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PREFACE

The pace of immunologic research has quickened as the problems and
potentialities of immunology have appealed to investigators with widely
differing backgrounds. The important subjects reviewed in the twelfth
volume of this serial publication represent the contributions of chemists
and biologists as well as immunologists. With the increasing scope of
immunology, thoughtful, authoritative summations of knowledge in
rapidly developing areas have become essential if those working in this
field are to stay familiar with its overall progress. We are indebted to the
authors of this volume for making this possible by taking the time to
share with us their expertise.

The first article deals with the recently observed molecular uniformity
of antibodies to bacterial carbohydrate antigens. Dr. Krause, who has
initiated and carried out much of this research, discusses the practical
aspects of the production of uniform antibodies and points out their
potential usefulness. These molecules will play an important role in the
study of the amino acid composition and topography of the antibody
combining site, and by virtue of their allotypic homogeneity also should
aid in the definition of the location and character of the various molecular
determinants of allotypic specificity. Early sequence data from uniform
rabbit antibodies already indicate significant homology in the variable
regions of the human kappa and rabbit light chains, suggesting a common
ancestral relationship. Finally, because of their ready detectability by
physical means, uniform antibodies provide an additional means of
analysis of antibody responses and the cellular and/or genetic events
involved.

In the second chapter Dr. Metzger discusses in depth the physical,
chemical, and biological aspects of yM antibodies, a subject to which he
has contributed much. The physical characteristics, chemical composition,
and subunit structure of the typical circular yM pentomers are presented,
and the relationship of these molecules to low molecular weight yM-like
proteins is considered. The characteristics of the interaction of yM anti-
bodies with antigens, i.c., the nature and number of antigen combining
sites, and the interaction of yM antibodies with the complement system
are compared to the corresponding properties of yG antibodies. Finally,
the biosynthesis and metabolism of yM antibodies and their peculiar
role in the immune response are considered.

Perhaps the major barrier to rapid achievement in homotransplanta-
ix
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tion today is the paucity of our knowledge of the histocompatibility
antigens. These antigens, until recently, have resisted attempts at isola-
tion and concentration so that little could be learned of their structure or
metabolism. In the third chapter, Drs. Reisfeld and Kahan, who are
responsible for much of the recent progress in this field, provide a critical
evaluation of the various procedures currently employed to extract these
antigens and to characterize them chemically and physically. The various
biological activities of the histocompatibility antigens and their use in
assay systems for antigen and antibody detection and quantitation are
also described.

One of the most active areas of immunologic research involves the
participation and interactions of various cell types in the immune
response. The recognition of the requirement for cell interaction in the
antibody response has greatly complicated the problem of interpretation
of much experimental data. The next two chapters in this volume comple-
ment each other admirably in presenting the current status of this
rapidly developing subject. Drs. Abdou and Richter give a detailed
account of the evidence supporting the roles of multiple cell types in the
immune response. In addition to defining what is known of the origins
and functions of macrophages, antigen reactive cells, and antibody form-
ing cells, they indicate apparent species differences in the sources and
roles of these cell types. They also point out those critical areas in which
evidence is still needed in order to allow the formulation of a reasonably
complete scheme for an immune response. Drs. Talmage, Radovich, and
Hemmingsen deal with the same subject as it relates to our basic concepts
of the immune response. Their discussion centers on the kind of inter-
action between the two different universes of immunocompetent cells
and the probable nature of the immunologic specificity and function of
each.

Recent investigations into the nature and functions of lysosomes
indicate that these intracellular organelles may have the first and last
words in many immunologic encounters. In the sixth chapter, Drs.
Weissmann and Dukor present an authoritative summary of current
information relating lysosomes both to the initial processing of antigens,
a responsibility chiefly of macrophages, and to the phlogogenic events in
immunologic injury, a responsibility chiefly of granulocytes. The macro-
phages via their lysosomal digestive capabilities appear to be not only
the initial regulators of the magnitude of an antigenic stimulus by de-
grading much potentially immunogenic material but also the processors
and perhaps conveyors of the final effective immunogen. The tissue
injury which develops after the interaction of antigen, antibody, and
complement or of antigen with sensitized cells is dependent to a large
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extent upon the hydrolytic degradation of extracellular and intracellular
macromolecules by the lysosomal enzymes.

Clarifying the relationship between the biological properties of
immunoglobulins and their organization at the several levels of protein
structure is one of the most exciting problems in molecular biology today.
In the last chapter, Drs. Dorrington and Tanford discuss this relationship
as it concerns the higher levels of organization—size, shape, and internal
folding—of immunoglobulin molecules. While available measurements
cannot yet define with certainty the three-dimensional configuration of
immunoglobulins, they do suggest reasonable working models which fit
antigen binding characteristics, electron microscopic appearances, and
physical-chemical properties of these molecules.

As always, it is a pleasure to acknowledge the cooperation and
assistance of the publishers, who have done much to ensure the quality
of this series of volumes.
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l. Introduction

Within the last decade there has been a remarkable advance in the
knowledge on the chemical structure of the immunoglobulins. The
achievements are all the more remarkable because of the magnitude of
immunoglobulin heterogeneity. Nevertheless, the immunoglobulins had
sufficient structural features in common so that R. R. Porter (19539),
Fleischman et al. (1963), Edelman and Gall (1969), Edelman and Poulik
(1961), and others were able to determine the four-chain structure, con-
sisting of one pair of light chains, and one of heavy chains. Because all of
the molecules share this basic structure, heterogeneity is a function of var-
iation in amino acid sequence. It was for this reason that a direct attack
on the amino acid sequence of the two antigenic binding sites has been
delayed, even though it was known that each of the two sites of IgG was
localized to the variable portion of the molecule.

*Supported in part by a grant from the National Institute of Allergy and
Infectious Diseases, Grant No. AI 08429, and by a Grant-in-Aid from the American
Heart Association.
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2 RICHARD M. KRAUSE

Once it was clear that a myeloma protein possessed molecular homo-
geneity and represented a single species of immunoglobulins, the way
was open to employ the myeloma proteins to examine in much greater de-
tail the chemical structure of the immunoglobulins. Indeed, the amino acid
sequence of one myeloma protein is now completely elucidated (Edel-
man and Gall, 1969), and there is much information on vast stretches
of many others. Despite such success, in all of this there is a nagging
reservation. Is a myeloma protein, the product of malignant cells, a
genuine representative of an antibody? The question has been answered
only in part, even though a limited number of mouse and human myeloma
proteins possess reactivity for certain well-defined chemical antigens.
As long as ambiguity surrounds this fundamental nature of the myeloma
proteins, any exploration of the topography of the antigen binding site
and a scrutiny of the structure-function relationships between antigens
and antibodies will require homogeneous antibody populations. It is for
this and other reasons that immunologists have sought specific antibodies
with molecular uniformity, It has been their goal to procure at will, and
in a reproducible and predictable fashion, homogeneous antibodies to
specific and defined antigenic determinants. But, the prospects for
achieving such a goal, until a few years ago, appeared bleak.

A number of excellent reviews have recently been published on the
subject of heterogeneity (Fleischman, 1966; Haber, 1968; Franklin and
Frangione, 1969). In this series of volumes alone, at least four previous
reviews have described the structural heterogeneity of the immuno-
globulins and the molecular and functional heterogeneity of specific
antibodies (Fahey, 1962; Cohen and Porter, 1964; Cohen and Milstein,
1967; Grey, 1969). It is not the purpose of this review to recapitulate the
evidence for molecular heterogeneity of the immunoglobulins as well
as most specific antibody preparations.

The review is the first of this series to deal exclusively with the search
for antibodies with molecular uniformity. It will be confined to the
history of this quest, and will not review in detail the chemical structure
of the immunoglobulins or the evidence for molecular and functional
heterogeneity of immunoglobulins and specific antibodies to a wide
range of different antigens. The references cited will be selective and
representative rather than exhaustive, and the final selection will un-
doubtedly represent the unintentional bias of the author. The focus will
remain centered on the occurrence of antibodies with uniform properties
following specific antigenic stimulation. Human and mouse myeloma
proteins or paraproteins with antibody activity will be included because
use of these proteins remains an alternative approach to procure anti-
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bodies with molecular uniformity. No attempt will be made here to
include all aspects of this work,

The review has been divided into several sections. First a brief sum-
mary is presented of the hallmarks of immunoglobulin heterogeneity
and the criteria that must be used to judge the restricted heterogeneity
or molecular uniformity of an antibody preparation are considered. Then
human antibodies to certain selected antigens which appear to possess
less heterogeneity than normal y-globulin are discussed. A brief account
of these human antibodies is important because their occurrence has
sparked effort to procure antibodies with molecular uniformity in ex-
perimental animals. Next the experimental approaches to generate anti-
bodies with limited heterogeneity in animals are described. Emphasis
is placed on the evidence for the molecular uniformity of rabbit anti-
bodies to bacterial carbohydrate antigens. The section after that deals
with human and mouse myeloma proteins and paraproteins which have
reactivity for specific antigenic determinants. The Discussion and Sum-
mation section comments about the potential usefulness of homogeneous
antibodies for examining the structure—function relationships of antigens
and antibodies and for probing the genetic machinery which is responsi-
ble for antibody diversity.

Il.  Immunoglobulin Heterogeneity and Antibody Properties
Indicative of Limited Heterogeneity

It is self-evident that a specific antibody is not a homogeneous protein
unless it lacks all of the manifestations of immunoglobulin heterogeneity.
These manifestations include: isotypic variation, charge heterogeneity,
functional heterogeneity, and allotypic variability. Specific antibodies
that are generated in response to most antigenic stimuli are heterogeneous
as judged by all of these manifestations or by any combination of them.
Individual antigenic specificity or idiotypy refers to the antigenic in-
dividuality of a myeloma protein or a uniform antibody population.
Heterogeneous immunoglobulins lack this special characteristic,

A. ImMUNOCLOBULIN CLASSES, SUBCLASSES, AND
Licat-CHAIN TYPES

Five major classes of immunoglobulins have been recognized in the
human (IgG, IgA, IgM, IgD, and IgE), and their distinguishing fea-
tures have been recently reviewed (Franklin and Frangione, 1969; Grey,
1969). Subclasses are described for IgG, IgA, and IgM. Each of these
classes and subclasses possess either « or A light chains, but the dis-
tinguishing characteristic of the class or subclass is the chemical structure
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of the heavy chain. These characteristic heavy chains have been desig-
nated y, a, p, 8, and e for IgG, IgA, IgM, IgD, and IgE, respectively.
It is obvious that an antibody is not uniform or homogeneous unless
it belongs to only one class and subclass of immunoglobulin and that
its light chains are either « or A. In some cases, it is possible to isolate a
specific antibody from an antiserum that consists of only one class. But,
an antibody preparation, although all of one class, is commonly a hetero-
geneous mixture as judged by other criteria.

B. IMmMUNOGLOBULIN CHARGE HETEROGENEITY

The disperse distribution of the y-globulins by electrophoresis is an
indication of charge heterogeneity. All the classes exhibit this hetero-
geneity. In contrast, each myeloma protein possesses a marked uniform-
ity of charge which results in an extremely restricted electrophoretic
mobility, Most purified antibodies exhibit charge heterogeneity, although
some preferential selection has been observed by Nussenzweig and Bena-
cerraf (1967) for certain antibodies in guinea pigs and by Sela (1967)
for rabbit antibodies to synthetic polypeptides. In neither case, however,
was this restriction in charge as narrow as that seen for the myeloma
proteins, and in both instances the antibodies were heterogeneous by
other criteria. Disc electrophoresis in acrylamide gel of reduced and
alkylated immunoglobulins and of most of the specific antibody prepara-
tions reveals a number of distinct fractions for both the light and the
heavy chains (Reisfeld and Small, 1966). These individual fractions
have been isolated, and analysis revealed differences in amino acid com-
position (Reisfield, 1967).

Charge heterogeneity of the immunoglobulins facilitates their separa-
tion into fractions by chromatography. Feinstein (1964) separated
rabbit IgG into four chromatographic fractions; each successive frac-
tion from the column had an electrophoretic mobility greater than the
previous one. The light- and heavy-chain mobilities for the four chroma-
tographic 1gG fractions were also compared. Each possessed heavy chains
with identical mobility, but the light-chain mobility was parallel to that
of the intact IgG chromatographic fraction from which it was derived.
Studies, to be described later, for specific rabbit antibodies are largely in
agreement with these findings.

Taken altogether, these studies indicate that the charge heterogeneity
of an antibody is an indication of molecular heterogeneity. It is unlikely
that an antibody is uniform unless the light chains migrate as one major
component by disc electrophoresis. This certainly appears to be the case
for rabbit antibodies to streptococcal carbohydrates (Eichmann et al.,
1970a ). The one qualification of this generalization stems from the work
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of Awdeh et al. (1967). Bence-Jones proteins isolated from cells gave
a single band on starch gel electrophoesis, whereas this protein incubated
in serum gave several bands. Presumably, some alteration of the protein
occurred in the serum which resulted in charge heterogeneity. Further-
more, charge heterogeneity of mouse myeloma light chains is related to
the sialic acid content (Melchers et al., 1966).

Although the light chains of a myeloma protein will commonly
migrate in one major band on polyacrylamide disc electrophoresis, the
pattern is more complex with respect to the heavy chains. The heavy
chains migrate in at least several bands (Dorner et al., 1969). Such
heterogeneity may be a reflection of variability in carbohydrate content
and not due to heterogeneity in the amino acid sequence. The heavy-
chain pattern of the myeloma proteins is less complex than that of normal
y-globulin, however. Normal heavy chains migrate in at least ten bands.

C. HETEROGENEITY OF ANTIBODY-COMBINING SITES

Antibodies against simple antigens or haptens exhibit heterogeneity
in the characteristics of the combining sites. Such heterogeneity can
be detected in two different ways. First, the antibodies vary in the
affinity for the antigen and, second, they vary in the size of the antigenic
determinant to which they bind. Affinity heterogeneity has been studied
in detail for rabbit antibodies to 2,4-dinitrophenyl (DNP) (Eisen, 1966).
When DNP groups on protein substances are employed as antigens, the
antibodies exhibit a wide range of binding energy to DNP. Furthermore,
there appears to be combining site heterogeneity as a function of time
after immunization (Eisen and Siskind, 1964 ). The average binding con-
stants revealed a progressive increase from about 10° L/M for antibodies
recovered 2 weeks after a small immunizing dose to about 10° L/M for
antibodies recovered 8 weeks after this dose. This change in affinity
remains to be explained.

Variability in the binding of antibody to haptenes of different sizes
has been shown for human antidextran and anti-blood-group substances.
For example, antidextran antibody was recovered from a Sephadex
column by sequential elution with oligosaccharides of increasing length
(Schlossman and Kabat, 1962). Precipitation of dextran by the anti-
body eluted with the larger hapten was inhibited by the larger oligo-
sacchardies, whereas di- and trisaccharides were less effective. Similar
studies have been reported recently for human antibodies to blood group
A substance (Moreno and Kabat, 1969). In this case, the antibody was
recovered from an immunoabsorbent column by elution with N-acetyl-
galactosamine and by a pentasaccharide. N-Acetylgalactosamine did not
inhibit precipitation between the blood group A substance and the anti-
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body recovered with the pentasaccharide. On the other hand, N-acetyl-
galactosamine did inhibit the precipitation when the antibody employed
was that recovered by N-acetylgalactosamine elution. It is suggested
that the antibodies eluted by N-acetylgalactosamine possess a combining
site which is smaller in size than that of those antibodies eluted with the
pentasaccharide.

D. IMMUNOGLOBULIN ALLOTYPES

Allotypic variation of the immunoglobulins is due to intraspecies anti-
genic differences which are inherited in a simple Mendelian manner
(Oudin, 1966). In certain cases, these antigenic differences have been
shown to be associated with variations in the amino acid sequences for
both the light and heavy chains and were first described by Oudin (1956)
in rabbit, by Grubb (1956) in man, and by Herzenberg (1964) in
mouse. The localization of these allotypic antigenic markers to certain
specific amino acid sequence regions of each chain has been a subject
of much interest because the outcome has ramifications in regard to
genetic theories of antibody formation. All of this and the associated con-
troversy have been reviewed elsewhere (Herzenberg, 1964; Hood et al.,
1967; Baglioni et al., 1968; Natvig et al., 1968; Koshland, 1968; Wilkin-
son, 1969; Prahl et al., 1970; Hood and Talmadge, 1970; Vice et al., 1969;
Dubiski, 1969).

The allotypic markers of rabbit IgG and the localization of each on
either the light or the heavy chain are identified in Fig. 1. Such a dia-
gram has been constructed from the information in the references cited
above. As a general rule, specific antibodies recovered from heterozygous
rabbits possess both allotypes for each of the groups for which they are
heterozygous, although a modest to a marked selective shift in the pro-
portion of the markers has been observed (Catty et al., 1969).

e(i4,15)
Allotypes
d{i,12) b
-5 (456,9) c(7,20
S-S S-S ’
dg,2,3) K A

Fic. 1. Schematic diagram of y-globulin and the approximate location of the
allotypic markers. (Modified after Kindt, 1970.)
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E. IMMUNOGLOBULIN INDIVIDUAL ANTIGENIC SPECIFICITY

Individual antigenic specificity was initially described by Kunkel
(1965) and his colleagues as a property of the myeloma proteins. This
property is a reflection of the antigenic individuality of the variable
region of the protein and is, therefore, confined to the Fab portion. Be-
cause of this individuality, the myeloma protein induces an anti-antibody
in a beterologous species which after absorption with pooled human
Fraction II reacts specifically with the myeloma employed for immuniza-
tion (Grey et al., 1965). One interpretation of these studies is that each
antigenically distinct myeloma protein is representative of a normal
y-globulin molecule and that the total pool of normal y-globulin in the
serum is the summation of a very large number of different molecules
or species each bearing one of these unique antigenic specificities
(Pernis, 1968). Although examination of many human paraproteins has
revealed only occasional instances of cross-specificity (Williams et al.,
1968), most theoretical estimates suggest that normal serum contains
y-globulin of such antigenic diversity that the number of different
molecules, each with a distinctive individual antigenic specificity, exceeds
several thousand (Pernis, 1968; Kunkel, 1970). Such a large number
is consistent with the possibility that there are between 1000 and 10,000
different heavy chains, each with distinctive features in the amino
acid sequences, and an equally large number of light chains, The many
possible combinations of these light and heavy chains to form a complete
molecule is a very large number.

Parallel studies on antigenic specificity have also been done on a
selected small number of human antibodies which, by several critiera,
exhibit restricted heterogeneity (Kunkel et al, 1963). Such antigenic
individuality is also a manifestation of a specific antigenic determinant
associated with the variable region of the molecule.

Antigenic individuality of specific antibodies has been detected in
a somewhat different way by Oudin and Michel (1963) and by Kelus
and Gell (1968; Gell and Kelus, 1967). In these studies, the anti-
antibodies are raised in rabbits that have the same allotypy as the donor
rabbit. Such antigenic individuality has been termed “idiotypy.” Perhaps
the most troublesome obstacle for an unambiguous interpretation of these
studies on idiotypy is that clearly defined and isolated antigens and anti-
bodies have not been employed in many of these experiments (Oudin
and Michel, 1969a,b). Recently, however, idiotypy has been described
by Daugharty et al. (1969) for antibenzoate antibodies in rabbits. In
this case, the phenomenon of idiotypy has been demonstrated with
isolated and well-defined antigens and antibodies. As was noted above,
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there has been a good deal of speculation on the biological significance
of individual antigenic specificity, and similar discussion surrounds
idiotypy. Setting aside these theoretical considerations, from the prac-
tical point of view, the demonstration that all of the molecules in an
antibody preparation possess the same individual antigenic specificity
or idiotypy is probably the single most useful criterion which is indica-
tive of molecular uniformity short of amino acid sequence analysis.

F. IMMUNOGLOBULIN AMINO ACID SEQUENCE

Final, irrefutable proof for either heterogeneity or homogeneity of
immunoglobulins and specific antibodies is obtained from amino acid
sequence data. It must be admitted, however, that appreciable degrees
of heterogeneity may escape detection because the methods employed for
complete amino acid sequence analysis are not quantitative. Despite
such reservations, much has been learned about the degree of homo-
geneity of antibodies and myeloma proteins through an examination of
either partial or complete sequences. The magnitude of the labor to
obtain a complete sequence of a homogeneous protein has spurred on
the employment of indirect approaches to determine the degree of
heterogeneity of an immunoglobulin or antibody preparation. It is far
easier, for example, to determine the x- and A-chain composition by
serological means than by amino acid sequence of the C-terminal portion
of the light chains.

N-terminal amino acid analysis of the light chains of normal rabbit
IgG and human Bence-Jones proteins leaves no question about the
heterogeneity of the former and the homogeneity of the latter (Hood
et al., 1969). Typical, quantitative, Edman analysis data are presented
in Table I. Tabulated here are the results of the quantitative Edman
analysis for the first three N-terminal residues of the light chains of
normal IgG recovered from a single rabbit and a human Bence-Jones
protein. The amount of each amino acid at each position has been de-
termined from a HCI hydrolyzate of the PTH* amino acids (Van Orden
and Carpenter, 1964). The per cent yield has been calculated from the
nanomoles of the specific amino acid and the total nanomoles of all
the amino acids recovered at a particular sequence step. The per cent
recovery at each position has been calculated from the nanomoles of
all the amino acids at each sequence step and the nanomoles of the
dry weight protein used for the Edman procedure. It is obvious that
for each of the first three N-terminal positions, several major amino acid
alternatives exist for the nonimmune IgG of a single rabbit, whereas
one major amino acid is present for each position in the Bence-Jones
protein. Studies of a qualitative nature, but similar in design, by Doo-

 Phenylthiohydantoin.
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TABLE 1
AmiNo Acip Resintes at N-TermiNaL SEQUENCE PosiTions 1, 2, AND 3 FOR THE
Lignar CuaiNs oF PREIMMUNE RaBBIT v-GLOBULIN AND FOR THE
Controu Bence-Jones ProtreiN (Hackney)e-?

Position 1 Position 2 Position 3
Recov- Recov- Recov-
Yield ery Yield ery Yield ery
Light chains (%) (%) (%) (% (%) (%)
Rabbit R22-85 Ala 54 Asp 34 Val 28
preimmune Asp 17 Val 28 Asp 19
Val 7 5 0 aly 15( 8 Ie 18 39
Ile 6 Glu 5 Met 5
Bence-Jones protein Glu 160 33 Ile 89 % o7 Val 82$ 50
(Hackney) analysis 1 Gly 6 Gly 5 )
Bence-Jones protein Glu 96 Ile 67 Val 85E 55
(Hackney) analysis2  Gly 2 63 Gly 17 47 Gly 7 9
Asp 2 Glu 6

¢ Quantitative Edman procedure employed. The per cent yield of each amino acid
at each position has been ealculated from the nanomoles of the specific amino acid and
the total nanomoles of all the amino acids recovered at that particular sequence step.
The per cent recovery at each position has been calculated from the nanomoles of all
amino acids at each sequence step and the dry weight of protein used for the Edman
procedure. Except for position 1, residue yields of 49, or less are not listed.

b From Hood et al., 1969.

little (1965) have shown that there are just as many amino acid alterna-
tives for each of the first six N-terminal positions for specific isolated,
rabbit antibodies to DNP as for rabbit IgG. Such findings are an indica-
tion that specific antibodies can have a heterogeneity indistinguishable
from normal IgG. Similar evidence will be reviewed later which suggests
that the light chains of certain antibodies have a single amino acid
present at each of the first three N-terminal positions and in this respect
resemble the Bence-Jones proteins.

It is not within the scope of this review to explore in greater detail
the structural and functional heterogeneity of antibodies or to speculate
on the biological significance of heterogeneity. It is conceivable, of
course, that the excessive effort expended to achieve antibody hetero-
geneity is, in fact, an affidavit that life will be preserved. As Eisen
(1966) has pointed out, diversity of ligand-binding sites within an anti-
body population assures a wide range of cross-reactivity for antibody
molecules of a particular specificity. Thus, the more heterogeneous the
immune response to viruses and bacteria, the more broadly based the
spectrum of acquired resistance. A heterogeneous immune response to
one set of virus antigens, for example, may broaden the acquired im-
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munity against related viruses and against new viruses arising from
the natural unrelenting mutability of such microbes.

Hl. Human Antibodies with Restricted Heterogeneity

Cited in the literature are numerous examples of specific antibodies
that exhibit much less heterogeneity than the total complement of the
immunoglobulins in the antiserum from which the antibodies are isolated.
This literature has been included in reviews on immunoglobulins by
Fleischman (1966) and Haber (1968) and such documentation need
not be repeated here.

Early in the 1960, studies on human antibodies to various carbo-
hydrates suggested that carefully selected human antibody populations
might be less heterogeneous than had been commonly supposed. In-
dividual antigenic specificity was demonstrated by Kunkel et al. (1963)
for antihuman blood group A, anithuman blood group B, antidextran,
antilevan, and antiteichoic acid antibodies isolated from human sera. A
typical experiment is depicted in Fig. 2. The antibody to blood group A
reacted specifically with its absorbed anti-antiserum. No cross-reaction
occurred with four y-globulin preparations of different types or with
seven heterologous isolated anti-A antibodies. Subsequent studies re-
vealed that the light chains of some of these antibodies migrated in
one major band in 8 M urea starch gel electrophoresis (Edelman and
Kabat, 1964). The distribution of the y-globulin genetic factors, Gm (a),
Gm(b), and Inv (a), was studies for the isolated antibodies against

Fic. 2. Agar plate analysis showing the specific reaction of isolated anti-A
antibody, Th, with anti-Th antiserum (A). Peripheral wells 2-5 contain y-globulin
preparations of different types, and wells 6-12 contain heterologous isolated anti-A
antibodies. The antiserum (A) was absorbed with 5 mg. Fraction II per milliliter
of serum. ( From Kunkel et al., 1963.)
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dextran, levan, teichoic acid, and blood group A substances (Allen et al.,
1964). Although the majority of these antibodies contained all of the
genetic factors determined in the donor’s whole y-globulin, in a number
of the antibodies these factors were present at very different concen-
trations. Most important, in a few instances, specific factors were not
detected despite their presence in the individual’s whole y-globulin. In
these cases the distribution of the genetic factors appeared to approach
the selective occurrence of these factors in myeloma proteins.

These studies on human antibodies were consistent with findings of
a similar nature reported somewhat earlier by Gell and Kelus (1962).
They observed the absence of one and possibly two allotypes in an
antihapten antibody isolated from a rabbit, and Rieder and Oudin
(1963) demonstrated alterations in the normal ratios of various allotypic
markers in isolated antibodies to bovine serum albumin and DNP-bovine
y-globulin. Taken together, such findings raised the hopeful question,
“Are specifically purified antibodies of an individual, like pathological
proteins, discernably less heterogeneous than his total y-globulin?” (Edel-
man and Kabat, 1964 ). If such proves to be the case, Edelman and Kabat
went on to comment, “then the analogy of these antibodies to myeloma
proteins and Bence Jones proteins may have useful application in de-
tailed chemical studies of antibodies” and, in particular, may prove of
value for the “purpose of determining the amino acid sequence of the
structure of their combining sites.” Such objectives have sustained the
search for the means to procure in a reproducible and predictable
fashion, antibodies with molecular uniformity.

Recent studies by Yount ef al. (1968) indicate that the human anti-
levan referred to above (Allen et al., 1964) is a remarkably uniform
antibody. It consists exclusively of yG, heavy chains and « light chains
and exhibits, as detected by quantitative assays, a selective absence of
genetic markers.

It is also clear from these studies of Yount et al. (1968) that an anti-
serum may possess several sets of antibodies against a single antigen. For
example, the degree of homogeneity of antibodies to dextran recovered
from the serum of one individual was progressively enhanced by subfrac-
tionation of the antibodies on the basis of antibody specificity for the
glycosidic linkage or combining site size rather than by physicochemical
methods. An isomaltohexose cluate of dextran yG, antibody from two
subjects was primarily «, and isomaltotriose eluate was primarily A.

The impression which is gained from all of these studies is that
human antibodies to carbohydrates may possess, to a surprising degree,
properties which are indicative of restricted heterogeneity. This raised
the possibility that antibodies to carbohydrates, produced in experi-
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mental animals, might have much less heterogeneity than the antibodies
to the commonly employed synthetic haptens. The use of rabbits was
prompted by the knowledge that they may respond with high levels of
antibodies to carbohydrate antigens following intravenous immunization
with bacterial vaccines, most notably streptococcal and pneumococcal
vaccines. A major consideration is the supply of antibody which can be
obtained from animals. If homogeneous antibodies are to be recovered
from experimental animals in sufficient yield for structural studies, im-
munization must lead to antibody concentrations which are similar to
the concentrations of the myeloma proteins in man.

IV. Experimental Generation of Antibodies with Restricted Heterogeneity

A. RasBBIT ANTIBODIES TO STREPTOCOCCAL CARBOHYDRATES

It is apparent from the discussion thus far that immunization with
any one of several bacterial antigens might provoke antibodies with re-
stricted heterogeneity. The idiotypy of antibodies in the antisera of
rabbits immunized with salmonellae suggests, for example, that these
antibodies have less heterogeneity than the nonimmune y-globulin. Use
of the streptococci, however, to generate a restricted immune response
has several advantages over the salmonellae. First, the immunochemistry
of the streptococeal carbohydrate antigens is less complex than that of
salmonellae. Sceond, antisera of rabbits immunized with streptococcal
vaccines had been known to contain in some instances very high con-
centrations of antibody to the carbohydrate. Initial studies indicated that
in certain rabbits, antibodies to the carbohydrates had an electrophoretic
uniformity and a serum concentration in many ways as remarkable as
that of the myeloma proteins (Osterland et al., 1966). Recent evidence
from other laboratories suggests that this is also the case for rabbit anti-
bodies to Type III and Type VIII pneumococcal capsular polysaccharide
(Haber, 1970; Pincus et al., 1970a,b).

Considerable detailed information is now available on the rabbit im-
mune response to streptococcal carbohydrates, and a condensed review
of this work will be presented here. The points to be emphasized include:
the method of immunization; the immunochemistry of the streptococcal
carbohydrate antigens; the immune response; and evidence for the
molecular uniformity of the antibody.

1. Method of Immunization

A good deal of experience, much of it empirical, indicates that the
highest levels of antibodies to the streptococcal carbohydrate are
achieved in the rabbits by intravenous immunization with a vaccine of
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whole heat-killed streptococci (Lancefield, 1928). Peritoneal immuniza-
tion is much less effective. Little or no antibody is formed if the soluble
carbohydrates alone are employed as antigens.

Depicted in Fig. 3 are schematic representations of a living Group A
Streptococcus and a heat-killed pepsin-treated vaccine of this organism
(Krause, 1963, 1970).? The living Streptococcus possesses an outermost

Living Group A Strep. Dead Vaccine

7 «— Capsule
Hyaluronic acid

Cell Wall

Protein; M,T,R antigens

Group Carbohydrote
N-acetylglucosomine,
rhomnose

Mucopeptide
N-acetylglucosamine,
N-acetylmuramic acid,
alanine, glutamic acid,
lysine, glycine

Protoplast Membrane
Protein
Lipid
Glucose
Fic. 3. Schematic diagram of living Group A streptococci and the dead vaccine
prepared from them. (From Krause, 1970.)

2 There is no recent readily available description of R. C. Lancefield’s current
method to prepare group-specific vaccines. For this reason, it is included here.

Vaccines are prepared from Group A streptococci, strain J17A4; Group A-variant
streptococci, strain A486 (M-); and Group C streptococci, strain C74. The strains
are from the collection of Dr. R. C. Lancefield, Rockefeller University, New York. A
large batch of vaccine is prepared as follows: 1500 ml. of overnight Todd-Hewitt
culture is collected by centrifugation and the cells washed several times with sterile
saline. The bacterial sediment, resuspended in 30 ml. of sterile saline, is heat-killed
at 56°C, for 45 minutes. The bacteria are again collected by centrifugation, resus-
pended in approximately 30 ml. of saline, adjusted to pH 2 with HCl and 75 mg.
of pepsin is added. This mixture is incubated for 2 hours at 37°C., neutralized with
NaOH to pH 7, centrifuged, and the supernatant discarded. The bacterial pellet is
washed by resuspension in 30 ml, of sterile saline, and centrifuged. The supernatant
is discarded. This washing procedure is repeated an additional time, and the final
bacterial pellet is resuspended in 90 ml. of sterile saline. The final product is
cultured to check for sterility. The dead streptococci in 1 ml. of this vaccine contain
approximately 0.4 to 0.6 mg. of group-specific carhohydrate.
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hyaluronic acid capsule, but this is washed away during the preparation
of the vaccine. Pepsin removes the bulk of the surface protein antigens,
M, T, and R (Lancefield, 1962)., What remains and what is injected in-
travenously is intact heat-killed streptococci with a superficial cell wall
surface of carbohydrate antigen which masks the underlying muco-
peptide matrix (Krause and McCarty, 1961). Less than 10% of the dry
weight of the vaccine consists of carbohydrate. The remainder consists
of all the other cellular elements which have not been eliminated during
vaccine preparation. Yet, it is a remarkable fact that as much as 95%
of the y-globulin in immune antisera is antibody to the outermost carbo-
hydrate antigen (Braun et al., 1969).

Rabbits are immunized intravenously 3 times a week for 4 weeks.
With each injection, 0.5 ml. of vaccine is given the first week; there-
after 1 ml is injected. Maximum antibody levels are seen between the
fourth and eighth day after the last injection, as determined by quantita-
tive precipitin tests with the purified Group C carbohydrates (Fleisch-
man et al., 1968; Braun et al., 1969). Although excellent antibody levels
may be achieved with the primary immunization, many rabbits require
a second series of injections after an interval of 3 to 5 months. The
second series of injections is similar to the first, except that maximum
antibody levels are usually achieved with only 3 weeks of injections.

2. Immunochemistry of Streptococcal Carbohydrate

The immunochemistry and chemistry of the carbohydrate of Group
A streptococci has been studied in details by McCarty and others, and

Group A carbohydrate
M.W.~ 10,000
38 moles rhamnose : O

17 moles N-ocetyl glucosamine:

Fic. 4. Schematic diagram of the chemical structure of the Group A carbo-
hydrate antigen extracted from Group A streptococci. (From Krause, 1970.)
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this work has been reviewed elsewhere (McCarty and Morse, 1964).
The picture which emerges for the structure of this carbohydrate is
depicted in Fig. 4. The antigen extracted from the cell wall by chemical
means is undoubtedly heterogeneous with respect to size, but, certainly, a
portion of the extracted material has a molecular weight in the range of
10,000. A mole of such antigen possesses 17 moles of N-acetylglucosamine
and 38 moles of rhamnose. Eleven of the 17 moles of N-actylglucosamine
can be selectively stripped off with B-N-acetylglucosaminidase, leaving a
residual polymer which is predominantly rhamnose. McCarty {1958) has
shown that the terminal 8-N-acetylglucosaminide residues are the immuno-
dominant determinants of specificity. Companion carbohydrates to this one
of Group A have been isolated from Group A-variant { McCarty, 1956) and
Group C streptococci ( Krause and McCarty, 1962). Each of these antigens
are isolated from either the whole bacteria or cell walls by methods de-
seribed by Krause and McCarty (1961) and modified by Krause (1967).
The evidence suggests that a similar thamnose polymer is shared by each,
but, in the case of the Group C carbohydrate, terminal N-acetylgalactos-
aminide residues confer antigenic specificity; whereas, in the case of the

Group A antiserum Group C antiserum
40 R22-85 r R24-35 S

30

20

mg. Ab/ml. serum

ﬁ C-CHO A~CHO
(e e I 029=0=0=0=0 1 ————— 7T T
0] 0.2 0.4 06 O 0.2 0.4 0.6 0.8 1.0

mg. CHO/1.0 ml. serum

Fic. 5. Quantitative precipitin reactions between Groups A and C streptococcal
carbohydrates and the homologous and heterologous group-specific antisera. (See
Braun et al., 1969, for details of the method.)
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Group A-variant, the antigenic specificity is dependent upon the rham-
nose moiety itself. The antigenic specificity of this rhamnose moiety for
both Groups A and C carbohydrates is masked by the terminal amino
sugar residues.

The specificity of the streptococcal antisera for the homologous
carbohydrates is illustrated by the quantitative precipitin data in Fig. 5.
Group A antibody gives no appreciable cross-reaction with Group C
antigen and vice versa; Group C antibody gives no significant cross-
reaction with the Group A antigen (Krause and McCarty, 1962). Recent
evidence from Kabat and co-workers (1970) and from Greenblatt and

90 Group A Precipitin Reaction
80
70 -
60
50
40 |-
30 -
20+
10
0

N-acetyl glucosamine

N-acetylgalactosamine

? 1 i T
] 22 46 89

90 Group C Precipitin Reaction

Percent inhibition

N - acetyl galactosamine

10 N-acetyl glucosamine

0 o

o

1 1

056 LI 22 46 89
mg. of inhibitor

Fic. 8. Inhibition of the precipitin reaction between Groups A and C carbo-
hydrates and their antisera with N-acetylglucosamine and N-acetylgalactosamine,
respectively, The results are expressed as per cent inhibition. All reactions were
performed at equivalence of antigen and antibody. (From Krause and McCarty,
1962.)
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Krause (1970) indicate that the terminal N-acetylgalactosaminide resi-
dues of the Group C carbohydrate are «-linked to the subterminal rtham-
nose—a feature which probably accounts for the remarkable lack of
cross-reactivity between Groups A and C carbohydrates. If the terminal
N-acetyl amino sugars were linked in a similar fashion in both cases
(i.e., either both « or both 8), it is probable that greater cross-reactivity
would be detected.

The streptococcal carbohydrate precipitin reactions are readily in-
hibited by the characteristic N-acetyl amino sugar. Inhibition tests,
depicted in Fig. 6 (Krause and McCarty, 1962) were carried out at
antigen—-antibody equivalence. With these particular antisera, 50% inhibi-
tion was achieved with approximately 3 mg./ml. of N-acetylglucosamine
in the case of Group A precipitin reaction and no inhibition was observed
with N-acetylgalactosamine. Likewise, 3 mg./ml. of N-acetylgalactos-
amine inhibited Group C precipitin reaction and no inhibition was
achieved with N-acetylglucosamine. Such a striking inhibition of the
precipitin reaction with a monosaccharide has served as the basis for
recovery of specific antibody from immunoabsorbents by elution with
N-acetyl amino sugars. This procedure will be described in a later section.

3. Evidence for Restricted Heterogeneity of Antibodies
to Streptococcal Carbohydrates

The initial observations of Osterland et al. (1966) suggesting that
antibodies to streptococcal carbohydrates may have a remarkable mo-
lecular uniformity are noted in Figs. 7 and 8. In Fig. 7 are depicted
the microzone electrophoretic patterns of serum from a rabbit prior to
immunization and an antiserum collected from the same rabbit after 4
weeks of immunization with Group A-variant vaccine. A sharp narrow
band is seen in the y-globulin region. The protein in this band is pre-
dominantly antibody to the group-specific A-variant carbohydrate. Im-

Fic. 7. Microzone electrophoresis of a rabbit serum collected prior to immuniza-
tion (top frame) and of an antiserum collected after completion of 4 weeks of
intravenous immunization with Group A-variant streptococei. (From Osterland
et al., 1966.)
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Rabbit 8-0

Serum 1
Day 1

Serum 4
Day 22

Serum5
Day 29

Serum 8
Day 71

L

Fi1c. 8. Tracings of the densitometric scans of microzone electrophoretic patterns
on sera of a rabbit collected prior (serum 1), during (serum 4), just after completion
(serum 5), and 42 days after completion (serum 8) of 4 weeks of intravenous
immunization. Sera 1 and 5 were depicted in Fig. 7. (From Osterland et al., 1966.)

munoelectrophoresis reveals that it is entirely IgG. It is a 7S protein
as determined in the analytical ultracentrifuge.

The transient nonmalignant nature of this response is indicated by
the immunoelectrophoretic patterns on serial sera collected well after
immunization. As is noted in Fig. 8, during the interval between day 29
and day 79, at which time no vaccine was administered, the antibody peak
receded and the y-globulin concentration approached the preimmune
level,

Initial evidence that antibodies in an antiserum such as this possessed
restricted heterogeneity included the monodisperse electrophoretic dis-
tribution of the light chains in alkaline urea starch gel and polyacryl-
amide disc electrophoresis. Subsequent to these initial observations,
several antibodies have been examined in much greater detail for
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evidence of molecular uniformity (Eichmann et al., 1970a; Hood et al.,
1969; Miller et al., 1967; Davie et al., 1968; Fleischman et al., 1968;
Braun and Krause, 1968). Observations on one of these antibodies
will be reported in detail here.

Depicted in Fig. 9 are microzone electrophoretic patterns of a
preimmune serum and a Group C antiserum R27-11 before and after
absorption with Group C carbohydrate (Eichmann et al, 1970a). The
sharp monodisperse component contained 36 mg./ml. of y-globulin; 93%
of this is precipitable with the C carbohydrate. This monodisperse anti-
body component was isolated from the antiserum by preparative agarose
electrophoresis. Such a preparative run is also depicted in Fig. 9. Only
the values for the protein eluted from the block in the region of the

. oM Qg

Fic. 9. On the left, microzone electrophoretic patterns of preimmune serum
and antiserum from rabbit R27-11 after 4 wecks immunization with Group C
vaccine, The pattern of this serum after absorption (abs) with Group C carbo-
hydrate (CHO) is also shown. Below the microzone patterns are the densitometric
patterns of the immune serum before and after absorption with carbohydrate. The
shaded area in the lower diagram represents the antibody absorbed from the anti-
serum. On the right, preparative agarose electrophoresis of antiserum R27-11 (solid
line) and, for comparison, the same electrophoresis of a human serum from a patient
with multiple myeloma. (Adapted from Eichmann et al., 1970a.)
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y-globulin are shown. For comparison, there is shown also the pattern
of serum of a patient with multiple myeloma. Fractions of the block in
the region of the peak component were pooled and concentrated. This
material was employed for subsequent studies which indicate molecular
uniformity.

In Fig. 10 are the 9.4 M urea disc electrophoretic patterns of the fol-
lowing partially reduced and alkylated proteins. [These gels were
specially prepared to resolve the light chains (Reisfield and Small,
1966).] Gel 1 contains normal rabbit y-globulin; gel 2 contains a Group C
antibody for which there was evidence for only partial restriction in
heterogeneity; gel 3 contains the very uniform antibody R27-11 isolated
by preparative electrophoresis as described in Fig. 9; gel 4 contains
human Bence-Jones protein. The densitometric tracings of these gel
patterns are depicted in Fig. 11. Normal rabbit light chains are usually
distributed in eight to ten bands. The antibody with only partial restric-
tion of heterogeneity yields light chains that resolve into four distinct
bands. The very restricted antibody R27-11, depicted in Fig. 10, has one
major band which contains at least 90% of the total light-chain protein.

1 ) 3 1

Fic. 10. Light chain patterns. Polyacrylamide gel disc electrophoresis, pH 6.74,
in 9.4 M urea of reduced and alkylated y-globulin preparations: gel 1, normal rabbit
v-globulin; gel 2, a Group C antibody with only partially reduced heterogeneity;
gel 3, peak component of antiserum R27-11; gel 4, a human Bence-Jones protein.
The direction of migration is from the bottom to the top. (From Eichmann et al.,
1970a.)
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Fic. 11. Densitometric tracings of the disc electrophoretic patterns depicted in
Fig. 5. Gel 1, normal rabbit y-globulin; gel 2, a Group C antibody with only partially
reduced heterogeneity; gel 3, peak component of antiserum R27-11; gel 4, a human
Bence-Jones protein. The direction of migration is from the left to the right. (From
Eichmann et al., 1970a.)

This pattern is indistinguishable from that obtained with 40 pg. of a
human Bence-Jones protein.

The disc electrophoretic gels, constructed to resolve the heavy
chains, for two partially reduced and alkylated antibodies are depicted
in Fig. 12. In these gels, the light chains have migrated beyond the gel
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Fic. 12, Heavy chain patterns. Polyacrylamide disc electrophoresis, pH 6.74, in
9.4 M urea of reduced and alkylated y-globulin preparations: gel 1, a Group C
antibody with only partally reduced heterogeneity; gel 2, peak component of
antiserum R27-11. The direction of migration is from the bottom to the top. (From
Eichmann et al., 1970a.)

and are not seen in the photograph. Heavy chains of a heterogeneous
antibody were resolved into ten bands, whereas the heavy chains of
the very restricted antibody R27-11, described above, were confined to
only four bands. Two of these bands appear prominent. Similar patterns
may be seen with the heavy chains of a myeloma protein (Dorner et al.,
1969).

The case for uniformity of streptococcal antibodies which are mono-
disperse by electrophoresis is further supported by the demonstration
that they have individual antigenic specificity. Experiments similar to
that depicted in Fig. 2, which demonstrated individual antigenic specific-
ity of human antibodies to blood Group A substance were also per-
formed with the streptococeal antibodies (Braun and Krause, 1968). In
all of these studies, the anti-antibodies have been prepared in goats.

The view that the antigenic specificity of these streptococcal anti-
bodies is associated with the Fab fragment was substantiated by immuno-
electrophoretic analysis which employed papain digests of a mono-
disperse antibody isolated by preparative agarose electrophoresis. Such
an analysis is depicted in Fig. 13. The papain digest of rabbit pooled
Fraction II gave two arcs with unabsorbed specific anti-antiserum. The
precipitin arc toward the cathode is formed by the Fc fragment, and the
arc toward the anode is formed by the Fab fragment. The situation is
reversed for the precipitin arcs of the Fab and Fc fragments of the
streptococcal antibody employed here. This is because this antibody
exhibited a slow migration in electrophoresis and traveled a greater
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Fic. 13. Immunoelectrophoresis analysis of Fab and Fc fragments of a Group
A-variant antibody with very restricted electrophoretic heterogeneity isolated from
antiserum by preparative electrophoresis. Well 1, papain-digested pooled rabbit
Fraction 11; well 2, papain-digested isolated Group A-variant antibody. Trough a,
unabsorbed goat anti-antibody to the Group A-variant antibody; trough b, the same
anti-antibody absorbed with Fc fragments from pooled rabbit Fraction II. Trough c,
the same antibody absorbed with Fraction II. (From Braun and Krause, 1968.)

distance toward the cathode than the bulk of the normal y-globulin in
pooled Fraction II. This interpretation was clarified by the results of
immunoelectrophoresis in which either anti-antibody absorbed with Fe
of pooled Fraction II or anti-antibody absorbed with pooled Fraction II
was added to the troughs. When the anti-antiserum absorbed with Fc
was added to the trough, only the Fab fragments of both the antibody
and Fraction II gave precipitin arcs. When anti-antiserum absorbed
with pooled Fraction II was added to the trough, the Fab fragments of
only the antibody gave a precipitin arc. No reaction occurred between the
Fab fragment of pooled Fraction II and this absorbed anti-antiserum.
Taken together, such experiments indicate that individual antigenic
specificity is a feature of the Fab fragment of this streptococcal antibody.
Absence of precipitin reactivity between the light chain of this strep-
tococcal antibody and the anti-antibody absorbed with Fraction II in-
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dicates that the light chain alone does not determine the individual
antigenic specificity. Similar results have been achieved with several
other antibody preparations isolated by preparative electrophoresis.

Among the indirect criteria that have been used to judge the struc-
tural uniformity of antibodies, individual antigenic specificity is perhaps
the one which is most indicative of a homogeneity similar to that ob-
served for the myeloma proteins. Such a consideration stems from the
fact that the antigenic site of antigenic individuality includes the hyper-
variable region of the y-globulin molecule.

The case for individual antigenic specificity as a criterion for the
molecular uniformity of an antibody is considerably strengthened when
it can be shown that all, or at least a very major portion, of the antibody
molecules react with the specific anti-antibody. Such a result has been
shown in the following experiment. Aliquots of several antibody prepara-
tions, isolated by preparative electrophoresis, were labeled with **I and
precipitated with an excess amount of the homologous anti-antiserum
which had been absorbed at equivalence with Fraction II. Controls em-
ployed two absorbed heterologous anti-antisera. The proportion of the
radioactive antibody in the precipitates and the supernatants were cal-
culated as per cent of the total radioactive antibody used in the test. The
results for antibody fractions from antisera R23-61, R22-79, and R27-11
are shown in Fig. 14 (Eichmann et al., 1970b). The antibody from
antiserum R27-11, already discussed in detail above, showed an excep-
tional degree of uniformity as judged by several criteria including dis-
tribution of genetic markers (Kindt et al., 1970c) and N-terminal amino
acid sequence of the light chain (Eichmann et al., 1970a). Of this anti-
body preparation, 89% is precipitated by its individual anti-antiserum. A
similar result is achieved with the fast fraction of antiserum R22-79.
Since these antibody preparations were obtained by preparative electro-
phoresis alone, they contain approximately 10 to 15% nonspecific y-globu-
lin, which does not react with the absorbed anti-antibody. Only 70%
of the slow fraction of antiserum R22-79 was precipitated by the anti-
antiserum to the slow fraction. This result is consistent with other experi-
mental data pointing to a certain degree of heterogeneity of this antibody
component. It is apparent that experiments such as this afford an addi-
tional means to estimate the uniformity of an antibody preparation.

An important characteristic of myeloma proteins is the selectivity
they show with respect to gene expression. Studies with the human allo-
typic markers (Gm and Inv types) have shown further that only one of
two possible alleles for both the L and the H chains are expressed in
the myeloma proteins in individual heterozygotes with respect to these
markers (Martensson, 1961). Finally, only one of the many possible
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The Proportion of an Antibody Preparation Precipitated hy

Homologous and Heterologous Anti-antisera

25

Per cent antibody recovered in precipitate and supernatant
Goat anti- Antiserum R 22-79 Antiserum R 23-61 Antiserum R 27-11
antibody absorbed
with pooled Fast Fx Slow Fx Fast Fx
rabbit Fraction (! l g;
Ppt. Supt, Ppt. Supt. Ppt. Supt. Ppt. Supt.
% % % 7 % % Yo Yo
R22-79 _ _ _ _
Anti-fast Fx £l 8 2 97
R e 4 o8 70 31 a 95 2 99
/F:nzli-s?o:\lm Fx - - 3 95 80 21 1 99
R27-11 _ _ 9 8
Anti-fast Fx 2 100 1 9 89

Fic. 14. Per cent of rabbit antibody recovered in the precipitate (ppt.) and
the supernatant (supt) calculated from the radioactivity. Each antibody preparation
was labeled with **1. All precipitin tests done with an excess of anti-antibody. (From
Eichmann et al., 1970b.)

variants of each of these chain types is expressed (Hilschmann and
Craig, 1965). A similar selectivity of expression was observed in some
of the steptococcal antibodies formed in response to immunization with
the streptococcal vaccine,

The allotype of the homogeneous antibody R27-11, which has been
described in considerable detail thus far, is shown in Table II (Kindt
et al., 1970c). This rabbit was homozygous with respect to both the
group a and group b allotypes. In the purified antibody, the H chain is
selected from the population not possessing the allotypic marker from
group a. In effect, no purified antibody was precipitated by antisera to
the al marker. Oudin (1961) has shown that rabbits normally contain
some y-globulin molecules lacking the group a allotypic specificities.
David and Todd (1969) have shown that it is possible to obtain rabbits
devoid of immunoglobulin with the group a allotype by embryo transfer
into does that produce antibody to the allotypic specificities genetically
present in the transferred embryo. The absence of group a allotypic
specificities in this uniform streptococcal antibody suggests that it is
possible to obtain specific antibodies selected from this population which
lack the allotypic marker just as individual myeloma proteins are believed
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TABLE II
PRECIPITATION OF RADIO-10DINATED STREPTOCOCCAL GROUP C ANTIBODY AND
IgG BY ALLOoTYPIC ANTISERA®

Precipitation by antisera

(%»
Rabbit Allotype Sample al b4 Fe
R27-11 al, b4 Preimmune IgG 62 93 97
Group C antibody
Electrophoresis preparatione 10 99 92
Purified antibody? 1 99 98
Nonantibody 1gGe 62 97 96

@ From Kindt e al. (1970c¢).

b Determined by counting 2] in the precipitate.

¢ Isolated as depicted in Fig. 9.

4 Recovered from the electrophoretic antibody preparation by means of a Sephadex
G-200 column which serves as a specific immunoabsorbent for this antibody.

¢ The nonantibody IgG in the electrophoretic antibody preparation which is not
reactive with Sephadex in the group-specific C carbohydrate.

to resnlt from enhanced production of an otherwise normal y-globulin
molecule. In additional studies with other purified streptococcal anti-
bodies, which were isolated from a double heterozygous rabbit, a
selective absence of a marker at both the a and b loci was observed.
For example, from a rabbit which was typed al, a3, b4, b5, All, A12, the
isolated Group C antibody was al, b4, A12 (Kindt et al., 1970a). This is
consistent with previous work which has shown that group a allotypes
share chains with A1l and Al2 determinants (Prahl et al, 1970), and
these two groups of allotypes are linked genetically (Kindt et al., 1970b;
Zullo et al., 1968). Recently, Rodkey et al. (1970) have isolated anti-
bodies to streptococcal carbohydrate by electrofocusing. These anti-
bodies, although isolated from a heterozygous rabbit, had a single
allotypic specificity at both the a and b loci.

The case for molecular uniformity of antibody R27-11 is considerably
strengthened by the amino acid N-terminal analysis of the light chains.
In Table III are presented the results of the quantitative three-cycle
Edman analysis of the amino acid alternatives at the first three N-terminal
positions, The amino acid data from antibody R27-11 were compared to
those of the preimmune y-globulin of the same rabbit. Calculation of per
cent yield and per cent recovery are also given in Table III. The data
for preimmune y-globulin and antibody R27-11 were derived from the
amino acid analyzer chromatograms of the hydrolyzed PTH amino acids.
In the case of antibody R27-11, the yields of a single predominant amino
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TABLE III
AMINO Acips AT N-TERMINAL SeQUENCE PosiTiONs 1, 2, AND 3 FOR THE
Ligar CHAINs oF PREIMMUNE Rannrr +-GLOBULIN AND FOR
AntiBOoDY TO GrOUP C STREPTOCOCCAL CARBOHYDRATE
FROM Rampir 27-11¢d

Position 1 Position 2 Position 3
Recov- Recov- Recov-
Yield ery Yield ery Yield ery
Light chains (%) (%) (%6} (%) (% (%)
Preimmune y-globulin ~ Ala 43 Val 31 Val 36
Asp 14 Asp 18 Asp 17
Ile 10 . Glu 17 o Glu 15
Leu 10 46 Tyr 8 25 Ileu 11 8
Glu 7 Gly 7 Leu 11
Gly 5 Ala 5 Gly 10
Group C antibody Ala 95 s 48 Asp 85 Val 92% 10
Asp (2) ) Val 4 26 Gly 8
Leun 4

¢ Quantitative Edman procedure employed. See footnote a to Table I for discussion
of the calculation.
b From Eichmann ef al., 1970a.

acid at each of the first three N-terminal positions resembles those for
the Bence-Jones protein (Hackney) which were given in Table I. It is
obvious that there are multiple amino acid alternatives at the first three
N-terminal positions in the preimmune y-globulin light chains. Recently,
the light chains of Group C antibody R27-11 have been examined in
the sequenator. A single unambiguous amino acid residue was obtained
at each of the first fifteen N-terminal positions, and the sequence is
listed in Table IV (Hood et al., 1970). Comment on the sequence data
on the light chain of antibody from rabbit R24-61 will be reserved for
the Discussion.

The case for molecular uniformity for the antibody in antiserum
R27-11 can be summarized as follows: monodisperse distribution of
the antibody by microzone and preparative zone electrophoresis; mono-
disperse distribution of the light chains by disc electrophoresis; allotype
exclusion; and a single amino acid sequence for the first fifteen N-ter-
minal residues of the light chains. In all respects by these various methods
of examination, this antibody is as homogeneous as a myeloma protein.
It remains to be determined if a single amino acid sequence is observed
in the hypervariable region of the light chains. Such studies are now
under way.



TABLE 1V

CompaRrISON BETWEEN N-TERMINAL AMINO Acip SEQUENCE oF ALLOTYPE b4 LicHT CHAINS OF RABBIT ANTIBODIES

TO STREPTOCOCCAL CARBOHYDRATES AND THE AMINO Acip RESIDUE ALTERNATIVES
iN THE « LicHT CHaINs IN MaN AND MoUsE®

Rabbit and N-Terminal position
antibody Allo-
preparation type 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
R27-11; peak component b4(k) Ala Asp Val Val Met Thr Glu Thr Pro Ala Ser Val (Ser) Glu Pro Val
R24-61
Fast component b4(k) ( ) Ala Phe Glx Met Thr Glu Thr Pro Ala Ser Val Ser Ala Pro Val
1le Val
Slow component Met, Met
b4k) ( ) ( ) Ile Val Val Thr Glu
Man Glu Asp Ile Gln Met Thr Gln Ser Pro Ala Ser Leu Ser Ala Ser Val
Glu Val Val Leu Thr Ser Thr Pro Leu Thr Pro
Lys Met Leu Leu Phe Val Leu
Gly Met
Thr
Asx
Mouse Asp 1le Val Met Thr Gln Ser Pro Ala Ser Len Ser Val Ala Ala
Glu Val Giln Val Thr Ser Thr Ala Ala Ser Leu
Thr Thr Ile Thr Met Thr Ile
Leu Leu Leu

e Adopted from Hood et al., 1970.
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B. RaBsir ANTIBODIES TO PNEUMOCOCCAL CAPSULAR POLYSACCHARIDES

Intravenous immunization of rabbits with formalized pneumococci
has been employed by Haber (1970) and Pincus et al. (1970a,b) for the
generation of large quantities of antibodies with restricted heterogeneity:.
Rabbits immunized with the whole bacteria produce predominantly anti-
bodies to the capsular polysaccharide. Pneumococci Types III and VIII
were used for these studies. Immunochemical considerations dictated this
choice. These are long-chain polymers and the sequence of the repeating
sugars is known. These sequences are depicted in Fig. 15. Antibodies are

S, -f=3)-8-0- gica-(1——4)- 5 -D-gic-1 ]
n

S VI, —E-4)-B-D-gch-(1+4)-B-D-glc-(1——4)-a-o-g|c-(1+4)-a_D-gm-(q:

Fic. 15. Sequence of sugars in repeating subunits of pneumococcal poly-
saccharides, Types III (SIII) and VII (SVIII); glc = glucose; glcA = glucuronic
acid; gal = galactose. (From Haber, 1970, adapted from Heidelberger, 1967.)

directed against a limited portion of such a sequence. Octasaccharides of
these polysaccharides, for example, readily inhibit the precipitin reaction,
and when such fragments are tritium-labeled, they can be used for bind-
ing studies to determine association constants ( Pappenheimer et al., 1968 ).

A primary, secondary, and tertiary immunization schedule, similar
to that used for streptococci, was employed for pneumococcal immuniza-
tion of rabbits. Approximately 6 to 8% of the rabbits had a predominant
major antibody component in the antiserum. One of the Type VIII anti-
bodies, isolated by immunoabsorbent methods to be described in the
next section, has several of these properties of a myeloma protein which
are indicative of uniformity. The light chains are distributed in one major
band by disc electrophoresis; and a single amino acid sequence is ob-
served for the first eleven N-terminal residues of the light chains (Water-
field et al., 1970).

The binding of the tritium-labeled octasaccharides derived from the
Type VIII carbohydrate to the antibody to Type VIII was examined by
equilibrium dialysis, and the data are depicted in the Fig. 16 (Haber,
1970). The association constant is 2.5 X 10°, a range commonly seen
for antibodies to carbohydrates and for the antibodies to pneumococcal
capsular polysaccharides (Pappenheimer et al, 1968). The Sips plot
(Nisonoff and Pressman, 1958) yields a value for the heterogeneity index
which is within experimental error of unity. These homogeneous binding
data are not necessarily indicative of homogeneous antibody as judged
by other criteria. Other antibodies to pneumococcal polysaccharides
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Fic. 16. Logarithmic plot of equilibrium dialysis data. Moles ligand bound per
mole of antibody assuming a molecular weight of 150,000; N, number of binding sites
per mole, assumed to be 2; C, concentration of per ligand; Ka, association constant;
and a, heterogeneity index as derived from a Sips analysis employing an SDS 940
computer (program by Marcia Stone). (From Haber, 1970.)

which are heterogeneous by electrophoretic criteria, for example, give
evidence of homogeneous binding (Pincus et al., 1968). One possible
explanation for such data is that heterogeneous antibodies consist
of a limited selected number of sets of antibodies, all of which, however,
have a similar binding site.

C. ISOLATION FROM ANTISERA OF ANTIBODIES TO
BAcTERIAL CARBOHYDRATES

The recovery of antibodies with molecular uniformity from rabbit
antisera has been achieved by use of immunoabsorbents and prepara-
tive electrophoresis or a combination of both. The method to be em-
ployed is dictated by the electrophoretic character of the antibodies in
an antiserum. If all of the antibody is confined to a single major M-
type component, similar in appearance to a myeloma protein on elec-
trophoresis, then preparative electrophoresis can be used to isolate the
antibody, just as this method can be used to isolate myeloma proteins.
Most commonly, however, the problem is more complex than this. It is
for this reason that techniques of antibody isolation must be considered
in some detail here.

In Fig. 17 are depicted representative examples of the kinds of
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Fic. 17. Representative examples of rabbit antisera to bacterial carbohydrates.
Precipitating antibody is indicated by the shaded area. a, An example of antiserum
with all of the antibody in a predominant M component; b and ¢, examples of anti-
sera with antibody in a monodisperse component aend in a shoulder, broad com-
ponent; d, an example of an antiserum with antibody distributed in two distinet
components.

electrophoretic patterns of antisera to bacterial carbohydrates from
which antibodies are isolated. Such patterns have been seen for the
antisera of rabbits immunized with either streptococci or pneumococci.
In each example, the precipitable antibody is indicated by the shaded
area in the region of the y-globulin. To be noted, in each instance, is a
small portion (usually about 10 to 15%) of y-globlin represented by the
unshaded area, which is not precipitable by the soluble antigen. This
nonprecipitable y-globulin is the nonspecific y-globulin in the serum.
Therefore, recovery of the y-globulin from such an antiserum by means
of preparative electrophoresis alone will not yield an antibody popula-
tion clearly devoid of nonantibody IgG. Nevertheless, recovery, by
preparative electrophoresis, of a peak component when it is a major
predominant one from an antiserum such as example a, yields a remark-
ably homogeneous antibody preparation which is adequate for most
purposes. Many of the studies reported in the previous section were
done with antibodies isolated in this way.

Immunoabsorbents are another powerful tool for the isolation of the
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antibodies from these antisera. Clearly, in the case of antiserum a
(Fig. 17), either use of immunoabsorbents or recovery of antibody from
a specific immune precipitate would yield an antibody preparation that
was essentially homogeneous because in such an antiserum all of the
antibody is located in one monodisperse component. But, immune re-
sponses, such as the one represented by antiserum A are uncommon.
More common are antisera b, ¢, and d which have more than one anti-
body component. Clearly, in these instances, reliance on immunoabsorb-
ents alone for the recovery of an antibody would yield heterogeneous
antibody preparations. In the case of antisera a and b, there is now a
good deal of data which indicate that the predominant monodisperse
antibody component contains antibody with molecular uniformity,
whereas, the antibody in the broad shoulder component is heterogeneous.
In such a case, recovery of all of the antibody from the antiserum would
yield a heterogeneous antibody population, Finally, in the case of anti-
serum ¢, in which there are two distinct antibody components (and,
on occasion, more than two), there is considerable evidence that each
peak has its own individual antigenic specificity (Braun and Krause,
1968) and a distinct amino acid sequence (Hood et al., 1970). There-
fore, recovery of the antibody from such an antiserum by means of an
immunoabsorbent would result in an antibody preparation which is
clearly heterogeneous.

The conclusion to be drawn from these remarks is that the method
selected to isolate antibody from a particular serum depends upon a
careful evaluation of the number of major antibody components in the
antiserum as judged by microzone electrophoresis. It is obvious that a
combination of both preparative electrophoresis and immunoabsorbents
has the potential of yielding antibody that has a very marked restriction
in heterogeneity and devoid of nonantibody y-globulin.

Several different immunoabsorbents have been successfully employed
to recover the antipolysaccharide antibody from antisera. The specific
immunoabsorbents for the antibodies to Type III and VIII pneumococcal
polysaccharides, as described by Haber (1970), were synthesized by a
two-step procedure. The polysaccharide was coupled to bovine serum
albumin by the method of Avery and Goebel (1931) and the amino
groups of the protein were then reacted with bromacetylcellulose (Rob-
bins et al., 1967). By use of the specific immunoabsorbent, 95% of either
the Type III or VIII polysaccharide antibody was recovered from the
antisera. Recovery was achieved by a batch process in which all of
the absorbed antibody was eluted. This method for isolation of the
antibody has the advantage over preparative electrophoresis in that all
of the recovered protein is antibody to the carbohydrate. There is no
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residual nonspecific y-globulin in the isolated antibody as is the case
when preparative electrophoresis is employed. However, this immuno-
absorbent method of preparing uniform antibody is applicable only to
antisera such as example a depicted in Fig. 17. Obviously, batch re-
covery by immunoabsorbents of all the antibody in antisera, such as
examples b, ¢, and d (Fig. 17), will yield antibodies with varying degrees
of heterogeneity, and, in the case of example d, the antibody preparation
will have at least two distinct antibody populations,

Two recent innovations suggest technical procedures for circumvent-
ing the difficulties described thus far in isolating from an antiserum a
single antibody population devoid of nonspecific y-globulin. Recently,
Parker and Briles (1970) and Eichmann and Greenblatt (1970) have
described the fractionation of antibodies from streptococcal antisera by
means of affinity chromatography.

The antipolysaccharide antibodies were purified from a streptococcal
Group A antiserum and simultaneously fractionated into electrophoreti-
cally distinct components on the basis of their affinity for the phenyl-
B-N-acetylglucosaminide group. 8-N-Acetylglucosamine is the terminal
immunodominant determinant of Group A polysaccharides. The immuno-
absorbent was prepared by coupling p-aminophenyl-8-N-acetylglucos-
aminide to Sepharose activated with cyanogen bromide (Axen et al.,
1967; Porath et al., 1967). Essentially all of the antipolysaccharide anti-
bodies in the antiserum were absorbed on a column of this immuno-
absorbent, while other serum components passed through. Specifically
absorbed antibodies were eluted with a gradient of N-acetylglucosamine
from 0.0 to 0.3 M at neutral pH. Two distinct antibody components were
recovered each at a different amino sugar concentration, and each
possessed a distinct electrophoretic mobility. Light chains from these
two antibody components had one major band on disc electrophoresis.

An immunoabsorbent column for the antibodies to Group C carbo-
hydrate were prepared by coupling the whole carbohydrate to the
Sepharose instead of the p-aminophenyl-a-N-acetylgalactosaminide
(Eichmann and Greenblatt, 1970). The whole carbohydrate was em-
ployed because of the difficulty in preparing the «-N-acetylgalactos-
aminide compound for use in a specific Group C immunoabsorbent,
similar to the one for Group A. In order to couple the Group C carbo-
hydrate to activated Sepharose, the antigen was partially deacetylated
(Axen et al,, 1967; Porath et al., 1967; Kristiansen et al, 1969). A
column, employing this immunoabsorbent, completely removed the pre-
cipitating antibody to the Group C carbohydrate from the antiserum.
By elution with a pH and salt gradient starting with 0.1 M phosphate
buffered saline at pH 7.2 and ending with 1 M sodium chloride-0.5 M
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acetic acid at pH 2.5, several distinct antibody components were eluted.
Each component possessed a distinct electrophoretic mobility. Such
an experiment is depicted in Figs. 18 and 19.

A microzone electrophoretic pattern of a Group C antiserum, prior
to absorption by an immunoabsorbent is shown in Fig. 18, The antiserum
after removal of the antibody by passage through an immunoabsorbent
column described above is also shown. Clearly, the bulk of the y-globulin
is specific antibody and has been absorbed onto the column. The elution

Group C antiserum
R26-86

Unabsorbed to column

T N\

Fr I off column

Fr I off column

Fr II off column

AN

Fic. 18. Microzone electrophoretic patterns of a Group C antiserum before and
after absorption by an immunoabsorbent column described in the text. The lower
three patterns are antibody fractions eluted from the column by means of a pH
gradient (shown in Fig. 18). Fraction I (Fr 1), Fraction II (Fr II), and Fraction IIT
(Fr III) refer to the corresponding fractions in Fig. 18.
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Fic. 19. Elution of antibody fractions from the Group C antibody absorbed
onto a specific immunoabsorbent column by means of a pH gradient. Fraction I,
which was eluted with a slight lowering of pH, has the most rapid electrophoretic
mobility (see Fig. 18), whereas Fraction 1I, which was eluted with a greater lowering
of pH has a slower mobility (see Fig. 18).

of the antibody from the column by a pH gradient is shown in Fig. 19.
Three protein fractions, Fraction I, II, and III, were resolved. The tubes
containing each fraction were pooled, and the pools, after concentration,
were examined by microzone electrophoresis. The microzone patterns of
these fractions are also shown in Fig. 18. This microzone analysis was
performed simultaneously with the unabsorbed and absorbed antiserum.
It is, therefore, possible to identify an isolated fraction as a particular
one of the multiple antibody components in the unabsorbed antiserum.
Antibodies have been recovered from more than six antisera, and, in each
case, the antibody with the most rapid electrophoretic mobility is eluted
with the least fall in the pH of the buffer, whereas, the antibody com-
ponent with the slowest mobility is eluted with the greatest fall in
buffer pH.

Fraction II recovered by the gradient elution from the immuno-
absorbent column is very restricted in electrophoretic mobility and the
light chains migrate in one prominent band by disc electrophoresis,
Although much remains to be done to determine the efficacy of these
immunoabsorbents and the resolving power of the gradient elution
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technique, it would appear now that at least one, and in some cases two
or three, restricted antibody components can be recovered from a single
antiserum by these methods. As a consequence, antisera such as examples
b, ¢, and d (Fig. 17) may be just as useful as sources for antibodies with
uniform properties as is the much more rare “monoclonal” antiserum,
example a.

A special case of affinity chromatography has been particularly useful
for the isolation of uniform antibodies from occasional Group C strepto-
coccal antisera. This is based on the fortuitous observation that the anti-
bodies to Group C carbohydrate in these antisera bind weakly to Sepha-
dex (Kindt et al., 1970c). Because of this affinity, the specific antibody
is sufficiently retarded on the column so that it can be separated from
the nonantibody components that pass through more readily. A high
degree of purification of an antibody was achieved with a Sephadex
column, and the results of the procedure are depicted in Fig. 20. A Group
C antibody preparation was recovered by preparative electrophoresis
from antiserum R27-11 (Fig. 9). Such a preparation contained approxi-
mately 85 to 95% specific antibody and 10 to 15% nonspecific y-globulin.
This preparation was passed through the Sephadex G-200 column. The
nonspecific y-globulin was eluted in the same efHluent in which radio-
labeled y-globulin was recovered and had no antibody activity for the
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Fic, 20. Isolation of Group C antibody from rabbit R27-11 by chromatography
with a Sephadex G-200 column. A 5.0-ml. sample containing 0.10 mg. of radio-
iodinated **I antibody isolated from antiserum by electrophoresis was mixed with
25 mg. of normal IgG and was applied to a column (90 X 2.5 cm.) of Sephadex
G-200 in 0.1 M, pH 8.8, potassium phosphate buffer. ( X---X) 0Q.D,, 280; (QO---0O)
radioactivity. Fraction size was 8.0 ml.
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Group C carbohydrate. All antibody activity was in the retarded ma-
terial. The quantitative allotypic data recorded in Table II indicate that
the antibody eluted in the retarded volume is devoid of the al marker,
whereas, about 10% of the antibody preparation obtained by electro-
phoresis alone, prior to passage through the Sephadex column, was
precipitated by anti-al antiserum.

D. Facrors INFLUENCING THE OCCURRENCE OF HIGH ANTIBODY
ResronseEs wiTH RESTRICTED HETEROGENEITY

The occurrence of one prominent monodisperse antibody component
in the antisera of rabbits that have been immunized with bacterial
vaccines has in large measure remained unexplained. Undoubtedly, a
number of variable factors, as yet undetermined, influence this occur-
rence. Factors which undoubtedly play a role include: the route of
immunization, the physical state of the antigen, prior sensitization, and
the genetic background of the rabbit.

There is little or no published information on the most effective
composition of the vaccine for the production of potent antisera for
streptococcal grouping. Clearly, the size of the particles in the vaccine
may be important. Whole streptococci with the carbohydrate as the
outermost cell wall element appear to stimulate a greater immune
response than isolated cell walls which on the dry weight basis are one-
fifth the size of intact streptococci (McCarty, 1970). Furthermore, the
purified soluble carbohydrate which has a molecular weight between
8,000 and 10,000 is not antigenic in rabbits (Lancefield, 1970).

The possible advantages and disadvantages in alternative routes or
methods of immunization with bacterial vaccines has not been examined
in detail, at least not in recent years. The early impressions acquired by
Lancefield (1970) were that alternative routes and the use of adjuvants
were not as effective and, perhaps, were much less effective, than intra-
venous immunization with vaccines composed of heat-killed streptococci.
It is possible that the potential advantage which can be achieved with
frequent intravenous injections has been overlooked because of the
magnitude of the effort to administer antigen in this way. But, to seasoned
clinicians who recall patients with subacute bacterial endocarditis, prior
to the days of antibiotics, who had prolonged persistent bacteremia, the
profound hypergammaglobulinemia in the rabbits immunized intra-
venously comes as no surprise.

Histological examinations have been done on rabbits killed at the
time the serum contained high concentration of uniform antibodies
(Haber, 1970; Braun and Krause, 1969 ). Intense proliferation of plasma
cells is seen in spleen, lungs, and lymph nodes. By use of immunofluores-
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cence, Haber (1970) observed that the majority of the plasma cells in the
spleen of rabbits immunized with Type VIII pneumococci were making
antibodies to the Type VIII carbohydrate. Although much remains to be
learned about the cellular events that occur with intravenous immuniza-
tion, it would appear that this is a very effective way to stimulate plasma
cell proliferation and, as a result, achieve high antibody responses.
Additional information on antibody formation in rabbits immunized with
pneumococcal vaccines can be found in Humphrey and Sulitzeann (1957)
and in Askonas and Humphrey (1957, 1958).

Rabbits which do not respond with a uniform population of antibodies
or with a high antibody level after primary immunization, may do so
after second immunization. In some cases, the increase in hypergamma-
globulinemia after second immunization can be striking. As an example,
the antibody level in one rabbit after first immunization was only 3
mg./ml. After a second immunization, the antibody level was 50 mg./ml.,
and in this case there was evidence for molecular uniformity of the
antibodies. Although the explanation for this phenomenon is obscure,
it is conceivable that intense immunization over a prolonged period
selects a restricted population of cells which undergoes proliferation. In
this connection, there is an intriguing parallel between these uniform
populations of antibodies in rabbits after second immunization and the
development of a myeloma-like condition in mink with Aleutian disease.
It was observed that late in the course of Aleutian disease, some mink
showed a transition from a heterogeneous hypergammaglobulinemia to a
homogeneous myeloma-like hypergammaglobulinemia. Such a finding
suggests the ascendancy of a few predominant clones of plasma cells
(D. D. Porter et al., 1965).

It remains to be clarified with certainty why some rabbits have a high
immune response following intravenous immunization with streptococcal
vaccines, whereas the majority respond poorly or with only modest levels
of antibody. The possibility that such a response is under some form of
genetic control was investigated by selective breeding of high-response
and low-response breeding pairs. The immune response of the offspring
was measured after immunization similar to that administered to the
parents (Braun et al, 1969). Reported in Table V are the precipitin
levels to Group C carbohydrate in primary and secondary response
antisera for both parents and their offspring. The data suggest that the
magnitude of the immune response is genetically transmitted. One breed-
ing pair had a relatively low antibody response and so did their offspring.
The other breeding pair had a relatively high antibody response and
their offspring had similar responses. Although there is some evidence to
suggest that the antibody in the high responders is more likely to have
restricted heterogeneity than the antibody in the low responders, this
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TABLE V
CoNCENTRATION OF PREciPITINS TO GROUP C CARBOHYDRATE IN THE ANTISERA
or ParENTAL Hige Response aND Low Responsk Rassrrs ano THEIR
OrrspRING IMmuNizED withH Groupr C VaccIng®

Conc. of Low response breeding pairh High response breeding pair?
precipiting
(mg. ab/ml. Parents Offspring Parents Offspring
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@ Not all offspring survived the interval between primary and secondary immuniza-
tion. Therefore, the total number for second immunization is less than the total for the
first immunization. Primary response antisera collected at the end of 4 weeks of immuni-
zation. Secondary response antisera collected at the end of 3 weeks of immunization.
Interval between primary and secondary, 4 months.

b F = female; M = male; 1° = primary immuuization; 2° = secondary immuni-
zation.
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matter is not yet settled. Solutions to these genetic questions will be more
readily achieved if responses of this type can be reproduced in inbred
mice. Such studies are now under way.

No attempt will be made here to review the literature on the influence
of genetic factors on the immune response. This subject has recently been
covered by McDevitt and Benacerraf (1969) in the preceding volume of
this series.

E. ANTIBODIES TO MYOGLOBIN AND ANGIOTENSIN

Selective recovery of a subpopulation of antibodies to the specific
C-terminal sequence of myoglobulin has been achieved by selective
elution from specific immunoabsorbents. Myoglobulin is a complex
protein, and rabbits immunized with a Freund’s adjuvant preparation of
this protein produce antisera that contain multiple antibody populations
with specificities for different structural features of the molecule. Givas
et al. (1968) isolated antibodies to the C-terminal heptapeptide of
myoglobulin by elution of the antibody from the immunoabsorbent
column with a synthetic heptapeptide identical to the C-terminal hepta-
peptide of myoglobulin. The antibody eluted with the synthetic hepta-
peptide was monodisperse by disc electrophoresis, and this is in contrast
to the polydisperse character of the total myoblobin antibody component
in the rabbit antisera. Yield of such restricted antibody, however, was low.

These studies on the restricted heterogeneity of antibodies to the
C-terminal heptapeptide of myoglobin are reminiscent of the restricted
heterogeneity of antibody to angiotensin which has been examined by
Haber et al. (1967). Angiotensin is an octapeptide. The immunizing
antigen was a branched chain polymer of angiotensin on poly-L-lysine.
The peptide was coupled via its carboxyl terminus to the e-amino groups
of the poly-L-lysine. The results of binding experiments with nonfrac-
tionated antiserum and iodinated angiotensin gave points that fell on a
straight line plot. The Sips analysis yielded an association constant of
2.64 % 10® L/M and a heterogeneity index within experimental error of
unity. Such data point to a uniform antibody with respect to binding
affinity, but there are no data available to indicate if such antibodies have
structural homogeneity.

The disadvantage in these methods of obtaining antibody with
molecular uniformity, by employing immunization with natural materials
other than the bacterial polysaccharides, is that yields of antibody are
small and the quantity is insufficient for extensive examination of amino
acid sequence. These studies with antibodies to angiotensin have but-
tressed the notion, however, that an important cause of antibody hetero-
geneity is antigenic heterogeneity and that reducing the heterogeneity
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of an antigen reduces the functional and molecular heterogeneity of
the antibody.

F. ANTIBODIES TO SYNTHETIC ANTIGENS

In the past several years, evidence has been accumulating from a
number of sources that antibodies with restricted heterogeneity may be
generated in response to immunization with synthetic antigens. Both
optimism and enthusiasm were sparked by the observation of Nisonoff
et al. (1967) that a single rabbit produced a remarkably homogeneous
anti-p-azobenzoate antibody. The rabbit had been immunized with
p-aminobenzoic acid coupled to bovine y-globulin, emulsified in com-
plete Freund’s adjuvant. The specific precipitin antibody level reached
6 mg./ml of antiserum and the antibody, purified from a specific immune
precipitate, crystallized out at a concentration of 60 mg./ml. in NaCl
borate buffer, pH 8, ionic strength 0.16. There was a selective expression
of the allotypic markers in the antibody. The whole antiserum was allo-
type al, a2, b4; th