridoma research.

b) B-Lymphocytes

For production of hybridomas, ideally B-lymphocytes are used because they are
genetically programmed for the production of specific Abs to a certain antigen.
These B cells should be in a state of proper activation and differentiation to ensure
the production of hybrids, secreting high titers of a specific Ab. In mouse hybri-
doma production, B cells are recovered as spleen or lymphoid cells from ad-
equately immunized female BALB/c mice used at the age of 4-8 weeks. This is
because all myeloma cell lines used are of BALB/c origin, and sometimes it is nec-
essary to implant the hybridomas into the peritoneal cavity of preferably female
BALB/c mice (see Sect. B.Il.4.a). Experiments with rat/mouse hybridomas re-
ported so far have employed lymphocytes from, for example, Sprague-Dawley
rats (TANAKA et al. 1985). Attempts to produce human hybridomas have some-
times made use of spleen cells from human spleen, but in most cases peripheral
blood lymphocytes, separated from whole blood, were used. The use of lympho-
cytes from tonsils, lymph fluid, and bone marrow has, however, also been re-
ported (for review see LANE and FAuct 1983).

¢) Feeder Cells

As stated before, hybridoma cells are at risk after fusion because they may lack
growth-enhancing factors in their environment or they may succumb to minor
microbial contaminations. For these reasons, many researchers employ feeder
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layers of cells which do not proliferate themselves, i.e., compete with the hybrido-
mas for space, nutrients, etc., but secrete trophic factors and, in addition, may
provide some antimicrobial defense. For mouse and rat hybridomas, macro-
phages have frequently been employed (HENGARTNER et al. 1978; FAZEKAS DE ST.
GRrOTH and SCHEIDEGGER 1980). They appear to support cell proliferation by the
production of monokines (READING 1982) if seeded in adequate density.
Moreover, they clear cellular debris present in cell cultures after fusion owing to
decaying myeloma cells in HAT medium and convey antimicrobial activity. Hu-
man/human hybridomas have been grown on monocyte or thymocyte layers.
Mouse macrophages appear to be unsuitable for this purpose, they appear to pha-
gocytose human hybridomas (OLSSON et al. 1983). The drawback of employing
macrophages as feeder layers results from the possibility that these cells, being
isolated from animal or human donors, may be contaminated with microorgan-
isms, increasing the risk of microbial infection of the cultures and hybridoma loss.
This risk may be overcome by adding endothelial cell growth supplement (ECGS)
or human endothelial cell-conditioned supernatants (HECS) to the selection me-
dium. Such supplemented medium has been successfully applied by ASTALDI et
al. (1981, 1982) and PiNTUS et al. (1983).

II. Methods

1. Immunization
a) In Vivo

Immunization as a prerequisite for the production of immunoblasts for hybri-
doma research follows the same principles as for the production of polyclonal
Abs (for details see also Chap. 3 and 6). A few aspects ought to be remembered,
particularly when it comes to immunization against small, soluble antigens as is
usual in pharmacologic research. They are less immunogenic compared with, say
all surface antigens (RorrT 1977). First, to enhance the rudimentary antigenicity
of small, chemically well-defined molecules (haptens) it is necessary to bind these
haptens covalently to larger protein molecules. [t appears that the hapten-specific
antigenicity is increased if carrier molecules alien to the animal species to be im-
munized are chosen. Most successful reports are based on the use of haptens con-
jugated to bovine serum albumin, keyhole limpet hemocyanin, or similar pro-
teins. It appears that the antigenicity of the hapten is enhanced when larger
numbers of hapten molecules are bound to the same carrier protein (ROITT
1977).

Second, the antigenicity may be enhanced further if metabolism of the antigen
is difficult, so that it takes place slowly and preferentially in macrophages (RoIrt
1977). Antigen incorporated in the oil droplets of Freund’s adjuvant (FA) shows
retarded metabolism and guarantees a reservoir of =ntigen. Adsorption to inor-
ganic aluminum compounds shows a similar effect (Rorrt 1977; CooPER 1981).
In addition, complete FA contains heat-killed mycobacteria (Mycobacterium
tuberculosis) which are assumed to initiate nonspecific stimulation of the reticu-
loendothelial system, thus enhancing the antigenicity of the antigen (COOPER
1981). Another factor apparently of proven value is the selection of the site of im-
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Table 2. Immunization protocol. (Modified from KOHLER and MILSTEIN 1976)

Time Dose of antigen  Technical details
(Ag) per mouse

Zero time, 1st injection 5-100pg; 0.5ml  Ag solution+ complete FA (1+1),
s.c. and/or i.p.

3-21 days later, 2nd injection 5-20 pg; 0.5ml Ag solution +incomplete FA
(14+1), s.c. and/or i.p.

Every 3-21 days, booster 5-20 pg; 0.5ml Ag solution in PBS, i.p.
injections
3-1 days before fusion, 50-100 pg; 0.5ml Ag solution in PBS, i.v.

last injection

Ag antigen; FA Freund’s adjuvant; PBS phosphate-buffered saline

munization. In principle, administration at multiple subcutaneous sites guaran-
tees a long-lasting reservoir while intramuscular injection guarantees rapid access
to the lymphoid system (COOPER 1981). Intravenous application causes rapid dis-
tribution into blood-perfused elements of the lymphatic system, particularly the
spleen. Consequently, immunization schedules such as those shown in Table 2 are
recommended. Nevertheless, many alternative schedules have been proposed, de-
pending on the personal experience and preference of the author (cf. GODING
1980; STAHLI et al. 1980; CIANFRIGLIA et al. 1983; MORGAN 1984).

Third, it appears necessary to choose the right hapten dose for immunization.
This decision is sometimes dictated by the small amounts of hapten available. If
this is not the limiting factor, care should be taken to avoid both overdosage and
underdosage. In both cases, immunization may fail owing to low or high dose tol-
erance (COOPER 1981). High doses may also induce the growth of lymphocytes ex-
pressing low affinity toward the antigen. They may lead to clones producing low
affinity Abs. Finally, high doses injected for prolonged periods of time may ac-
tivate additional lymphocyte clones reactive toward major metabolites or struc-
turally related compounds which again will bring about the development of un-
wanted clones (CooPer 1981). Despite these principles, one may conclude that
personal experience is most widely used as a guideline for selecting the right dos-
age of the immunogen.

b) In Vitro

Within the last few years, immunization in vitro has been tried successfully
(HENGARTNER et al. 1978; AsTALDi et al. 1982; READING 1982; OLssoN et al. 1983).
The advantage of this method consists in the very small amounts of antigen re-
quired (LUBEN et al. 1982). In addition, the time of exposure to the immunogen
can be kept short, and, for the production of human hybridomas in vitro, immu-
nization is frequently the only acceptable method of immunization since in vivo
immunization is precluded for ethical reasons. The principles of in vitro immuni-
zation are as follows.

Isolated blood lymphocytes are exposed for 5-7 days to the antigen under cul-
ture conditions (for details see READING 1982). In order to increase the number



Production of Monoclonal Antibodies for Radioimmunoassays 75

Table 3. Growth-stimulating substances for lymphocyte culture

Name Abbreviation References

B cell mitogens

Reformalinized Staphylococcus STA DoscH et al. (1980), SCHUURMAN et al.
aureus, Cowan I strain (1980), HErtzMANN and CoHN (1983)

Lipopolysaccharide from LPS KEARNEY and LAWTON (1975a),
Escherichia coli KEARNEY and LaAwTON (1975b),

PasLAy and Roozen (1981),
READING (1982)
T cell mitogens

Phytohemagglutinin PHA KEARNEY and LAWTON (1975b),
DoscH et al. (1980)
Pokeweed mitogen PWM DoscH et al. (1980), ASTALDI et al.

(1982), READING (1982), OLSOON
et al. (1983)
Lectin from Canavalia ensiformis Con A DoscH et al. (1980), READING (1982)
Staphylococcal protein A SpA DoscH et al. (1980)

of lymphoblasts, enhancing factors (Table 3) are added together with the antigen.
Some authors also report the cocultivation of lymphocytes with human endothe-
lial cells (ASTALDI et al. 1982) or the addition of thymocyte culture-conditioned
medium (LUBEN et al. 1982; READING 1982) to improve lymphoblast proliferation.
Lack of fetal calf serum in the culture media precludes the possible problem of
competition with antigenic binding sites by serum components. This method al-
lows for response to less immunogenic antigens which would be impossible in the
presence of fetal calf serum (VAN NEss et al. 1984). Such media may require sup-
plementation with SiO,, 2-mercaptoethanol, and glutathione (BURGER 1982).

¢) Secondary Immunization Procedures

In vivo and in vitro immunization may be combined to yield enhanced success
rates. In other words, immunization is started in vivo as described, then lymphoid
cells are transferred into in vitro cultures together with growth-enhancing factors
or mitogens and small amounts of antigen (Fox et al. 1981; BUTLER et al. 1983).
Alternatively, spleen cells from preimmunized animals may be inoculated into
lethally irradiated syngeneic recipients. The transplanted lymphoid cells will pro-
liferate actively, particularly cell clones, which find antigenic stimulation in the
new environment. This is the case if one injects the antigen in question into the
recipients. Approximately 4 days after adoptive cell transfer, the spleens of the
recipients are removed and the cells fused as usual (Fox et al. 1981; BouN and
KONIG 1982).

2. Fusion

As soon as the serum of immunized animals shows a sufficiently high titer of spe-
cific binding of the immunogen, or after 5-7 days of lymphocyte culture with
antigen and other factors (cf. Sect. B.I1.1.b), fusion is attempted. In principle, the
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technique is still the same as originally described by KOHLER and MILSTEIN (1975,
1976) (for fusion protocols see GODING 1980; PEARSON et al. 1980; HAMMERLING
et al. 1981; LovBORG 1982; READING 1982; MORGAN 1984). Many modifications
have, however, been introduced in order to increase the success rate. From our
present knowledge, the following guidelines may be followed for optimal suc-
cess.

a) Cells

For fusion, the myelomas should be in the logarithmic growth phase. They have
to be separated from serum components which might interfere with the fusion
(MORGAN 1984). The ratio of myeloma cells to lymphocytes should be around 1:2
according to BUTLER et al. (1983).

b) Fusion Medium

Since PONTECORVO (1976) and GALFRE et al. (1977) described the use of polyeth-
ylene glycol (PEG), all researchers initiate cell-cell fusion by this method. For-
merly, Sendai virus was used (KOHLER and MILSTEIN 1976). This agent works as
well as PEG, but it is less easy to handle. The PEG used may be of different mo-
lecular weight. At present, most investigators use PEG of molecular weight 500
4000 or 6000 (DAvVIDSON and GERALD 1976, GODING 1980). There is no evidence
that either is better than the other. More important appears to be the purity of
the PEG and its concentration during fusion. If the concentration is kept below
30%, the fusion frequency is low. If concentrations above 50% are reached, tox-
icity predominates. Consequently, most researchers use concentrations between
45% and 50% (DAvIDSON and GERALD 1976; GODING 1980; LavBORG 1982). The
fusion rate may also be influenced by the pH of the PEG solution. An optimum
appears to be around pH 8 (SHARON et al. 1980). It should also be kept in mind
that heat sterilization and storage in the light reduce effectiveness and stability of
PEG (K apisH and WENC 1983).

¢) Fusion Process

Cells should be incubated with the PEG solution at 21 °C (FAZEKAS DE ST. GROTH
and ScHEIDEGGER 1980; KLEBE and MaNcuso 1981) for approximately 1 min
(DavipsoN and GERALD 1976). The addition of 5% dimethylsulfoxide to the PEG
solution is believed to increase the fusion rate (LoVBORG 1982). Immediately after
fusion, the PEG solution has to be diluted stepwise within 5-10 min (GODING
1980; MORGAN 1984). DavIDSON and GERALD (1976), however, claim better suc-
cess with rapid, one-step dilution. Apparently, it is more important to keep the
cells for about 15 min in calcium-free medium which appears to increase the
number of hybridomas formed (SCHNEIDERMAN et al. 1979). After cell fusion,
transfer in either normal tissue culture medium or HAT medium is recommended,
supplemented with HECS or ECGS, if feeder cells are not present (see Sect.
B.I.1.c).
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3. Selection of Hybridomas
a) Selection of Proliferating Clones

Immediately after fusion, cells may be transferred into HAT-containing medium
(cf. Sect. B.I.1.a) as recommended by FAZEKAS DE ST. GROTH and SCHEIDEGGER
(1980) and MORGAN (1984). Other authors suggest transfer into HAT medium 1—
2 days after fusion according to KOHLER and MILSTEIN (1976). It appears to be
a matter of taste whether to use simple HAT medium or insulin-containing HAT
medium, which has been found advantageous by BARTAL et al. (1984). Since only
hybridomas formed between lymphocytes and myeloma cells can survive and ac-
tively proliferate in HAT medium, rapid cell decay occurs and the first supply of
fresh medium is necessary only 1 week after fusion. In most cases, so-called demi-
feeding is practiced, i.e., half of the medium is carefully replaced by fresh medium
in order to avoid removal of trophic factors. The cultures should, however, be
monitored for color changes indicative of too low pH so that fresh medium can
be supplied earlier, if necessary. After about 14 days in HAT medium, the cells
are transferred for about 1 week in hypoxanthine-thymidine (HT) medium before
culture in normal tissue culture medium has begun. During the whole period, all
cultures have to be checked for microbial contamination. It appears advisable to
start cloning early after transfer into normal tissue culture medium in order to
avoid overgrowth of Ab-producing cells by nonproducers. As soon as culture
supernatants show antigen-specific binding, a few cells should be cloned in soft
agar medium according to the techniques described by SANDERS and BURFORD
(1964), PLuzNik and SACHS (1965), GODING (1980), and PEARSON et al. (1980), or
by limiting dilution as described by HAMMERLING et al. (1981) and MORGAN
(1984). Both techniques imply the use of feeder layers or growth factors as de-
scribed in Sect. B.I.1.c.

b) Selection of Antibody-Producing Hybridomas

The following aspects should be borne in mind. On the one hand, it is necessary
to screen all hybridomas for Ab-producing clones. This can be achieved by vir-
tually every assay capable of measuring nanogram quantities of antibodies, e.g.,
plaque-forming cell assay, indirect hemagglutination, immunoprecipitation,
radioimmunoassay (RIA), indirect immunofluorescence, and enzyme-linked im-
munosorbent assay (ELISA) (for references see LANE and Fauct 1983). Most
widely used are the standard RIA and ELISA. Application of some of these test
systems also allows for the determination of the specificity and cross-reactivity of
the Abs produced. In addition, a definition of the immunoglobulin classes and
subclasses is possible using the same methods. Normally, the Abs produced are
IgGs, only in about 5%-7% of the clones does IgM predominate (CIANFRIGLIA
et al. 1983). The subclasses are detected by standard methods such as immunodif-
fusion (Ouchterlony analysis) (for details see HAMMERLING et al. 1981), RIA (e.g.,
StorCH and LOBMANN-MATTHES 1984), and ELISA (for details see HAMMERLING
et al. 1981; READING 1982).
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4. Production of Monoclonal Antibodies
Two different methods are in principle applicable.
a) In Vivo

This technique is frequently applied in order to produce relatively large quantities
of highly concentrated Abs. Mouse hybridomas derived from immunized BALB/
¢ mice by fusion with BALB/c-derived myeloma cells are normally antigenically
compatible with BALB/c mice. They can thus be transferred into the peritoneal
cavity of female BALB/c mice in order to initiate production of an ascites fluid.
In practice, the following procedure is widely used.

The animals are pretreated with about 0.5 ml pristane (2,6,10,14-tetramethyl-
pentadecane) 3-30 days before injection of hybridomas. For best results (Hoo-
GENRAAD et al. 1983), 2 x 10°-2 x 107 hybridoma cells should be injected into the
peritoneal cavity approximately 10 days after pristane injection. Tumor growth,
leading to ascites production in the peritoneal cavity, should be visible about 2—4
weeks after cell injection. Mice may produce up to 10 ml fluid containing up to
25 mg Abs per milliliter. This concentration is about 100 fold higher than can be
achieved in vitro. The method suffers from the fact that ascites fluid does not al-
ways develop. Then, irradiation of acceptor mice with 34 Gy (GopInG 1980;
HAMMERLING et al. 1981) or inoculation of hybridomas into immunodeficient
athymic nude mice or athymic nude rats, respectively (HAMMERLING et al. 1981)
may solve the problem. If rat/mouse hybridomas are used, Ab production in as-
cites fluid is only achieved in nude mice primed with pristane or irradiated, pris-
tane-pretreated nude rats, since suppressor T cells have to be eliminated in the
rats’ spleen (NOEMAN et al. 1982). In order to achieve maximum yields, it is nec-
essary to reconstitute the ascites fluid with saline after tapering and to harvest
fresh ascites again after approximately 2 weeks. Obviously, ascites fluid contains
all types of mouse or rat proteins in addition to Ab; the yield is variable, and ani-
mals are subjected to serious disease which is not always acceptable for ethical
reasons.

b) In Vitro

In principle, mAbs may be produced in vitro under tissue culture conditions. On
the other hand, hybridomas are grown under normal conditions, i.e., tissue cul-
ture medium, as described before, is used which of course contains all serum pro-
teins, including Abs. If the Abs are to be used in a conventional RIA, dye-free
culture medium should be used, otherwise, color quenching may be unavoidable.
If pure Abs are to be produced, separation of the desired Ab from others and dif-
ferent serum components is necessary. To overcome these difficulties, a synthetic
medium may be used which does not contain Abs. All known serum-free media
are based on the investigations of ISCOVE and MELCHERS (1978). Most of these
synthetic media contain a combination of normal serum components, especially
albumin, transferrin, and some selenium, all dissolved in Dulbecco’s modified
Eagle’s medium enriched with amino acids and vitamins (ISCOVE and MELCHERS
1978; BOTTENSTEIN and SATO 1979; MUrAKAMI et al. 1982; KawaMoTO et al. 1983;
YsseL et al. 1984). Published results (CHANG et al. 1980; McHUGH et al. 1983) in-
dicate that hybridomas grow in such media and produce similar amounts of Ab
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as in media containing serum. Growth, however, appears to be retarded and the
cells appear particularly sensitive to “stressful”’ culture conditions, e.g., to very
low and very high cell density in the culture (MCHUGH et al. 1983). Nevertheless,
this technology opens a new field of Ab production by overcoming many difficul-
ties of the separation procedures necessary to obtain highly purified antibodies
for specific investigational purposes. This technique is rapidly expanding. It is ap-
plied in stationary cultures as well as in suspension cultures, especially in the pro-
duction of mAbs in large quantity (e.g., FAZEKAS DE ST. GROTH 1983; MARCIPAR
et al. 1983). Both technologies, production of mAbs in vivo and in vitro, are now
frequently applied.

In addition, biochemical purification methods are used to eliminate unwanted
serum proteins from ascites or tissue culture supernatants. These methods are
necessary even if serum-free media are used since cells produce not only anti-
bodies, but also a large variety of metabolic products which have to be eliminated.
The details of the purification procedure depend on the species and subclass of
Ab. The most commonly used methods are affinity chromatography and ion ex-
change chromatography on DEAE columns (for references see GODING 1978,
1980; BrRUCK et al. 1982; MORGAN 1984; STANKER et al. 1985).

C. Results and Outlook

Despite the obvious advantages of mAbs for pharmacologic purposes, this tech-
nique has not been widely applied so far. A list of mAbs developed against phar-
macologically important molecules such as drugs, drug metabolites, mediators,
and peptide or proteohormones is given in Table 4. Most investigations have con-
centrated on developing mAbs against large molecules, e.g., proteohormones, re-
ceptors, growth factors. Small molecules such as drugs, steroid hormones, or so-

Table 4. Substances of pharmacologic interest® against which monoclonal antibodies
have been described

Substance References
1. Drugs
Alprenolol CHAMAT et al. (1984), SAWUTZ et al. (1985)
Benzodiazepines DE BLAS et al. (1985)
Cyclosporin QUESNIAUX et al. (1985)
Digoxin MARGOLIES et al. (1981), HUNTER et al. (1982),

ZALCHRERG et al. (1983), PINcus et al. (1984),
BuCHMAN et al. (1985)

Digitoxin COLIGNON et al. (1984)
Digitalin EDELMAN et al. (1984)
Gentamicin PLACE et al. (1984)
7-Hydroxychlorpromazine YEUNG et al. (1985)
Methotrexate KaTo et al. (1984)
Morphine GLASEL et al. (1983)
Nortriptyline MARULLO et al. (1985)

* Enzymes, receptor proteins, etc., are not included.
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Substance

References

2. Steroid hormones and thyroxine

Dehydroepiandrosterone
Deoxycorticosterone
11-Hydroxyprogesterone
Estradiol

Progesterone
Testosterone

Thyroxine

3. Peptide Hormones

Angiotensin II
Endorphin
Enkephalins

Glucagon
Insulin

Somatomedin C
Vasoactive intestinal polypeptide
Vasopressin

4. Proteohormones

Adrenocorticotropin
Chorionic gonadotropin

Growth hormone

Luteinizing hormone
Thyrotropin

Prolactin

5. Mediators, messengers, transmitters

Cyclic adenosine monophosphate
Ficosanoid
Prostaglandins

Leukotrienes
Serotonin

FANTI and WANG (1984), KNYBA et al. (1985)

AL-DusalLI et al. (1984)

BrocHuU et al. (1984)

FanTI and WANG (1984)

FANTI and WANG (1984)

KOHEN et al. (1982), FANTI and WANG (1983),
WHITE et al. (1985)

Moroz et al. (1983), WILKE et al. (1985)

NUSSBERGER et al. (1984)

HErz et al. (1982)

JONEs et al. (1983), PONTAROTTI et al. (1983),
CUELLO et al. (1984), DEGUCHI and YOKOYAMA
(1985)

GREGOR and RIECKEN (1985)

BENDER et al. (1983), MADSEN et al. (1983),
JORGENSEN et al. (1984), ZIEGLER et al. (1984),
KUROCHKIN et al. (1985), MARKS et al. (1985),
SToRCH et al. (1985)

BAXTER et al. (1982)

Gozes et al. (1983)

Hou-Yu et al. (1982), ROBERT et al. (1985)

WHITE et al. (1985)

FuruHasHI et al. (1983), STUART et al. (1983a),
BERGER et al. (1984), TEH et al. (1984),
CARAUX et al. (1985)

RETEGUI et al. (1982), STUART et al. (1983b),
JACOBELLO et al. (1984), RETEGUI et al. (1984),
AsSTON and INVANYI (1985)

Soos and SIDDLE (1983), KNAPP and STERNBERGER
(1984), CHOw et al. (1985)

RiDGwAY et al. (1982), JACOBELLO et al. (1984),
BOETTGER et al. (1985)

STUART et al. (1982), AsTON et al. (1984), Jaco-
BELLO et al. (1984), AsTON and Ivany1 (1985),
Coox et al. (1985), OosTEROM and LAMBERTS
(1985)

O’HARA et al. (1982)

BRUNE et al. (1985), DaviD et al. (1985),
TANAKA et al. (1985)

LEE et al. (1984)

MILSTEIN et al. (1983), LINDGREN et al. (1984)
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Table 5. Characteristics of monoclonal antibodies against E- and F-type prostaglandins

Prostaglandins Cross-reaction (%)

mAb-PGE, mAb-PGE, mAb-6- mAb-PGF,,
(E,R,) (E,R)) keto-PGF,,

PGE, 100 100 1.83 1.32
PGE, 5.54 (12)* 18.5 1.37 2.42
PGA, 0.32 (5) NT® NT NT
PGB, 0.79 NT NT NT
PGD, 0.12 <13 <1 <1
PGF,, 0.17 21.6 0.67 100
PGF,, 0.33 NT 1.83 2.05
TXB, <0.05 <13 <1 <1
TXB, NT NT <1 <1
15-Keto-PGE, 1.32 (2) NT NT NT
15-Keto-13,14-dihydro-PGE, 0.97 NT NT NT
11-Deoxy-15-keto-13,14-dihydro- <0.05 NT NT NT
11,16-cyclo-PGE,
15-Keto-13,14-dihydro-PGF,,  <0.05 NT NT <1
15-Keto-PGF,, <0.05 NT NT <1
6-Keto-PGF |, 0.07 100 100 NT
6,15-Diketo-PGF,, 0.07 NT <1 NT
6,15-Diketo-13,14-dihydro-PGF,, 0.06 NT <1 NT
Arachidonic acid <0.05 NT NT NT
Sensitivity 0.03 (0.01) 0.22 1.1 2.0
Immunoglobulin subclass IeG,, k-1 1gGy, k-1 1gGy, k-1 1gGy, k-1
chains chains chains chains

* Values in parentheses give characteristics of a specific antiserum against PGE, (32-7) used
for comparison.
b NT not tested.

called tissue hormones have not been used so frequently as antigens for the devel-
opment of mAbs.

As an example, our results concerning the production of mAbs against pros-
taglandins (PGs) are listed in Table 5. The mAbs against PGF,, and 6-keto-
PGF,, showed a high degree of specificity, displaying only about 1% cross-reac-
tivity with the structurally related PGE,, PGE,, and PGF,,. These mAbs, how-
ever, allowed only for the measurement of fairly high concentrations of 6-keto-
PGF,, or PGF,, (1-2 ng) when used in the conventional solution RIA employed
by us routinely (BRUNE et al. 1981; cf. Chap.19). In contrast, our first mAb
against PGE, (E,R ) allowed for the detection of much smaller amounts of PGE,
(>200 pg), but its cross-reaction with 6-keto-PGF,,, PGE,, and PGF,, was con-
siderable. The second mAb against PGE, (E,R,) proved to be very specific, dis-
playing some cross-reactivity only with PGE; (~5%), and 15-keto-PGE, (1%),
but not with 6-keto-PGF ,, or a great variety of other PGs. It compared very well
in that respect with a widely used antiserum (Table 5). In addition, this mAb, if
employed in the conventional fluid phase RIA, allowed for the detection of small
amounts of PGE, (30 pg). In further experiments (Fig. 1), it was shown that this
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Fig.1a,b. Binding of *H PGE, (full circles); *H PGA, (open circles); and *H PGB, (full
triangles) at equal specific activity by dilutions of a specific polyclonal antiserum (32-7) and
b mA-PGE, (E,R,)

mAb was devoid of the ability to bind *H PGA, and *H PGB,, which is usually
displayed by antisera against PGE,. As shown in Fig. 1, even at high concentra-
tions, the mAb-PGE, does not bind PGA, or PGB,, while the antiserum does.
Our results show that it is possible to raise hybridoma clones which produce
mAbs against PGs in vitro. Some of these mAbs can be used in conventional
RIAs, allowing for the direct and sensitive detection of biologically relevant PGs.
For example, our mAb-PGE, (E,R,) is now routinely used in a standard RIA
assessing PG release from macrophages, yielding almost identical results to a
well-defined specific antiserum against PGE, (Table 5). The mAb-6-keto-PGF,,
and mAb-PGF,, are not of comparable quality in conventional fluid phase assays
owing to relatively high detection limits. They have, however, proven useful when
employed in an immunosorbent assay on plastic surfaces. The mAb concentra-
tion in hybridoma supernatants is high enough for the direct use of these super-
natants in the assay procedure. For example, the dilutions given in Fig. 1 are di-
rect dilutions from pooled hybridoma supernatants harvested after approxi-
mately 3 days (cell content at that time ~ 5 x 108 cells per milliliter). In other
words, it is not necessary to initiate the production of mAbs in the peritoneal cav-
ity of BALB/c mice for sufficient mAb concentrations. Furthermore, the data
prove that it is possible to circumvent problems inherent in conventionally pro-
duced polyclonal antisera. The mAb-PGF,,, mAb-6-keto-PGF,,, and mAb-
PGE, (E,R,) exert a high degree of specificity, i.e., these Abs can discriminate
well between minor structural differences in the side chains of PGs and the ring
structure. The mAb-PGE, (E,R,), for example, is able to detect minor changes
in the side chain configuration in PGE, or in 15-keto-PGE,, albeit with some
cross-reactivity, but there is no detectable cross-reactivity with PGF,,, PGA,, or
PGB, which differ in the substituent configuration of the cyclopentane ring. The
small (5%) cross-reactivity with PGE is less than with most published anti-PGE,
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antisera. Furthermore, it is of little relevance under most experimental conditions
owing to the low production of PGE; by most mammalian cells. Moreover, the
inherent problem of PGE, antisera, namely, that they contain Abs against PGA,
and PGB,, is avoided by selecting a clone which can only produce one species of
Abs, although one may argue that unlimited quantities are rarely necessary. By
this procedure, one can obtain Abs which are much more specific than those pro-
duced by the elegant method of FirzpATRICK and BUNDY (1978) who employed
the metabolically stable PGE, analog, 9-deoxy-9-methylene-PGF,,. How these
mAbs compare with those reported elsewhere in the literature (cf. Table 4) will
have to be investigated.

Finally, it should be mentioned that the examples given show that it is possible
to produce specific Abs of a uniform standard in almost unlimited quantities. The
advantage of selecting specific clones may be even more pronounced if monospe-
cific Abs against macromolecules are to be produced. By feeding hybridomas
with labeled amino acids, one can produce labeled Abs which should prove par-
ticularly valuable in assays based on labeled Abs instead of labeled antigens. This
option, together with the relative ease of purifying mAbs from culture super-
natants, may even initiate the displacement of conventional RIAs by assays based
on purified Abs labeled with isotopes, fluorescence markers, or enzymes.
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CHAPTER 5

Radioiodination and Other Labeling Techniques

J. GraASsI, J. MACLOUF, and P. PRADELLES

A. Labeling for Inmunologic Assay: Introduction

Immunologic assays are based on the use of two reagents: an antibody and a la-
beled molecule, whose properties directly limit the quality of the measurement.
The antibody constitutes the principal element of the assay and defines the spec-
ificity of the method through the particular characteristics of its binding to the
antigen.

The antibody—antigen interaction is characterized by a high bonding energy,
which ensures the formation of the antibody—antigen complex, even when the two
constituents are present at very low concentrations. This strong affinity of the
antibody for the antigen is exploited in immunologic assays in order to obtain
high sensitivity. In order to measure the very low concentrations of these com-
plexes, it is necessary to introduce into the assay a labeled molecule, which pro-
vides a detectable signal at these concentration levels. The labeling can be of the
antibody or of the antigen, depending on the type of assay used. The properties
of this labeled molecule (i.e., tracer), greatly influence the characteristics of the
assay, and in particular its sensitivity. First, we shall briefly define the character-
istics that this tracer must possess in order that full advantage may be taken of
the antibody properties.

The preparation of a tracer consists in using any physicochemical method to
couple an antigen, or an antibody, with an atom or molecule capable of emitting
a measurable signal. Many different probes have been employed to this effect.
The characteristics and respective merits of each of these signals will be discussed
later in this chapter. In many cases, the introduction of the tracer moiety leads
to a chemical modification of the antigen or antibody. Any effects of such modi-
fications of the immunologic properties of the molecule should be strictly mini-
mized. In particular, any resultant decrease in the affinity of the antibody for the
antigen will lead to a desensitization of the method. This problem is especially
acute in the case of low molecular weight haptens. Here, the structure of the tracer
must be based on that of the immunogen which served to prepare the antibodies,
so as to reproduce as closely as possible the structural design implicated in recog-
nition by the antibody sites.

The other essential characteristic of a tracer is its specific activity, that is to
say, the amplitude of the signal it provides for a given mass of labeled molecule.
Indeed, if the strong binding between antibody and antigen is to be exploited
fully, it is necessary to be able to measure very low concentrations of tracer, and
this calls for the highest possible specific activity. This specific activity depends,
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of course, to a large extent on the type of signal used. From this point of view,
the best results have been obtained with radioactive, enzymatic, fluorescent, or
luminescent tracers. The specific activity will also depend on the number of signal
moieties bound per molecule. In fact, this number is often limited to a few units
as experience has shown that the introduction of a large number of signal moieties
per molecule is detrimental to the immunoreactivity of the tracer, to its stability,
and to its binding to elements other than the antibodies (nonspecific binding). All
these considerations should be borne in mind in order to ensure the quality of the
assay. The preparation of a good tracer is often, therefore, the result of a compro-
mise between different, and sometimes contradictory, requirements: maximal im-
munoreactivity, maximal specific activity, maximal stability, and minimal non-
specific binding.

In the pages that follow, we shall first describe radioactive labeling, which
formed the historical basis of the development of analytic immunology and which
continues to play a considerable role. We shall then consider the different noniso-
topic labeling methods which have been developed over the last 15 years or so.
The initial value of these methods was their ability to overcome certain practical
problems associated with the use of radioactive tracers, and some of them have
since proved to be of greater sensitivity than radioimmunologic methods.

B. Radioiodination
I. General Considerations

Radioimmunologic techniques were initiated by S.A.Berson and R.S.Yalow
through the use of the radioactive isotope of iodine *3'I in the labeling of insulin,
which was employed in a study of the metabolism of this hormone in diabetic pa-
tients (BERSON et al. 1956). The use by these authors of a radionuclide of high spe-
cific radioactivity was invaluable in the demonstration of anti-insulin antibodies.
Theoretical studies as well as experimental data (Ekins 1978; YALow 1980) have
shown that in the case of conventional radioimmunologic assays (competition as-
say), the range of concentrations of the molecule to be assayed depends closely
on that of the tracer. Indeed, to a first approximation, it can be considered that
the lowest measurable concentration of antigen for a given assay will be of the
same order of magnitude as the concentration of tracer used. Thus, in endocrinol-
ogy, for example, it is often necessary to measure hormone concentrations be-
tween 107 1% and 1072 M (YALow and BErSON 1968), and this calls for radioac-
tive tracers that are easily measured at such concentrations. In practice, this re-
quirement means that the tracer has a specific radioactivity of 20-2000 Ci/mmol,
a fact which limits the number of usable radioisotopes.

Many radioisotopes are used in biology (BAILY et al. 1976) and in Table 1 we
present those most frequently employed in biochemistry, together with their nu-
clear characteristics. With the exception of '*C, whose specific radioactivity is too
low, it appears that each of these radioisotopes is a good candidate for tracer syn-
thesis in radioimmunology. However, for various reasons, the choice is almost ex-
clusively limited to tritium and iodine (e.g., lack of precursor; labeling technique
tedious or harmful to the molecule; short half-life of radionuclide; radioactive
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Table 1. Nuclear characteristics of the principal radioisotopes used in biochemistry

Radioisotope Half-life Specific activity Type of Energy of
(Ci/matom)* emission emission (MeV)
“c 5730 years 0.062 B 0.156
3H (tritium) 12.2 years 29 B 0.018
35G 87 days 1500 B 0.167
32p 14 days 9200 B 1.710
! 60 days 2200 { X 8:8334).032
n e e ] o

# Specific radioactivity reached for 100% isotopic abundance. The SI unit for radioactivity
is the becquerel (Bq), which is equal to 1 disintegration per second, 1 Ci=37x 10° Bq.

safety measures too costly or handling of radionuclide illegal in nonspecialist lab-
oratories; detection of radioactive emission difficult, polluting, or expensive).

Before considering iodine labeling itself, it is worth emphasizing the theoret-
ical value of tritium. As it is possible to replace one or more hydrogen atoms of
a molecule by isotopic exchange, a tracer which is structurally identical to the
antigen or hapten can be synthesized, thereby retaining the full affinity of the anti-
body for the molecule. Considerable progress has been made in this field since the
pioneering studies of WiLzBACH (1957) on tritiation by exchange in the presence
of tritium gas, and it is now possible to produce tritiated molecules of high specific
radioactivity (~100 Ci/mmol) without modifying the primary structure, in par-
ticular, in the areas of medicines (BUTLER 1973), steroids (ABRAHAM 1974), pro-
teins (TACK and WILDER 1981), and peptides (FROMAGEOT et al. 1978).

Tritiated tracers initially enjoyed considerable success, but over the last 10
years, an increasingly marked preference has developed for iodinated tracers
(*2°1). Illustrative of this is the fact that of the 104 radioimmunologic kits pro-
duced by manufacturers and indexed in the United States of America in 1983
(CLiNICAL CHEMISTRY 1983), 80 use '2°1, 15 use tritium, and 14 involve a choice
of the two isotopes. The essential reasons for this derive from the fact that: (a)
the higher specific activity of *2°I provides greater sensitivity; (b) radioactive 231
is more easily measured (solid scintillation) than tritium (liquid scintillation); (c)
it is difficult to produce tritiated tracers of high specific radioactivity (=100 Ci/
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