
ABSTRACT OF THESIS

Name of Candidate .#9^.

Degree FtuD* Date uotjQhar..1S7-4-

mie of Thesis

! olecular parameters controlling antigenicity* that is

immunogenialty and antigenic specificity, are reviewed together with acme

aspects of humoral immunity and tolerance, and characteristics and functions

of cells involved in these immunological phenomena*

Antigenicity of native monomer, heat-denatured monomer and heat-

polymerised bovine serum albumin (BSA) have been compared*

Both aonooeric antigens were similar in the three aspects of

antigenicity examined, namely their humoral iraaunogenicity, tolerogenicity

and serological specificity. The antigenicity of polymerised BSA differed

from that of monomers in both its imaunogenlcity and serological behaviour.

Polymerised BSA Induced stronger primary and secondary humoral

responses of anti-native specificity than did the monomers in both mice

and rabbits# The apparent immunogenic (priming) threshold dose of

polymerised BSA was approximately ten fold lower than that of monomer

in CM mice.

Partial humoral tolerance (low-gone) was induced by all three

BSA antigens in CBA mice. The threshold tolerogenic dose was essentially

the same (lpg) for monomer and polymerized BSA* The hyporespemsiveness

induced by polymerised BSA was both leas pronounced and more transient than

that due to monomer.

Serological activity of the BSA antigens was examined by a primary

binding assay of Parr. Distinct differences between monomelic and

polymerized BSA were observed with respect to the slope of their binding

curves, association and dissociation rates of their binding to antibody,

and mutual cross-reactivity in an inhibition assay.

Use other side if necessary.



The results of the serological studies could be attributed to

either a new specificity or, store comprehensively, to an enhanced

capacity of polymerised BSA to establish avid bonds with antibody*

The polymerised B3A was removed from circulation of CBA mice

more rapidly than were the momwers* However, a large proportion

of polymerised BSA was released in a little degraded form from

peritoneal exudate cells cultured in vitro after the uptake*

A possible relationship between the serological and immunogenic

properties of the BSA antigens, as well as the significance of their

handling by phagocytic cells, were discussed*



Immunogenicity and antigenic apeoifioity of

monomer and polymers of bovine serum albumin

by

Jaxxa Strambaohova - McBrido

Promovary blolog (Charles University, Prague)

Thesis presented for the Degree of Doctor of Philosopty

of the University of Edinburgh in the Faculty of Medicine

Department of Bacteriology 1974

University of Edinburgh



INDEX

SUMMARY
Page

INTRODUCTION

I. The origin of the cells involved in the humoral

immune response. 1

1. Cells of the Mononuclear Phagocyte System 1

2. Dendritic Cells 2

3. Lymphocytes 3

a. Thymus-derived (T) lymphocytes 3

b. Thymus independent (b) lymphocytes 6

II. Cellular interactions in the humoral immune response, 8

1. t-b cell interactions 8

2, Macrophage involvement 34

III. Immunological tolerance. 16

1. Historical 16

2. Tolerance to protein antigens in adult animals 17

3. Cellular aspects of immunological tolerance 20

IV. The recognition of antigen by lymphoid cells. 23

1. Binding of antigen to lymphoid cells 24

2. The immunological significance of antigen-binding
lymphocytes 25

3. Antigen-specific surface reoeptors on lymphocytes 28

4. Differences between receptors on T and B lymphocytes 29

5. Differences in antigen-binding by T and B lymphocytes 211

6. Specificity of T and B cell recognition 33

7. Events following the intoraction of antigen with
lymphocytes 35



Page

V, The recognition of antigen by antibody. 37

1* The binding quality of antisera 37

2, The avidity of humoral antibody 38

3. Clonal selection with respect to avidity 41

4* The avidity of humoral antibody in hyporesponsive
animals 48

Of F93,.YVfllenft tatfrartiflttPp 50

1. The avidity of antigen-antibody binding 50

2. The avidity of antigen-lymphocyte interaction 53

VII. Antigenicity, 55

1« Antigenic specificity 57

2, Immunogenicity 64

3. The relationship between iramunogenicity and
tolerogenicity 70

VIII. The antigenicity of serum albumins# 73

1. Antigenic specificity 74

2, Immunogenicity and tolerogenicity of serum albumins 80

EC. Bovine serum albumin - chemical structure and

physical behaviour. 83

1# Structure 84

2. Reversible changes of molecular conformation 86

3. Irreversible formation of dimer and polymers 87



X. Proposed objectives

Page

89

MATERIALS AMD METHODS

I, Animals 91

II, Antigens 93

III, Thermal denaturation of BSA 95

IV, Chromatography on oross-linked dextran gel
(Sephadex) 97

V, Polyacrylamide gel electrophoresis 100

VI, Immunodiffusion 106

VII, Immunoelectrophoresis 107

VIII, Estimation of protein content by the Folirv-
Ciooalteu reaction 109

IX, Scintillation counting 111

X, Radioactive labelling of BSA 113

XI, The ammonium sulphate method 116

XH, Digestion of BSA preparations by mouse spleen
proteases 130

XIII. Processing of polymerized BSA by peritoneal
exudate cells 133

125
XIV. Clearance of I-labelled antigens from

circulation 136

XV. Solvent perturbation 137



I. Preparation of BSA antigens.

1. Preparation of native monomer BSA

2. Preparation of heat-denatured BSA

3. Fractionation of heat-denatured BSA

4. Characterization of BSA preparations

5. A study of exposure of tyrosyl residues in BSA
preparations by solvent perturbation

II. Immunogenlcitv of BSA antigens in mice.

1. Relative immunogenicity of Cohn fr. V and
denatured BSA

2. Relative immunogenicity of native monomer and
heated polymerized BSA

3. Relative tolerogenicity of native monomer,
heated monomer, polymerized and insoluble
aggregated ESA

4. The dose threshold of low zone tolerance and

immunity to native monomer and polymerized BSA

5. The quality of antibodies and tolerance

III. Behaviour of BSA antigens in the primary antigen-

binding assay,

1. Immuiiocheaioal analysis of BSA antigens

a. Raising antisera

b. Analysis of the antigenic specificity by
cross-inhibition of antigen-binding

2, Studies on the association and dissociation of

monomeric and polymeric BSA

3. Standard antigen-binding curves of monoraeric and
polymeric BSA

a. Theoretical

b, Experimental



Page

IV, Handling of BSA antigens by the oell3 of

Mononuclear Phagoovte System 185
125

1. The non-immune clearance of I-BSA antigens
from circulation 186

2. Processing of polymeric BSA by peritoneal
exudate cello in -vitro 187

3. Enzymatic degradation of BSA antigens by
mouse spleen cathepsins 191

DISCUSSION 192

I, Preparation ana physical characteristics of 195
BSA antigens

II, Immunogenicity and tolerogenicity of BSA antigens 197

III, Serological studies with BSA antigens 203

IV, Handling of BSA antigens by the cells of the 214
Ilononuclear Phagocy te System

General discussion 216

ACKNO1LEDCEMENTS 229

REFERENCES



SUMMARY

Antigenicity of native monomer, heat-denatured

monomer and heat-polymerized BSA have been compared.

Both monomeric antigens were similar in the three

aspects of antigenicity examined, namely their humoral

Iffiinunogerjioity, tolerogenioity and serological specificity.

The antigenicity of polymerized BSA differed from that

of the monomers in both its immunogenicity and serological

behavior.

Polymerized BSA induced stronger primary and secondary

humoral responses of anti-native specificity than did

the monomers in both mice and rabbits. The immunogenio

(priming) threshold dose of polymerized BSA was approximately

ten fold lower than that of monomer in CBA. mice.

Partial humoral tolerance (low-zone) was induced by all

three BSA antigens in CBA mice. The threshold tolerogenic

dose was essentially the same (l ug) for monomer and

polymerized BSA. The hyporesponsiveness induced by

polymerised }3SA was both less pronounced and more transient

than that due to monomer.

Serological activity of the BSA antigens was examined by

a primary binding assay. Distinct differences between

monomerie and polymerized BSA were observed with respect

to the slope of their binding curves, assooiation and

dissociation rates of the binding and mutual cross-reactivity

in an inhibition assay.



The results of the serological studies could be

attributed to either a new specificity or, more

comprehensively, to an enhanoed capacity of polymerised

BSA to establish avid bonds with antibody.

The polymerized BSA was removed from circulation of

CBA mice more rapidly than were the monomers.

However, a large proportion of polymerized BSA was

released in a little degraded fcrm from peritoneal

exudate cells cultured in vitro after the uptake.

A possible relationship between the serological and

immunogenic properties of the BSA antigens was discussed.
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I. THE ORIGIN OF CELLS INVOLVED IN THE HUMORAL IMMUNE RESPONSE.

The detailed knowledge of the origins and development of

cell populations that participate in inmune responses has

expanded rapidly during recent years. Since the topic is

not the main concern of this thesis the present account of

the processes will be abbreviated. Most of the experimental

evidence has been obtained in studies on mice or rats but it

is assumed that the findings are of general validity. All

oells that take part in immune responses seem to be derived

from primitive multipotent stem oells of mesodermal origin

(Moore and Owen, 1967). At least four types of cells are

inferred to react with administered antigen and play a role

in subsequent immune responses.

1. Cells of the Mononuclear Phagocyte System (MPS),

A new classification was proposed by Langervoort et al.

(1970) to replace the older concept of the reticulo-endothelial

system (Aschoff, 1924). Although the cells grouped under the

new Mononuclear Phagocyte System present a wide range of

structural and biochemical features, they are related by

certain common characteristics of morphology, function and

origin. These include a ruffled plasma membrane, firm

attachment to glass surfaces, the ability to engage in

pinocytosi3 and phagocytosis, and finally a common origin.

At present it is believed that the mononuclear phagocytes
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constitute a separate cell line that originates from precursors

(promonocytes) present in bone marrow. The immediate

predecessor of the promonocyte is as yet unknown. Promonocytes

in bone marrow multiply and give rise to monocytes, which are

normally noivdividing cells. The mouse monocytes appear in

the circulation after 2 hrs. Here they constitute a mobile

pool of incompletely differentiated cells which remain for a

period of approximately 32 hours. Blood monocytes travel

via the bloodstream into the tissues where they differentiate

into typical tissue macrophages (i.e. free and fixed macrophages

of lymphoid organs, peritoneal macrophages, Kupffer cells of

liver, histiocytes etc.) It is not known to what extent

macrophages oan leave a tissue and populate other areas of the

body but their life span in the tissues has been estimated

at several months. Further details have been discussed in

reviews by Cohn (1968), van Furth (1970), Seminars in

Haematology (1970) and van Furth et al. (1972).

2. Dendritic cells.

The dendritio cells present in the follioles of spleen

and lymph nodes were excluded from the Mononuclear Phagocyte

System because they are not phagocytic (van Furth et al.. 1972).

Their origin is not known. They are probably involved in

local concentration of antigen in primary and secondary

follicles and their antigen-trapping mechanism seems to depend
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on the presence of specific extraoellular antibody although

they do not produce the antibody themselves. An extensive

disoussion of their possible function was inoluded in Nossal

and Ada's monograph (1971)*

3. Lymphocytes.

Lymphocytes arise from pluripotent undifferentiated non-

committed stem cells. The primary source of stem cells is

the yolk sac of the embryo. Later in life they establish

a self-replicating pool of undifferentiated precursors in

the fetal liver (Moore and Owen, 1967)* and probably also in

the bone marrow which is the main site of origin of stem cells

in adult mice (Micklem et al.. 1966). A continuous stream

of stem cells migrate via the circulation into the primary

lymphoid organs where they mature into immunocompetent

lymphocytes of the peripheral type. At present at least

two classes of lymphocytes present in the peripheral lymphoid

tissues are recognized (see Miller et al.. 1971)*

a. Thymus-derived (t) lymphocytes.

Some stem cells migrate to the thymus where they differentiate

and mature into thymocytes in the presence of epithelial

retioular cell3 that funotion under the inductive influence

of mesenchyme. The maturation process results in many

structural and, more important, functional cellular changes

but our understanding of the nature of the influence that

directs maturation, as well as of the process itself, is
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incomplete. A 'hormonal' control of the differentiation

process has been suggested. Stem oells mature in the

thymus over a period of 3-4 days during which time they undergo

5-7 mitotic cycles and lose their pluripotential stem cell

oharacter but acquire some of the functional features of

peripheral thymus-derived lymphocytes: viz. immunocompetence,

specificity, ability to migrate to peripheral lymphoid organs.

Also, changes in histocompatibility and thymus-specifio

antigens and other surface structures (plant mitogen

receptors, antigen-specific reoeptors, "homing" receptors)

occur. The mitotic activity in the thymic cortex is high

but the majority of thymocytes may never leave the thymus

and are probably eliminated in an unknown fashion before

their differentiation is oompleted. In oontrast to the

proliferative activity in the cortex, the less numerous

cells in the thymic medulla exhibit hardly any mitotic

activity and resemble peripheral T-lymphooytes in their

relative radioresistance, resistance to cortisone, immunological

competence and longer life span. The medullary thymocytes

are probably a more mature form of their cortical precursors.

The thymocytes which leave the thymus establish the long-lived

population of T-lymphocytes in the periphery. The

proportion of thymus-derived lymphocytes in different organs

varies and in mice is approximately 90/o in thoracic duct,
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7<$-8($ in peripheral blood, 30jS-40^ in the spleen, and

6o^-80^ in the lymph nodes.

The T-lymphocytes are believed to comprise most of the

pool of small lymphocytes that engage in continuous

recirculation between blood, the tissues and the lymphatics.

The detailed pathways of recirculation have been studied so

far only for spleen and lymph nodes (see Ford, 1969; Mitchell,

1973)* They do not seem to enter the bone marrow nor re-enter

the thymus to any great extent.

In peripheral lymphoid organs the thymus-derived lymphocytes

occupy anatomically distinct areas oalled the thymus dependant

areas, which become depleted of cells after chronic drainage

of the thoracio duct or neonatal thymectomy (Gowans and

McGregor, 1965; Parrot et al.. 1966; Goldschneider and

McGregor, 1968), These areas include the periarteriolar sheaths

of the splenic white pulp and the diffuse lymphocyte fields

in the mid and deep cortex near the postcapillary venules

of the lymph nodes and Peyer's patches. T-lymphocytes have

only rarely been found in primary follioles but they are

present in significant numbers in the germinal centres of

mouse lymph node (Gutman and Weissman, 1972),

Apart from their functional qualities (introduction,

part II, 1) T-lymphocytes are distinguished by certain

structural features of their plasma membrane e.g. presence

of theta and TL antigens, scarcity of receptors for antigen,
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small amounts of Ig of, perhaps, a non-classical type (see
It H It

Makela et al«. 1971b; Warner and Moller, 1971)*

Two different populations of peripheral thymu3-derived

lymphocytes (T^ and T^) have been described in mouse spleen
and it has been suggested that thqy represent two maturation

stages, the less mature T^ differentiating under the influence
of antigen into T2 (Raff and Cantor, 1971; Cantor, 1972).

The subject of origin of T-oells has been extensively

reviewed: Good and Gabrielsen (1964); Thymus, experimental

and clinical studies (1966), Miller and Osoba (1967).

Miller and Mitchell (1969), Davies (1969), Nossal and Ada

(1971)» Waksman and Colley (1971)*

b. Thymus-independent (B) lymphocytes.

The pathway(s) of development of cells that belong to the

thymus-independent compartment of peripheral lymphocytes is

obscure. They probably originate from stem cells of the

bone marrow and differentiate into immunocompetent B-lymphooytes

under external inductive influence. In birds the maturation

takes place in a distinct anatomical structure, the bursa of

Fabricius, but for mammals the site of differentiation has not

been identified. Several gut-associated lymphoid tissues, bone

marrow and a generalized and diffuse inductive influence have

been considered. Whatever the site and the nature of their

differentiation process, the result is a population of

lymphocytes distinct from T-cells in several respects. They
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are immunocompetent cells with easily demonstrable surface

receptors for antigen, antigenic markers of classical Ig

classes, organ specific antigen(s) and surface receptors

for oertain components of complement and for some mitogens*

The functional characteristics of B-lymphocytes are mentioned

elsewhere (introduction, part II. 1). They seem to be

relatively sessile cells that do not contribute much to th<3

pool of recirculating lymphocytes. Theirlife span is generally

short although some are long-lived (Rarrott and de Sousa, 1971;

Mitchell and Taylor, 1971)* On antigenic stimulation they

proliferate and differentiate into plasma cells that aotlvely

secrete antibody.

B lymphocytes are found in the lymphoid follicles and

medullary cords of lymph nodes, areas that develop normally

in neonatally thymeotomised mice (Gutman and Weissnsan, 1972).

In spleen they have been deteoted in the cords of the red pulp,

in the germinal centres (Mitchell, 1972) and in the peripheral

white pulp (Mitchell, 1973). Plasma cells constitute a

large proportion of the cells in the medullary cords of lymph

nodes and the splenic red pulp. Evidence has been presented

for the existence of a distinct anatomically determined pathway

between the red pulp and both the peripheral white pulp and

the splenic periarterial sheath and it has been suggested that

after antigenic stimulation, dissociation of germinal centres

occurs by release of the germinal centre oells into the red
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pulp through the bridging anatomical channels (Mitchell, 1973)*

Further relevant references can be found in

Transplantation Reviews (1969), Abdou and Richter (1970b),
w if

Makela et al. (1971b), Nossal and Ada (1971) and parrott and

de Sousa (1971).

II. CELLULAR INTERACTIONS IN THE HUMORAL RESPONSE.

1, T - B pell interactions.

The initial recognition of two functionally dlstinot

lymphoid populations, one thymus-derived and responsible for

various expressions of cell-mediated immunity (T cell) and

the other thymus-independent antibody-produoing cell line

(B cell), was based on observations of defeots in immuno-

competence of neonatally thymectomized and/or burseotomized

birds (Szenberg and Warner, 1962; Warner and Szehberg, 1962;

Warner et al.. 196!*.; Cooper et al., 1966), neonatally

thymeotomized mammals (Miller, 1961; Arnason et al.. 1962;

Jankovio et al.. 1962), oases of congenital thymic aplasia

in humans (Di George, 1965; August et al.. 1968; Cleveland

et al.. 1968) and mice (de Sousa et al.. 1969; Bantelouris,

1971), and other human congenital immunodeficiencies (see

Rosen, 1971). The conclusions of the early workers were

later corroborated by experiments on adult animals that had

been subjected to a combination of thymectomy and irradiation,
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treatment with antilymphocyte serum, or chronic thoracic

duct drainage, followed by reconstitution with a variety

of lymphoid cells (see Miller and Osoba, 1967 and Miller

et_al., 1971).
The absence of thymus-dependent (T cell) function

particularly inhibited cell-mediated immune responses, but

it was noted that humoral responses to some antigens were

also impaired. (jankovic et al.. 1962; Good et al.. 1962;

Cooper et al«. 1966; Lischner and Di Ceorge, 1969).

It soon became clear that the maturation of antigen-stimulated

B cells into antibody-secreting plasma cells depends, for many

antigens, on a regulatory influence of stimulated T cells

(reviewed by Katz and Benacerraf, 1972).

The possibility that more than one type of lymphoid

cell participates in the humoral response had been indirectly

suggested (e.g. Ovary and. Benacerraf, 1963) but it was Claman

and colleagues (1966) who were the first to directly demonstrate

that bone marrow and thymus cells, each in themselves minimally

responsive on transfer to irradiated recipient mice, in

combination wculd perform a synergistic anti-SRBC antibody

response. They suggested that one cell population contained

cells capable, on antigenic stimulation, of antibody

formation ("effector cells") but that this required the presenoe

of "auxiliary cells" of the other oellular population. The

"effeotor" cell has been found to originate in the bone-marrow
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while the "auxiliary" cell that does not secrete antibody is

thymus-derived (Davies et al.. 1967{ Mitohell and Miller,

1968a, b; Miller and Mitchell, 1968, 1969} Nossal et al..

1968; Davies, 1969} Claman and Chaperon, 1969} Taylor,

1969).

The co-operative interaction between T and B cells as

described for the in vivo humoral response to heterologous

erythrocytes (e.g. Claman et al.. 1966; Mitohell and Miller,

1968a, b; Miller and Mitchell, 1968; Nossal et al.. 1968)
has also been observed in responses to foreign serum proteins

(Taylor, 1968; Chiller et al.. 1970; Miller and Sprent, 1971),
monomeric flagellin (Feldmann and Basten, 1971), (T,&) - A—L

peptide (Mitohell et al.. 1971) and other antigens.

The analysis of humoral anti-hapten responses to

hapten-oarrier conjugates revealed that the recognition of

two different antigenic sites on the conjugates (Rajewaky et al..

1969) involved two independent cells, one hapten - the other

carrier-specific (Katz et al.. 1970a), and that both the cells

were lymphocytes (Katz et al.. 1970b). The oarrier-speoific

cell does not make antibody but its presence is required in

order to enable the hapten-specific cell to do so (Mitchison,

1969a; see Miller et al.. 1971, and Rajewsky and Fohlit, 1971)*

The similarity with the T-B cell co-operation invoked the

suggestion that both processes were comparable, and that the

hapten-8peoific cell was a B cell while the carrier-speoifio
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helper cell belonged to the T family (Taylor, 1969;

Mitchison, 1969a; Mitchison et al», 1970). Raff (1970b)
showed that in mice the helper cell was indeed thymus-derived

whereas the antibody-forming-cell precursor was not, a

finding since supported by oihers (Mitchison, 1971c# d}

Boak et al.. 1971)*

The observations made in vivo have been repeated in vitro

in several models of cooperative T-B interaction (reviewed

by Katz and Benacerraf, 1972).

However, involvement of T cell helper activity is not an

absolute requirement for an antibody response. There is a class

of antigens that apparently do not need the T cell to be present

for optimal antibody production (SIH polysaccharide, Humphrey

et al., 1964; ferritin, Fahey et al., 1965; polymerized

flagellin, Armstrong et al.. 1969; Feldmann and Basten, 1971;

E. ooli lipopolysaccharide and PVP, Andersson and B'lomgren,

1971; collagen, Fuchs et al.. 1974) and in fact, removal of

T cells may result in an enhanced response to some of these

substances (SIU, BaJcer et al.. 1970; FVP, Kerbel and Eidinger,

1972). Responses to these polyvalent antigens consist
(I

predominantly of IgM (Britton and Moller, 1968; Baker and

Sta3hak, 1969; Andersson and Blomgren, 1971; Feldmann and

Basten, 1971)• Even for responses to the ihymua-dependent

antigens mentioned above the requirement for the helper
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funotion of T cells seems in part optional. Thus the

response in the absence of T cells was suppressed but

rarely completely absent and the suppression could, to some

extent, be repaired by increased dose of the antigen

(Taylor and Wortis, 1968; Good and Cain, 1970; Lance, 1970?

see Mitchison, 1971®)• Also, IgM responses appear to be

less affected than IgG by a lack of T cells (Taylor and Wortis,

1968; Aird, 1971? Mitchell et al.. 1971).

Apart from the synergistic effect of T cells in some

responses, it seems that they exercise a regulatory function

during the switch from IgM to IgG response (see Katz and

Benacerraf, 1972).

There is little information upon existence of co-operation

during tolerance induction, but it has been suggested that a

population of B cells may require the presence of T cells in

order to become tolerant to SRBC (Gershon and Kondo, 1970).

Recently, it has been proposed that humoral tolerance to type

III pneumococcal polysaccharide (T-independent antigen) is

due to development of a suppressor T cell population (Baker

et al.. 1974). However, tolerance to fowl Ig could be induoed

in congenitally athymic mice (Sohrader, 1974). It therefore

seems unlikely that T cells are universally required for

tolerance induction or maintenance although they may be

operative under certain ciroumstance3.
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As to the precise mechanism of T-B cell co-operation,

the contemporary views diverge. Some workers see the

function of T cells as a passive antigen-concentrating

device allowing the stimulation of low affinity B cell

precursors through the enhanced avidity of a polyvalent

antigen (Moller, 1970b; Mitchison, 1971e), i.e. as one

of several possible mechanisms of antigenio-matrix

construction (Y/HO, 1970). Other authors are in favour

of a more active role of activated T cells whereby their

function is effected by release of a non-specific

pharmacological mediator(s) (Burnet, 1963; Britton, 1972).

It may be that the postulated antigen-bridge formed between

T and B cells (Taylor, 1969) brings together two rare

specifically activated cells, one responding by release of

a short-lived mediator, the other sensitized by antigen to

the influence of the mediator (Button et al.« 1971). Katz

and Benacerraf (1972) reviewed the observations that could be

explained by massive release of such a B-oeil effective

factor from T cells stimulated by other means than binding

of the specific antigen under study, for example, redundancy

of specific T helper function under the conditions of an

•allogeneic effect*, as a result of T cell activation by

non-specific plant mitogens, or the activity in supernatants

from stimulated T cell cultures.
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2. Macrophage involvement.

In addition to the two classes of lymphocytes,

macrophages have been implicated in immune responses.

Although macrophages do not produce antahodies (Stecher, 1970)

presence of macrophage-like cells seems obligatoiy for some

humoral responses (Ford et al.. 1966} Hosier, 1967}

Mosier and Coppleson, 1968; Shortman et al.. 1970; Feldmann

and Palmer, 1971)• Fully functional adult macrophages were

able to establish immunocompetence with respect to SRBC in

new born animals (Braun and Lasky, 1967; Argyris, 1968;

Murczynska et al.. 1970). Several antigens ha\-e been found

more potent immunogens when administered macrophage-assoelated

as compared to a free form (Unanue and Askonas, 1968b;

Mitchison, 1969b; Spitznagel and Allison, 1970; see Unanue,

1972), although this is not a general rule (Perkins and

Makinodan, 1964, 1965; Unanue, 1969). Spitznagel and

Allison, (1970) observed that the expression of enhanced

immunogenicity of macrophage-bound BSA could be prevented by

free antigen upon concomitant administration to syngeneic mice.

Only a small proportion of antigen that has been taken up

by peritoneal macrophages in vivo or in vitro persists cell-

bound for any length of time, the major part (80^-90fa) being

enzymatioally degraded within a few hours (Askonas et al.. 1968;

Kolsch and Mitohison, 1968; Unanue and Cerottini, 1970b;

Schmidtke and Unanue, 1971)• Accordingly, only a minor
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proportion (10>£-15$) of the initially bound antigen can

retain its immunogenioity (Franzl, 1962; Unanue and

Askonas, 1968a). The small fraotion of antigen that

remains in immunogenic form is probably related to

antigenically intact material localized on the cell surface

(Unanue and Cerottini, 1970b; Schmidtke and Unanue, 1971)

or associated with an intracellular "storage" oompartment

(Franzl, 1962; Kolsch and Mitohison, 1968; Calderon and

Unanue, 1974).

Although macrophages have been reported to transfer a

specific information to lymphocytes in vitro, possibly in

the form of UNA (Pishman, 1961; Fishman et al.. 1965;

Adler et al.. 1966; Pinchuk et al.. 1968; see Bishop and

Gottlieb, 1970) or as a oomplex of oligoribonucleopeptide and

antigenio fragment (Garvey and Campbell, 1957} Askonas and

Rhodes, 1965; Gottlieb and Glisin, 1967; Yuan and Campbell,

1972), the issue remains controversial and other authors

ascribe the major function of macrophages to non-specific

handling of antigen (Unanue and Cerrotini, 1970b; Askonas and

Jaroskova, 1970; Cruchaud and Unanue, 1971; Unanue, 1972).

The relative immunogenicity and tolerogenicity of antigens

has in a variety of systems often been correlated with

differences in antigen-handling by macrophages (Dresser, 1962b;
Frei et al.. 1965; Biro and Garcia, 1965; Mitchell and Nossal,

I966; Mitchison, 1969b; Spitznagel and Allison, 1970;

Unanue, 1972; Sela, 1973).
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III, IMMUNOLPG-ICAL TOLERANCE.

Introduction of antigen to the immune system can, under

certain circumstances, result in an antigen-specific defect

of responsiveness rather than in immuhe response. The

defect is detected as a subnormal or absent response to a

subsequent challenge with the same antigen that in untreated

oontrol animals induces a positive response. The terms

tolerance, specific hyporesponsiveness or unresponsiveness,

and paralysis that cover suoh states, depending on the

experimental design, are at present used by many as synonyms,

1. Historical.

In early instances in which hyporesponsiveness to an

antigenic challenge was unexpectedly observed; the animals

usually had had a previous contact with the antigen in

question (Sulzberger, 1929} Traub, 1956; Burnet, 1941;

Felton and Ottinger, 1942j Owen, 1945)* Burnet and Fenner

(1949) summarized the older observations on immune reaetivity

during the early ontogenetic period and, relying much upon

these, introduced the "self-marker" concept of tolerance to

self components which postulated that exposure to antigen

during embryogenesis would result in unresponsiveness to

that substance in later life. The theory, as further

developed (Burnet, 1959)# stimulated numerous attempts to

produce tolerance experimentally. The pioneering studies
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on tolerance to isoantigens (Billingham et al.. 1953* 1956;

Hasek, 1953a, b) and heterologous proteins (Hanan and

Oyama, 195^; Dixon and Maurer, 1955; Cinader and Dubert,

1955, 1957; Smith and Bridges, 1956, 1958), induced in early

stages of individual development, have since been followed by

successful induction of tolerance in many diverse systems

(see Hasek et al.. 1961; Smith, 1961; De Week and Frey,

1966; Sela, 1966; Dresser and Kitohison, 1968; Landy and

Braun, 1969; Weigle, 1973)•
The interest of the present work is related to specific

hyporesponsiveness induced by heterologous protein antigens

in adult animals and nc attempt will be made to cover other

facets of this now extensive field.

2. Tolerance to protein antigens in adult animals.

In early experiments successful induction of immunological

tolerance was obtained in neonates of several species (see

Kaiek et al.. 1961 and Smith, 1961), this finding leading

to the concept of an early "critical period" of susceptibility

to tolerance. However, it was soon established that immuno-

suppressed (Dixon and Maurer, 1955; Schwartz and Dameshek, 1963;

Schwartz, 1966; Shellam, 1969b; see Kakinodan and Gengozian, i960 and

Smith, 1961), normal (Dixon and Maurer, 1955; Dresser, 1962a;

Serearz and Coons, 1959, IS63) and in some instances even primed

(Dorner and Uhr, 196^; Dresser, 1965) adult mice and rabbits

could be rendered tolerant by large doses of protein antigens.



18

A 3imilar basic mechanism for neonatal and adult tolerance

has since been postulated (Mitchison, 1968a; Dresser and

Mitchison, 1968)*

In some instances a single dose of antigen was sufficient

to induce a degree of hyporesponsivenes3 (Smith et al»,

reviewed in Smith, 1961; Dresser, 1962a; Golub and Weigle,

1967; Chiller et al.« 1971; Soibienski and. Sercarz, 1973)

but prolonged treatment with multiple injections usually

proved to be more effective (Haskova, 1957; Mitchison and

Dresser, i960; Mitchison, 1964; Shellam, 1969b; see

Dresser and Mitchison, 1968; Yfeigle, 1973)#

The dose of antigen is one of the major factors that

determine both the degree and the period of duration of

toleranoe (Mitchison, 1968a; see Dresser and Mitchison,

1968; Ivanyi and Cerny, 1969; Nossal, 1969; \feigle, 1973)•
In relation to immunogenic doses, large amounts are often

required to produce a long-lasting state. However, tolerance

can be induced in mice by a single microgram dose (50fig-200pg)

of aggregate-free BGG (Dresser, 1962b; Claman, 1963). This

important finding that specific hyporesponsiveness can result

from pretreatment with small non-immunogenic amounts of antigen

has been confirmed for other systems (guinea-pig - BGG-,

Eattisto and Miller, 1962; rabbit - leporine Ig, Dresser and

Gowland, 1964; mouse - BSA, Dietrich and Weigle, 1964;

Mitchison, 1964, 1968a; Thorbecke et al.. 1969; McBride, 1971;
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rabbit-BSA, Thorbecke and Benaoerraf, 1964; mouse-idiotypie

myeloma protein, Iveraon and Dresser, 1970)• Small doses

of lysozyme, diphtheria toxoid and RNase also induced

tolerance but only in X-irradiated not in normal adult mice

(Mitchiaon, 1968a),

Mitchison (1964) studied the dose-response relationship

in adult CBA mice over a broad range of dosage of B3A

administered in multiple 3*/*eek injections, and was the

first to describe the phenomenon termed the "low-high zone"

tolerance. Two zones of hyporesponaiveness were induced

with doses either lower (<40pg) or higher (> lng) than the

immunogenic amount (40-1000pg). The observation was later

confirmed for some but not other antigerv-hoat combinations

(Mitchison, 1968a; see Dresser and Mitohison, 1968) and

appears to be rather rare (Weigle, 1973)# Nevertheless,

"two-zone tolerance" was reported for responses of neonatal

rats to two flagellar antigens (Shellam and Nossal, 1968;

Shellara, 1969a, b)« Also v&th the flagellar antigens the

entire dosage range was markedly shifted towards doses muoh

lower than those described for BSA in mice. Thus daily

injections for 2 weeks of monomerio flagellin in doses of

10 ^ pg/lg body weight resulted in low zone and doses of

10 ^ iUg/lg body weight in high zone tolerance, while

intermediate doses were immunogenic (Shellam and Nossal, 1968).

Two zones of tolerance to flagellin were induced in adult

rats by a cyanogen bromide digest, fragment A, (Ada and Parish,
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3. Cellular aapeota of Immunological tolerance.

The apparent state of specific unresponsiveness of an

individual animal can theoretically result either from

peripheral interference with access of antigen to the immune

system (afferent block), from removal of antibodies as they

are formed (efferent block), or from a central •failure*

induced in the immunocompetent cells (Billingham et al.

1956). Although a contribution of the peripheral route

cannot be exoluded in some situations, it is the central

•failure* hypothesis that has received most experimental

support as the primary cause of most tolerant states.

The evldenoe derived mainly from the finding that lymphoid

cells of tolerant animals are specifically incapable of

responding in immunodeficient recipients (Dietrich and Weigle,

1964; Golub and Weigle, 1967; Miller and Mitchell, 1968)

and that the tolerant recipients can, at least in some cases,

be restored by an inoculum of normal lymphocytes, the oell type

affected during paralysis (see Dresser and Mitohison, 1968;

Weigle, 1973)* In addition, some features of the recovery

from a tolerant state can be best interpreted as a replacement

of unresponsive cells (Taylor, 1964; Mitehlson, 1965).

The kinetics and dose requirements of tolerance induotion,

as well as the time-course of recovery from paralysis of

different mouse lymphoid cell populations, has been extensively
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studied (see Weigle, 1971, 1973; Katz and Benacerraf, 1972).

Since in humoral response to a T-dependent antigen only one

at the two type3 of lymphocytes needs to be affected for the

whole lymphocyte population (or the whole animal) to appear

non-responsive (Chiller et al. 1970; Weigle, 1971;

Mitchison, 1971a; Chiller and Weigle, 1973), such a response

lends itself well to studies of tolerance in thymus and

bone marrow derived lymphocytes.

Weigle and collaborators analyzed by means of transfer

experiments the ability of lymphocyte populations paralyzed

in vivo by tolerogenic HGG, to cooperate with normal lymphoid

cells in the response to immunogenic challenge. Although

induction of tolerance in spleen cells was not completed before

4-5 days (Golub and Weigle, 1967), a significant degree of

tolerance i.15%) was established during the period >-6 hrs

after injection (Chiller and Weigle, 1971)* Both thymus and

bone marrow cells could be rendered specifically unresponsive

(Chiller et al.. 1970), but while thymocytes were almost

completely paralyzed in two days and remained so for over 100

days before slowly recovering, tolerance of bone marrow

lymphocytes occured only after a lag period of 8 days, was

not completed before three weeks and wa3 lost by day 49

(Chiller et al.. 1971; Weigle, et al.. 1971; Chiller and

Weigle, 1972). Also much larger doses of tolerogen were

required for induction of a comparable degree of unresponsiveness

in bone marrow cells than in thymocytes (Chiller et al.. 1971;



22

Weigle et al.. 1971)* Later, it was reported that tolerance

ocoured more rapidly (< 3 days) in splenic B cells than in

bone marrow (8-15 days) while the unresponsive state

persisted for a similar period of time (40-50 days) in both

B cell populations (Chiller and Weigle, 1973)•

The other system examined - the paralysis of cells

involved in the humoral response of mice to heterologous

serum albumins - yielded comparable results. Tolerance

induced in whole animal by a single large dose of BSA

(> 5«og) occured very fast although the maximum was not reached

before day 30 and responsiveness reappeared by day 50

(Mitchison, 1964). Peripheral lymphoid cells became tolerant

after 2-24 hours exposure to the tolerogen (> 10 mg) in vivo

(Mitchison, 1968b). Taylor (1968, 1969) found thymocytes

exposed for 24 hours in vivo to moderate doses (10-1000 pg)

of BSA to be unresponsive, in contrast to bone marrow cells

that did not appear to be affected even by prolonged treatment

with large doses. The observed difference, it was argued,

could be explained by a lower sensitivity of B cells to

paralysis and/or to their rapid recovery from a tolerant

state (Taylor, 1969)# Differential sensitivity of T and B

lymphocytes was further analyzed in connection with the two

zones of tolerance induoed by BSA. Mice made tolerant by the

low-dose treatment appeared to have responsive B cells as

shown by a partial reconstitution of the response following
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tha transfer of educated T-oells. Similar cell transfers

were not effective in high-zone tolerant animals (lajewsky,

1971; Mitchison, 1971a). Mitohison (1971a) conoluded that

the threshold of tolerance induotion in their experiments

was between lOOpg-lOOOfig of BSA for B-lyaphocytes and only

l|ig-lOfig for T-lymphocytes, a difference similar to that

found in HGG-specific tolerance (Weigle et al>. 1971).

The preliminary report on the stability of B-cell toleranoe

in this system (10 weeks; Mitchison, 1971a) was, however,

slightly longer than reported by Chiller and isfeigle (1973)

for HOC (6-7 wks)»

Many hypothetical mechanisms for the production of a

"tolerant" cell have been suggested (e.g. Claraan, 1963;
V v

Eiaen and Karush, 1964; Sterzl, 1966; Sterzl and

Silverstein, 1967; Bretscher and Cohn, 1970; see also

Landy and Braun, 1969) but none of them can accommodate all

the available data on immunological tolerance, thus raising

the question whether there is one universal mechanism.

IV. THE RECOGNITION OF ANT 3D-EN BY LYMPHOID CELLS.

The clonal selection theory of acquired immunity is based

upon the postulate that "mesenchymal cells carry surface sites

analogous to the specific patterns of the antibody globulins

they produce" and that "stimulation by contact of these sites
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with the corresponding determinant may provide more than one

type of response" (Burnet, 1959)• In other words it was

predieted that an immunocompetent cell should be equipped with

antigerv-specific surface receptors,

1, Binding of antigen to lymphoid oella.

Naor and Sulitzeanu (1967) were the first to demonstrate

that a small proportion of normal spleen cells bound radio-

actively labelled BSA to an extent far exceeding background.

About 0,033^ of lymphoid oells were specifically labelled,

either in vitro or in vivo and this proportion oould be

increased if a mixture of four iodinated albumins instead of

one antigen was used (Sulitzeanu and Naor, 1969} Sulitzeanu,

1971).

The number and degree of labelling of positive cells as

deteoted by autoradiography is dependant upon many factors

(chemical nature, concentration and specific activity of

antigen, the exposure time of autoradiography, the grain

number at which the cells are considered to be positive,

the source of oells etc,) but only some of these variables

are relevant to the nature of cellular receptors (Ada et al..

1970). In general, when phagocytosis was prevented only

lymphocytes were found to bind large amounts of labelled

antigens (Byrt and Ada, 1969; Ada et al,. 1970) and the

numbers of these cells in the spleen or lymph nodes of
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normal mice were small (0. Ol/c for TIGAL or MSHf Humphrey

and Keller, 1970; 0.03^ for BSA, Humphrey et al.. 1971J

0.06-0.46^ for KLH, Unanue et al.. 1971a)•

Immunocytoadherence has been used to estimate the

proportion of specific antigen-binding cells in the lymphoid

organs of non-immunized animals. The numbers were generally

low (0.0(4-0.1$) (Biozzi et al,. 1966, 1968; see Koelants,

1972a).

The numbers of antigerwbinding lymphocytes present in

organs of normal and tolerant animals were compared in several

systems but the results were equivocal (Ada et al.. 1970;

Humphrey and Keller, 1970; Humphrey et al.. 1971; see Ada,

1970 and Louis et al.. 1973)•

2. The immunological significance of ant igernbinding lymphocytes.

The role played by cells capable of specific binding of

antigen was suggested by experiments in which the antigens-

binding cells were selectively removed and the immunocompetence

of the remaining cell populations tested.

Selective killing of immunologically specific cells can

be achieved if the antigen with which they interact contains

enough atoms of a soft beta*-ray emitting radioisotope. The

theoretical considerations of dose required to kill a single

lymphocyte were discussed by Humphrey et al. (1971)$ but for

practical purposes two factors were important - the specific
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aotivity of radiolabelled antigen and the amount of it firmly

bound by the cellular receptors.

Ada and §yrt (1969) performed elegant experiments in which

they treated normal mouse spleen cells in vitro with unlabelled

125
or highly radioactive (25 pCi/l pg) I-polymerized flagellin

under conditions which prevented phagocytosis. The cells were

washed free of unbound antigen and kept in the oold for 16*20 hr
125

to allow radiation damage to cells coated with the I-labelled

antigen. The ability of the cells to develop a primary humoral

response to challenge with a mixture of (a) the same, but

unlabelled, and (b) serologically unrelated flagellin, was tested

on transfer to irradiated recipients. The results showed clearly

that the exposure of the cells tc the radlcaotive antigen

diminished or abolished their subsequent ability to respond to

that antigen but not to the unrelated flagellin. Pre treatment

of the cells with unlabelled or cold iodine-labelled flagellin

did not effect their responsiveness. It was concluded that at

least some of the cells which reacted with the radioactive antigen

would normally take part in a humoral response and that most oells

in the mouse spleen that were capable, on appropriate stimulation,

of producing antibody had the ability to react with antigen

in vitro. Ada and Byrt's results have been confirmed for other

antigens using cells from immune or non-immune mice (Humphrey

et al.. 1971; Unanue, 1971b) and in a study of both the primary

and secondary antibody responses of mice injected with serologically
!25

active I-TGAL (Humphrey and Keller, 1970).
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Wigzell and Anderson (1969) developed a method for removal

of cells specific for an antigen "by passing cell suspensions

through an antdgen-ooated column. Cells capable of reacting

with the antigen by means of surface antigen-binding reoeptors

were retained while other cells passed through. A selective

elimination of both plaque-forming cells and of memory cells

was possible from suspensions of primed mouse lymph nodes that

were passed through an albumin-coated column. The specific

retention of cells could be blocked by the presence of large

concentration of free antigen in the filtration medium (Wigsell

and Andersson, 1969)* Cells responsive to H3A (Abdou and Bichter,

1969), to BSA, ovalbumin or a hapten (Wigsell and Makela, 1970)

were selectively removed when cells from lymphoid organs of non¬

immune donors were passed through columns coated with the appropriate

antigen. Throe functional types of cells were shown to be

retained by the antigen-coated columns* high-rate antibody-forming

cells and memory cells from primed animals and potential antibody-

forming cells from normal animals. The first two types of cells

appeared to bind by immunoglobulin surfaoe receptors with the

same antigen-binding specificity and heavy chains as the eventual

products of these cell3 as demonstrated by inhibiting the column

retention by pretreatment of the cells with specific antl-immuno-

globulin sera (Wigzell, 1970; Wigzell et al.. 1971). Makela

(1970) has diocuased the analogias between the lymphocyte

recaptox's and humoral antibody produced in response to binding

of antigen by the receptors (see also Makela et al., 1971;

WLgzell et al.. 1971).
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Normal mouse spleen cells depleted of rosette-forming

oeUs specific for chicken erythrocytes or SRBC were specifically

unresponsive on transfer to cyclophosphamide treated recipients

(Bach et al.. 1970).

Although it seems clear that at least some of the antdgen-

binding eells take part in immune react ions, it is likely that

not all of them actually respond to the binding in terms of

antibody production. Thus Greaves (1971) found that at the

peak of an anti-SRBC response, the number of rosette-forming

cells outnumbered the plaque-forming pells by 20:1.

is .AatiflejMpeflffiq gff-fape on lyflP^Qcytes.

Immunoglobulin (ig) molecules have been detected on the

surface of lymphocytes from the mouse (Raff et al.. 1970;

Nosaal et al.. 1972), rabbit (Sell, 1968), chicken (ivaiyi at al..

1969), iaan (van Furth et al.. 1966a, b) and guinea pig (Biozai

et al.. 1969) by a variety of techniques using anti-Ig sera.

Direct tests have been employed such as autoradiography

(Raff et al.. 1970), immunofluoresoence (Raff et al.. 1970;

Unanue et al.. 1971), cytotoxicity (Shevaoh et al., 1972),

lymphocyte activation (Sell, 1968; Ivanyi et al.. 1969),

opsonic adherence (see Greaves, 1970) as well as indirect tests

based on inhibition of antigen binding or inhibition of

biological activity of the lymphocytes (reviewed by Greaves

and Hogg, 1971a, b).

The evidence linking the Ig on the surface of lymphocytes

and the antigen-specific surfaoe receptors was provided by

experiments in which inhibition of specific antigen-binding by
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pretreatcent of the cells with an anti-Ig antibody was

achieved (reviewed by Roelahts, 1972a). Thus the uptake

of a radioisotcpo-labelled antigen by lymphoid cells (Byz*t

and Ma, 19^9; Unanue, 1971a), rosette-formation (Greaves
and Hogg, 1971a) and specifio retention of cells on antigon¬

costad columns (Wigsell et al.. 1971) could be blocked by

preincubation of the lymphocytes with anti-Ig reagents.

Ig was found to be present in areas of antigen-binding on the

surface of mouse lymphocytes as detected by an electron

microscopic study using ferritin-labelled anti-Ig (Gudat and

Vlllinger, 1973).

4. Differences between reoentors on T and B lvmnhocvtes.

So far, in presenting the evidence for cellular antigen

receptors, the division of lymphocytes into T and B classes

has not been considered. There is a body of evidence to suggest

that both T and B lymphocytes have reeeptors speoifio for a single

determinant (see review by Roelants, 1972a) but the receptors

on the two types of cells appear to be in many respects

different (Greaves and Hogg, 1971b; Unanue et al.. 1973).
The Ig components most readily demonstrable on B reUs

are light and heavy p. chains (Bankhurst et al., 1971; Kosaal

et al.. 1972; Greaves and Hogg, 1971b) but specificities of

a and y heavy chains have also been demonstrated (see Hossal

et al.. 1972; WLgsell et al.. 1971).

Under identical experimental conditions it has proved to be

more diffioult to demonstrate Ig receptors on T lymphooytes than

on a cells. Cells reactive- with anti-Ig sera were rare or

absent among thymocytes (Daguillard and Richter, 1969; Raff et al.
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1970; Hammerling and Rajewsky, 1971; Unanue et al., 1971)*

Also a significant proportion of peripheral lymphocytes did

not react with various anti-Ig reagents (Raff et al«. 1970).

The non-reactive cells were found to carry the theta isoantigen

and to be T cells (Raff, 1970b), Unanue et al» (1971) further

suggested that the peripheral mouse lymphocytes with detectable

surfaoe Ig were derived from bone marrow, while most of the

Ig-negative ones derived from thymus. However, the results of

indirect (Greaves et al.. 1969; Mason and ".Varner, 1970;

Greaves, 1970; Basten et al«. 1971; Hammerling and Rajewsky, 1971)

and direct methods (Bankhurst et al,. 1971; Nossal et al.. 1972)

support the notion that there are specific receptors of Ig

character on T cells. Light chains (Greaves, 1971; Bankhurst

et al,. 1971; Basten et al.. 1971; Mason and T/arner, 1970) and

less frequently heavy p chain (Keller and Greaves, 1971;

Nossal et al.. 1972; Marohelonis et al.. 1972) specificities

have been reported as being present on T cells. Nevertheless,

in order to demonstrate Ig specificities on the surface of T

cells high concentrations of anti-Ig reagent (Greaves, 1970)

or a "sandwich" radioimmunolabelling method (Nossal et al.. 1972)

had often to be used, not all T oells present reacted with the

anti-Ig antibody (Bankhurst et al.. 1971) and those which did,

bound 10-100 times less than B oella (Dutton and Greaves, 1971;

Bankhurst et al.. 1971; Nossal et al.. 1972).

Several possible explanations for the differential

reactivity of T and B cells with anti-Ig reagents have been

considered: (a) there is less surface Ig present on T than on

B oells (Greaves, 1970; Bahkhurst et al.. 1971); (b) T cell
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receptors belong to a different Ig class (igX) that perhaps

oross-reaots with IgM more than with any other class

(Mitohison, 19&9a; Kosaal et al.. 1972; Unanue et al.. 1973);
(c) T cell receptors are partly buried in the plasma membrane

so that the determinants reactive with most antl-3> sera are

not acoessible; activation of T cells may involve progressive

exposure of the IgM determinants (Greaves, 1970; Greaves and

Hogg, 1971b)j (d) surfaoe Ig on T cells is a passively adsorbed

product of B cells (Hunt and Williams, 197k)I (e) the turnover

of cell surface Ig and subsequent, loss of label from T oells is

faster than from B oells (Nossal, 1972). Contrary to the last

view, the release of surface Ig from mouse B cells was found to

be approximately twice as fast as from T lymphocytes (Wilson,

1972; Wilson and Feldmann, 1972), It remains to be determined

which of these hypothetical explanations and/or combination of

them ard r.E yet unforeseen ones is correct,

5. Differences in antigen-binding bv T and B lvmnhocvtea.

It was often noted that antigen-binding lymphocytes were

relatively rarer in thymus than in other lymphoid tissues (Ada
at al,. 1970; Humphrey and Keller, 1970; Unanue, 1971a, b).

Evidence for the existenoe of speoifio antigen-binding T

oells and. their participation in immune responses has been

obtained in several experimental systems, Thetacpesitive

antigen-binding cells have been detected by autoradiography

(Humphrey et al,. 1971) and lmmmiooytoadher-enee (reviewed by

Roelants, 1972a). Also helper activity (T cell function) of

oarrier-primed mouse spleen oells could be suppressed by in vitro
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incubation with radioactive carrier MSK labelled to

200-40C jrCi/l ug (Eoelants and Askonas, 1971)* Similarly,

a apecifio *suicide' by radioactive fowl Ig (150-170 \iC±/l pg)

could be induced in. both T and B unprimed cell populations

as detected on adoptive oell transfer (Baaten et al*. 1971)*

However, only specific B cells but not helper cells (believed

to be T cells) were retained on filtration through BSA-fioated

iBununoad.30rbant column (Hgzell et al.* 1971)*

The peculiarity of antigen-binding properties of the T

cells axe illustrated by the following examples* Bankhurst

and Wilson (1971) labelled spleen cells of immunized mice by

in vitro incubation with radioactive antigen (c'lioken Ig),

mixed the washed oells with SRBC coated with unlabelled chicken

Ig, allowed them to form rosettes and then looked for radinactively

labelled rosettes* Only 59$> of rosette-forming cells were

labelled and their proportion could be increased to 86^ by

treatment of the spleen suspension with anti-theta and

complement prior to rosette-formation. The authors interpreted

the results as suggesting a lower density of anid.gen-bindirig

receptors on T as compared to B cells. Roelants (1972b)

observed that mouse splenic lymphocytes which bound a small

number (10-50) of molecules of radioactive MSH or TIGAL 509

were more easily eliminated by treatment with anti-theta and

complement than cells binding larger amounts, lioelants, and

recently Hammerling and EcDevitt (1970* concluded that T cells
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appeared to have less receptors for antigen than B lymphocytes.

The last authors* estimate of a five fold difference between

the amounts of TISAL bound to T and B lymphocytes is in a

good agreement with the figure reported for XIE (lingers and

Unanue, 1974)• Koller and Makela (1972) assayed the avidity

of antigen-binding to T (theta-po3itive) and B (KBLA-positive)

splenio lymphocytes by inhibition of hapten-SRBC rosettes by

pzior incubation with the monomeric hapten. The T rosettes

could be inhibited only by high concentrations of the hapten

while lower concentrations were inhibitory for B rosettes.

Similarly, binding of a multivalent DNi^HdG- conjugate by

normal mouse thymocytes was little (7%) inhibited by preincubation

with the hapten at a concentration that caused 57% inhibition

of binding to spleen cells, suggesting a lower average avidity

of thymocyte receptors (Lawrence et al«. 1973)* fhe efficiency

of hapten-bindlng by B lymphocytes increased during the course

of immunization while the avidity of binding to T oells

remained lower irrespective of the stage of immunization

(Moller and Makela, 1972). In contrast, Roelants (1972b)

observed an enhancement of antigen-binding capacity of both

T and 3 lymphocytes in the course of a response.

6. Specificity of T and B cell recognition.

The effort to elucidate whether the range of specificity

patterns reoognized by T and B cell populations is the same or
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different has been undoubtedly complicated by the impossibility

of direct comparison. It is assumed that the specificity of

the antigen reaction with the B oell product • the secreted

antibody - reflects directly the speoifioity of recognition

by the B cell surface receptors (Makela, 1970). Specificity

of antigen recognition by T ceils is estimated by the speoifioity

of T cell functions (e.g. helper funotion, cellular immune

response) that are secondary consequences of the recognition

step and can be a subject to regulatory influences subsequent

to antigen-binding.

Rajewsky and co-workers found a good correlation between

the serological cross-reactivity of several heterologous serum

albumins and cross-reactivity of their oarrier activity in anti-

hapten responses studied in both carrier-primed. (Rajewsky and

Mohr, 197k) and oarrier-tolerant aloe (Rajewaky and Brenig, 1974).

However, in other systems using cross-reactive antigens,

differences between serological and cellular cross-reactivity

have been reported. Scott (1974), while confirming that both

oarrier oross-tolorance and cross-stimulation (in vitro DNA

synthesis of primed rat lymphooytes) by several heterologous

Ig antigens displayed similar cross-reaotivity patterns which

were attributed to T cell recognition, concluded that the

speeifioity of humoral antibody was more restricted than that

of the T cell functions. Results of studies with flagellins

(Austin and Nossal, 1966; Parish, 1971b) and chemically
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modified B2A (dekirrsacher and Wig2ell, 197?) and comparative

studies of specif icxty patterns of various humeral end cellular

immune responses (Paul and Davie, 1971? Sohlossman, 1972)

have also been interpreted as pointing to a broader specificity

of T call recognition. In contrast, however, Ea.i22er2.ing and

MoDevitt (1974-) who studied cross-reactivity of (f, (j)-A—L
and its analogs by direct binding to enriched T and B cell

suspensions concluded that the specificity of the binding to

T cells was more restricted. The same was al30 suggested by

cross-reactivity of the antigens with antibody but a lack of

cross-reactivity in the induction of T eell functions,

7, Events following the interaction of antigen with lymphooyte3.

It is generally accepted that the specific interaction of

antigen with the surfaca receptors of immunocompetent cells can

trigger a sequence of metabolio events that result in either

an immune restsonse or tolerance. Since the cells responsive

to an antigen are scarce and it is difficult to study metabolio

changes of such a small cellular population, model systems based

upon activation of lymphocytes by non-specific mitogens (PHA,

PWM, concavalin A etc.) that stimulate certain major lymphocyte

populations (Greaves and Janossy, 1972) have been used. The

early intracellular events following stimulation with these

substances have been reviewed by Wilson and We isscan (1971),

Cooper and Gingsburg (1971) ana Greaves (1972).
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Taylcr and ec-worker3 (1971) studied the redistribution

of surfaoe Ig on mouse splenie B lymphocytes induced by the

binding of fluorescein-labelled anti-mouse Ig antibody.

Uniform diffuse surface labelling was seen when univalent

Fab fragments of anti-Ig were used, Treatment with whole

multivalent anti-Ig at low temperatures resulted in patchy

labelling (Raff and. de 'Petri s, 1972), and above 20°C label

accumulated over one pole of the cells (cap formation).

Cap foimation at 57°C was followed within 9-10 minutes by

pinocytosis which removed most of the Ig (but not the B-2

antigens) from the cell surfaoe. Detectable surface Ig

reappeared after 12-24 hr under suitable in vitro conditions

(Raff and de Betris, 1972). The process of cap formation

and pinocytosis (tut not patchy distribution) was inhibited

by low temperature (4°C), presence of sodium azide or DNP#

cytcchalaein B (inhibitor of the contractile microfilament system

involved in cell movement) and also by supraoptical concentrations

of the multivalent anti-Ig reagent. It was concluded that the

phenomenon was an active temperature and metabolism dependent

process that probably involved contractile microfilament

activity and which r/as induced by multivalent cross-linking

of surface Ig,

Cap formation has been also observed on thymocytes when

anti-theta or anti-H-2 antibody and a second layer of anti-mouse

Ig were used on spleen cells binding multivalent antigen
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(Taylor et al.. 1971) and in syatena that employed PHA,

concavalin A or anti-huraan IgE (see Eaff and de Petris, 1972,

1973)* A possible significance of cap formation and pinocytosis

in the triggering cf lymphocyte transformation and/or tolerance

induction has been suggested (Taylor et al., 19715 Raff and

de petris, 1972, 1973} G-reaves, 1972) but as yet no definite

proof has been established* Possible general cell activation

related to redistribution of plasma raenfcrane structural units

was discussed by Allison (1972) but the experimental evidence

to support the hypothesis is scanty,

V. THE itEUO&NITION OF ANT3&EN BY ANTIBODY.

1, The binding quality of antisera.

"Affinity" and "avidity" are terms used to describe the

oapacity of an antibody sample to form stable complexes with

9, specific antigen. Although both terms are closely related,

differences between them do exist. Affinity is the strength

of specific binding between a single antigenic determinant

and one antibody binding site and is best expressed in terms

of the standard free energy change (AF°) of the bond. Since

an individual serum produced in response to even a simple

hapten usually contains antibodies heterogeneous in their

affinity for the hapten (Eisen end Siskind, 19&A) only the

average binding affinity of the sera can be estimated. It has

been assumed that the affinity of such antibody follows a
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normal distribution (Pauling et al.. 1944). The normal

distribution curve is characterized by two values: the

average association constant (Ko) represents position of

the peak of the assumed curve and a heterogeneity index

expressing the degree of variation about the mean (Siskind

and Benacerraf, 1969). The relationship between AP°

and Ko is expressed by an equation AF° = -RTlnKo, where R

is the gas constant, T is the absolute temperature and lnK0

the natural logarithm of Ko.

Avidity describes the tendency of an antiserum to form

complexes with a multivalent macromolecular antigen and depends

on complex, not fully understood, interactions. Apart from

the combined effect of the intrinsic affinities of the many

simple antigenic determinant-antibody binding 3ite systems

which are involved, the avidity is also influenced by non¬

specific intermolecular interactions that do not involve the

active sites. Avidity is therefore a relative estimate

of the strength of the binding and is defined only in terms of

the experimental assay used for its evaluation. Thus although

both affinity and avidity are terms related to the binding

quality of antisera and are often used interchangeably, it

should be remembered that they are not exactly the same.

2, The avidity of humoral antibody.

A number of early studies indicated that the antibody in

sera obtained from individual animals could be heterogeneous
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with respect to its antigen-combining properties (Heidelberger

and Kendall, 1935; Boyd and Bernard, 1937; Pauling et al. . 1944;

see Landsteiner, 1946). The direct evidence for the presence

of antibody populations differing in avidity in individual

sera came from Eisen and Siskind (1964). Rabbit anti-DNP

sera were fractionated by successive additions of small

amounts of DNP-BGG- conjugate. The precipitates that appeared

after every increase in the conjugate concert ration were

separated, the antibody from them eluted and its affinity

towards the DNP ligand evaluated by fluorescence quenching.

In general, the antibody isolated from successively formed

precipitates exhibited decreasing affinity for the hapten.
4

A 10 fold difference was found between the values of the

average intrinsic association constants of the lowest and the

highest affinity antibody present in a single serum.

The gradual appearance of antibodies of increasing avidity

during the course of an insnune response is sometimes termed

the •maturation' of the response. The early literature on

this subject was reviewed by jjandr.tei.ner (1946) and later by

Siskind and Benacerraf (1969)* A thousand fold rise in lo

values of rabbit anti-DNP was observed between the second and

eighth weeks of the primary response to DNP-BGG- conjugate

(Eisen and Siakind, 1964). An increase of avidity of both

IgM and IgG- anti-bacteriophage antibody was seen during the

development of an immune response (Plnklestein and Uhr, 1966).
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A gradual enhancement of relative binding avidity was

reported for anti-BSA antibody (Farr, 1958). Grey (1964)
125

used the rate of dissociation of I-BSA from complexes

with anti-BSA as a measure of avidity. He found that

irrespective of the amount, route and number of injections,

the increase of binding strength with time after iEinunization

was similar for all rabbit sera. An increase in antibody

affinity was also reported to occur during the ocurae of both

primary and secondary responses of ferrets, rabbits or humans

to several strains of influensa virus (Fazekas de St. Groth, 1967).

A progressive rise in the average affinity of anti-SIII

polysaociiaride antibody during prolonged immunization of rabbits

was detected by equilibrium dialysis (Kimball, 1972).

Ant iger>-free in vitro systems were designed to distinguish

whether the apparent change in avidity of serum antibodies

represented a real change in the quality of antibodies that

were released by calls or if it was due to an early elimination

of high avidity molecular populations by the residual antigen

remaining after inoculation. A study on the quality of

anti-DNP antibodies secreted by immune lymph node cells in

culture indicated that the variation in avidity of serum

antibodies indeed directly reflected the variation in quality

of antibodies released by the immune cells (Steiner find Msen,

1966).
A modification of the hemolytic plaque assay for the

detection of single antibody-forming cells ms.de it possible
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to study the avidity of antibody released by individual

cells. The formation of the plaques can be inhibited by

incorporation of free antigen into the agar medium where

it competes with eiythroeyte-bound antigen fac the secreted

antibody. The higher the avidity of the antibody produced

the lower the free-antigen concentration that is required

to cause a certain degree of inhibition. Plaques formed by

antibody-forming cells from mouse spleen following a second

injection of TNP-KLH conjugate were completely inhibited

by a concentration of free TNP-B&A which caused only 6($

inhibition of primary response plaques. This was interpreted

to indicate a higher binding affinity of secondary response

antibody (Rittenberg and Pratt, 1969). The kinetios of

increase in avidity of serum antibody correlated well with

those found at the cellular level by the hemolytic plaque

inhibition assay when the responses of mice to several

albumin antigens were compared (Andersson, 1970). It is

therefore most likely that the wide spectrum of antibody

avidities found in a single serum reflects the heterogeneity

of the antibody-forming cells active at a given time.

3. Clonal selection with respect tc avidity.

There is an ample evidence to support the thesis that a

single cell secretes a population of antibody molecules

homogeneous with respect to immunoglobulin class (Merchant
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and Brahmi, 1970), allotype (Pernis et al.. 1965) and

specificity (Makela, 1967; Gershon et al.. 1968), It is

reasonable to assume that the specifio antibody synthesized

by a single cell is homogeneous also in its avidity. This

view is supported by the finding that each of seven mice

myeloma proteins with activity against DNP appeared to be

extremely homogeneous in their affinity for the hapten and

could be characterized by their distinctive association

constants (Eisen et al.. 1968).

An early event in the induction of an antibody response

or of immunological tolerance seems to be an interaction

between the antigen and specifio receptor molecules on the

surface of antigen-sensitive cells. It has been postulated

that the avidity of the oell-assooiated reoeptor is similar

or identical to that of the antibody produced by the cell

as a result of an equilibrium reaction between the antigen

and the cellular receptor(s) (Talmage, 1957; Makela, 1970).

Apart from equilibrium considerations the importance of

statistical factors in the induotive phase of immunity and

tolerance particularly in situations where the antigen

concentration is very low, has been stressed (Siskind and

Benacerraf, 1969)# Thus the relative binding efficiency

of the cell receptors together with the antigen concentration

in the extracellular environment would be the driving force
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of clonal selection. Antigen-reactive cells that possess

high affinity receptors would be more sensitive to relatively

lower external concentrations of antigen than cells which

carry low affinity receptors (Nussenzweig and Benaoerraf, 1967)*
It should be possible to test this hypothesis by analysis of

the data on the changes in avidity of antibodies appearing

under various experimental conditions.

Similarity between the affinity of cellular receptors

and that of antibody formed by the cells was suggested by an

adoptive transfer experiment in mice. Immune cells depleted

of high affinity cells on an antigen-coated oolumn mounted only

a response of reduced affinity after transfer into irradiated

recipients. It was also found that the affinity specialisation

occurred in the B cell line (Andersson, 1972). Moller and

Makela (1972) and Moller et al. (1973) observed a •maturation1

in the antigen-binding ability of theta-negative but not of

the theta-positive cells, similar to the •maturation* in

avidity of secreted antibody. Roelants (1972b), however,

reported an increase in antigen-binding properties of both

T and B cells with time after priming.

The amount of anti-hapten antibody farmed during an

anamnestic response to the homologous conjugate is much greater

than that made in response to a conjugate of the hapten to a

heterologous carrier (different from the one used in primary

immunization). Nevertheless, the heterologous conjugate
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(DNF-haemocyanin) could be as effective as the homologous

immuncgen (DNB-BGG) in eliciting a secondary response of high

affinity anti-DNP antibody (Steiner and Eisen, 1966)*

It was even found that while the response to challenge with

the primary immunogen (DNP-BGG) (administered 5 months after

the primary inmunization) involved little change in the already

high affinity for the DNP ligand, the response to the

heterologous conjugate (ENlVLiH) was characterized by a large

increase in affinity for the hapten. In addition, some

rabbits Injected with the heterologous conjugate showed an

increase in the affinity of antibody for the hapten without

any increase in the levels of serum antibo^-. It was

suggested that a small population of very high affinity

cells was selected for by the heterologous challenge (Paul et al.

1967a). Preimmunization of guinea pigs or rabbits with BGG

resulted in increased primary and secondary anti-hapten

responses to DNF-BGG conjugate, but the affinity of the

antibody for the hapten was determined only by the mode and

time after the primary contact with the hapten-protein

conjugate and was not affected by the nature of the carrier

preiiHnunization (Katz et al.. 1970a). There was no significant

difference in the sequenoe of the affinity changes during the

•maturation' of a mouse anti-DNP response whether the hapten

was conjugated to a thymus-dependent (fowl Ig) or a thymus-
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independent (polymerized flagellin) carrier (Huchet and

Feldmaxm, 1973)* However, a possible regulatory function

of mouse tbymus-derived cells upon the maturation of the

high affinity anti-DNP responses to two thymus-dependent

conjugates has also been suggested (Gershon and Paul, 1971)*
A hapten specific antibody response could be induced

in animals made tolerant by large doses of hapten-autologous

protein conjugate when they were challenged with a hapten-

heterologous conjugate. The affinity of such antibody was

moderately reduced as compared to the response of control

animals indicating that the highest affinity cells were

affected (Werblin et al.. quoted in Siskind and Benacerraf,

1969), When toleranoe to the carrier protein was induced

in mice preimnunized with a DNF-BSA conjugate, a reduction in

number of the plaque-forming cells nas observed but there was

no ohange in the affinity of the anti-DNP antibody produced

by the oells. This was taken as to indicate that the

cellular selection with regard to affinity took place in the

hapten specific B-oell line (Andersson, 1972),
An interesting series of results on the avidity of the

•original antigenic sin* antibody was reported by Fazekas de St,

Groth (1967)* Ferrets, rabbits or man preimmunized with one

strain of influenza virus produced a large amount of antibody

upon a secondary challenge with a small amount of a cross-

reacting strain of virus. The antibody was characterized by



46

its high avidity for both viruses, was relatively homogeneous

with respect to avidity and was totally cross-reactive with

the primary virus. It seemed to represent a secondary type

response to the antigens shared by both viral strains by

the higb-avidity cells remaining after primary stimulation

and selected for by the limited amount of cross-reactive virus.

The above mentioned 'maturation' of the immune response

has been interpreted by most authors as a gradual seleotion,

by slowly decreasing amounts of residual antigen, of antibody-

forming cells with increasingly avid receptors.

The effect of antigen dose upon the 'maturation' of the

response has often been described. Guinea-pigs immunized with

0.05 mg of DNF-BGG made anti-DNP of high binding affinity while

a higher dose (1 mg) stimulated production of less avid antibody

qnd the change towards increasingly avid antibody was delayed

(Nussenzweig and Benacerraf, 1967)* Siskind and co-workers

(Eisen and Siskind, 1964; Siskind et al.. 1968) stulied the

effect of a wide spectrum of doses of DNB-BGG conjugate

(0.05-50 mg) upon the 'maturation' of the humoral response

in rabbits. They concluded that the deoreased affinity of

antibody formed following stimulation with increasing doses of

antigen primarily reflected a delay in the shift towards high

affinity antibody formation. At the cellular level Andersson

(1970) reported that plaque-foming spleen cells of mioe

immunized with 5 mg of BSA could only be inhibited by a

concentration of free antigen 13 times that required to oause

a similar degree of inhibition of the oells from animals
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inoculated with 50 p.g of the immunogen.

The well known phenomenon of specifio inhibition of an

immune response by passive antibody administered concomitantly

with the antigen (Uhr and Baumann, 1961; Crowle and Hu, 1965)

presumably acts through competition tar the antigen between

the passive antibody and the receptors of antigen-sensitive

cells. It may be expected therefore that only the 'high

avidity 06118' would be stimulated by the effectively limited

amounts of antigen. A reduotion of the number of the

specific plaque-forming cells in spleens of mice injeoted

with passive anti-BSA antibody was observed, but the remaining

plaque-forming cells as predicted above released antibody of

relatively high avidity for the antigen (Andersson and Wigzell,

1971)• Suppression of an anti-DNP response by repeated

administration of passive antibody, was accompanied by a moderate

increase (10 fold) in the average association constant of the

antibody formed by the residual responsive cells (Siskind et al..

1968). The ability of the passive anti-DNP antibody to

suppress antibody formation wa3 related to its affinity -

a high affinity antibody preparation was capable of causing

suppression at far lower concentration than a lower affinity

one (Walker and Siskind, 1968). Furthermore, the later

during a response that suppression by passive antibody was

attempted, the moire difficult it was to achieve ar\y significant

degree of suppression (see Siskind and Benaoerraf, 1969).
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4. The avidity of humoral antibody in hyporesponsive animals.

Ant%en-induced specific immunological tolerance is a

distinctly dose dependent phenomenon (Mitohison, 1964)»
The concept of two zones of tolerance has been recently

further extended: it is mainly the T-oell population which

seems to be affected during the induction of low zone

tolerance whereas high zone tolerance results presumably

from an effect on both T and B oell populations (Mitchison,

1971a, 1972b), If it is true that the avidity of seoreted

antibodies reflects a selection process among the antibody-

forming cells (believed to belong to the B-oell line), only

the induction of high zone tolerance would be expected

to influence the avidity of the residual antibody that is

synthesized.

Suppression of a secondaiy adoptive response of primed

mouse spleen cells by large challenge doses of BSA (> 1 mg)

was accompanied by production of relatively low avidity

antibodies by the remaining responsive cells (Celada et al,«

1969), Rabbits, rendered partially tolerant by massive

doses of BSA at birth, produced only low avidity antibody

on subsequent challenge with the immunogen (Urbain et al,.

1972), Mioe immune to BSA and injected with a paralysing

dose (10 mg) of the antigen became partially tolerant and

the remaining plaque-forming cells in their spleens formed

antibody of low affinity. In contrast, no significant

change in avidity of antibody was observed in mice rendered
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hyporesponsive by a low dose (10 p.g) (Andersson, 1972)«
This last report corroborated the finding of MoBride (1971)
who did not detect any difference between the avidity of

anti-BSA antibodies present in the sera of control animals

and of mioe made hyporesponsive by a single low dose (50 \ig)

of the antigen.

Indict ion of partial tolerance to a DNP-protein

conjugate in neonatal animals resulted in decreased affinity

of the antibodies found after a subsequent immunogenic

challenge (Theis and Siskind, 1968). A similar effeot of

toleranoe induction upon affinity was reported for adult

rabbits (Theis et al.. 1968), a rather unexpected result

since the tolerance was induced by multiple subimunogenio

doses (highest single dose was 1 mg while the total amount

injected over a period of 7 week3 was less than 10 mg).

A breakdown* of tolerance to BSA, indiced in adult rabbits

by a similar multiple low dose treatment, could be aohieved by

immunization with a cross-reacting DNP^-BSA conjugate.
Nevertheless, the purified antibody (free of any anti-DNP

activity) displayed much higher avidity for the conjugate

than for BSA whereas the anti-BSA produced in control animals

reacted almost equally well with both antigens (Paul et al.. 1967b).

The delay of 'maturation* towards high avidity antibody

formation caused by supraoptical antigen doses (see above)

could be at least partly due to tolerance induction in the

high affinity cell population.

Finally, the effect of non-specific regulators of the
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immune response upon the avidity of antibody should be

briefly mentioned. Mice undergoing a primary response

to BSA and given 200 R whole body irradiation developed a

suppressed response but no charge in affinity was observed

(Andersson, 1972), Rabbits treated with an adjuvant,

Corynebaoterium parvua. formed more antibody of a greater

affinity for BSA than control animala (pinckard et al,« 1967a),
The mechanism underlying the last finding is not fully

understood,

VI. THE AVIDITY Off POLYVALENT INTERACTRONS.

1» The ^t^n-antibody binding.

The avidity of specific binding between antigen and

antibody molecules is affected by the number of speciflo

binding sites involved in the interaction of the two molecules.

Greeribury et al, (1965) demonstrated the differenoe in

effective avidity of rabbit 7S antibody, its subunits and

their recombinants for human group A1 red cells. The bivalent

native 7S or 5S recombinant species exhibited binding constants

150-450 fold greater than the monovalent fragments. Thus the

avidity of antibody relative to the affinity of a single

antibody binding site was si/yiificantly enhanced by its

multivalency. The avidity of IgM and IgG antibody formed

at the same stage of immunization with bacteriophage X174

was compared by estimating the extent of dissociation on
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dilution of their respective complexes with the bacteriophage.

The greater stability of complexes formed by IgM antibody

was ascribed to its potential for polyvalent binding to

the repeating antigenic sites of the phage particles

(Finklestein and Uhr, 1$S6), Essentially the same conclusion
R It

was reached by Sarvaa and Kakela (I970). The early IgM

antibody was more effective in phage neutralization than IgG-

in spite of the fact that the intrinsic affinity of IgM was

lower (Makela et al«. 1970). The superior avidity of polyvalent

antibody or of polyvalent antibody fragments over the intrinsio

affinity of individual antibody combining sites was also

demonstrated in a bacteriophage neutralization system
H

(Hornick and Karush, 1972). Recently, Hammerstrom (1973)

reported that the association constant of the interaction

between intact hexavalent Helix pomatia haemagglutinin

was many orders of magnitude (10^° litres/mole) higher than

the intrinsic association constant (10^ litres/mole).

There is less data available on the importance of valency

of the antigen but it seems reasonable to assume that in order

to facilitate the full expression of the binding capaoity of

the antibody a polyvalent antigen would be advantageous

(but steric considerations can also be important). Thus egg

albumin aggregated by various procedures was capable of

precipitating more antibody nitrogen in the region of antigen

excess than did the same amount of native antigen (MacHieraon

and Heidelberger, 19*4-5 )• Specific precipitates formed by a
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meroury dimer of HSA were less soluble in antigen excess

than were corresponding precipitates of monomer, although

no difference in antigenic specifioity could be deteoted

(Levine and Brown, 1957)» The amount of specific anti-

BSA antibody estimated by using a particulate insoluble

antigen was higher than if soluble BSA was used for the

assay (Hirata and Sussdorf, 1966) although the antigenio

specificity of both antigens was similar (Hirata and Campbell,

1965)* The ABC^values of mouse anti-BSA found by the Farr
test using native dimer were consistently at least 2 fold

of those deteoted with monomer (Stark and Spitznagel, 1972)*

A conjugated NXP^-BSA was 100 fold more efficient than
NIP -BSA as an inhibitor of a reaction between IgM antibody

0.5
and a haptenated phage. The difference was only 10 fold

when IgC was the antibody, presumably due to lower valency of

IgC (Sarvas and Makela, 1970), The antigen binding capacities

of anti-NIP sera were found to be higher when NIP,,-BSA was14

employed in the Farr test than when monovalent NIP^-BSA was the
test antigen. Hence the binding capacity depended on the degree

If n

of haptenation of the test conjugate (Hatcher and Makela, 1972),

A progessive deterioration of the ability of SIII polysaccharide

to inhibit the formation of early IgM haemolytic plaques

accompanied a decrease in m.w. from 220 000 to 4 000 although

total inhibition could be achieved with all preparations when

sufficiently large amounts were used (Howard et al,. 1971)•
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2. The avidity of antigen-lymphocyte interactions.

In parallel with the greater avidity of in vitro

multivalent antigen-antibody interactions there is also

some evidence on the enhancing effect of polyvalency of antigen

upon the mode of its binding to lymphoid cells.

It has been suggested that the relatively small amount

of monomerlo radioactive B3A (< 400 moleoules/oell compared

to 40 000 molecules of flagelliVoell reported by Byrt and

Ada, 1969) bound by mouse lymphoid cells in vitro could be

due to low valency of the antigen moleoule (Humphrey et al..

197l)« A CNBr difest, fragment A of flagellin was bound less

well than flagellin to rat spleen cells but, contrary to

expectations, an acetoacetylated derivate was bound stronger

(Ada and Cooper, 1971)• Multivalent DNP -protein conjugates
4-23

were bound 100-300 times stronger than the univalent hapten to

dissociated lymph node cells from immunized guinea pigs

(Davie and Paul, 1972) or to murine myeloma oells of anti-DNP

specificity (Bystryn et al.. 1973)• Binding of polyvalent

DNP-flagella conjugate to primed mouse lymphocytes inhibited

fomation of rosettes with DNF-SRBC more effectively than

oligovalent DNP-HGG. More important, when the cells that

had bound either inhibitor were allowed to metabolize at 37°C,

the BNI^H&G inhibition was almost abrogated within 2 hours,

while the DNP-flagella remained attaohed to the cells inhibiting

the rosette foimation for 10-20 times as long (HIson and
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Feldmann, 1972)#

The numerous theoretical speculations upon the consequences

of multiple point speoifio interactions at the lymphocyte

surface during the early events of antigen recognition
n

(Bretschner and Cohn, 1970j Moller, 1970a, b, 1971I

Mitchison, 1971b; Nossal, 1971; Wilson and Feldmann, 1972;

Greaves, 1972; Raff and de Petris, 1972, 1973) have been

recently substantiated by experimental evidence.

A particular type of surfaoe receptor redistribution

termed noap formation" has been observed to follow binding

of polyvalent but not monovalent conjugates of DNF-protein

(Taylor et al.. 1971) and, in general, a multivalent ligand

seems to be required to achieve this type of redistribution

(Taylor et al.. 1971; see Raff and de Petris, 1972, 1973,

and Greaves, 1972).
n n

Makela and colleagues studied the relationship between

the valency and immunogenic capacity of various hapten-oarrier

conjugates. The NIP hapten in polyvalent form was a better
II If

immunogen than a mainly monovalent conjugate (Makela, 1970;
* » n n

Makela and Kontiainen, 1970; Makela et al.. 1971a). Thus

3 pg of NIPj^-BSA induced an equally strong IgG response as
100 pg of NIP. ,-BSA (Makela, 1970). Nevertheless, it was

the IgM response that seemed to be more affected by polyvalency

and the mode of spatial distribution of antigenic sites

(Makela, 1970; Makela et al.. 1971b; Rubin, 1972). The
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w n

stronger preference by IgM for polyvalent antigens (Makela

et al». 1971b) and thus presumably more effective stimulation

of cells with low affinity IgM receptors (compared to oells

with IgG- receptors of similar affinity) by a multivalent

conjugate (NlP^-protein) oould explain why the early IgM
antibody had lower intrinsic affinity than Ig& produced at

the same stage of response (Makela et al. . 1970). The firm

binding of polyvalent antigens (DNP-flagella or DNP-polymer!zed

flagellin) to mouse B lymphocytes correlated well with their

marked immunogenicity in vitro (Wilson and Feldmann, 1972).

The presence of repeating antigenic determinants has been
ft

suggested to be a common feature (Moller, 1970a, b; Feldmann,

1971; Wilson and Feldmann, 1972; but see Sela, 1973) of
several substances that appear to be thymus-independent

immunogens (Feldmann and Basten, 1971; Andersson and Blomgren,

1971; Feldmann, 1972) and/or excellent in vitro tolerogens

(Britton, 1968; Diener and Feldmann, 1970; Feldmann, 1972).

VII. ANTIG-JSNICITYO

The reaction of the immune system to antigenic challenge

may take various forms: it may result in humoral and/or

cellular immunity of great diversity with respect to strength,

specificity, type of oells involved and the effector cells

produced; it may induce a state of speoific unresponsiveness

in any of its maiy forms or it may elicit no detectable response

at all. The ultimate outoome of the introduction of a chemical
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substanoe to the immune system is a function of both the

properties of the substance and the state of the immune

system. The detailed mechanism of interaction between a

potentially antigenic substance and the cells of immune system

is the problem of contemporary immunology. The antigen

probably plays a rather passive role in that, according to its

molecular properties, it seleots and affects only some parts

of the immune machinery. The part played by the immune

system is far more complex and flexible and subject to the

influence of factors that are only partly understood. The

following paragraphs will attempt to consider those physico-

chemioal properties that determine the antigenicity of a

substanoe, a problem that has attracted considerable attention

over many years (see Landsteiner, 1946; Heidelberger, 1956;

Maurer, 1963, 1964; Kamirski, 1965; Sela, 1966, 1969; Sela

et al.. 1967; Pressman and Grossberg 1968; Goodman, 1969;

Arnon, 1971; Benjamini et al.. 1972a, b; see Borek, 1972a).

The use of the term "antigenicity" is often rather

confusing and therefore, for the sake of clarity, Sela's

definition (Sela, 1966, 1969) will be adopted. Antigenicity

includes both (2) immunogenioity i.e. the capacity tc elicit

an immune response, a property that is independent of (l)

antigenic speoificity, reflected in the nature of the antibody binding

site. On an antigen molecule structural characteristics

that contribute to antigenic specificity may be distinot from

those important for immunogenioity although overlapping can

occur (Sela, 1969; Goodman, 1969; Gill, 1972). The
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counterpart term to immunogenioity that will be used to

desoribe the capacity to induce a degree of immunological

unresponsiveness is (3) tolerogenicity.
The wide range of substances that demonstrate some or all

aspects of antigenicity includes macromoleculeo of natural

origin like proteins (Kaminski, 1965; Arnon, 1971; Crumpton,

1967; Benjamin! et al.. 1972a, b), polysaccharides

(Landsteiner, 194-6; Kabat, 1961), lipids (Landsteiner, 1946;

Rapport and Graf, 1969) and nuoleic acids (Levine and Van

Vunakis, 1967; Plescia and Braun, 1967; Kabat, 1968) as well

as synthetio polypeptides and artificial antigens (Sela and

Katchalski, 1959; Maurer, 1964; Sela, 1966, 1969) and some

simple chemical compounds (haptens) (Landsteiner, 1946;

Pressman and Grossberg, 1968; Leskowitx, 1972). The present

review will cover a few seleoted features of the general

problem direoted towards antigenicity of protein and peptide

antigens.

1. Antigenic specificity.

The olose correlation between the serological speoificity

and fine details of chemical structure has been greatly

elucidated by studies into the immunochemical reactivity of

haptens (see Landsteiner, 1946; Pressman and Grossberg, 1968).

The effect of the presence and spatial arrangement of individual

chemical groupings upon binding of haptens to their specific

antibody suggested the type of interactions involved in the
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binding i.e. charge interactions, dipole interactions, entropy

increase involved in the removal of water from oharged or polar

areas, hydrogen bonds, van der Waals attractions and hydrophobic

interactions (see Landsteiner, 1946j Pressman and Grossberg,

1968), i.e. the forces involved in intermolecular interactions

in general (Pauling, 1946). The relative contribution of

each kind of force depends on the individual system under

consideration (Pressman and Grossberg, 1968) and it seems that

in the case of protein antigens it is the hydrogen bonds, van

der Waals forces (Xabat, 1961) and hydrophobic interactions

(Kabat, 1968) that are most important.

The nature of the chemical groupings and individual

amino-aoid residues involved in the antigenic sites of protein

and synthetic polypeptide antigens has been extensively

investigated (see Maurer, 1963; Sela, 1966). A great

variety of aminoacids have been found to participate but no

generally valid pattern has emerged. Thus, far example,

tyrosine and perhaps histidine were found to be of importance

for serological activity of egg albumin but not of horse

albumin (Kabat and Heidelberger, 1937). Tyrosine is also an

important part of a determinant of silk fibroin (Cebra, 1961)

and of many synthetio polypeptides (Kucha and Sela, 1963)

but there are other antigens that do not contain tyrosine

(synthetic polypeptides - Fuchs and Sela, 1964} bradykinin -

Haber et al.. 1967} capsular polypeptide from Bacillus anthracis -

Goodman et al.. 1968). In view of the approximate size of the

antigenic sites (4-8 aminoacid residues, see below) and their



59

heterogeneity it seems difficult to assign a superior

importance for speoifioity of protein antigenic determinants

to a single aminoacid (Maurer, 1963)*

Based on studies of inhibition of dextran-antidextran

preoipitatlon by oligosaccharides of the isomaltose series

it was estimated that the maximal size of an antigenic

determinant in that system corresponded to isomaltohexaose,
o

m.w, 990, dimensions 3k x 12 x 7A (Rabat, 1961). The

contribution of individual sugar residues to the total binding

energy of the hexasaoeharide was not equal - thus gluoose

contributed 4($, first two glucoses 6($, three glucoses 90?S

etc. That portion of an antigenic determinant that contributes

most to the specific binding properties of the whole determinant

has been termed the immunodominant group (Luderitz et al.. 1966).

As early as 1939 Landsteiner and van der Soheer reasoned that

a polypeptide at least as large as a pentapeptide could

funotion as a single determinant. More recent data on the

size of the determinants of several synthetic homopolymers

agree well with the prediction (see Rabat, 1966 and 1968).

Thus the combing sites of the antipolylysyl antibody were

found to accommodate best the penta-(or hexa-) lysine (m.w. 659,
o

maximal size 27 x 17 x 6.5A) (Arnon et al«. 1965; Van Vunakis

et al.. 1966). Sela (1969) concluded that the antigenic

determinant of (D,Ala) Gly conjugated to protein carrier
1-4

was a tetrapeptide. The ootapeptide G-ly (ftly^, Ala^) Tyr
seems to oomprise a determinant of silk fibroin (Cebra, 1961),
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while the area combining with antibody to the capsular

polypeptide of Bacillus anthracis. poly - Y - D - glutamic aoid,

was concluded to be equivalent to a hexapeptide the dimensions
o

of whieh are 36 x 10 x 6A (Goodman et al«. 1968),

The stereospecifioity of antibody is well documented

(Sage et al.. 196k; Sela and Fuohs, 1965; Borek et al., 1965a;

see Sela, 1966; Gill et al«. 1967)#

It is generally assumed that it is the surface, easily

accesible, structures of an antigenic molecule that are of

utmost immunological importance (Hooker and Boyd, 1942;

Landsteiner, 1946; Heidelberger, 1956; Maurer, 1963;

Sela, 1969)* Fuohs and Sela (1963) concluded that antibodies

are directed to the area of the molecule most exposed to the

environment. Thus tyrosine and glutamic acid were found to

contribute most to the specificity of p(Tyr,Glu) - pAla ~ ptys

multichain oopolypeptide whereas alanine contributed more to

antigenic sites of pAla - p(Tyr,Glu) ~ p(Lys,Ala).
The immunocheroically potent areas of a protein antigen

are determined by the primary sequence of the peptide chain

(sequential determinants) or, more often, by a higher order

of moleoular structure (conformational determinants). An

elegant demonstration of specificity dependent on conformation

was provided by Sela and associates (1967). Rabbit antibody

was prepared against a branched copolymer (Tyr,Ala,Glu)-pAla —

pLys, directed mainly towards the side chain terminal tripeptide

Tyr Ala Glu, and against an a -helical polymer consisting of

the same tripeptide. Since there was no reciprocal cross-
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reactivity between the two synthetio antigens, and the

tiipeptide inhibited only the reaction with the branched

copolymer but not with the helical peptide, it was concluded

that the speeifioity of the a -helical polymer was directed

by its seoondary conformation. Also two form3 of linear

poly-L-proline, one presented as a right- and the other as a

left-handed a-helix, were antigenic and yet did not cross-react

(Jasin and G-lynn, 1965)* Even a molecule as small as

bradykinin (nonapeptide, m.w. 1060) that comprises a single

determinant, had a favoured conformation recognised by

specific antibody (haber et al». 1967)#

The contribution of tertiary structure to specificity has

been recognised in several systems. The difference in

conformation of oxy- and deoxy-haemoglobin was clearly reflected

in their serological reactivity, the oxy- form invariably

reacting more strongly whether the antiserum was direoted to

homologous or to heterologous haemoglobin (Reiohlin et al.. 1964,

1965a). Similarly, more complement was fixed by ferrioytochrome C

than by ferrocytochrome C on reaotion with the same rabbit

antisera (Margoliash et al.. 1967). Some antisera to sperm-whale

metmyoglobin could distinguish between the homologous protein

and conformationally altered apomyoglobin from whioh the

ferrihaem was released (Crumpton, 1967)* The "loop" peptide

determinant (residues 57-83 containing 1 disulphide bond) of

lysozyme reacted well with a fraction of anti-lysozyme antibody

but the reaotivity was lost following reduction and oarboxylation

of the S-S bond. Specific anti-"loop" antibody could also

distinguish between the intact arid reduced peptide (Arnon and

Sela, 1969).
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Immunochemical investigation of antigens composed of

more than one peptide subunit revealed that the quaternary

association often represented specificity unique for the

intact structure. Separated a and p chains of human

haemoglobin retained to some degree (up to 60$) the ability

to react with anti-A^ haemoglobin Pg) ^ut only re¬
constituted foujvchain moleoule reacted to an extent equivalent

to the native antigen. Although canine haemoglobin did not

reaot with sera to anti-human A^ haemoglobin, hybrids formed
of human a or p chains and their canine counterparts could do

so (Reichlin et al.. 1965b). Assembly of protein subunits

of tobacco-mosaic virus (2 200 identical subunits) into intact

viral partioles (see van Regenmortel, 1966) or into polymers

formed in vitro (Rappaport and Zaitlin, 1970) wa3 accompanied

by changes in serological specificity. tthile the serologically

important area on an intact virus particle seems to be associated

with the C-terminal hexopeptide of the protein subunits

(Anderer, 1963; Anderer and Schlumberger, 1965), the immuno¬

dominant area of isolated TMV protein appears to be located

between residues 93 and 112 of the protein (Benjamini et al..

1964, 1972a). A distinct antigenic specificity associated

with a polymeric IgA nyeloma configuration (8.6 and 11.7 S)
and absent from monomer has been reported (Apicella and Allen,

1970), An antigenic determinant was found on IgM (75) that

disappeared upon reduction of disulphide bond between the

light and p. chain but reappeared when the bend was reestablished

(Solheim et al.. 1971).
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The importance of conformational determinants for the

serological specificity of protein antigens explains why

treatments that interfere with native conformation (e.g.

enzymatic degradation-Kaminski, 1965; chemical and physioal

denaturation-Landsteiner, 1946; Brown et al.. 1959a, b;

Boyd, 1956; Kabeeb and Atassi, 1969; disulphide bond

reduction-Arnon and Sela, 1969; Solheim et al.. 1971) often

result in considerable loss of serological cross-reactivity

between the derivates and the native antigen. Nevertheless,

the same procedures can often result in exposure of previously

inaccesible internal epitopes or assembly of 'new* conformational

structures (not deteotable on native antigen) against which

specific antibody can be induced or be present in antisera to

the native antigen. Such "hidden" determinants have been

detected in a variety of systems; on hydrolytic products of

a and p lactalbumin, casein and BSA (Spies et al.. 1970);
on IgG- following digestion with pepsin (human, Osterland et al..

1966; Litwin, 1970); on IgG antibody following its binding

to antigen (rabbit, Honney et al.. 1965); on IgG denatured by

heat, alkaline pK and detergent (human, Henney and Stanworth,

1965), or by heat-aggregation or urea (human, Hirose and Osier,

1965, 1967a, b). Hirose and Csler (1965) found that a new

specificity was displayed by whole IgG, Fab and Fc fragments,

and H chains but not L ohains after they had been aggregated

by heat. Henney and Ishizaka (1968) looated the new

determinants found on altered IgG (but not IgA or IgM) within

the Fc portion of the molecule. The altered IgG was found to

induce autoantibodies in rabbits (Henney et al.. 1965)*
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Antibody specific to the "pepsin 3ite" of human Ig& was found

in sera of normal individuals and in increased amounts in sera

of patients suffering from rheumatoid arthritis (Osterland

et al.. 1966). Rheumatoid factors have been often used as

reagents to detect the "hidden" determinants of altered

human Ig& (Henney and Stanworth, 1965; Hirose and Osier,

1965, 1967b)* The evidence for "hidden" determinants of

IgG was based on results of secondary tests (precipitation,

immunodiffusion, passive haemagglutination), whereas the binding

constant for the interaction between rheumatoid factors and

heat-aggregated Ig& measured by an equilibrium binding method

was not very different from that found for native Ig&

(Normansell, 1971)*
A possible clinical significance for new antigen speoificities

was ai^gested by some cases of food allergies in which skin tests

were negative to intact foodstuffs but positive to enzymic

digests of the substances (Cooke, 1942; Bloom et al.. 1953)*

An attempt to induce a similar situation experimentally by

immunising rabbits to milk proteins by the alimentary route

was not successful (Spies et al.. 1970)*

2, Immunogenloity.

The diohotony of antigenicity is illustrated by several

experimental situations where the capacity to evoke a response

is apparently distinct from antigenic specificity.

The character of anti-hapten responses seems to be the most

illuminating in this respeot. Hapten, in the broad sense, is

a substance lacking the ability to induce an immune response
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per se but capable of determining the specificity of part of

the response elicited by a complex of the hapten and a suitable

carrier molecule (Leskowitz, 1972). Thus while haptens

possess antigenic specificity, the extent as well as the

quality of anti-hapten responses seem to be controlled by

the immunogenic properties of carriers.

The peak levels of mouse anti-DNP responses to several

DKP-protein conjugates paralleled the humoral responses to

the oarriers alone (fronstin et al.. 1967). Immunoresponsiveness

to the carrier, whether under the conditions of secondary
19

stimulation (Rajewsky and Rottlander, 1967? Rajewsky et al.. 1967,
ft

1969; Fidler et al.. 1972) or aoquired (Rajewsky and Rottlander,

1967; Rajewsky et al.. 1967, 1969; Green et al>. 1968;

Fidler et al.. 1972) and natural unresponsiveness (Green et al..

1966, 1968; Benacerraf et al.. 1970) is reflected in the

strength of the anti-hapten response. The nature of carrier

appears to be important in determining vtoether cellular or

humoral anti-hapten responses develop (see Leskowitz, 1972).

While conjugates of arsanilic acid to carriers poorly immunogenic

with respect to antibody formation produced good anti-hapten

delayed hypersensitivity, conjugates with protein carriers that

alone were good humoral immunogens were ineffective in inducing

delayed-type hypersensitivity to the hapten (Jones and Leskowitz,

1965).

Aggregation or insolubilisation often enhances immunogenicity

of weak antigens (see Gill, 1972; Borek, 1972b) while the

specificity of the antibody induoed by the two forms may be

similar. Adsorption of angiotensin to microparticles of carbon
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(Boyd and Peart, 1968), chemical crosslink!ng of gonadotropin,

ribonuolease and BSA (Anderer and Sohlumberger, 1969) or heat

aggregation of Ig (Biro and Garcia, 1965J Gamble, 1966;

Abdou and Riohter, 1970a; Chiller and Weigle, 1971) improved

immunogenicity. However, while aggregation of a polypeptide

(GlUj-g Lys^g Tyr^,-) enhanced its immunogenioity on administration
to a poorly responding rat strain, no effect or a slight deorease

in antibody founation was observed in good responders (Gill et al.,

1970). The effect of aggregation was explained by changes in

effeotive dose (Gill, 1972). Decreased immunogenicity and

enhanced tolerogenic properties of centrifuged or in vivo

filtered Ig were ascribed to the removal of aggregated material

(Dresser, 1962b; Vfeigle and Golub, 1967; Golub and Weigle, 1969;
Howard et al,. 1969; Chiller et al,. 1971; Chiller and Weigle,

1971)* The immunogenioity of serologically similar flagellar

antigens from Salmonella adelalde has been extensively studied

in rats (reviewed by Parish and Ada, 1972). The doses inducing

peak titres were 10,100 and 1000 ng for monomeric flagellin,

flagella and polymeric antdgen respectively, while the absolute

amount of antibody produced was slightly higher for flagella

than polymerised flagellin and much lower for monomer (Nossal

et al.. 1964). A cyanogen bromide digest, fragment A, that

contains almost all the antigenic specificity of intact

flagellin (Parish et al.. 1969; Parish and Ada, 1969a) was

nevertheless a much less potent immunogen (in saline injection)

(Parish and Ada, 1969b). Acefcoacetylation of flagellin reduoed

its serological activity by 40^ but almost destroyed the humoral

immunogenicity. The altered antigen was in fact highly tolerogenic

in adult rats (1 dose of 1 fig) (Parish, 1971a). However,
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diminished humoral immunogenicity of acetoacetylated derivate

and the fragment A contrasted with their enhanced ability to

provoke delayed hypersensitivity (Parish, 1971b, Parish and

Ada, 1972). The physical form of flagellin (monomer versus

polymer) also seems to determine the requirement for T-cells

in an in vitro immune response of mouse cells (Peldman and

Basten, 1971), the response to the polymer being T-independent.

Tryptio digestion products of TMV protein that retained

the antigenic specificity of the original antigen were non-

immunogenic in terms of provoking humoral or cell mediated

immunity or stimulating DNA synthesis in primed spleen cells

(Spitler et al.. 1970)• Lymphoid cells of guinea pigs

sensitised to a , DNP-polylysine by an immunogenic conjugate

(heptamer or larger) were stimulated to incorporate thymidine

only by an immunogenic member of the series although the

specific antibody reacted well with the hapten alone (Stulbarg

and Schlossman, 1968; Schlossman et al.. 19$9). Also, only

heptamer or larger oligopeptides were active in the macrophage

migration inhibition test (David and Schlossman, 1968).

While the main antigenic speoificity of glucagon (as deteoted

by antibody)is localised at the amino-teradnal end, only the

intact molecule or the carboxy-terminal peptide stimulated DNA

synthesis in lymphocytes (Senyk et al.. 1971),

Several aspects of molecular structure (shape, electric

charge, optical configuration) that have been extensively

investigated, can modify but do not appear to be of a decisive

nature for the immunogenicity of a substance (see Stla, 1966,

1969; Gill et al.. 1967; Gill, 1972).
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While it has been accepted that macromolecules are

generally better immunogens than low molecular weight peptides

(see Landsteiner, 1946; Heidelberger, 1956) exceptions to

the rule are numerous. Thus, for example, the purified

oapsular polypeptide of Bacillus anthraois. m.w. 33 000,

(Goodman and Nitecki, 1967). B subunit of porcine ribonuclease,
If

m.w. 35 000, (Rajewsky and Rottlander, 1967) and many synthetic

polypeptides, m. w. up to 32k 000, (see Sela, 1966) are not

immunogenic and behave more like haptens. On the other hand,

molecules as small as DNPy-bacitraein, m.w. 1 928, (Abuelo and
Ovary, 1965), angiotensin II, m.w. 1 031, (Dietrich, 1966) or

peptide GlUg LySgAlag, m.w. 2 22k, (Callahan and Maurer, 1973)
are immunogenic in some species. Both cellular and humoral

immunity to p-azobenzenarsonate derivates of oligotyrosinea

(m.w. 450-1 200) were induoed in guinea pigs by injections

in CPA (Borek et al.. 1965b), and similarly anti-hapten

delayed hypersensitivity (but not humoral response) was

elicited by hapten conjugates of m.w. around 400 (Jones and

Leskowitz, 1965; Leskowitz et al.. 1966). Prey and coworkers

(1969) found that 24 out of 35 different DNP-amino acids

(m.w. around 400) induced immediate and/or delayed anti-DNP

responses in guinea pigs when administered in saline. However,

the authors pointed to the possibility of "transconjugation"

of the DNP moiety in vivo whereby the true immunogen would

be a hapten-protein conjugate. A polymer of 1-glutamic aoid,

m.w. 20 900, was found to be immunogenic in rabbits v/hile

smaller and larger polymers (m.w. 1 300-80 000) were not

(Buchanan-Davidson et al.. 1959)* The role of size in

>
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imraunogenicity may be related to the findings that the

immunogenically important area(s) must be on the surface

of a molecule (Sela et al.. 1962) and that the larger the

surface the more determinants it can theoretically accommodate

(Hooker and Boyd, 1942), However, due to steric hindrance, not

all sites are probably available for biologically effective

interactions (Sela, 1966, 1969).

Sela*s (1966) suggestion that diversity of antigenio

composition may positively affect immunogenicity was based

on the observation of non-immunogenioity of a -andnoacid

homopolymers (see Sela, 1966, 1969) and a gradual rise in

the immunogenic capacity of copolymers composed of two, three

or more different types of residues (see Sela, 1969; Gill,

1972). Also, attachment of copolymers containing both lysine

and glutamic acid enhanced the immunogenicity of gelatin

(Fuchs and Sela, 1964) in contrast to a lack of effect upon

attaching a homopolymer of either amino&oid separately (Sela

and Arnon, 1960a), The importance of the presence of at least

two antigenic determinants on an inmunogen (jerne, 1967|

Benacerraf et al.. 1967; Bretschner and Cohn, 1968) is

refleeted in the two-cell cooperation in humoral anti-hapten

responses (Mitchison, 1967; Rajewsky et al,. 1969)* It is

likely that the requirements for tolerogenicity are somewhat

different since non-immunogenic hapten-like substances have been

found to be tolerogenic (Scfceehter et al.. 1964a; Roelants

and Goodman, 1970; Katz et al.. 1974).

Synthetic copolymers containing aromatic aminoacida are

generally good immunogens (Sela et al.. 1962; Gill et al.. 1967)»
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Enrichment of gelatin with polypeptides of tyrosine, tryptophan,

phenylalanin, and to a certain degree with cystein, converted

the poorly immunogenic gelatin into a good antigen (Sela and

Arnon, 1960a; Arnon and Sela, i960). Gelatin derivates

that contained polycyclohexylalanyl (Sela and Arnon, 1960b),

polymethionyl and polyleucyl (Fuohs and Sela, 19&4) were also

good immunogens. In these oases a possible explanation for

enhanced immunogenioity due to the incorporation of some

aminoacids could be increased rigidity and stability of the

antigenic sites (Sela and Arnon, 1960b; Sela, 1966).

3. The relationship between immunogenioity and tolerogenicity.

Dresser and Mitchison (1968) advanced the concept of "weak"

and "strong" antigens in relation to the induction of tolerance

and immunity (see also Mitchison, 1972a), A dosage threshold
-8 -10

v(10 m to 10 M) for tolerance induotion, above which the

proportion of tolerant cells increased,was postulated to be

common for all antigens. The deteotable result of competition

between tolerance and immunity at the oellular level was

suggested to depend upon the different immunogenic properties

of the individual antigens, Non-immunogens would allow an

easy detection of tolerance over a wide dosage range; weak immunogens

with an immunity threshold higher than that for tolerance would

display two zones of tolerance, with an intermediate zone of

immunity; tolerance induction at the low dosage region by

strong iramunogens would be masked by concomitant immunisation

that would commence at doses below the tolerance threshold

and only at supra-optimal doses would paralysis be detectable.
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While the hypothesis is consistent with experimental data

on serum protein antigens (see Dresser and Mitchison, 1968),

it is probably not of general validity.

The best documented exception is the behaviour of

Salmonella adelaide flagellar antigens. Apart from the low-

zone tolerance threshold of two flagellar antigens being much

lower than that postulated by Dresser and Mitchison (1968)

(Nossal et al.. 1967; Shellam and Nossal, 1968; Shellam, 1969a),

the more immunogenic polymerized flagellin was also a better

tolerogen than monomer in neonatal rats (Nossal and Austin,

1966; Shellam and Nossal, 1968; Shellam, 1969a). The amount

of monomer that induced a maximal degree of low-zone tolerance

was 10 ^V/injeotion compared to 10~^^V/injaction of polymerized

flagellin (Shellam, 1969a). While all flagellar antigens were

tolerogenic in neonatal rats (Nossal et al.. 1965; Nossal and

Austin, 1966; Shellam and Nossal, 1968; Shellam, 1969a;

Parish and Ada, 1969b), only the less immunogenic antigens

of the series, CNBr-digest, fragment A, (Parish et al., 1967;

Ada and Parish, 1968; Parish and Ada, 1969b) and an

acetoacetylated derivate (Parish, 1971a, b), induced humoral

hyporesponsiveness in normal adult rats. Partial tolerance

by supraoptical doses of flagellin oould be induced in adult

animals only following thoracic duct drainage or treatment with

ALS (Shellam, 1969b). On a weight to weight basis, the poly¬

merized flagellin was by far the best immunogen in vitro while

monomer was moderately immunogenic and the fragment A inactive.

Similarly, the fragment A failed to induce tolerance in mouse

spleen cells in vitro and supra-optimal doses of monomer were
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found to be less tolerogenic than those of polymerized

flagellin (Diener and Feldmann, 1970)* Thus the immunological

efficiency of flagellar antigens depended to a considerable

extent upon factors other than their chemioal characteristics

(see also Parish and Ada, 1972). The point that an antigen

should be considered to be a "weak" or "strong" tolerogen

only in the context of a defined experimental design, can be

illustrated by further exanples.

The excellent in vitro tolerogenioity (in supraoptical

dosage) of substances that are good in vivo immunogens e.g.

detoxioated lipopolysaccharide of E, coli (Britton, 1968)

or several derivates of flagellin (Diener and Armstrong, 1969,

Diener and Feldmann, 1970| Feldmann and Beaten, 1971}

Feldmann, 1972), is in striking contrast to the lack of

tolerogenidty so far observed in in vitro experiments with

materials known to be tolerogenic in vivo e.g. BSA (Mitchison,

1968b), BG-& (Scott and Waksman, 1969) or flagellar fragment A

(Diener and Feldmann, 1970). In addition, the presenoe of

small amount of specific antibody in the in vitro system

conferred the tolerogenic eapacity on both the inactive

fragment A and an immunogenic dose of polymerized flagellin

(Feldmann and Diener, 1970; Diener and Feldmann, 1970).

A single dose (100-200 pg) of normal rabbit Ig wa3 tolerogenic

in mice but the same dose of Ig separated from rabbit anti-mouse

ALS was strongly immunogenic (Lance and Dresser, 1967)* The

comparison of the aotivity of several hydrolytic products of

SIU polysaccharide revealed that the most immunogenic fragment

was also the meat effective tolerogen in mice, in accord with
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its highest serological capacity (Howard et al.. 1971)*

In conclusion, once more it should be stressed that apart

from the role of the antigenic molecule, factors like immuno-

competence of the host (Smith, 1961; Gabrielsen and Good, 1967;
Sterzl and Silverstein, 1967; Vfeigle, 1973), genetic background

of the animals (MoDevitt and Benacerraf, 1969; Benacerraf and

MoDevitt, 1972; Battisto and Lilly, 1972; sihova-Skarova
and kiha, 1972; Mozes and Shearer, 1972), involvement of

macrophages and antigen processing (Shands, 1967; Nelson, 1969;

Bishop and Gottlieb, 1970; Unanue and Cerottini, 1970a;

van Furth, 1970; Feldman and Globerson, 1972; Unanue, 1972),

the presence of specific antibody (Sterzl and Silverstein, 1967;
H

Uhr and Moller, 1968; Mitchiscn, 1972a; Weigle, 1973) and the

mode of administration of antigen (Mitchison, 1972a; Weigle,

1973) have probably equally important parts to play in the

complex interactions that lead to immune response or toleranoe.

VHI. THE ANTIGENICITY OF SERUM ALBUMINS,

BSA, HSA and less frequently serum albumins of other speoies

have been the object of numerous immunochemical studies (see

Kaminski, 1965), The degree of serological cross-reaction

due to shared determinants between BSA and HSA as detectable

by rabbit reagents is only (Weigle, 1961). It seems very

likely that even this limited cross-reaction is due to mere

similarity rather than complete identity of the reactive

epitopes (Eangel, 1963). Therefore it was felt that direot

comparison of studies on the antigenicity of BSA and HSA was

not entirely justified and the following review of data on BSA

will be substantiated by information obtained with other serum
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albumins only when similar data for BSA are not available.

1. Antigenic specificity.

Limited enzymatio digestion has proved to be valuable

in analysing the complex antigenic make up of protein

molecules (Kaminski, 1965)* The cleavage of 5-6 aminoaoids

from the C-terminus of BSA by carboxypeptidase did not alter

its precipitating properties thus suggesting that that part

of the polypeptide did not participate in the f carnation of any

antigenic determinant (White et al.. 1955)* A dialysable,

apparently homogeneous, chymotiyptio digestion fragment of

BSA (m.w. 12 000) retained the oapacity to combine with

rabbit anti-BSA as shown by its ability to inhibit quantitative

precipitation or provoke anaphylactic shock in passively

immunised guinea pigs, although a definite loss of precipitating

activity was seen on quantitative precipitation and

immunodiffusion. Nevertheless, the remaining structure was

still antigenically oomplex as judged by its varying inhibitory

activity with different anti-BSA antisera (Porter, 1957)*

Based on immunoelectrophoretic analysis of the products of

digestion by pepsin, rabbit spleen cathepsins and chymotrypsin,

a model of antigenic structure consisting of at least four

antigenic areas was proposed for HSA (Lapresle et al.. 1959)*

Pepsin degradation of BSA yielded four serologically distinct

precipitating products (Weigle, 1961). Nine peptides

(m.w. 3 200-6 800) were isolated from chymotryptic hyarolysates of

BSA, all of which could react with rabbit anti-BSA on

immunodiffusion although only in a concentration of about 100
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times that required for native protein (Riohard et al«. I960).

In another study, only two of the 7~8 eleetrophoretic

components present in a peptic hydrolysate precipitated on

immunodiffusion; one was identified as undegraded molecule

and the other was a fragment (m.w. 35 000) representing only

a part of the total antigenic structure (Smet et al.. 1963)#

Digestion of BSA by pepsin and/or trypsin under conditions

simulating in vivo degradation resulted in a mixture of

digestion products that contained all the antigenic 3ites

although in concentration 100 fold lower (deteoted by
125

inhibition of binding of I-BSA)• The digestion products

could be partly separated by Sephadex &1Q0 filtration and

progressive alteration and loss of antigenic sites was shown

to parallel the physical degradation (Wright and Rothberg, 1971)*
The number and kind of epitopes on the BSA molecule

that can function as antigenio determinants is difficult to

determine, as it oertainly depends on the degree of "foreigness"

between the struoture of BSA and that of host species* albumin

(Weigle, 1961). The minimal number is suggested by the

number of inclepaident serological entities obtainable on

splitting the molecule - 3 could be deteoted by rabbit

anti-BSA (Weigle, 1961), or by determining the effective

valency i.e. the number of antibody molecules bound per

molecule of BSA in infinite antibody excess - 6 quoted for

horse albumin and rabbit antibody (Kabat and Heidelberger, 1937)

and 18 found for BSA with chicken anti-BSA (Schram, 1970). As

BSA is a globular molecule consisting of a single polypeptide
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chain it seems unlikely that any one type of determinant

would be present in more than a single copy.

Ensymatic digestion invariably results in progressive

loss of precipitating activity and later also of combining

capacity (porter, 1957> Ishizaka et al.. I960; Liu et al.. 1967?

Wright and Rothbeig, 1971)# However, in some instances it

oaused an exposure of "new" epitopes ("hidden" determinants)

against which antibody could be raised that would not react

with the native molecule. Lapresle and Durieux (1958) observed

such an antibody in sera of rabbits injected with cathepsin

degradation products of HSA, but never in anti-native HSA

sera (Lapresle and Webb, i960). Non-preoipitating, dialysable

products of brief peptic hydrolysis of BSA possessed a new

antigenic specificity against which guinea pigs could be

immunised (Sehultz - Dale test). The presumably les3

degraded, noa-dialysable, products also contained a new site

but there was only very limited cross-reactivity between native

and degraded BSA (Spies et al.. 1970). New antigenic sites

were demonstrated an products of limited peptic and peptio-

tryptic hydrolysis of BSA performed under conditions simulating

mammalian digestion (Wright and Rothberg, 1971). However,

anti3era from rabbits orally immunised with native BSA reacted

in a manner identical that produced by subcutaneous injection,

with no evidence of additional reactivity to the digest as

compared to whole BSA.

An indication that exposure of "hidden" determinants with

subsequent formation of specific antibody may take place in vivo
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was provided by work of Iahizaka and associates (I960).

Positive ring tests and PCA reactions were observed between

a pepsin degradation product of BSA and anti-native sera

previously thoroughly absorbed with the native protein.

The antibody to the "hidden" determinant(s) was present in

sera raised by immunization in saline but was absent from

sera of rabbits injected with the antigen in a adjuvant

(alum preoipitated or FCA). Its presence did not correlate

with the amount of antibody to BSA.

Enzymatic cleavage need not be involved in exposure

of "new" sites. Alterations of internal S-S bonds,

apparently also associated with some loss of the native

a - helix structure, resulted in increased serological

activity as detected by quantitative precipitation and

passive haemagglutination inhibition using rabbit antiaera to

both native and altered BSA. The "hidden" determinants of

this type were reported to be present on completely reduced

and reoxidized monomer (peters and Goetzl, 1969), mildly
reduced monomer (3-Sft-BSA) and also on native dimer (Goetzl

and Peters, 1972). Finally, "new" antigenic determinants

associated with the aggregated fraction of heat denatured

BSA were proposed on the basis of results obtained with

precipitation and passive haemagglutination techniques

(Yfolberg et al.. 1970). Early and transient antibody

specific for these determinants were found, rather irregularly,

in anti-denatured and anti-native sera.

Some of the charged groups implicated in antibody-hapten

interactions (see Pressman and Grossberg, 1968) have been
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estimated to be present on serum albumin approximately as

follows; 100 carboxyles, 57 £-aminogroups, 19 phenolic groups,

22 guanidines and 16 imidiazols (Foster, I960). Alteration

in the aromatic aminoaoids content (Goebel and Perlmann, 1949)

or gradual masking of tyrosyls, hiatidyls and lysyls (Schram,

1970) was followed by deterioration of the serological activity

of the derivates. However, conformational changes of the

BSA molecule were not investigated, and other work have

indicated that tyrosine and perhaps histidine were not important

for speoificity of horse albumin (Kabat and Heidelberger, 1937)•

Alkylation of three free SH groups of a partly reduced BSA

derivate did not alter its serologio specificity (Goetsl and

Peters, 1972), Maurer and co-workers published an extensive

series of studies into the immunochemical significance of the

free £-aminogroups (Maurer et al.. 1957a), phenolic groups

(Ram and Maurer, 1958) and oarboxyis (Ram and Maurer, 1959) of

BSA. It was concluded that none of the groups studied was

directly involved in the formation of BSA- anti-BSA complexes

although their interpretation of the results has been challenged

(Kabat, 1961). Modification of 90% of the free £-aminogroups

of lysine in BSA by amidination and guanidination resulted in

retention of 85% - 91% of the capacity to precipitate with

rabbit anti-BSA, thus supporting Maurer *s conclusions (Habeeb,

1967a) although the chemical modifications ccnferred on the

derivates new serological specificities dependent on the

groups introduced, and detectable on insnunizaticn.
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Conformational rather than localized charge changes were

decisive for the altered precipitating capacity of succinylated

BSA (Habeeb, 1967b). Succylation of the first 30-%■

aminogroupa had very little effect on both the confoimation

and the precipitation reaction with anti-native BSA, while

modification of further groups resulted in a sharp reduction

of the precipitating capacity, paralleled by unfolding of the

molecule (increase of Stokes radius and of accesibility of

disulphides).
The contribution of the tertiary structure of BSA to

its serological specificity, and ths importance of the internal

disulphide bonds in preserving its active conformation has been

emphasized (Habeeb and Borella, 1966). Serological activity

of BSA subjected to progressive scission of disulphides was

monitored by quantitative precipitation and inhibition of the
125

binding of I-BSA to mouse Ab. Destruction of 1-2 bonds

did not interfere with precipitation and caused only 10$ loss

of inhibitory capacity; molecules with 5-8 disulphide bonds

broken had greatly reduced inhibitory power that was completely

lost from greatly expanded molecules with more than 9.5 S-S

destroyed. The serological reactivity of a chymotryptic

digestion fragment depended directly on the integrity of the

one disulphide bond that it possessed (Porter, 1957).

Reoxidation of completely reduced (8M urea) BSA yielded

several types of conformationally altered derivates that

recovered to varying degrees the ability to react with anti-native

BSA (peters and Goetzl, 1969). Goetzl and Peters (1972) also

indicated that at least one antigenic determinant of BSA is
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independent of the disulphide stabilized conformation.

A completely reduced alkylated derivate that lost all

precipitating and complement-fixing capacity, could still

give a positive FCA reaotion with anti-native BSA and

induce formation of antibody oross-reacting with BSA on

passive haemagglutination and PCA.

The effects of heat denaturation of BSA (1.% BSA in

H20; pH 7.5# 100°C, 1-2 hrs) on preoipitation were pronounced
(Maurer et al.. 1957b; Maurer, 1959). The cross-reactivity

between native and heated antigen and vice versa was 12J&-15J&

and l&fa-22% respectively. However, in a different study

similar antigens caused identical Arthus and delayed

hypersensitivity reactions in guinea pigs immunized with

either of them (Das et al.. 1970). No difference in the

antigenic specificity of soluble native BSA and a particulate

insolubilized derivate (2.5^ BSA, pH 3.7# 100°C, 10 minutes;

particle size l-2fi) was detected; the thermal denaturation

seemed to result in neither destruction of the native antigenic

determinants (HLrafra and Campbell, 1965) nor in ary gain of

new antigenic specificities on the denatured BSA (Draper and

Hirata, 1968). The recovery of a "new" specificity after

mild heating (0.1^ in 0.15M phosphate, pH 6.5# 70°C, 10 min)
has been mentioned (Wolberg et al.. 1970).

2. Immunogenicitv and tolerogenicity of serum albumins.

Native soluble BSA administered in saline is a moderate

immunogen but under appropriate experimental conditions can
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also induce immunological tolerance (Dietrich and Weigle,

1964; Mitchison, 1964, 1968a; Thorhecke et al., 1969;

Taylor, 1964, 1968, 1969). Vi/hile the immunogenic properties

can be muoh improved at the expense of the tolerogenic

eapaeity by the use of adjuvants (Mitchison, 1964;
Pinokard et al.. 1967a, b; Pinokard et al., 1968; MiBride,

1971) or heat denaturation (Frei et al.. 1965; Hirata and

Sussdorf, 1966; McBride, 1971), in vivo passage (Frei et al..

1965), Sephadex chromatography (Frei et al,. 1968) and

centrifugation (pinokard et al,. 1967a, b, 1968) enhanced

its ability to induce a hyporesponsive state in rabbits,

probably through removal of polymeric material. In contrast,

in mice in vivo "filtration" did not alter its immunogenic!ty

(Mitohison, 1964; Frei et al.. 1965) and oentrifugation

only marginally improved its tolerogenicity (McBride, 1971)*

Others have concluded that, in CBA mice, monomer was distinguished

by its greatest immunogenic as well as tolerogenic capaoity

in the dose region 10-1000 pg (Stark and Spitznagel, 1972).
A hyporesponsive state could be induced with both monomer

and oligomers in adult guinea pigs (Dvorak et al.. 1969).

A variety of chemically and physically altered derivates of BSA have

been tested for their ability to induce in vitro uptake of

thymidine in primed spleen cells (Parkhouse and Dutton, 1967),

Although the preparations were not well defined physioochemically,

of the several heat-denatured (85°C) preparations the most

active was an insoluble preoipitate (100 fold more stimulating

than native BSA). Ultracentrifuged supernatant3 of heated
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preparations were no better than native monomer suggesting

that the effeot was due to the aggregated material.

Although most of the chemical derivate3 of B3A studied

could elicit an immune response, only a few authors have

attempted a quantitative investigation of their immunogenieity

relative to native antigen and/or of any possible correlation

between their altered antigenic specificity and immunogenic!ty

perhaps because of the complications caused by changes in

serological specificity of the derivates - e.g. 71^ of precipitins

made by rabbits in response to Su9.Gu BSA derivate had
"■ 33

specificity towards native BSA, while the rest was directed

towards Su^ BSA and guanyl groups (Habeeb, 1967a).
Although their antigenic specificity was altered, heat

denatured (0.1-0.5^ in saline, pH 6.5, 80°C, 135 mins) BSA

(&ell and Benacerraf, 1959) and a derivate of BSA obtained

by dissociation of disulphide bonds (Leskowitz, 1962) were

as effective as native protein in provoking delayed hyper¬

sensitivity in the guinea pig. In contrast, the ability of

other derivates of BSA, fcodinated, dinitrophenylated) to
sensitize guinea pigs for delayed hypersensitivity towards

native BSA was diminished and a decreased ability to induce

anaphylactic sensitivity in guinea pigs to BSA paralleled

a decreased capacity to precipitate with rabbit antisera

(Leskowitz, 1962). The immunogenicity of various alum-

precipitated denatured BSA derivates, as measured by the

amount of precipitating antibody produced by rabbits, was as

follows: native BSA (1.5), alkali denatured (0.15), heat

denatured (0.14), guanidine - treated (0.11) urea^-treated (0.09),
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acid-denatured (0.04) and UV-denatured (0.03) (Haurer, 1959)*

The imnunogenicity of 8M u re^denatured and regenerated horse

seruin albumin was less than 10^2 of the precipitin-inducing

capacity of the native protein, although both antigens were

serologically comparable (drickson and Neurath, 1943)#

Similarly, the immunogenic capacity of several BSA antigens

was, in decreasing order, native BSA, 8M urea-regenerated, BSA

regenerated from 8M guanidine hydrochloride, crystalline

(carbohydrate-free) BSA. The observed differences were not

due to differential antigenic specificity since all preparation®

were serologically equivalent (Martin et al.. 1943). In

contrast, insoluble teat-denatured BSA was found to elicit

higher serum antibody titres than native monomer as detected

by quantitative precipitation and a specific adsorbent method,

although again no difference in specificity was observed

(Hirata and Sussdorf, 1966). Less insoluble antigen was

required to induce a measurable primary response and both

primary and secondary responses to insoluble BSA appeared

somewhat faster (Draper and Kirata, 1968). Higher 19S anti-

BSA responses have also been observed in rabbits responding

to chemically aggregated BSA as compared to non-aggregated

antigen (Lindquist and Bauer, 1966).

IX. BOVINE SERUM ALBUMIN (BSA) - CHEMICAL STRUCTURE MP

PHYSICAL BEHAVIOUR.

Serum albumin, the most abundant of serum proteins (50-60%)
has been much studied by immunologists and protein chemists.
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The biological function(s) of albumin is not known but a role

in ion, drug, hormone and dye transport end regulation of

osmotic pressure has been suggested (see Foster, I960;
Rothschild et al». 1969). Several excellent reviews have

summarized the considerable amount of data on its chemioal

structure (Phelps and Putnam, I960; Putnam, 1965) and pliyaioal

behaviour (Foster, 156$^ Putnam, 1965)*
Most of the commercially available preparations are

obtained from human or bovine plasma by the cold-ethanol

fractionation method of Cohn and coworkers (1946) or one of the

later modifications (see Pennell, i960; Putnam, 1965)#
Even the best crystalline preparations are contaminated by

firmly associated fatty acids which most likely modify

the physical behaviour of the plasma albumin (Foster, I960).

1. Structure.

The bovine serum albumin (BSA) molecule - m.w. 67 000 -

is a single polypeptide chain as deduced from finding of only

one C-terminal (alanine) and one N-terminal (aspartic aoid)

residue (see Phelps and Putnam, I960). Although aminoacid

analysis has been performed (the molecule contains e.g. 38

cystein, 20 tyrosine, 28 phenylalanine but only 2 tryptophan

residues) the primary sequence has not been established

(see Putnam, 1965). About 50fo of the polypeptide chain

exist in right-handed a -helix configuration (Callaghan and

Martin, 1962) and the tertiary globular conformation is greatly

stabilized by about 17 intramolecular disulfide bridges between
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the cysteln residues (Markus and K&rush, 1957; Markus, 1964).

The shape of BSA molecule is best visualised as em ellipsoid of
o o

diameter about 2QA and length 65A at neutral pH and ,15M NaCl

(Champagne and Sadiron, quoted in Joly, 1965)* According

to the model proposed by Foster (i960) the molecule consists

of four probably nonidentical, compact subunits linked by

short sections of randomly coiled peptide chains. The concept

of microheterogeneity of proteins introduced by Colvin et al«

(1954) applies to several characteristics of the molecular

populations of BSA, About two thirds of the BSA molecules in

both sera and purified preparations have a free reactive

sulfhydryl group which could explain the ease of mercury dlmer

formation (mercaptoalbumin) while in the rest of the molecular

population this group is masked by combination with additional

oystein (or glutathione). The proportion of the free -SH

group slowly decreases on standing, the rate of decrease being

minimal at neutrality and maximal near pH 5» It is assumed

that the single reactive -SH group is mobile due to sulfhydryl-

disulfide exchange reaction (see Foster, i960 and Putnam, 1965)*

Microheterogeneity of BSA with respect td resistance to thermal

denaturation (Stokrova and Sponar, 1963) and to pH optimum of

the N-F (normal-fast) transition (Foster et al,. 1965; Petersen

and Foster, 1965a) has been reported, Petersen and Foster

(1965b) correlated the differential sensitivity to N-F transition

and heat aggregation concluding that the subpopulations more

resistant to N-F transition were also more resistant to heat

denaturation. Also the resistant subfractions were less
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susceptible to reduction of intramolecular disulphide bonds

by p-mereaptoethanol (Kabeeb, 1968).

2* Reversible changes of molecular conformation.

At low pH (below pH 4 with a maximum around pH 3) and

low ionic strength (below 0.02) the BSA molecule undergoes a

rapid expansion, electrostatic in nature, but only after

formation of an "expandable" intermediate (Foster, i960).
The expansion can be repressed by increased ionic strength

and is reversible by return to pH above 4.0.

The expansion is probably preceeded by isomerization known

as the N-F (normal-fast) transition (Foster, I960; see Putnam,

1965)» It takes place on lowering the pH below the isoelectric

point (pi = 4.7) and is assumed, under given conditions, to

fit a "frozen" equilibrium of the form:

N ♦ qH+ ^ F

where N is the uoraal form of BSA present above pH 4.5»

F is an electrophoretically faster isomer that appears in

increasing amounts in the region between pH 4.5 and an optimum

at pH 3,3 and q is a constant dependent on the ion composition

of the reaction buffer (q = 3 in presence of Cl"). The F

isomer has protons bound, probably to the hydrophilic interface

between the subunits of Foster's model, hence the increased

electrophoretic mobility. Also, the F form is less soluble

than the N isomer in aqueous media but better in nonpolar organic
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solvents. The N-F transition is pH dependent but independent

of ionic strength and is reversible. Although no increase

in hydrodynamic volume is involved, a certain degree of

exposure of reactive groups of the hydrophobic molecular

core is assumed (Foster, i960). Thus the F-isoraer is a likely

candidate for the "activated" precursor of conformationally

changed molecular species that appear following various

denaturation treatments (see Foster, i960; Joly, 1965).

For more details of the theory of N-F transition see Joly

(1965).

3. Irreversible formation of dimer and polymers.

Many aspects of the denaturation and aggregation of proteins

and the parameters affecting the conformational changes

(i.e. temperature, pH, ionic strength, time, chemical denaturants

etc.) have been studied (see Joly, 1965). Since there is

a theoretical model that could account for most structural

changes of BSA below pi (Foster, i960) the following brief

review of the literature will be biased in that direction.

The gradual decrease of free -SH group on ageing of BSA

solutions can be partly explained by formation of dimer that is

regularly found in commercial BSA preparations (3-5%) and the

content of which increases on storage (janatova et al.. 1968;

Friedli and Kistler, 1970).

Polymerization, mainly dimerization, occurs at high

ionic strength (0.1 or above) in a narrow pH zone with optimum
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around pH 3*3 (Bro at al«. 1958} Williams and Poster, I960)*

The initial dimerization probably involves bonds of non-

oovalent nature (mainly hydrophobic interactions) but upon

standing at room temperature for a few days, sulfhyaryl-

disulfide interchange results in formation of intermolecular

disulfide links and the process becomes irreversible

(Williams and Poster, I960)* Some JM isomerization my be

necessary for exposure of the interacting groups (Foster, I960).

Steinrauf and Dandliker (1958) investigated the

aggregation of BSA at 100°C and proposed the following sequence

of events: 1* hydrogen bonds are ruptured and rearranged and

the protein aggregates in the form of a metastable polymer of

monomerio unit3 linked by hydrogen and hydrophobic bonds,

2. a 30-second lag period is followed by 3* a rapid intemolecular

disulphide exchange. The polymers of stage 1, could be

dissociated but the monomer thus recovered was more susceptible

to enzymatic proteolysis, a criterion which is known to parallel

the extent of denaturation (Timasheff and G-ibbs, 1957;

Wallevik, 1971)* Warner and Levy (1958) studied the kinetics

of denaturation of BSA at two temperatures (56,1 and 65*7°C)
between pH 4*0 and pH 12.0* Two pH optima for the rate of

denaturation were found, one around pH 4,0 and the second above

pH 8.0 (the exact value depended on the temperature), A minimal

reaction scheme of heat denatuiation applicable also to low pH

denaturation (pH 3.3, i.s. 0.2, temperature 65.7°C) was proposed:

(a) native monomer (4.3S) —» (b) denatured monomer of decreased

solubility (4.3S) —> (c) dimer formation (6.5s) —> (d) on further
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heating progressive aggregation resulting in an increase in size

(14 to 39S)• It was suggested that the first step a —>- b

involved intramolecular aulfhydryl - disulphide exchange, followed

later by formation of intermolecular disulphide bonds (Warner
and Levy, 1958). A role for both intermolecular disulfide

bridges as well as hydrogen bonding in stabilization of aggregates

has been suggested (see Joly, 1965)# Foster (i960) reviewed

some of the earlier studies on thermal denaturation of serum

albumin and noted that the pH for the optimal rate of heat

denaturation depends upon temperature, in striking agreement

with the temperature dependent pH optimum of the IT—F transition#

The pH optimum for dimerization at room temperature became higher

with increasing temperature. Foster concluded that room

temperature dimerization and heat denaturation were closely

related phenomena, both being dependent on prior N-F transition.

Unlike the "low pH expansion" heat denaturation of BSA probably

does not involve much expansion of the molecule (see Foster, i960).
The a -helix configuration of BSA molecule has been shown to be

little affected by thermal denaturation (Harmsen and Braam, 1969).

X. PROPOSED OBJECTIVES.

The present study is an attempt to elucidate the effect of

physical state of an antigen upon its antigenicity. BSA has

been selected as the model antigen because a wealth of background

information on its immunological as well as chemical behaviour

and structure, and a suitable well developed primary immunochemical

assay (Farr, 1958) to study its antigenic properties, were available.

The study has used outbred and CBA mice and NZW rabbits as
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experimental animals.

The antigens studied have been native monomer, •heated*

monomer and polymerized BSA. Polymeric BSA had been known to

have different immunogenicity than native monomer, and the

heated monomer has been included as a control antigen that could

have been expected to possess an altered tertiary conformation.

Native monomer obtained by gel chromatography has been used for

preparation of the other two antigens. Thermal denatumtion has

been employed to alter the physical state of BSA since it does not

interfere with its primary chemical composition, the conditions

can be easily controlled and a theoretical interpretation of the

process had been developed,

Denaturation and/or polymerization of proteins is usually

accompanied by a change of molecular conformation, a structural

factor that has been shown to be most decisive for antigenic

specifioity. It seemed relevant to investigate whether the

process resulted in appearance of 'new' specificities or in a

change in specificity in general, and whether there could be

any correlation with the immunogenic properties. In theory, the

more varied the epitope composition of a molecule the more clones

of determinant-specific cells could be expeoted to beoome engaged

in the response to the complete antigen. Alternatively (or in

addition) polymerization could result in a multivalent arrangement

of the original native specificities, a form that has been proposad

to be a necessary prerequisite for lymphocyte triggering (Mitchison,

1971e).

The antigens have been purified to an extent that allowed valid

interpretation of the results on their immunogenicity in vivo, and

of the data on antLgenio specificity obtained by the JFarr technique.
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Physicochemieal characterization has been attempted using

disc electrophoresis, spectrophotometry, solvent perturbation

and sensitivity to digestion by enzymes.

Some aspects of the serological activity of the antigens

have been examined by the Farr assays (a) antigenic specificity

(oross-inhibition of antigen-binding)j (b) the avidity of

binding to antibody (rates of association and dissociation);

(o) the character of the individual antigen-binding curves.

Immunogenic capacity and relative tolerogenicity of the

antigens with respect to humoral responses have been compared.

The amount and the quality of serum antibody formed in the

course of both primary and secondary responses, and by the

hyporesponsive animals, have been estimated by the method of Farr,

Finally, a limited comparative study on the handling of

the antigens by macrophages has been attempted.



MATERIALS AND METHODS
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h ANJOCAIS

1. Mioe.

a. Breeding and oare.

CBA strain inbred mioe eere bred by the 'traffio light'

system of cousin mating from nuclei obtained from the Department

of Animal Genetics, University of Edinburgh. Three generations

were bred from each nucleus. Only the first and the second

generation animals were used for breeding purposes. Mice of

all three generations were used for experiments. CFE mice

were a dosed outbred colony of animals derived from the Swiss

albino strain and perpetuated by random breeding for 16

generations in the Department of Bacteriology.

Q mioe were outbred laboratory mioe purchased from the Centre

for Laboratory Animals, The Bush, Penicuik.

All mice were handled and oared for in accordance with the

recommendations of the U.F.A.W. Handbook. They were fed

autoclaved Spratts Laboratory Diet supplemented by bran and oats

thrice weekly and were allowed to feed and drink ad libitum.

b. Experimental groups.

Mice of 12-40 weeks of age (17-30 g body weight) were used

for experiments. Animals within a given experiment were

carefully matched as to age (differences not exceeding 4 weeks),

weight (differences < 3g), sex and number of animals per cage

and mice from different generations and litters were randomised.
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o. Injecting.

The mice were injected intraperitoneal!/ or intravenously

into the lateral tail vein. The volumes injected did not exceed

0.5 ml and were usually 0.2 ml.

d. Collection of sera.

Mice were bled from the retro-orbital plexus by the means

of a hand-drawn pipette made from glass tubing (4 nan external

diameter, 2 mm internal diameter). Before use the pipette was

rinsed in sterile saline containing 100 i.u. heparin per ml and

blotted dry. The blood drawn into the pipette by oapillazy

forees was transferred into a sterile disposable tube and

clotted at room temperature for 1 hour. Following overnight

incubation at 4°C the blood was centrifuged for 15 minutes at

1500 G, the sera collected and stored frozen (-20°C) till used.

2. Rabbits.

a. Care.

New Zealand White (NZW) female rabbits were purchased from

the Centre for Laboratory Animals, The Bush, Penicuik. They

were housed individually in wire cages and maintained on autoclaved

Oxoid Diet 18 supplemented by fresh greens once a week.

b. Injecting.

The injections were performed with a sterile disposable 25 G

needle via the marginal ear vein as described by Williams and

Chase (1967. volume I).
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o* Collection of sera.

All rabbits ware bled by oardiao puncture without anaesthesia

(Williams and Chase, 1967, volume I), The blood was allowed to

olot at 37°C for 30 min and incubated at 4°C overnight* The

sera were oolleoted and stored at -20°C until required,

i*f Mjsm

The oonditions selected for large scale preparative procedures

are discussed in detail in the Results, part 1, If necessary

protein solutions were concentrated using CF20 membrane

ultrafliters (Amicon Corp., Lexington, Mass.), The antigens were

stored as l?6-3$ solutions at -2C°C.

1. Native monomer BSA (nlO.

Monomeric BSA was prepared by fractionation of a 2C$i

solution of Cohn fraction V, (Armour Pharmaceutical Co., batch

No. NM 2072) on a Sephadex G1Q0 column. 5 ml samples were

fractionated on each chromatographic run and the monomer obtained

in 10-15 experiments was pooled. The monomer was used as the

starting material in preparation of the denatured antigens.

2. Denatured BSA (d BSA).

a. Materials

A. lyo solution of nM in PBS (pH 7*0; i.s. 0.2; 0.01M in

phosphate, C.19M in NaCl)

B. 0.2M HC1 and 0.2M NaOH
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b. Procedure

40 ml aliquots of the monomer solution were adjusted to

pli 3*6 by HC1, placed in a covered glass beaker in a 6o°C
water bath and incubated for 60 minutes. The heavily aggregated

solution was immediately cooled on ice and left overnight at

4CC. A magnetic stirrer was used for continuous mixing while

the pH was slowly increased to 7.6 by dropwise addition of

NaOH. The solution was stirred overnight at 4°C during which

time most of the gel dissolved. The opalesque solution was

freed of any remaining large particles by oentrifugation at

1000 0 for 13 minutes. The insoluble pellet was marked as

"heated aggregated BSA" (hA). The solubilized protein was

termed denatured BSA (d BSA). Protein concentration was

determined by the Polin-Cioealteu reaction and 1-5 ml aliquots

in stoppered glass vials were stored frozen until required.

3. Heated monomer (hM) and polymer (hp) BSA.

A d BSA solution was prepared as described above and

0.4-1.0 g of protein in 4-5 ml was fractionated on a Sephadex

0100 column. Two main fractions were obtained, relatively

homogeneous monomer (hM) and a heterogeneous mixture of dimer

and higher polymers (hp). Each fraction was concentrated,

recycled through the gel column, estimated for protein content,

aliquoted and stored.
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III, THERMAL DENATURATION OF BSA.

1, Materials

a. lfo solution of Cohn fr. V. in PBS (pH 7.0, 0.01M in phosphate,

i.s. 0,2)

b. 0.2M HC1 and 0.2M NaOH

o» "High salt acetate stopping buffer", pH 5.5, 2.84M in ammonium

sulphate, 1, CXI in sodium acetate, 0.29M in aoetic acid

38.3 e ammonium sulphate

13*9 g sodium aoetate hydrate

dissolved in distilled water to make 100 ml

1.7 ml of glaoial aoetic acid added to the salt solution

2, Frooedure

The effect of temperature (60°, 65°, 70°) and pH (2.0-7.5)
on the degree of denaturation of BSA was studied by method of

Levy and Warner (195k)• Insolubility in the "stopping" buffer

at pH 5*5 was followed as the criterion of denaturation. Both

denatured monomer and polymers are precipitated, while the native

protein remains in solution (Warner and Levy, 1958).

Aliquots (10 ml) of a 1% BSA solution were adjusted to the

required pH value by addition of HC1 or NaOH. 1 ml volumes of

each solution were transferred to stoppered glass tubes and heated

for 60 minutes in a water bath (in triplicate for each temperature).
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After heating the solutions were immediately cooled on ice, left

to equilibrate to room temperature, 3 ml of the "stopping" buffer

were added and the contents were thoroughly mixed. 30 minutes

at room temperature were allowed for precipitation of the

denatured protein* The preoipitate was removed on centrifugation

(1500 6/30 min/20°C) and the soluble protein remaining in the

supernatant was determined by light absorption at 279 nm*

A "1009? native" control was prepared by mixing 1 ml volumes of

the stock BSA solution with 3 ml of the "stopping" buffer* The

proportion of denatured BSA (%) was calculated from the difference

between the protein content in control and experimental supernatants*

is Properties qf 4 ftSA

Several samples which appeared to have high content of

denatured protein were prepared in 10 ml quantities* Each

sample was divided Into two 5 ml aliquots the pH of which was

adjusted to 7*2 and 7*6 respectively* The stoppered samples

were placed in a rotating mixer and left overnight at 4°C*

Solubility was estimated from the amount of insolubilized precipitate

left after centrifugation (1000 &/15 min). The supernatants

were collected and further studied for their content and type of

polymeric material (disc electrophoresis) and their solubility

in 37.5^-50^ SAS.

The test for solubility in SAS was as follows* Eight 0*5 ml

aliquots of each supernatant were pipetted into 6 ml glass tubes

and 0*3 ml of borate buffer (pH 8.5, i*s* 0*1) was added* The
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tubes then received 1 ml of borate buffer ("non precipitated"

control), 1 ml of 20% TCA ("fully precipitated" control) or

1 ml of different concentrations of SAS (100, 95, 90, 85* 80 and

75^). The contents of the tubes cere mixed, incubated (30 mis/
4°G) and eentrlfuged (1500 G/30 mir/40C). The amount of protein
in the supernatant was estimated at 279 nm and related to

the "non precipitated" control. An arbitrary scale was used

to estimate the precipitate (3 • TCA precipitate, 2 * very heavy,

1 * heavy, + traces, - no precipitate). A concentration of SAS

in which no visible precipitation occurred was taken as the end

point.

IV. CHROMATOGRAPHY ON CROSS-LINKED DKXTIiAN &KL (aBHttnBO.

1. General

Sephadex is a dextran gel in bead form, prepared by the

cross-linking of dextran with epiohlorobydrin. Because of its

high content of hydroxy1 groups, Sephadex is very hydrophilio

and swells in water and electrolyte solutions. Several types

of Sephadex are available which differ in the degree of swelling

and thus in the size of pores in the swollen particles. On

filtration through a gel, molecules larger than the largest pores

of the Sephadex pass through in the liquid phase outside the

particles and emerge in the void volume. Molecules smaller than

this 'exclusion limit* can penetrate the gel particles and are

retarded to a degree which depends on the molecular size and shape.
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Molecules are therefore eluted from a Sephadex bed in order of

decreasing molecular volume. This type of chromatography is

almost independent of the pH and ionio strength of the eluant.

2. Materials

a. Sephadex G100 (approximate exclusion limit for proteins -
a»w, 150 000; bed volume 15-20 ml / 1 g dry
Sephadex)

Sephadex &150 (approximate exclusion limit for proteins -
m.w# 400 000; bed volume 20-30 ml / 1 g dry
Sephadex)

Sephadex 0200 (approximate exolusion limit for proteins -
a.-at. 800 000; bed volume 30-40 ml / 1 g dry
Sephadex)

were purchased from Pharmacia Fine Chemicals, Uppsala,

Sweden. Data supplied by the manufacturers.

b. Phosphate-buffered saline (PBS)

0.01M phosphate in 0.19 NaCl, pH 7.0, ionic strength ® 0.20.

o. Perspex chromatographic columns (fright Scientific)

1.5 ora x 60 em and 3.2 on x 90 cm

d. LKB 4912 A peristaltic pump

1KB 4701 A, •Uvicord*, spectrophotometer

LKB 6520 A, 'Chopper Bar Recorder'

LKB 340CB, 'Radi Rae', fraction colleotor.

e. Centrlflo membrane ultrafilter CF20 (Amicon Corporation)

3. Procedure

a. Backing the columns

The gel beds were prepared according to the manufacturers'

instructions (Pharmacia, 1970). Only an outline of the shortened

procedure is described here.
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An amount of dry Sephadex estimated to be in slight excess

of that required to fill the column was weighed into a glass

beaker. The gel was allowed to swell in excess buffer (about

5x the volume of oolumn) overnight at room temperature. Fine

particles were removed by decanting the supernatant. More

buffer was added and the slurry was steamed for 5 hours at 100°C.

This procedure completed the swelling, deaerated and sterilized

the slurry.

A vertically mounted column was partially filled with eluant

and any air trapped under the outlet internal pad was removed by

pumping the liquid baok and forth through it. An extension

tube was added to the top of the column and the cooled gel slurry

poured in. The outlet was connected to a pump operating at a

flow rate similar to that used for the experimental runs. Slurry

was added till the top of the gel was in the extension tube.

The gel was cut even with the top of the oolumn and a disc of

filter paper was placed on it to protect the surface. Buffer

was passed through the column overnight to allow the gel to settle

before use. Columns not in use were equilibrated with G.G2J6

sodium azide and stored at 4°C. The antimicrobial agent was

eluted from the columns before a chromatographic run.

b. Fractionation

Samples for preparative fractionation (1-2 g of protein)

on the 3.2 cm x SO cm column were introduced in 4-5 si volumes

and samples for analytical runs (20-100 mg) on the smaller column

(1.5 om x 60 cm) in approximately 2 ml volumes.
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The samples were layered onto the top of the gel bed by

the means of a Pasteur pipette, the inlet tap was connected to

a buffer reservoir and the outlet to the automatic scanning

equipment* A constant downward flow rate of about 28 ml/hr
for larger columns and approximately 5 ml/hr for the shorter

column was maintained using a peristaltic pump* The effluent

was monitored spectrophotometrioally at 254- nm by the 'Uvioord'

connected to an automatio chart recorder ('Chopper Bar Recorder')•

Fractions were collected and numbered from the moment of

application of the sample every 5-20 minutes on the 'Radi Rao*

fraction collector* Unless used immediately the fractions sere

stored at -20°C*

Concentration of samples for repeated fractionation was

performed by eentrifugation through membrane ultrafliters, A

new sample was applied only after all of the previous sample

was eluted i.e. after about 200 ml and 850 ml volumes passed

through the analytical and preparative columns respectively*

V. P0LYACRYLAM1DE CEL ELECTROPHORESIS

1* General

Electrophoresis on polyaorylamide gel columns combines the

resolving powers of an eleetrophoretic separation method and

those of a molecular sieve, yielding an analytical technique of

high resolution* Proteins are separated not only on the basis

of charge differences but also acoording to their different molecular

size. The sieving properties of the gel can be varied by adjusting
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the concentration and thus the pore size of the gels. The method

is very sensitive being able to detect yg quantities of protein.2. Apparatus

The apparatus (Fig. 1) was made in the workshop of the

Bacteriology Department to description of Davis (1964)* It

consists of the following parts:

a. Class tubing containers for the gel columns (length 10 cm.

internal diameter 8 mm)j

b. Two cylindrical plastic containers for buffer in vertical

arrangement, the upper one with rubber fittings for eight

gel containers;

o. Platinum electrodes suspended from Perapex lids into the

buffer containers and connected to a power supply;

d. Power supply (Shandon SAE 2761 "Vokam").

3. Solutions

Stook solutions prepared in distilled water were filtered

and stored at 4®C. When protected from light they were stable

for several months, unless otherwise stated. Working solutions

were prepared immediately before use.

a. Stook solutions

A. aorylamide (BDH Chemicals Ltd., Poole, England) 60 g

N,N*-methyIbisaorylamide (L. Light & Co. Ltd.) 0.4 g

distilled water to 100 ml



j?1k, 1 The apparatus for disc gel electrophoresis

Gel: 10#

Sample: 100 fig of Cohn fr. V. and bromphenol blue.

The broad band of the tracer dye is seen migrating towards

the anode ahead of the thinner band of albumin.



102

B. Trls (hydroxyoQthyl)-aminoffiethan 36# 6 g

IN HC1 48 ml

N, N, N% N ,-tetran»thylethylendiamine (Temed) 0«5 ml
distilled eater to 100 ml

C. ammonium persulphate 0*15 g

distilled eater to 100 ml

This solution is not stable and was prepared

fresh when required,

D. Trie (hydroxymethyl )-.iminooethan 3.98 g

IN HC1 48.00 ml
(appro*#)

distilled eater to 100 ml

pH adjusted to 6.7 with IN HC1

✓

E. Tris (hydroxymethyl)-aminotrethan 6 g

glycine 28#8 g

distilled water to 1000 ml

F. bromophenol blue 0#0l g

solution D diluted 8x in distilled water 100 ml

G. glacial acetic acid 100 ml

methanol 450 ml

distilled water to 1000 ml
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H, naphtol blue-black (Amido Sohwarz) 0,5 6

solution 0 100 ml

b. Working solutions

i. Electrode buffer for reservoirs (pH 8,6)

1 part E

9 parts distilled water

ii, Resolving gel (13.3$t pH 9,2) or (10$, pH 9*2)

2 parts A 1,5 part A

1 part B 1 part B

6 parts C 6 parts C

0,5 part distilled water

iii. Sample diluent (pH 6,7)

1 part D

7 parts distilled water

sucrose to 20$ (w/v)

4. Procedure

The experimental procedure was adapted from that described

by Maizel (1969) for a high pH discontinuous buffer system for

disc electrophoresis of acidic proteins,

a. Preparation of gels

Stock solutions were removed from the refrigerator and

brought to room temperature. Clean gel containers stoppered, at
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the bottom end with •Parafilm* sealing tissue were supported in

a vertical position by a stand. The resolving gel solution,

prepared from the stock solutions, was thoroughly mixed and

3.5-4.5 ml of the mixture were immediately transferred into the

glass containers filling them to the height of 7*9 cm* Care was

taken not to trap any air bubbles in the solution* A thin layer

of ether (0*5 em) was placed on top of the gel solution to exclude

air which interferes with the process of polymerization. The gels

were left undisturbed at room temperature for about 6o minutes to

allow polymerization* The gels were then removed from the stand,

the ether poured off, the top of the gels rinsed three times with

distilled water and the seal at the lower end of the gels removed*

The gels were either used iranediately or after storage for up to a

week in a moist chamber at 4°C*

b* Preparation for the run

The lower buffer reservoir was filled with 900 ml of electrode

buffer* The gel containers were inserted into the grommets of the

upper buffer reservoir whioh was then lowered so that the bottom

ends of the gels were immersed 1 cm deep in the buffer of the lower

reservoir. Any air trapped between the gel and the buffer was

removed.

Protein samples were diluted in solution iii* to 0.1-0.2$. of

protein. A drop of the dye solution P was added and 0.1 ml of the

sample solution containing 100-200 pg of protein was pipettes onto

the top of the gel. The sample was carefully overlayered with
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electrode buffer filling the remaining empty part of the gel

container. The upper reservoir was filled with 900 ml of

electrode buffer, and the electrodes were connected to the power

supply, the cathode being in the upper vessel.

c. Electrophoresis

The runs were performed at a constant current of 2.5 mA per

gel. The oourse of electrophoresis was indicated by the migration

of the tracer dye through the entire length of the gels. The

running time was approximately four hours. At the completion of

the run, the power supply was turned off, the buffer decanted

and the gel tubes removed.

d. Staining

The gels were removed from the containers by gently rimming

with water from a plastic 5 ml syringe conneoted with a 21 & needle

The gels were stained in fixative-staining solution H for 2-3 hours

At the end of the staining procedure, the fixative-staining

solution was decanted and the gels rinsed for a few minutes under

tap water. The gels were destalned by washing in frequent changes

of solution & with continuous mixing (completed within 2-3 days).

e. Storage

The stained gels were stored immersed in solution &•
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VI. IMMUNODIFFUSION (OUCHTERLONY DOUBLE DIFFUSION)

1. Materials

a. oitrio acid-phosphate buffer (Mollvaine, 1921) pH 7.0.

0.1H citric aoid 18.15 ml

0.2M Na2HPO^ 81.85 ml
b. Qxoid lonagar No. 2.

o. •Sterilin1 disposable Petri dishes with lids (diameter 9 cm).

d. Phosphate-buffered saline (pH 7.2, 0.01M phosphate in saline)

e. Fixative-staining solution:

methanol 450 ml

glacial acetic acid 100 ml

distilled water 450 ml

naphtol blue-blaok 0.5 5

f. Washing solution:

Meth&nol-aoetie acid - water mixture as for e.

g. Gel mixture:

buffer a. 50 ml

distilled water 50 ml

Ionagar b. 1 g

sodium azide 0.1 g

2
Sterilized by autoclaving at 10 lbs/inch for 10 minutes.

2. Procedure

10 ml of hot mixture g. was poured onto the plastic plates o. and
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let solidify to give a level surface. The gel plates were

stored covered at 4°C. A circular central well 9 nan)

surrounded by six satellite wells (/6 7 mm) (distance of 10 mm

from the eentral to the peripheral wells) were out with Shandon

cutter. The wells were filled with the reagents using a separate

Pasteur pipette for each. Diffusion was allowed to occur in the

cold (4°C) till the precipitation lines well developed (2-3 days).
The plates were then examined and if required stained in solution e.

Prior to staining the plates were washed in frequent changes of

PBS (48 hrs) and then in distilled water (48 hrs). After staining

for 1 hr, the exoess stain was removed by several changes of solution f.

VII. IMMUNOELECTROPHORESIS.

1. general

Immunoelectrophoresis oombines electrophoretic fractionation

with the sensitivity and specifioity of immunochemical analysis.

The components of a protein mixture, resolved eleetrophoretically

in a single layer of gel are Identified by double diffusion.

2. Materials

a. Glass microscopic slides 76 x 25 mm

b. Cxoid Ionagar No. 2.

c. Barbital buffer (pH 8.6, ionic strength 0.1)
barbituric aoid 3,41 g

sodium barbital 18.95 g

distilled water to 1C0C ml

Working solution was made by diluting this stock with

an equal volume of water.
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d. Electrophoretic apparatus

and a power supply (Shandon SAE 2761 power pack),

e. Phosphate-buffered saline (pH 7.2, 0.01M phosphate in saline)*
f. Fixative - staining solution:

methanol 450 ml

glacial aoetio acid 100 ml

distilled water 450 ml

naphtol blue-black 0.5 g

g* Washing solution*

Methanol - acetic acid - water mixture as for f*

5* Procedure

a* Clean microscopic slides were evenly coated with 2 ml of a hot

(100°C) 1$ (w/v) solution of agar in distilled water and were then

dried in an oven (70°C for one hour). The precoated slides were

stored protected from dust.

b. The dried slides were coated with 2 ml of a 1$ agar solution

in barbital buffer (i s.» 0.05). After the agar had solidified

the trough and wells were cut with a •Shandon* cutter and the agar

in the wells was removed.

c. The wells were filled with samples (about 1 pi of 0.5$ protein

solutions).

d. The slides were placed horizontally into an eleotrophoretio

apparatus and contact with the electrode buffer was established by

filter paper strips.

e. A constant voltage of 250V i.e. 3.1V per a slide was maintained

for 100 minutes.
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f. The slides sere removed from the apparatus, the troughs

were filled with antiserum and then the slides were incubated

for 1-2 days in a moist chamber at room temperature.

g. The slides with well developed precipitin arcs were washed

in phosphate buffered saline (48 hrs), in distilled water (48 hrs)
and stained in fixative-staining solution (15 mina). The unbound

stain was washed from the gels by frequent changes of the washing

solution.

h. The slides were covered with filter paper soaked in the washing

solution and allowed to iry in air.

VIII. ESTIMATION OF PROTEIN CONTENT BY THE F0L3H-CI0CALTEU REACTION.

1. General

This colorlmetric method depends upon estimation of the content

of tyrosine and tryptophan residues as well as on measurement of

peptide bonds. The theoretical aspects of the color formation

were discussed by Chou and Goldstein (I960). It is 1C^20 times

more sensitive than measurements of ultraviolet absorption at

280 nm and muoh leas liable to disturbance by turbidity, a feature

of considerable importance. However, there is a variation of

colour with different proteins and a separate calibration curve is

necessary for each protein or protein mixture when a measurement

of the absolute amount of protein is required, A modification of

the method as described by Lowry et, al. (1951) including use of

alkaline-copper solution was used for all protein assays.
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2. Materials

a. Reagents.

A. NagCOj 2 g
0.1N NaOH 100 ml

Stable at 4°C

B. 0.5/# CuSO^ »5 HgO in 1% sodium-potassium tartrate was

prepared freshly each day by mixing equal volumes of double-

strength solutions.

C. Alkaline copper solution consists of 30 parts of solution A

and 1 part of solution B. It is unstable and must be

prepared fresh.

JD. Folin-Cioealteu's phenol reagent (BDH Ltd., Poole, England).

The commercially available reagent is approximately 2N in

acid and must be diluted in distilled water to IN for use

in the test. To ensure preoise dilution, the phenol reagent

was titrated with 0.2K NaOH to phenolphthalein end point.

b. Protein standard solution of orystalline BSA

(Armour Pharmaceutical Company, Chicago, 111., lot C6603)»

c. Spectrophotometer (SP50C Unicam Instruments Ltd,)}

glass cuvettes 1 cm path length.

3. Procedure

The colour development is sensitive to alkalinity of the

reaction (optimal pH near 10) and thus the proportion of alkaline
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oopper (solution C) and the phenol reagent is critical.

a. 1 ml samples containing 20-1000 pg protein were mixed with

5 ml of solution C in 15 ml glass tubes. The mixture was allowed

to stand at room temperature for 15 minutes, during which time

the reaction between protein and oopper was completed.

b. 0.5 ml of 1H phenol reagent was added and thoroughly mixed

within seconds. The colour developed completely during 30 minutes

at room temperature.

c. The absorption of the samples was read at 730 nm (or at 530 nm

for more concentrated samples). Protein concentration was

determined from the calibration curve.

d. A reagent control and a known protein standard were included

in eaoh experimental series.

4. Construction of the calibration ourve

Dilutions of crystalline BSA standard solution (9.9 og protein N/ml)
were made in distilled water and 1 ml volumes of the dilutions

were processed in the manner described above. A calibration curve

was constructed for readings at 750 nm and 550 nm. The standard

curve was used to determine the absolute amounts of BSA in samples

and for approximate estimation of tissue proteins. The factor

6.25 was used for conversion of protein nitrogen into protein.

IX. SCINTILLATION COUNTING.

1. General

When radiation penetrates a solid or liquid phosphor, the energy
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of the radiation is absorbed by molecules of the phosphor which

are brought into an unstable *excited* state. On return to

the base state the phosphor re-emits part of the absorbed

energy in the form of visible or ultraviolet light i.e, scintillations.

The energy of the photons emitted is proportional to the energy

given up by the primary radiation. The light pulses are absorbed

by a photosensitive vacuum tube where they are transformed into

eleetrical pulses. After amplification the pulses are recorded

on a scaler.

Radioactive elements produce radiation of characteristically

different energies and as energy is transferred only in discrete

quanta (hv), eaoh disintegration results in a pulse of a

oharaoteristio magnitude. Pulses of different magnitude are

discriminated between by the pulse 'height* analyser. This

device oan be adjusted to aeeept only those pulses that originate

from photons of a given energy. Pulses specific for the

radioisotope being used are thus distinguished from the majority

of the extraneous noise and recorded on the scaler,

2, Equipment

A Nuclear Enterprises 'ftamma-Matic* Mark 1A Scintillation

Spectrometer with a two inch Nal, thallium activated, counting

well,

3, Procedure

The E.H.T, voltage and the amplifiers were set so as to
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Figure 2. Calibration of the analyser "vrindow" for the Mark 1A.

Nuclear Enterprise "G-amma Matic" Scintillation

Spectrometer.

125
'Window" setting for I from 0.5 to 2.4 volts.
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minimise fluctuations due to ohanges in ambient temperature and

voltage.

The pulse ,heightl analyser was adjusted to select the main
125

energy peak of I radiation (fig. 2). The background was

approximately 5 counts per second.

All samples were counted for a time suoh that the probable

counting error was less than 1% (Williams and Chase, 1971)*

lx RADIOA^VE

Radioiodination of BSA preparations was performed by the

ohloramine - T method as desoribed by Hunter (1973)*

1. General

The chemistry of radioiodination is essentially that of

substitution of hydrogen atoms of tyrosine residues by iodine.

Iodine may reaot with other groups (tryptophan, histidine, -SH)
but the reaction with tyrosine is favoured by slightly alkaline

pH of the substitution reaction. The reaction consists of

introduction of elemental iodine, produced by oxidation of iodide,

into the ionized tyrosine groups of the protein.

The chloramine - T method of oxidation has several advantages

- it is mild (pH optimum 7.6), requires only low concentration of

the reagent, it offers high utilization of iodine (up to 1G0> if

concentration of protein is >1 mg/ml), i3 rapid and simple, thus

limiting the handling risk. Chloramine - T in aqueous solutions
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yields hypochlorous acid. On addition of chloramine - T to a

mildly alkaline solution of iodine and protein, cationic iodine

(l+) is formed and this reaots with the tyrosine residues

(Hunter, 1973).

It is of great importance that the labelled protein is

altered as little as possible by the procedure and that its

behaviour in vitro as well as in vivo is similar to that of

native protein. Changes in the properties of the protein can

be oaused by a, the substitution of iodine for the much smaller

hydrogen, b, a chemical damage oaused by the labelling procedure

itself or o, radiation damage. However, under the conditions of

labelling described, there are no alterations in the structure of

BSA preparations that make them behave differently from their

unlabelled counterparts in the tests they were used for (MoBride,

1971).

The following procedure leads to a calculated substitution
125

of one atom of I per 8-30 molecules of BSA, Such a degree

of substitution does not result in any considerable radiation

damage and the labelled preparations meet the sensitivity

requirements of the immunochemical test,

2, Materials

a. Phosphate buffered saline (PBS) pH 7.2, 0.1M in phosphate,

0.15M in NaCl.

125
b, 3-5oCi IMS,30 x in iodide form 'carrier free*

in NaOH solution pH 8-11, free from reducing agent.
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126
oontains less than 1% I, 80-ltOmCi/al.

Material and data supplied by The Radiochemical Centre,

Ameraham, Buckinghamshire.

o. Chloramine - T (sodium salt of N-monochloro derivate of

p-toluene sulphonamide - CHj • CgH^ • SOg * N(Na)Cl • 3HgO
was purchased from BDH Chemicals Ltd., Poole, Dorset.

Aliquots of 0.05/2 (w/y) solution in distilled water were

stored frozen (-20°C) till required.

d. BSA solutions containing 10>20 mg/ml were prepared as described

elsewhere (Materials and Methods, part II).

e. Visking dialysis tubing 18/32" (Scientific Instrument Centre,

London).

3. Procedure

The normal precautions for handling of high activity

radioisotopes were observed throughout the labelling procedure.

The radionuclide solution (3-5®Ci) was mixed with 0.25 ml

of PBS in a 5 ml glass vial. The mixture was continuously stirred

while the BSA solution (3-5 rag) was added, followed instantly by

0.25 ml (125 pg) of chloramine - T. After allowing 1-2 rains for

the reaction to complete, the mixture and washings with PBS were

transferred to the dialysis sack.

The solution was dialysed against 6-9 changes of PBS for 3

days at 4°C to remove any unreacted iodine and chloraaine - T.

98-99/2 of the radioactivity of preparations were precipitable
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with lafo TCA.

The protein concentration of the labelled preparations was

assayed colorimetrically by the method of Lowiy at. al. (1951)
and the •specific* activity (oounts/minute/1 jig protein nitrogen)
estimated. The stook solutions of the labelled preparations were

kept at 4°C for no longer than 2 weeks.

THE AMMONIUM SULPHATE METHOD FOR THE DETECTION OF ANTI-BSA

ANTIBODIES.

I. general

The ammonium sulphate test is one of the few quantitative

antibody assays available which measure the primary interaction

between an antigen and speoifio antibody. It detects all

precipitating and non-precipitating antibody and avoids the inherent

difficulties of tests that measure secondary or tertiary effects

of the primary reaction.

The test is based upon the observation that radio-iodinated

BSA is soluble in kOfi to 50^ saturated ammonium sulphate (SAS),
whereas gamma globulins are not. The soluble *antigen-antibody

complexes formed in antigen excess are precipitated by U-Ofo SAS,

while the unbound *antigen remains in the supernatant. The

precipitated radioactivity is thus an indication of the amount

of antigen bound to the antibody, rather than of the amount of
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antigen spontaneously precipitated. The antigen binding

capacity (ABC) of an antiserum is expressed as fig *I-BSA

nitrogen (N) bound per ml of undiluted serum.

The formation or dissooiation of *BSA-antibody complexes

is markedly inhibited by ammonium sulphate (Talmage, I960;

Grey, 1962b). Thus the equilibrium between *antigen and antibody

remains preserved as it was at the time of addition of ammoniug

sulphate and the results are likely to be a good reflection of

this equilibrium.

Finally, information on the quality of the antibody can

be obtained by determination of the ABC value at different test

antigen concentrations. The effeot of antigen dilution on the

ABC value is proportional to the relative binding avidity of the

antibody.

The teohnique was adapted from that described by Farr (1958)
and Mlnden and Farr (1967).

2. Reagents

a. Borate buffer, pH 8.3 - 8.5, ionic strength 0.1,

boric aoid 6.18k g

borax (sodium tetraborate) 9.536 g

sodium chloride 4.38k g

distilled water to 1000 ml
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b. Normal rabbit serum (NRS)j (see paragraph 6, note o).

A pool of serum was inaetivated by incubation at 56°C for 30 minutes.

A one in ten dilution in borate buffer a. was used for antisera

dilutions. A one in hundred dilution in borate buffer a. was

used for antigen dilutions.

C. Saturated ammonium sulphate (SAS), May and Baker Ltd.

Specific gravity 1.233 to 1.246.

The saturated solution was stored at 4°C with crystals remaining

to prevent supersaturation.

d. 80 per cent saturated ammonium sulphate (8($ SAS) in

borate buffer.

SAS (o.) 8 volumes

borate buffer (a.) 2 volumes

Kept at 4°C throughout.
125

e. I-BSA antigens.
125

Stock solutions of trace labelled I-BSA antigens were prepared

as described in part X. of Vateriala and Methods.
125

An aliquot of a stock I-BSA solution was diluted

volumetrioally with 1:100 NRS in borate buffer to the dilution

required for test. This was usually 0.2 ngN/ml and 0.02 pgN/ml.
The presence of normal rabbit serum is necessary to prevent

125
adsorption of I-BSA to the glassware. The accurate concentration

of the test antigen solutions was calculated on the basis of the

•specific* activity of any given preparation. The test solutions

were stored at 4°C.

f. Trichloracetic acid (TGA) 20?S (w/v) aqueous solution.
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3. Procedure

Volumetric procedures ware used as well as standard

procedures to avoid carry over during diluting.

a. Antiserum dilutions.

All antisera were initially diluted 1:9 in borate buffer.

Subsequent serial 1:1, 1:2 or 1:3 dilutions were made in normal

rabbit serum (1:9) (see paragraph 6, note b).

b. Experimental tubes.

For eaoh test antigen and antigen concentration duplicate 0.5 ml

aliquots from each antiserum dilution were pipetted into Wasserman

tubes (78 x 12 mm). Eaoh tube received 0.5 nil of appropriate
125

dilution of an I-BSA antigen.

c. Control tubes.

For each test antigen and each antigen dilution the following

controls in quadruplicate were included:

A. •Normal serum control* (SAS) tubes received 0.5 ml of NRS (1:9)
125

instead of an antiserum dilution and 0.5 ml of a I-BSA dilution

and were to receive 1 ml of 80% SAS.
125

B. *Protein bound I oontrol • (TCA) tubes contained 0.5 ml of
12*5

NRS (1:9), 0.5 ml of a I-BSA dilution and. were to receive 1 ml

of 20% TCA.

C. •Antigen-added control* (Ag-add) tubes contained only 0.5 ml of
125

a I-BSA dilution and were used as counting standards.

All control tubes were incubated under the same conditions as the

experimental tubes.
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d. Addition of the labelled antigens.
125

0.5 ml volumes of the appropriate dilution of the x antigens

were delivered to all control and experimental tubes by the

means of an automatic pipette. (Microliter Pipette Marburg,

Eppendorf Geratebae Netheler, Hamburg, Germany).
The contents were veil mixed and inoubated overnight at 4°C

(about 18 hours).

e. Precipitation of ♦l-BSA-antibody complexes with ammonium

sulphate (see paragraph 6, note e).
All reagents and tubes were kept at 4°C. All experimental

and *SAS' control tubes received 1 ml of 80$ SAS each from an

automatic syringe earefully tested for accuraoy of delivery.

Kb more than a minute was allowed to elapse before thorough

mixing of the contents. One ml of 20$ TCA was added to the *TCA*

control tubes instead of 80$ SAS.

f. After addition of 80$ SAS the tubes were incubated for 30

minutes at 4°C and subsequently oentrifuged at 1500 G for 30 minutes

in a MSE refrigerated (4°C) centrifuge.

g. The supernatanta were discarded and the tubes blotted dry by

inversion onto absorbent paper (see paragraph 6, note d).

h. All experimental and control precipitates were counted as

described in part IX. of Materials and Methods.

4. Calculations

The number of counts for tubes within each control group as

well as for duplicate experimental tubes were averaged.
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The 'Ag-add* control value was a measure of total radioactivity

added to all tubes, while the *TCA* control represented the

radioactivity bound to BSA and hence preeipltable by antibody*

The following calculation waa made:

pur protein bound . ggfig g S3 £ '.^dlT^*' 1 100
An *antigen preparation was not used unleaa thia value was higher

than 98$. In fact, the value often exceeded 100$? due to the

different geometry of the 'TCA* and 1Ag-add' samples*

Because the geometry of experimental and the *TCA'

precipitates is similar and since the TCA preelpitable radioactivity
125

gives a better estimate of the protein-bound I, the *TCA*

control value was used as a measure of total radioactivity

preoipitable by anti-BSA antibody.

There was always a proportion (up to 20$?) of non-specifically

bound radioactivity in the preeipitates, partly due to a minor

volume of the liquid phase trapped in the precipitate and, more

important, to inherent insolubility of a fraction of the ♦antigen

in 80% SAS (see Results, Part I, Table I* 3)# A measure of the

non-antibody bound radioactivity is obtained from the *SAS* control

tubes*

The amount of radioaotivity bound specifically to antibody

was expressed as a percentage of the total preoipitable by TCA*

Calculation was made by the formula (see paragraph 6, note f):

per cent *antigen bound ■ f"*? x 100 whereTCA Ppt - SAS Ppt

Exp Ppt = counta/unit of time in experimental precipitates;
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SAS Ppt = counts/unit of time in ,SASf control precipitates;

TCA Ppt = counts/unit of time in •TCA* oontrol precipitates.

The data were plotted on sendlogarithmic paper, the

percentage of antigen bound to antibody being on the linear axis

and the reciprocal of the antiserum dilution on the logarithndo

scale. The relationship was linear between approximately 25°/« to

B5?c antigen binding. The theoretical reciprocal of the antiserum

dilution which would have bound, exactly 33^ of the antigen added

was determined graphically from the plot. The dilution was

designated as the ABC^ end point. The antigen binding capacity
(ABCjj) was.calculated as follows:

ABC^ = reCiprooai end point dilution x fig N *BSA added x 0.33 * 2,

The figure indicates the amount of *antigen (pg N *BSA) whioh would

be bound by antibodies present in a milliliter of neat antiserum

under the conditions of the test (final "antigen concentration and

serum diluted to the A3C^ end point),

£* The effept <yf antigen di^utipq

An value represents the amount of *BSA bound to antibody

at the time of ammonium sulphate addition, but does not refleot

the number of unoccupied antibody sites in equilibrium with *BSA-

antibody complexes, Sinoe the presence or absence of unbound

antibody sites at antigen excess is an indication of the avidity
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of the antibody, it is desirable to determine the ABC value
?.7

with at least two concentrations of the teat antigen. As a

general rule, a marked discrepancy between ABC^ values at two
different antigen concentrations indicates the presence of a

significant proportion of 'non avid1 antibody, or an antibody

population with a rapid dissociation rate (Minden and Parr, 1967)*

In this work the ABC^ values were determined with 0,1 pg N
*BSA and 0,01 pg N ♦BSA added. The effect of antigen dilution

ma expressed as a ratio of the two ABC^ values:

ABC,, at 0.01 fig N *BSA/ml33 x 100, and termed the relative binding avidity,

ABC^ at 0.1 pg N *BSA/ml

6, Notes on the ammonium sulphate method

a. The low "antigen concentrations used in the present work

have been shown to be suitable for detection of low levels of

antibodies (Pinokard et,al.. 1968), and thus valuable in studies of

tolerance,

b. It is recommended that autologous serum is used in diluting

the antisex'a and the test antigen. However, as a large volume

of mouse serum would be needed, a single batch of normal rabbit

serum was used for any given set of experiments. The substitution

does not greatly reduce the accuracy of the test,

c. The normal rabbit serum used for making the antigen and antisera

dilutions was inactivated (56°G for 30 ains) in order to prevent

proteolytic destruction of the antigen. The ammonium sulphate

test has been shove: to be independent of the complement system
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activity (liLnden and Fair, 19^7) •

d. hashing of precipitates in 40$ SAS was omitted, since it waa

found that the soluble radioactivity trapped in the precipitates

of non-antibody serum proteins did not exceed 2.5$ of the radio¬

activity added. The loss of accuracy was compensated for by the

increased rapidity of the procedure.

e. The original technique as developed by Farr (1958) employed

50$ SAS for the separation of antibody-bound and free *antigen,

but a modification using 40$ SAS has been described for antigens

only partially soluble in 50$ SAS (&rey, 1962a; Lidd and Farr,

1964). The modification fulfills the requirements of the

original teohnique; the *antigens are almost completely soluble,

while gamma globulins are 3till precipitated (Stelos, 1967) and

the equilibrium represented by equation;

Kd
•antigen ♦ antibody z *antigen-antibody complex

7

Ka

is effectively preserved by 40$ SAS. About 2.2$ of radioactivity

originally present in an Ag*-Ab precipitate waa found in supernatant

after 24 hours' incubation in 40$ SAS/4°C. The relative binding

avidity of the Ab was rather low (16$). Vtaen more avid serum

was used (rel. bind, avidity 32$) only 1.4$ of Ag* dissooiated

from the precipitate in 24 hours/4°C.
Table 1.3 in the Results seetion shows the solubility of

12^
"I-BSA preparations in different dilutions of SAS in the presence

of normal rabbit serum. When NRS previously adsorbed with 3SA
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was used or when NRS was omitted from the system, similar results

were obtained* Because of rather high non-speoific precipitation

due to insolubility of hP BSA preparations per se in 5<$ SA3 the

modification using 40,1 BSA was chosen.
125

f« The small amount of non-antibody bound I-BSA trapped in
125

precipitates is proportional to the amount of I-BSA in the

supernatant which is entirely non-antibody bound; it is not

proportional to the total amount of test antigen added. A method

for calculating data which automatically correots for the non-

specifically precipitated, i.e. not antibody bound ""antigen,

was proposed by Parr and Hinden (1967). The method as expressed

by equation:

% *&gbound - 100 - /SSLSJB iUSffi\ SAS Sup J

100 . Z™ P"* ' P"* * 100
TCA Ppt - SAS Ppt ')

(1)

oan be further simplified to involve precipitate counts, sinoe:

1 - TCA Ppt " IP ftj _ Exp Ppt - 3aS Ppt (
TCA Ppt - SAS Ppt TCA Ppt - SAS Ppt

Thus the formula used in paragraph 4 can be derived:

% *Ag bound a ^ PPt. . " SAS ^ x 100 where
TCA Ppt - SAS Ppt

*Ag bound a per cent of added ^"^1—BSA bound to antibody;

Exp Sup a experimental supernatant counts;

Exp Ppt » experiment precipitate counts;
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SAS Sup = 'SAS* control supernatant counts}

SAS Ppt * 'SAS* control precipitate counts;

TCA Sup *= 'TCA* control supernatant counts;

TCA Ppt * *TCA' control precipitate counts.

No correction for a constant background is required when $ *Ag-

bcund values are calculated by formula (3).

7. Inhibition studies

125
The primary I-BSA - antibody reaction can be inhibited

by a previous reaction between the antibody and unlabelled

identical or orossreaeting BSA antigen that competes with the

tracer for Ab binding sites. By testing the capacity of an

unlabelled BSA preparation to inhibit the binding of an iodinated

BSA antigen, the degree of cross-reactivity between the two

preparations oan be studied. The procedure of Linscott (1963)

was employed.

a. Materials.

The reagents used were the same as those required for the

standard technique.

The unlabelled inhibitor BSA antigens were initially diluted

in borate buffer to approximately 100 pg protein N and the accurate

concentration measured (Materials and Methods, part VIIl).
Serial dilutions were then made in MS (1:100).
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b. Procedure.

To duplicate 0,5 ml aliquots of an antiserum dilution
125

that would bind 40% - 80% of 0*01 jig N I-BSA antigen added,

0,5 ml aliquots containing increasing amounts of an unlabelled
-1 5

BSA antigen (10 *10 ng N) were added as the blocking agent*

After inoubation at 4°C for 18 hours, a ^"*I-BSA tracer

(0*01 yg N) was added and the mixtures were inoubated for further

18 hours at 4°C*

Four control tubes were set up for each serum, and those

received 0*5 ml of NRS (1:100) instead of an inhibitor dilution.

The antibody-bound "'antigen was estimated as described

previously (paragraph 3, steps b, e, e - h).
Per cent *antigen-bound in the absenoe of inhibitor

(control precipitates) was taken as the basis for calculations

of the degree of inhibition*

c* Calculation*

Per cent of *antigen added that was bound to antibody in

the absence (Bo) or in the presence of increasing amounts of an

inhibitor (Bx) was calculated (paragraph 4)* That proportion

of ""antigen that was bound in the experimental precipitates was
Bx

expressed as a percentage of the control binding: gjj x 100*
Gradual deorease of the value from 100 to 0 accompanied the

progress of inhibition as the amount of cold antigen was increased.
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d. Graphs.

Bx
The values of """" x 100 were plotted on linear ordinate againstJjO

the log of a BSA inhibitor added. A curve was constructed

(fitted by eye). The inhibitory capacity of different BSA

preparations was compared and also the slope and the shape of the

inhibition ourves were studied.

8. Dissociation and association rate measurements

The strength of the binding between an antigen and the

speeifio antibody is a reflection of the quality of both the

antigen and antibody. Some of the qualitative differences between

either antisera with respect to an antigen, or between different

related antigens with respeot to a single antiserum, oan be

demonstrated by comparing the rates of association and dissooiation

of the appropriate antigen - antibody complexes.

The ammonium sulphate test oan be used in a kinetic study

of association and dissociation rates sinoe 1. the reaction is

rapidly stopped by ammonium sulphate and 2. because of the low

concentration of the reaotants there is a relatively slow and thus

measurable reaotion rate.

The study was performed by a procedure of Grey (1962b, 1963)
and Minden and Farr (1967)#

a. Association rate measurement.

An antiserum dilution was selected so that approximately 40
^ „ 125

per cent of a I-BSA antigen added would be bound at equilibrium

after incubation at 4°C. Ten milliliter aliquots of the selected
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antiserum dilution and of *antigen (0.02 fig N Ag*/®1) were

mixed at 4°C. Duplicate 1 ml aliquots of the mixture were

transferred into tubes containing 1 ml of 8($ SAS at selected

times after the initial mixing (5, 10, 20, 30, 40, 60, 120 and

240 mine). The last aliquots were taken after incubation for

23 hours te determine the amount of *antigen bound at equilibrium.

The precipitates were oentrifuged, counted and per cent of

*antigen bound calculated as described above (paragraph 4),

The progress of association was expressed as —— x 100

where Ex represented the percentage of antibody -associated antigen

at a time x, and Be antigen bound at equilibrium. The results

were presented in graphical form.

b. Dissociation rate measurement.

The procedure was similar to that for a study of association

rates. An aliquot (10 ml) of sin antiserum dilution predetermined

to bind approximately 4<$ of a 125I-BSA antigen added, was mixed

with an equal volume of the ^2^I-BSA (0.02 pg N *BSA per ml) and

the mixture was incubated overnight at 4°C. After equilibrium

had been established, excess of an unlabelled BSA antigen was

added to a final concentration of 5 US N per ml. The volume of

the unlabelled antigen was kept to minimum (< 0.2 ml).

The dissociation of the *antigen from the *B3A»-anti BSA

complexes was followed by observing the rate of decline of

radioactivity in precipitates over a period of time (1, 2, 3, 6,

24 and 32 hours) at 4°C.
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Four 1 ml aliquota of the reaction mixture were precipitated

with 80% SAS immediately after the addition of unlabelled antigen

to determine the amount of ^antigen bound at equilibrium (Bo)•

Duplicate 1 ml samples were pipetted at each time point into tubes

with 1 ml of 80$ SAS.

The amount of *antigen bound at a time x (fix) was expressed

as a proportion of *antigen preoipitated at time zero (Bo)s

(Bx/Bo) x 100.

XII. DIGESTION OF BSA PREPARATIONS BY MOUSE SPLEEN PROTEASES.

is Preparation 9f spleen oathep^ny

a. Materials

A. 0.29M sucrose in 0.15M KC1, stored at -20°C.

B. Potter - Elvehjem homogeniser with tight-fitting Teflon peatle.

C. MSB "Superspeed 40" T.C. refrigerated centrifuge with an AE

40 angle rotor.

b. Procedure

The entire procedure was carried on with chilled instruments and

in cold solutions.

Spleens of 18 CBA mice were freed of connective tissue, rinsed

in sucrose solution and stored at -20°C. Individual frozen

spleens were minced with scissors in 1 ml of the suorose medium

and homogenised. Ten slow up-and-down strokes of the plunger
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rotating at about 2000 r.p.m. were used. The homogenatea of

6 spleens were transferred into a 25 ml centrifuge tube, the

homogeniser and the pestle rinsed, the washings pooled with the

homogenates and sucrose added to 10 ml. The contents of the

tubes were frozen and thawed six times and then oentrifuged at

8000 r.p.m. (5300 x 6-) for 10 minutes. The pellets were

discarded; the supernatants were pooled, assayed for protein

content and proteolytic aotivity and stored at -20°C. No

additional purification of the splenic enzymes was attempted.

2. Digestion of BSA by spleen oathepsins

A series of preliminary experiments designed to establish

the optimal reaction conditions (enzyme and substrate concentrations,

type of buffer and pH optimum, reaction products analysis) was

performed. The conditions selected are given below.

a. Reagents

A. S^rensen's citrate buffer (O.lM, pK 3*3)

0.1M disodium citrate (21 g citrio acid dissolved in 200 ml IN

NaOH and made up to 1 litre) 46 ml

0.1 M HC1 approximately 55 ml *
* pH checked with a pH-meter

B. Enzyme preparation

prepared as described above, diluted to 3 mg of protein per ml.

C. BSA substrates

lje - 3^ solutions in PBS (.01M, pH 7*6), preparation described

in Materials and Methods, Part II.
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D. TCA lOfc (w/v) in distilled water.

b. Reaction mixture

25 rag of BSA (final concentration 1.44 mg/ml)

18 rag protein of enzyme preparation (final concentration 1.03 rag/ml)
8 ml citrate buffer

total volume was 17*4 ml.

c. Procedure

The chilled reagents were mixed in 20 ml stoppered glass

universals and incubated in 37°C water bath. Duplicate 0.5 ral

aliquota of each reaction and control mixture were removed at

selected time intervals (1-27 hours) after the beginning of the

experiment and were transferred to '.Yaaaerman tubes containing

0.5 ral of TCA. These tubes were incubated for further 10 minutes

at 37°C and then oentrifuged (1500 x G-/30 mins/4°C). Non-

preoipitable degradation products soluble in 5% TCA were

estimated in the supernatants by a coloriraetric assay described

elsewhere (Materials and Methods, part VIII).

Additional aliquota removed at 8 and 27 hours were studied

by disc electrophoresis and immunodiffusion.

Two types of control mixtures were included:

A. without substrate, where a BSA solution was replaced by the

same volume of PBS (0.01M, pH 7.6). This control served as

a measure of self-degradation of the enzyme preparation.

B, without enzyme, where 0.291 sucrose replaced the spleen extract.

This control was included for each BSA preparation studied.
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d. Calculation

The concentration (lag/ml) of the TCA-soluble material present

in experimental and control mixtures at any given time was

estimated* The amount of digestion products due solely to enaymatlc

degradation of BSA was found after subtracting both control

values from the experimental ones* The content of BSA in each

reaction mixture at the time 0 was known* The degree of

degradation was calculated as that fraction of the original BSA

substrate which appeared in the TCA supernatant* and was expressed

as a percentage.

XIII. PROCESSING OF hP BSA BY PERITONEAL CELLS.

1* General

Mouse peritoneal cells that have ingested radio-labelled

antigen in vivo were transferred into culture. Processing of the

ingested antigen by the cells incubated at 37°C or 4°C was followed

by quantitative estimation of cell-bound and supernatant-released

radioactivity during the culture.

2. Materials

125
a. I-hP BSA labelled to 0.12 pCi/pg (Materials and Methods*

part X).

b. 199 culture medium (Wellcome Reagents Ltd.* Beckenham, Kent)

pH 7.2, penioillin 100 units/ml, streptomycin 100 units/ml*

5% inactivated (56°C/30 adn) foetal calf serum.

c. Harvesting medium: as (b) containing heparin 2 units/ml.
d. Sterile 6 ml Wasseroan glass tubes with rubber stoppers.
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e. Trypsin - EDTA (0.013^ EDTA, 0.0089^ trypsin) prepared

immediately before use by thawing and mixing sterile stook

solutions:

1*5 ml 1% EDTA (disodium salt, BDH Chemicals Ltd.) in distilled

water

100 ml Dulbecco PBS solution A.

f. 20}o TCA

3. Procedure

Throughout all manipulations sterile conditions were adhered

tc. Two hours prior to harvesting of the eells each of 15 adult

CBA mice were injected i.p. with 50 pg of Ag* (0.2 ml). The

animals were killed by oervical dislocation, and 4 ml of chilled

medium o. was injected into the peritoneal cavity, the abdomen

was lightly massaged and the fluid containing oells recovered

through 21 G- needle (Stuart et.al.. 1973)• The pooled cells

were centrifuged (5 min/400 G/4°C) and washed 4 times with 20 ml

a11quots of cold medium c. Further washing did not remove

appreciable amount of radioactivity from the cells and the residual

label was assumed to be cell-bound. The washed cells were

resuspended in medium b, counted (approximately 5-8 x 10 cells

recovered per mouse) and diluted to a concentration of 7 * 10 -

1 x 106 cells/ml. About 7C$ of non-induced CM peritoneal exudate

cells were macrophages (Whyte, 1972). 1 ml cultures were set up

in the Wasserraan tubes and radioactivity (oounts/10 min) present
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in the individual cultures was estimated (Materials and Methods,

part IX,), All manipulations of the cells prior to scintillation

counting of the cultures were done in chilled solutions and

equipment; the counting of all cultures was performed at room

temperature. The culture tubes were firmly stoppered and

incubated at 37°C or 4°C; the time in culture was measured from

this point. Two cultures were removed at eaoh selected time

interval (0-26 hrs) of incubation at 37°C or one culture only

for incubation at 4°C, and centrifuged (10 mins/400 &)• The

culture supernatants were transferred into clear Y&sserman tubes,

the cell pellets were washed once in 0.5 ml of medium b, the

washing was pooled with the supernatants and radioactivity

associated with both the "supernatant" and the "cells" was

estimated, 1,5 ml of 20^ TCA solution was added to the "supernatants"

and the tubes were stored at 4°C till the end of the mxperiment

when all "supernatant" tubes containing TCA were incubated

(15 ®W37°C water bath), centrifuged (30 oiii/1500 C), the fluid

decanted and radioactivity of the precipitates estimated, 1 ml of

trypsin-EDTA solution was added to the "cell" pellets and after

incubation (10 rair/37°C) and centrifugation (1000 &/10 min) the

"t-EDTA" fluid was transferred into fresh tubes. The tubes were

stored at 4°C and counted all at the same time together with the

TCA-precipitable fraction of culture supernatant and "t-EDTA unremovable11

fraction of cell-bound radioaotivity.

4. Calculations

The background counts were substracted from the experimental
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counts. the calculations were performed separately for each

individual culture. The counts present in each culture before

incubation vere taken to be 100%. The radioactivity associated

with individual experimental fractions (culture supernatant,

TCA-preoipitable supernatant, cells, t-EDTA removable cell

surface fraotion, t-EBTA unremovable intracellular cell

fraotion) vera expressed as a percentage of the original

total radioactivity of any given culture. The values found for

the duplicate cultures r«re averaged.

XIV. CLEARANCE OF 125fl-T,A|RRT,T.Kp ANTI&SNS FROM THfi CIRCULATION.

The non-immune clearance of radioaotively labelled antigens

from the circulation of mouse was used to study the retention

of the antigens by the cells of the mononuclear phagooyte system.

The method was essentially that developed for measurement of

colloidal carbon clearance (Biozzi et.al.. 1953)*

is Materials
125 —1

a. I-labelled BSA antigens (1-2 x 10 raCi/mg protein)
125and I-labelled mouse serum albumin prepared as described

in Materials and Methods, part II and X.

b. Unlabelled homologous BSA preparations (Materials and

Methods, part II) and unlabelled mouse serum albumin.

c. Calibrated bleeding pipets

d. 0.1% NagCO^
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3. Procedure

The labelled antigens were diluted in excess of the

unlabelled homologous preparation so that the solution contained

600 pg protein/ml and 30 pg N Ag*/al, 0.1 ml volumes of the

antigen solutions (5-10 x 10*" counts/sec) were injected via the
t

lateral tail vein into mice weighing 30 g. Blood samples

(0.025 ml) were obtained in regular intervals (1-22 hr) from

the retro-orbital plexus with a calibrated glass pipette washed

in heparin solution. The blood was lysed in 0.5 ml of sodium

earbonate and the radioactivity was estimated (Materials and

Methods, part IX). In order to compare preparations of slightly

different specific activities, the results were corrected for

10 counts/seo injected and expressed as counta/seo/ml blood.

M* SOffiSNy PSRTVKftmy.

1. general

The position of an absorption band of an aromatic aminoaoid

depends upon the properties (such as refractive index, dielectrio

constant, solvent-solute interactions) of the solvent in whioh

it is immersed. Thus, if absorption spectra of an aromatic

aminoacid in different solvents are compared, a shift of the spectrum

towards longer or shorter wavelength can be observed. The

comparison is best made by a determination of a difference

spectrum in a double beam recording spectrophotometer.

In the solvent perturbation method the advantage is taken

of the fact that only the chromophores located on the surface of a

protein should experience the perturbing effect of the solvent;
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groups not accessible to the solvent should not be affected and

should not contribute to the difference spectrum observed.

The chromophores of primary interest are tyrosyls and tryptophyls;

phenylal&nyls make only a small contribution to the absolute

spectrum of most proteins. In proteins like BSA where the ratie

of tyrosyls to tryptophyls is high, the observed difference speetrum

with maximum at around 288 nm is due mainly to tyrosyls.

The native protein with some tyrosyls "burled" and some

"exposed" produces only a fraotion of the difference spectrum

observed for fully unfolded protein where all groups are perturbed.

This fraotion of the difference speetrum found for a "100$

exposed" reference is a relative measure of the fraction of

chromophores in a studied preparation that are exposed to the

solvent.

The measurements were based on the method as developed by

Herskovits and Laskowski (1962).

is Materials and equipment

a. Bovine serum albumin preparations were made as described

elsewhere (Materials and Methods, part II).

b. Glycerol (BDH Chemicals Ltd., analytical grade) 40$ (w/v)
solution in phosphate buffered saline, stored at 4°C.

o. Sucrose (BDH Chemicals Ltd., analytical grade) 40$ (w/v)
solution in phosphate buffered saline, stored at 4°C.

d. Phosphate buffered saline (PBS) 0.01M phosphate, pH 7.0,

i.s. « 0.16, made in distilled water.
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e. Unieam SP8000 double beam Ultraviolet Recording Spectro¬

photometer.

f♦ Pye Unioam BS 3875 1A, a set of four 1 cm silica absorption

cells.

3. Difference spectral measurements

a. Preparation of protein solutions

The stock protein solutions were diluted to 0.6-l.C^ in PBS.

All BSA preparations studied in one experiment were diluted to a

similar concentration. Two 1.5 »1 aliquots of a protein solution

were transferred into tubes containing 1.5 ml of either PBS or a

4Cft> perturbant solution. All precautions were taken to minimise

the dilution error. The same pipette was used for all deliveries

throughout one experiment. A 0.1 ml aliquot was removed from

each tube for a protein estimation by the method of Lowry (Materials

and Methods, part Tin). Difference spectral measurements were

performed on the stoppered solutions at room temperature

approximately 30 minutes after preparation.

b. The spectrophotometer setting

The solutions were arranged so as to substraot the solvent

contribution to the difference speotra directly in a single

operation. The arrangement of 1 cm silioa cells containing the

solutions is shown in j?ig. 3«

Before each set of measurements the spectrophotometer was

compensated to give a straight base line in the wavelength of



Sample
beam

Reference
beam

A Protein in PBS
B Protein in 20% perturbant
C 20% perturbant
D PBS
P Photomultipiier

Figure 3» Arrangement of solutions in the spectrophotometer

for solvent perturbation measurements
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interest (273-300 nm). This wis done with the cells in the

compartments A and D filled with PBS and the compartments B

and C filled with the 20$ perturbant solution. The absorbanoe

range was set between 0.0 and 0.2 A.

4. Calculation of the degree of exposure of tyrosyls

The reduoed difference spectral parameter for eaoh BSA

preparation studied was oaloulated:

A£x/ £ Xm* • /B
where A was the measured absorbancy difference at a peak

of the perturbation spectrum (288 nm) and 0 was the optioal
A max.

density at the maximum of the absolute speotrum (279 nm). The

reduoed quantity A £ ^gg/ £ 279 depends only on the degree of
perturbation experienced by exposed tyrosyls of a preparation

studied. The turbidity of some BSA preparations prevented

direct determination of optical density at 279 nm of the

solutions in PBS. Instead, the ^79 was calculate<i from protein
concentration of the samples on the basis of the extinction

1%
coefficient for BSA E at 279 nm = 6.67 (Harmsen and Braam,

lorn

1969J Sogami, 1971).

The relative degree of exposure of tyrosyls was defined as

a ratio of the A £ / £ values obtained by solvent
28o 279

perturbation of a BSA preparation and that obtained for fully

reduced BSA in 8M urea:

( A £ / € ) = ( A £288/ ^ preparationK A C288/ 279 relative 7 ' 2??
\ A £ 2gg/ £ 2^) urea reduced BSA
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The a £ values for 8M urea reduced BSA sere 0.036

and O.Ott-1 for 20/Z sucrose and 20% glycerol respectively used

as perturbants (Herskovits and Laskowski, 1962).



RESULTS
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I. PREPARATION OF BSA ANTIGENS.

1. Preparation of native monomeric BSA (nK)

The preliminary examination of the commercial preparation of

BSA (Armour Pharmaceutical Co*, Cohn fr» V, batch No* NM2072)
revealed that in addition to monomer, dimer and higher oligomers,

several minor contaminations of other serum proteins were present

(Fig* 1* 4)* It has been also reported that many commercial

samples of serum albumins contained pyrogenic material of an

endotoxin nature (Dvorak and Bast, 1970)*
This experiment has been aimed at large soale preparation

of relatively pure BSA monomer* Chromatography on Sephadex gel

has been the method of choice as it leads to good separation

of monomer from polymers (Pedersen, 1962; Janatova et al*. 1968),
to partial removal of globulin impurities (Janatova et al*. 1968)

and to complete separation of monomer from endotoxin (Philip et al..

1966; Dvorak and Bast, 1970)*

Several preliminary chromatographic separations were performed

on columns of Sephadex G100, G150 and G-200. The best resolution

between monomer and polymers was obtained on the GlOO gel bed,

although the &15C column was also satisfactory* Since the GlOO

oolumns have been shown to be suitable also for separation of some

impurities from the monomer (Philip et al,. 1966; Janatova et al*.

1968) gel filtration on Sephadex GlOO was chosen for preparative

fractionation of the commercial BSA*

In the course of chromatographic fractionation the Cohn fr* V

was separated into three main peaks - polymers (P), monomer (m).
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and low-moleoular weight material (IA5W) that was not further

examined (Fig. I. 1). The separation of the P and M peaks

was incomplete as illustrated in Fig. I. 2. Traces of dinner

were present in the fractions of the asoending shoulder of the

monomer peak (fr. 52-56). Fractions 58-68 appeared to he free

of any deteotable amount of polymeric material (< 2/1) (Fig. I. 2).
A non-albumin protein contaminant was eluted together with

the monomer. Its presence was detected in the starting material

as well as in fractions 50-65 by immunodiffusion (Fig. I. 3)*
The relative thickness of the precipitate lines suggested that the

maximal concentration was present in fr. 60, thus slightly

proceeding the monomer peak, A band of non-albumin material was

also dearly visible between the bands of monomer and dimer BSA

(nearer to dimer) when fr. 52-65 were subjected to disc electro¬

phoresis (Fig. I. 2). The content of dimer in fr. h4-50 was too

heavy to allow recognition of any other band in its vicinity.

Since disc electrophoresis and immunodiffusion detected the

presence of only one contaminant in fr. 52-65 it is believed that

both methods showed identical material. Although a monospeoifio

serum that would allow a definite answer was not available, it is

suggested that the contamination could be haptoglobin for following

reasons: (a) m.w. estimated from the position of elution from the

G-100 gel is between 100,000 and 80,000 (b) the position of its

immunoeleotrophoretic line (Fig. I. 4) and (c) the position of

the band on disc electrophoresis (Fig. I. 2),
An asymmetry of the ascending part of the monomer elution



Figure I. 1 Chromatographic fractionation of Cohn fraction V.

Sample: 1 g of Cohn fr. V in 5 ml of PBS.
Gel bed: 8.0^ cm2 x 90 em of Sephadex G100.
filuant: Phosphate-buffered saline (PBS) pH 7.0, .OlM in phosphate

and .19M in NaCl.
Flow rate: 2k ml/hr.
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Figure I, 2 Disc electrophoresis of fractions from Sephadex

chromatography.

Samples: 100 pg of protein except for fr. 38 (20 pg) and
fr. 41 (50 pg) (chromatographic run Fig. I. l).

Gels: 1CP/) polyaerylamide.
Migration was from top (-) to bottom (+). Monomer (M) separated
in the band nearest to anode, polymers of increasing size (D-dimer,
T-trimer) in ascending order towards cathode.

Figure I. 3 Immunodiffusion of fractions from Sephadex chromatography.

Central well: rabbit anti-bovine serum (250 pi),
peripheral wells: Cohn fr. V (Cf); heated polymeric BSA (hP)

and fractions as numbered (approximately 200 pg
of protein).
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curve (Pig. I. 1) has been a regular observation in agreement with

other workers who thought it to be due to chemical microheterogeneity

of albumin monomer (Pedersen, 1962j Janatova et al.. 1968)#

Although the contaminating protein was eluted under this part of

the M peak its concentration relative to albumin was not high

enough to contribute to the skewness of the curve.

Comment:

Fractions from the top and the descending part of the elution

curve of the monomer peak (62-68) were collected as the source of

native monomerio BSA (nM)« The pooled material appeared free of

polymers# The relative content of all but one non-albumin

contaminant was decreased below the level detectable by the methods

employed# The remaining contaminant was not completely removed

but repeated fractionation of concentrated monomeric BSA further

lowered its content to 1% - 3$#

S

Figure I, 4 Immunoelectrophoresis

Trough: rabbit anti-bovine serum
Wells: s - whole calf serum; 60 - fraction 60 (chromatographic

fractionation of Cohn fr# V, Fig. I. 1); Cf - Cohn fr. V#
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2. Preparation of heat-denatured BSA (dBSA)

The degree of denaturation of a protein in aqueous solution is

a function of temperature and pH (Joly, 1965)* The aim of this

series of experiments was to establish conditions under which a

high yield of denatured BSA oould be obtained. It was further

required that the denatured preparation would be soluble near

physiological pH and also in 40$>-50^ ammonium sulphate under the

conditions of the Farr antibody assay.

Table I. 1 illustrates the effect of pH upon the yield of

denatured BSA as estimated by insolubility in a "high salt stopping

buffer" (Materials and Methods, part III).

a)
Table I. 1 The effect of pH on thermal denaturation of BSA.

pH
Per cent
denatured pH

Per oent
denatured pH

Per cent
denatured

2.0 0 4.0 90 5.6 5

2.5 21 4.2 88 6.0 0

3.0 46 4.4 86 6.3 0

3.2 53 4.6 64 6.6 0

3.4 70 4.8 38 7.0 5

3.6 85 5.0 17 7.3 8

3.8 92 5.3 9 7.5 12

a) 1% solution of BSA, ionic strength 0.2, heated at 6o°C for
60 minutes.
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A pH optimum of thermal denaturation of BSA at around pH 4*0

was observed at all three temperatures studied (60°C, 65°C, 70°C).

Inorease in the temperature of denaturation at the pH optimum from

60°C to 70°C resulted in only a small increase in the proportion of

dBSA (from 92$ to 94$). A prolonged period of heating (2.5 hours)
at the pH optimum did not further inorease the yield of dBSA.

The amount of BSA denatured by heating at 60°C for 60 minutes

at pH 7.0 was much lower compared to that denatured at optimal pH.

Further heating (for 2.5 hours) and/or a higher temperature resulted

in appearance of more denatured material at pH 7.0 (maximum 25$ at

60°C, 60$ at 65°C, 71$ at 70°C). However, even heating at 70°C for

2.5 hours at pH 7.0 gave a lower yield of dBSA than denatuiatior>

at pH 3.8 for 1 hour at 60°C. Furthermore, the higher the

temperature and/or the longer the time of heating the less soluble

the denatured preparations appeared to be both at pH 7. 6 and in

SAS - borate buffer (Table I. 2).

Table I. 2 Solubility of denatured BSA

Denaturation conditions Denatured Solubility
pH temperature(*c)

time
(hr) <*)

At pH 7.6 D) IS}*
End point SAS

w

puffer
40$ SAS

7.0 So 1 5 + 0inA yes
60 2.5 25 + 47 yes
65 1 55 + 47 yes
70 1 70 ♦ 43 yes

70 2.5 71 ♦ 40 yes

3.8 6c 1 92 + 43 yes

60 2.5 91 < 40 no

65 1 94 43 yes
0

0

1

2.5
94
95

+
mm

0
0

•4*
-4-V

yes
no
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a) 1% solution of BSA in NaCl, ionic strength 0.2

b) ♦ well soluble; ♦ few insoluble aggregates; - little soluble.

o) Solubility of the material solubilised at pH 7*6, "end point" -

the highest oonoentration of saturated (N5^)g SC^ (SAS) in whioh
no visible precipitation oocurred.

Comment:

Considering the relative merits (yield and solubility) of

the products of thermal denaturation of BSA obtained under various

conditions, the following conditions were chosen for preparation of

dBSA: 1$ solution of nM BSA in PBS (ionic strength 0.2, 0.19M in

NaCl) was adjusted to pH 3.8 and heated for 1 hour at 6o°C.

3. Fractionation of heat-denatured BSA

The crude preparation of denatured BSA was fractionated by

chromatography on Sephadex G-100 column (Pig. I. 5). As determined

by absorbanee at 254 nm about 3Q$ of the protein was eluted under

the monomer (M) peak and 70$ under the heterogeneous polymer (p)

peak. Disc electrophoresis (Fig. I. 6) showed that monomer free

of polymers was eluted in the fractions representing the top and

the descending shoulder of the M peak. Fractions 41-45 were pooled

and designated a3 "heated monomer" (hM). Traces of monomer were

present in almost all fractions (29-35) of the P peak (Fig. I. 6).

Pure polymers oould be obtained only in the fractions of the

ascending part of the elution ourve. Unfortunately the yield of

such a polymeric preparation would be relatively low and also the
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ELUTION VOLUME (ml )

400 450

Figure I, 5 Chromatographic fractionation of denatured BSA (dBSA).

Sample:

(Tel bed:
Eluant:

Flow rate:

1 g of denatured BSA (pH 3*8; i.s. 0.2; T 60°C;
t 60 minutes)
8.(A- em x 90 cm of Sephadex G-100
Phosphate-buffered saline (PBS) pH 7.0; .

phosphate and .19M in NaCl
27 ml/hr.

01M in
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large polymers of these fraotions (Fig. I. 6, fr. 26) were not

very soluble in 1+Ofo SAS. For these reasons a compromise was

made and fractions 28-35 were collected as the source of "heated

polymers" (hP). Repeated fractionation of both concentrated hM

and hP further improved the purity of each respective preparation.

The concentration of dimer in hM did not exceed while the

content of monomer in hP was less than 16

Figure I, 6. Disc electrophoresis of fractions of denatured K>A

on icy' polyacrylamide gels.

Samples; 100 pg of protein (fractions from gel chromatography,
Fig. I. 5). Migration was from top (-) to bottom (+) of the
gels. Monomer (M) is represented by the band nearest to anode,
polymers of increasing size towards the cathode (D - dimer;
T - trimer; P - higher polymers).

4. Characterization of BSA preparations

Fig. I. 7 shows the positions of nM, hM and hP relative to

Cohn fr. V in the elution profiles on Sephadex G-100. It can be

seen that the preparative procedures resulted in a selection for

the monomeric populations of smaller molecular volume as illustrated by



iD
254 nm

400 450

T

250 300 350

ELUTION VOLUME (ml)
Figure I, 7 Sephadex chromatography elutjon profiles of native

monomer (niO. heated monomer (hlij. heated polymers
thp\ fr. Y BSA.

Samples; 50 mg nM (4 ml); 30 mg hM (4 ml); 50 mg hP (5 ml);
50 mg Cohn fr, V (5 ml).

Gel bed; 8,04 em x 90 cm of Sephadex G100
Eluant: PBS, pH 7.0.
Flow rate: 27 ml/hr.
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a slight shift to the right of the monomer peaks of nM and hM.

The small difference between the average molecular volumes

of Cohn fr. V, nM and hM monomers was not distinguished by disc

electrophoresis on 13*3$ or 10$ polyacrylamide gels* On the

other hand the method allowed easy identification of the polymer

bands (Pig. I. 6) and was chosen for routine examination of the

preparations used in individual experiments* Small amounts
125(0*1 ng) of I-labelled antigens were run together with an

excess (100 |ig) of the unlabelled parental preparations as markers*

The gels were stained, sectioned and the proportion of radioactivity

associated with the individual bands was determined* Although the

13.3$ gels yielded sharper bands, the 10$ gels were preferred as

they allowed better entry of the higher polymers and the running time

required for a good separation of individual bands was shorter*

Some degree of turbidity in the denatured polymer preparations

was observed that was related to the content and the sise of

polymers. Light scattering due to the turbidity greatly interfered

with spectrophotometry determination of protein concentration

at 278 nm (Fig. I. 8)» Instead, a colorimetrio assay by the

Folin-Ciooalteu reaction that is independent of turbidity was used

to estimate protein content of the preparations (Materials and

Methods, part VIII).

Table I* 3 is the result of an experiment designed to determine
125

the solubility of I-labelled nM, hM and hP preparations in

different concentrations of SAS under the conditions of the Farr

antibody assay, 10$ normal rabbit serum (NRS) was used instead



WAVELENGTH (nm)

Figure I, 8 Absorption spectra of BSA preparations

All BSA preparations diluted in PBS (pH 7.0, .OlM in
phosphate) to about 0.5 mg/ml and accurate concentration
determined by the Folin-Ciocalteu reaction: native
monomer 0.51 mg/ralj heated monomer 0.52 mg/ml;
heated polymers 0.49 mg/mlj insoluble aggregates 0.47 mg/ml.
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of ail antiserum and 0.1 |ig N of labelled antigens was added.

Radioactivity precipitated in 1C$ TCA was considered to be protein-

associated (10£$). It can be seen that lowering the test

concentration of SAS from 5($ to 40$ considerably decreased the

non-speoifio precipitation of all antigens and in particular hP,

while a good precipitate due to the NRS still occurred. The

non-specific precipitation of nM and hM was comparable in all

experiments (< 5/?). A higher proportion of hP was preoipitated

under identical conditions but was never found to exceed 20$.

125 a}
Table I. 3 Solubility of I-BSA antigens in ammonium sulphate.

Final
concentration
of SAS ($)

native monomer

(nM*) b)
heated monomer

(hM*) b)
heated polymers
(hP*) b)

NRS

o)

% radioactivity
precipitated

% radioactivity
precipitated

$ radioactivity
preoipitated

visible
precipitat*

50.0 5.6 6.6 29.6 2

47.5 4.6 5.3 23.8 2

45.0 3.9 4.6 21.0 2

42.5 3.1 3.6 16.2 2

40.0 2.3 2.4 11.4 2

37.5 1.7 1.6 4.8 1

35.0 1.0 1.1 1.6 +

32.5 0.7 0.6 0.6 -

30.0 0.5 0.5 0.5 -

2LC$ TCA 100 100 100 3

125
a) Tubes containing 0.5 ml NRS (lllO) and 0.5 ml of I-BSA

(0.1 pg N) were incubated at 4°C for 18 hours. 1 ml of SAS
(60$ - 100$) was added to duplicate tubes; 4 •TCA* control tubes
received 1 ml of 2Q% TCA. Results are expressed as per cent of
radioactivity precipitated by TCA.
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l>) nM* and hM* contained 98$ monomer j hP* contained 90$ polymers
(disc electrophoresis)*

c) Visible precipitation of normal rabbit serum proteins
(including y-globulins) expressed in arbitrary units:
- noise; ♦ traees; 1 good; 2 heavy; 3 very heavy,

5. A study of exposure of tyrosyl residues in BSA •preparations by

solvent perturbation.

It' has been suggested that tyrosyl residues may be involved in

the antigenic sites of BSA molecules (tioebel and Perlmann, 194-9;

Schram, 1970)• Only those residues which are exposed to the outer

environment of the BSA molecule and are readily accessible would be

expected to be able to form a part of antigenioally important areas

of the molecule (Sela, 1969)*

A study was performed to detect the relative numbers of tyrosyl

residues looated on or near the molecular surface of three BSA

preparations. The technique of solvent perturbation was used

as it measures the effect of solvent upon the surface tyrosyls

only, while the residues located inside the molecular interior

do not contribute to the difference spectra observed (Materials

and Methods, part XV),

Pig, I, 9 is the result of an experiment in which the

perturbation of spectra caused by 20$ sucrose or glycerol was

determined. There was a good agreement between the results

obtained with the two perturbants. The position of the maxima of

perturbation spectra of all three BSA preparations studied was

found to be at 288 nm, the position reported for the tyrosyl residues.
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figure I, 9 Perturbation difference spectra of BSA antigens caused

Symbols:

by a. 2Qf% sucrose or b« 20% glycerol.

native monomer (5.7 mg/ml) heated monomer

(5.5 mg/ml) » - - »J heated polymers (5.0 mg/ml)
j zero base line — •
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The absorhancy difference (AOD) at the maximum was highest for

the heated monomer BSA, lowest for the heated polymers and

intermediate for the native monomeric protein, but it should be

noted that the protein concentration of the heated polymers

solution was somewhat lower.

More conclusive information can be obtained from the reduced

difference spectral parameters (ACgg*/ ^279) of th®
preparations and also from the (A£ 2gg/ £ 2^) values relative
to that for urea-reduced BSA. Both parameters are independent

of the protein concentration in the samples. The results are

summarized in the following table.

Table I. 4 Difference spectral measurements for BSA preparations.

Perturbant BSA

preparation
A £ 288^ C 279

reduced BSA
in 8M urea

Number of
"exposed"

t^rosyls
native monomer 0.010 0.29 5.8

20$ sucrose heated monomer 0.015 0.41 8.2

heated polymers 0.009 0.25 5.0

native monomer 0.012 0.30 6.0

20$ glycerol heated monomer 0.014 0.35 7.0

heated polymers 0.011 0.27 5.4

a) Calculated on assumption of 20 tyrosyl residues per molecule of
BSA (Putnam, 1965).



153

It appears that about 30 per oent of tyrosyls of the native

monomer are accessible to the perturbing effect of sucrose or

glycerol. The value agrees well with the data obtained by

Herskovits and Laskowski (1962). A slight decrease in the

relative degree of exposure of tyrosyls in the heated polymers

preparation would correspond to "burrying" of less than one

tyrosyl residue or rather to partial covering of more residues.

Denaturation of the heated monomer BSA seems to have resulted in

a small increase in the exposure of tyrosyls corresponding to about

one residue.

Comment:

Since both the perturbants used have relatively large bulky

molecules and as they exercise a 'long1 range effect, they do not

distinguish between few completely exposed groups and a larger

number of those that are only partially exposed (Kronman and

Robbins, 1970). Therefore, the relative A£ 288/£ 279 value

is probably an over-estimation of the groups fully exposed.

Also, the observed differences between the BSA preparations

studied are rather small and probably biologically insignificant.
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II. IMMUNOGENICITY OF BSA ANTIGENS IN MICE.

Monomerio BSA is a weak immunogen but good tolerogen when

injeoted in saline into mice (Mitchison, 1964; Dresser and

Mitchison, 1968). In comparison, mildly denatured polymerised

BSA has been found to be a good immunogen in rabbits (Prei et al.«

1965; Hirata and Sussdorf, 1966; Draper and Hirata, 1968) and

in mice (MoBride, 1971)* Also, oligomers present in commeroial

BSA preparations and purified by Sephadex filtration have been shown

to be immunogenic in rabbits. This was in contrast to the poor

immunogenic and efficient tolerogenic properties of the monomer

(Frei et al., 1968). However, in mice BSA oligomers have been

reported to be less immunogenic than the monomer (Stark and Spitznagel,

1972).

The relative capacity of the albumin derivates to induce

toleranoe has been little studied. Low oligomers of HSA were

as tolerogenic as the monomer, while heat-aggregated HSA was a

relatively ineffective tolerogen in guinea pigs (Dvorak et al.. 1969)•
In mice, however, only monomer BSA but not the oligomers were found

to induce tolerance in low doses (Stark and Spitznagel, 1972).
The objective of this series of experiments was to compare

various BSA antigens with respect to their priming or/and tolerogenic

effect upon the lymphoid system and also their capacity to induoe

primary and secondary humoral responses in mouse.

1, Relative immunogenicity of Cohn fr. V and denatured BSA (dBSA);

experiments 1 and 2.

A preliminary experiment was performed to find out whether the
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seleoted method of polymerisation of BSA (Results, part I. 2)

resulted in increased immunogenicity of the antigen in outbred

mice. The doses injected (0.90 - 0.95 ®g) had been shown to be

immunogenic in CBA mice when BSA was the antigen (Mitchison, 196**;

MeBride, 1971)•
The result of Experiment 1 (Fig. II. la) shows that, as

expected, repeated injections of Cohn fr. V in saline were required

to stimulate a detectable humoral response. Immunogenicity of

denatured BSA (dBSA) proved to be superior to that of Cohn fr. V,

the former antigen inducing about 40 times more antibody at the

peak of the response. The results were similar when the titrations

were performed at higher test Ag* concentration (0.1 |igN nip/®!)*
The values of anti-Cohn fr. V pools were 0,43, 2.00, 0.62 and

those of the anti-dBSA sera were 36.1, 96.3 and 52.3 on days 28, 35

and 49 of the respective responses.

A second experiment was designed to confirm the results and

investigate the capacity of the antigens to induce a primary Ab

response. The behaviour of Cohn fr. V and dBSA when used as test

antigens in the Farr test was also compared.

The result of Experiment 2 (Fig. II. lb, o) shows that a single

dose 4.55 ®g of dBSA induced a good primary Ab response in outbred

CFE mice and that this could be boosted by reinjection. In contrast,

the same dose of Cohn fr. V caused a weak response detectable only

with dBSA* but not Cohn fr. V* in the Ab assay. Nevertheless, a

state of priming was induced because there was a fast response to

seoondary injection of a suboptimal dose of 0.4 mg Cohn fr. V,



Figure II. 1 Relative immunogenicity of Cohn fr. V and denatured

BSA (dBSA*^.
Experiment 1: six Q J* per group; antigens injected i.p. in

saline; sera pooled and titrated with nM*
(Fig. a).

Experiment 2: seven CFE d per group; antigens injected i.p.
in saline; sera pooled and titrated with Cohn fr. V*
(Fig. b) or dBSA* (Fig. e).

Symbols: anti-Cohn fr. V responses ( © ); anti-dBSA
responses ( □ )
a) dBSA prepared from Cohn fr. V.
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However the response remained well below the anti-dBSA one*

The titrating capacities of the two BSA antigens were

compared using the sera from Experiment 2 (Fig. II* lb, e) and it

was found that when dBSA* was the test antigen higher ABC__

values were obtained than with Cohn fr, V*. The difference was

observed for all anti-dBSA (4.0 -5.5 fold) and anti-Cohn fr. V

sera (6.8 - 8.7 fold) suggesting a possible difference in specificity

of the two antigens.

Comment:

Denatured BSA induced stronger anti-BSA humoral response than

Cohn fr* V in outbred mice* dBSA* appeared to deteot more antibody

than Cohn fr* V* when used in the Farr test*

2. Relative immunogenlcit.y of native monomer (xiX.) and heated

polymers (hP) BSA: experiment 3.

With future experiments in mind the immunogenically different

Cohn fr. V and denatured BSA (dBSA) antigens were partially

purified (Results, part I) and the relative immunogenieity of nM

and hP BSA was compared. Inbred CBA mice were used for this and

all subsequent experiments because the variation of individual

responses could be expected to be more restricted than in the

outbred mice, and also because the dose-response relationship of

anti-BSA response is better known for the CBA strain.

The results are illustrated by Fig. II. 2. Firstly, multiple

injections of hP stimulated a stronger Ab response than nM (6-8 fold)
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\r
as estimated at any time during the response (P < 0.01, day 45)•

Higher ABCjj values of the anti-hP sera compared to those of
anti-nW were due to the amount of antibody produced rather than

to any difference in the avidity of antibody as shown by the

effeot of dilution upon the ABC^ values (Table II. l).

Table II. 1 The quality of antibodies of anti-nK and anti-hP
sera; experiment 3. "**

Sera
Relative binding avidity($)

day 21 day 50 day 45

anti-nli!

anti-hP 20 (pool)

32 (pool)

28 (pool)

32 ♦ 7.5 (5) b)
29 ♦ 2.0 (5)

a) ABC @ 0.01 jigN nMVABC,_<g 0.10 pgN nM* x 10055 55

b) arithmetic mean + standard error} number of sera tested
per group in brackets.

Thus the general findings of the earlier experiments were

corroborated for better defined antigens in CM strain mice. No

significant differences were observed between the responses of CBA.



flours IX. 2 Relative imnsmogeaioity of native monomer inM) and
heated polymers fhP) BSA; experiment JT

Eight CBA $ per group} antigens injected i.p, in saline; sera
pooled within groups on day 10, 21, 30, and the pools as well as
individual sera obtained on day 45 were titrated with 0,01 pgN nl(*/al.
(Fig. a) or 0.10 pgN nM*/ml (Fig. b).

Symbols: anti-nM response ( O ); anti-hP response ( □ )}
geometric means of individual ABC, , values found on day 45
are shown; the bars represent ♦ x^s.e.
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mice to hP and dBSA (prepared from nM) and the results of the

latter immunization were not included in the graph. Secondly,

although a single dose of 4 mg of hP did stimulate a very weak

primary Ab response by day 10 (Fig. II. 2a) it was far below

(25 fold) that found for CFE mice (Fig. II. lb), measured,

admittedly, later in the response (day 23). Nevertheless,

the overall responses of CBA mice to both ESA antigens even after

several injections were lower than those of outbred CFE and Q

mice (Fig. II. la, b). This may have been due to low responsiveness

to BSA reported for the CBA strain (Y/eir et al.. 1968).

Comment:

Polymeric BSA (hP) induced stronger humoral responses in

CBA mice than did native monomer BSA.

3. Relative tolerogenioity of native monomer (nM). heated

monomer (hip, heated polymers (hp) and heated insoluble aggregated

iM/ BSAi experiment 4.

Four BSA preparations differing in the degree of polymerisation

and denaturation were compared with respect to their ability to

induce low zone tolerance and/or priming in CBA mice. The second

objective of the experiment was to compare the challenging

capacities of nM and hP.

The injection protocol (Table II. 2) was based on that described
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by Weir et al.. (1968) and MoBride (1971). Mice pretreated

with a single injection of 50 fig of antigen in saline were

challenged 10 days later with 2 rag of either nM or hP together
9

with 1.5 x 10 C. parvua. C. parvum was included to enhanoe

the challenge since the preliminary experiments had shown low

primary Ab responses to a single dose of BSA in the CBA strain.

A second dose (0.5 tag) of the same antigen as for the primary

challenge was administered 10 days later to further enhanoe the

response. The sera were collected 10, 20 and 30 days post

primary challenge and pooled within the groups.

Table II, 2 Relative tolerogenic!t.y of BSA antigens - experimental

design.

Group
6 mice
eaoh)

Pretreatment (i.p.)

day -10

Primary ohallenge
(i.p.)
day 0

Secondary ohallenge
(I.p.)

day 10

1 saline 2 mg nM plus
C. parvum •

0.5 mg nM

2 50 fig native monomer ditto ditto

3 50 fig heated monomer ditto ditto

4 50 fig heated polymer ditto ditto

5 saline 2 mg hP plus
C. parvus a*

0.5 mg hP

6 50 fig native monomer ditto ditto

7 50 fig heated monomer ditto ditto

8 50 fig heated polymers ditto ditto

9 50 fig heated
aggregated ditto ditto

9
a. 1.5 x 10 organisms.
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The results are presented in Fig* II. 3» where a. b and e

represent ABC^ values as found for the same antisera pools
using hP*, nM* and hM* respectively in the Farr test. The

values found with hP* were higher (1.3 fold, P < 0.001) than

when nM* or hM* were used in the assay but the increase was

consistent and ABC^ values obtained with any of the three
antigens* can be used to evaluate the relative responses of the

groups.

The response of mice pretreated with 50 pg of nM or hM and

challenged with nM (groups 2, 3) showed on day 10 no evidence of

priming by the pretreatment. The response of these animals was

in fact lower than the control response (group 1) throughout

duration of the experiment, indicating that a degree of tolerance

might have been induced. In contrast, injection of 50 PS of hP

(Group 4) primed the mice for a good response to the challenge

(day 10, 20, 30).

The response after a more powerful challenge vdth hP suggested

that only a low degree of partial tolerance had been induced by

preti aatment with nM or hM (groups 6, 7) or alternatively that

ohallenge with h? partially abrogated the tolerant state. However,

the response of groups 6 and 7 was lower than that of the oontrols

(group 5). There appeared to be some priming induced by 50 pg of

hP (group 8), as found 10 days after challenge, but later (day 20,

30) the response was slightly below the control response (group 5)

suggesting perhaps that also some degree of hyporesponsiveness

resulted from pretreatment with hP. Aggregated BSA (group 9)



Figure II, 3 Relative tolerogenioity of nM. hM. hP and hA BSA:

experiment A.

Six CBA 9 per group; antigens injected i.p. in saline (Table
II. 2) j sera pooled within groups and ABC at 0.01 ngN Ag*/ml
estimated with hP* (Fig. a)# nM* (Fig. b) add hM* (Fig. c).

Symbols: Pretreatraent on day -10 with 50 fig of nM (O—O).
hM (A--A), hP (D-a), hA (&-S), saline (•—•).

Insert: Diso gel electrophoresis of the BSA antigens.
Migration towards anode; polymers of decreasing size
were separated in the bands between aggregates (top)
and monomer (m).
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proved to be the strongest priming immunogen.

As expected, hP provided a more immunogenic challenge than

nM. While a single dose of monomer, even with C. parvum as an

adjuvant, induced little primary Ab response (group 1, day 10),
the polymeric antigen stimulated easily detectable Ab levels

(group 5, day 10), Also responses of all experimental groups

challenged with hP were well above those challenged with nM at

any time during the responses (compare groups 1 and 5| 2 and 6}

3 and 7} 4 and 8),

Comments

While the results were obtained with pooled sera (6 mice per

group) and the differences could not be evaluated statistically,

they indicate that a single low dose (50 pg) of polymeric or

aggregated BSA can prime CBA mice whereas monomeric BSA, both

native and denatured*, at the sams dose can induce hyporesponsiveness,

A. 'fhe dose threshold of low zone tolerance and immunity to

monomer (nM) and polymeric (hP) BSA; experiment 5.

In the previous experiment a single dose of 50 fig of polymer!o

BSA appeared to Induce priming of the mice whereas 50 pg of native

monomer BSA caused hyporesponsiveness. This experiment was designed

to find the threshold doses at which these different effects of the

antigens operated and whether the different response to the two

BSA antigens were qualitative or purely quantitative.

The experimental protocol was similar to the one used previously

but only one challenge dc3e of alum precipitated nM plus C. uarvum
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was given instead of hP.

The results are shown in Fig* II* 4 and Table II* 3. As

before the titrations with hP* resulted in higher ABCj^ values
(on average 3.1 fold, P < 0*05) compared to hM* but the

relative differenoes between the experimental and control groups

could be evaluated with data obtained with either antigen (Table

II. 3a, b).

By day 20 post challenge most of the groups were responding

in a similar manner but early in the response (day 11) significant

differences were found. F*etreatment with 0.01 and 0.1 jig of hP

or 0.1 tig of nM had no significant effect on the subsequent response

although after 0.1 jig hP the response was below that of controls.

Doses of 1 or 10 pg of both nM and hP caused a significant reduction

of the response. The degree of hyporesponsiveness induced by 1 pg

of both antigens was similar, with the 10 pg dose it was more

pronounced after treatment with nM (P « 0.02, nM* titration)*

Moat apparent divergence between the effects of the antigens was

seen after administration of 100 pg, nM inducing a significant

degree of hyporesponsiveness, in contrast to priming with hP

where 10 days pest challenge the Ab levels reached a maximum*

1000 pg of nM also primed.

It can be seen that the threshold of tolerance and immunity

induction for polymeric BSA appears to be shifted towards doses

about 10 fold lower compared to those for native monomer. In

view of the consistency of the shift over the whole dose range

studied, it seems unlikely that it could be simply due to the

relative contamination of hP by heated monomer (< 16$) or contamination



163

of nM by oligomers (< 2?o). Also the depression oaused by hP

was not as deep as that due to nM.

By day 20 most responses were at a similar level predominantly

accounted for by the powerful ohallenge. The only exception was

the response of mice made tolerant by 10 pg of nM. This remained

significantly impaired. The partial tolerance of the 1 and 100 pg

nM treated groups could be recognised only as an insignificant

depression of the response, while all hF treated groups responded

equivalent to controls and the effect of priming with either nM

or hP could be no longer seen. These results seem to suggest

that tolerance induced by hP is more fragile in comparison to

that oaused by nM. The reason for this could be the absolute

numbers of cells affeoted (as indicated by the degree of hypore3ponsive-

ness found) and/or the involvement of cells belonging to different

lymphoid compartments, both effects being due to a possible

differential capacity of nM and hP to penetrate anatomical

barriers (MoBride, 1971)#

Comment:

A single dose of 1-100 pg monomer or 1-10 pg polymerio BSA

administered intraperitoneally caused a significant level of

tolerance in CBA mice. The hyporesponsiveness induced by the

polymers was both less marked and more transient than that due to

monomer.



FiKure II, 4 The dose threshold of low zone tolerance and immunity

to monomer (nM) and polymeric (hP) BSA; experiment 5.

Pour CM 9 per group; 10 ng - 1 mg of nM or hP in saline injected

i.p. on day -20; all raioe challenged with 2 mg of alum-precipitated
9

nil plus 1.5 x 10 C. parvum on day 0; sera collected on days U and

20 and individual ABCj^ at 0.01 pgN Ag*/ml measured using hP* (Fig. a)
or nM* (Fig. b) in the Farr test.

Symbols: Pretreatment on day -20 with nM (O—•), hP (□—■) or saline

(boxed area). The points represent geometric means of

AECyy The full points indicate responses different
from control responses at 95% confidence limits (Student *s

t-test).

Insert: Disc electrophoresis of nM and

anode; polymers of decreasing

between top and monomer (M).

hP.

size

Migration towards

separated in the bands
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TableII.3Thedosethresholdoflowzonetoleranoeandimmunity toCiP'.omer(riM)andpolymeric(hP)BSA. a.125I-hPintest(0.01figNAg*/ml).
Treatmentday-20

Responseday11

Responseday20

Group

AntigenDose(pg)

log x—s.d.

Pb>

Percent^ control response

logABCj3 x-s.e.

P

Percent control response

1

saline

.4933

♦

.1099(6)a)

n.s.°^

100

.1017+1
♦ m

.2197(6)

•

100

2

iHi

0.1

.4306

+

.2288(4)

86

.0255+1

♦

.2070(4)

n.s.

84

3

1

.2214

+ —

.2002(4)

<•05

53

.8492

♦

.1942(4)

n.s.

56

4

10

.0139

+

.0719(3)

<•001

33

.6729

♦

.2796(4)

<.05

37

5

100

.0796

♦ —

.1296(4)

<.001

38

.8431

♦ m

.0371(3)

n.s.

55

6

1000

.6594

♦

.1790(4)

<.02

146

.8711

♦ m

.1784(4)

n.s.

59

7

hP

0.01

.3377

+

.2856(4)

.1>p>.05

70

.0437+1
t

.0996(4)

n.s.

87

8

0.1

.2461

+

.

ro

CO

o

.1>p>.05

56

.0481+1

♦

.1198(4)

n.s.

88

9

1

.1705

♦

.1790(4)

<.01

47

.1205+1
♦

.0246(4)

n.s.

104

10

10

.1731

♦

.2644(4)

<.05

48

.1555+1

♦ m

.1176(4)

n.s.

113

11

100

.2332+1

♦ —

.5488(4)

<.05

556

.0762+1

♦

.4936(4)

n.3.

94

a)numberofserapergroup b)probabilityvaluescalculatedforlogABCdistributionbyStudent*st-testforthedifferencesbetweenthecontrol andexperimentalgroups
e)statisticallynotsignificantlydifferentfromthecontrolresponse(P<.05)
d;oalculatedfromthemeanABC^jvalues
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TableII,3contd.b.I-nMinteat(0,01tig?!Psrml)
Group

Treatmentday-20

Responseday11

Responseday20

AntigenDose(jjg)

logABC^ x*s.d.

Pb)

d]

Peroent control response

logABC^ x«s.e.

P

Percent control response

1

saline

.7217

-

1+.1090
(6)

a)

-

100

.5077♦.1639
(6)

-

100

2

nil

0.1

.7352

-

1♦.1108
(4)

n.s.

102

.4012+.1978
(4)

n.s.

78

3

1

.5154

-

1+.1776
(4)

<.Q5

62

.5210♦.2078
(4)

n.s.

65

4

10

.2014

-

1♦.0842
(3)

<.001

30

.1047♦.2414
(4)

CM

O

•

V

39

5

100

.4280

-

1♦.1326
(4)

A

•

O

M

51

.4041♦.1259
(3)

n.s.

79

6

1000

.324-9

* .1448

(4)

<.001

400

.5528+.1402
(4)

n.s.

111

7

hP

0.01

.8872

-

1♦.2614«■
(4)

n.s.

146

.4903♦.3094
(4)

n.s.

96

8

0.1

.6222

-

1+.1870
(4)

n.s.

79

.4180♦.0360
(4)

n.B.

81

9

1

.5436

-

1+.0346
(4)

<.02

66

.4815♦.1148
(4)

n.s.

94

10

10

.5077

-

1±.1200
(4)

<.02

60

.5175+.1868
(4)

n.s.

102

11

100

.6770

♦.4220
(4)

A

•

o

o

M

900

.6938♦.2682
(4)

n.s.

153

a),b),o),d)asforTableII.3a.
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5. The quality of antibodies and tolerance.

It is well established that a humoral immune response is

characterized by changes in avidity of the antibody populations

formed (Eisen and Siskind, 1964)• It is often assumed that the

changing avidity of secreted antibody reflects a clonal selection

among plasma cell precursors of the B-cell lines* The cells with

high avidity receptors are stimulated (or suppressed) by antigen

concentrations relatively lower than the cells which possess

receptors of low avidity, Mitchison (I97i3 suggested that during

induction of low zone tolerance to BSA T-oells were inactivated

whereas 3-cells remained functional.

If antibody-producing cells are made tolerant by low doses

of BSA the high avidity clones should be most affected.

Alternatively, if in low zone tolerance the antigen does not

affect antibody producing cells directly no change of antibody

avidity would be expected.

The hypothesis was tested using as an index of avidity the

effect of antigen dilution upon the binding capacity of sera.

The dilution effect calculated as the ratio of ABC values

measured at 0,01 pgN and 0,10 jigN nM* BSA was expressed as a

percentage, A low percentage is taken to be indicative of the

presence of antibodies with a high dissociation rate (Minden and

Parr, 1967).

The effect of antigen dilution upon the antigen-binding

capacities of sera from ♦tolerant*, primed and control mice from

experiment 5 described in the previous section, is shown in Table II,

The ABC,_ @ O.Cl ugN nM* of these sera have been presented in
jj
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Table H. 5b. •Tolerant1 sera (groups 3-5 and 9-10) were found

to have avidities insignificantly different from the control sera

(group 1) or from the sera of mice that appeared to be neither

primed nor tolerant and can be regarded as additional controls

(groups 2, 7» 8). In contrast, the mice that have been primed

(groups 6, 11) displayed higher avidity antibodies soon after

challenge.

Table II. 4 The quality of antibodies of mouse 3era: experiment 5.

Group Treatment
day -20

Primed/tolerant
day 10 a'

Relative binding avidity {%)
day 10 b)

1 saline am 28 ♦ 2.7 (5)
2 0.1 PS nM neither 27 ♦ 1.7 (4)
3 1 MS nM tolerant 25 ♦ 1.9 (4)
4 10 MS nM tolerant 31 ♦ 0.8 (4)
5 100 MS nM tolerant 28 + 1.3 (3)
6 1000 MS nM primed 46 ♦ 3.9 (4)
7 0.01 MS hP neither 24 + 2.4 (4)
8 0.1 MS hP neither 24 + 1.7 (4)
9 1 MS hP tolerant 26 + 1.8 (4)
10 10 MS hP tolerant 27 +

mm
2.1 (4)

11 100 MS hP primed a ♦ 4.3 (4)

a) see Figure II. 4b or Table II. 3b.
b) ABCjj @ 0.01 pg N nM*/ABCj2 @ 0.10 pg II nM* x 100}

arithmetic means + standard error, number of sera tested per
group in brackets?

c) probability values of differences between groups determined by
Student's t-test;
1 - 6 P < 0.002 ; 1-11 P < 0.05 5 6 -11 not significant.
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Comments:

The results support the view that low zone tolerance to

BSA in CBA mice is mainly characterized by lower antibody levels

rather than decreased avidity. The priming effect of BSA seems

to be accompanied by the appearance of higher avidity antibody

soon after the challenge. However the relative difference

in avidity does not fully account for the difference between the

antigen binding capacities of 'control* and 'primed* sera.

An increase in the amount of antibody produced by the primed mioe

is also suggested.
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III. BEHAVIOUR OF BSA ANTIGENS IN THE FREmY ACTISSN-KENDXNtr

ASSAY (PARR TEST).

Experiments on the imounogenicity of BSA preparations in mice

showed that polymeric BSA stimulated stronger humoral responses

than did native or heated monomers (Results, part II). In

addition, in terms of ABC^ values found by the Parr test,
significantly more of polymeric than of monomeric BSA was bound

by many antisera prepared against axy of the antigens. This

last finding suggested that, perhaps, some antigenio determinant(a)

present in the polymeric preparation were absent from the

monomers and seemed to justify a study into the immunochemical

specificities of the BSA preparations (part III. 1). However,

other factors that could contribute to the different binding

characteristics of monomer and polymers will be considered.

Kinetics and the avidity of association between the antibody and

BSA antigens is examined by measurements of the association and

dissociation rates (part III. 2). Finally, the character of

the antigen-binding curves of monomer and polymers of BSA is

compared in detail in part HI» 3 of Results.

1* Immunochemical analysis of BSA antigens

Reports of the appearance of "new" antigenic specificities

on derivatea obtained following enzymatic degradation, chemical

modifications and or heat-aggregation of BSA (e.g. Y.'olberg st al..

1970) are common. Immunogenicity of some of these derivates
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relative to native antigen has been investigated and the results

are controversial. As yet no positive or negative correlation

between the presence of "new" specificities and the capacity

to induce anti-native humoral responses has been established.

There appear to be several reasons for the inconclusive

situation in this field. In many instances the derivates were

extensively altered with few native determinants left, and

majority of antibody against such preparations was directed

to the changed specificities. In those cases where the "native"

determinants were still wall represented the relative immunogenioity

of the derivatea was either not studied or tests based on secondary

or tertiary effects of the primary antigen-antibody interaction

were employed to quantitate the responses, i.e. tests that were

likely to measure only a proportion of total Ab in the sera.

BSA polymerized by several different methods has often been found

to be a better immunogen than monomer but the serological

specificities of the preparations in question were not investigated.

The objective of the present experiments was to compare the

antigenic specificities of three BSA antigens known to differ in

their immunogenic properties. Inhibition of the primary antigenr-

binding was seleoted as a sensitive method likely to expose apy

differences in antigenic make up.

a. Raising antisera.

Rabbit antisera were used to compare the antigenic

specificities of nil, hM and hp BSA. Mouse antisera would have
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been preferable but the amount of aera that could have been

obtained would have been insufficient for the tests to be

performed.

The protocol of immunisation was selected so as to induce

strong antisera with saline injections of the antigens

(pinckard et al,. 1967a), Groups of three NZW rabbits were

injected with 30mg of each antigen and boosted with 20mg of

the same preparation 40 days later. Three additional animals

were injected with C, parvua 4 days before immunization with nM,

The course of individual primary and secondary responses

is shown in Fig, III, 1, C, parvum treatment had. no apparent

effect. Two of the rabbits injected with nM (3 and 6) responded

little to challenge} this being indicative of the variable

response of rabbits to monomeric BSA in soluble form (Pinckard

et al,. 1967a), As expected, hP stimulated stronger and more

uniform antibody production than nM, Surprisingly, in view of

its immunogenicity in mice, heated monomer also induced strong

responses although polymeric contamination of this preparation

was negligible (insert. Fig. III. 1), It has been reported

that rabbits can discriminate with respect to the relative

immunogenicity and tolerogenicity of Cohn fr. V and in vivo

(Frei et al.. 1965) or in vitro filtered (Frei et al., 1968)
and ultracentrifuged BSA (Finckard et al., 1967a). Mice are

less able to do so (Frei et al.. 1965 J MoEride, 1971), the

ability of rabbits and mice to recognize the immunogenic

subfractions of BSA may differ.



lUt h foti-nM, hM and hP BSA responses in rabbits,

NZW 9 , injected i.v. With 30mg of antigen in saline; reinjected with
20mg 40 days later; primary (day 20, 31) and secondary response (day 49,
59) sera titrated at 0.01 pgN nM*/ml.

Rabbit No.: Antigen injected:

1, 2, 3 native monomer ( • ), C. parvum on day -4
4, 5, 6 native monomer ( O )
7, 6, 9 heated monomer ( A )
10, 11, 12 heated polymers ( □ )

Insert; Disc electrophoresis of the antigens, monomer (m) nearest
to anode, polymers of increasing size towards cathode. Cohn fr. V
included for comparison.
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b* Analysis of the antigenic specificity of nM. hM and hP BSA

by cross-inhibition of antigen*-bjndlng.

Seven rabbit sera raised in the previous experiment were

used in the inhibition studies. They were primary or secondary

response sera obtained at the peak of the respective responses to

native monomer (rabbit 1, days 20 and 49i rabbit 4, day 20) or to

heated polymers (rabbits 10 and 11, days 20 and 49)»
Inhibition of binding of nH*, hM* and hP* (a,b,c, respectively

of Figures III. 3 - XH. 9) »as performed using unlabelled

antigens as inhibitors. The design of the cross-inhibition studies

is shown in Table III. 1. The composition of the BSA antigens,

as found by disc electrophoresis, is demonstrated in Fig. III. 2.

The procedure is described in Materials and Methods (part XII. 7)»

Inhibition of M*-"oindjng to primary and secondary anti-nM serum 1

(Fig. III. 3 and III. 4).

In their reactions with both primary and secondary sera no

consistent difference was observed between the nM and hM antigens.

They behaved identically (within experimental error) in inhibiting

the binding of any of the three labelled antigens (Fig. III. 3

and 311. 4 a,b,e)« In addition, the slopes and the position

alikng the abscissa of the nM* and hM* inhibition curves (Figs, a,b)
were similar whatever inhibitor was used. As an example, the

inhibition of binding of nM* and hM* by hP is directly compared

in Figs, d. Thus the two monomeric antigens appeared to have

very similar specificities.
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The heated polymeric inhibitor (lip) cross-reacted

completely with bcth monomeric antigens* as shown by the curves

of complete inhibition (Fig. HI. 3 and HI, 4 a,b). As the

inhibitor of the binding of monomers* to the primary response

serum, hp was as effective as the homologous inhibitors

(Fig. III. 3 a,b). However, when inhibiting the binding of nM*

or hM* to the secondary response seruu, hP appeared to be a

little less effective than the homologous antigens (Fig. III. 4 a,b

Hie parallel curves suggested that about 2 and 1,5 times more

hP than homologous inhibitor was required to cause inhibition

of binding of nM* or hM* respectively.

vhen hP* was used as antigen* a marked difference was found

in the capacities of monomeric and polymeric B3A to inhibit its

binding (Fig. c), the difference being particularly apparent

with the primary serum (Fig. HI. 3o)» The inhibition of hP*

binding wa3 discontinuous with all inhibitors although less

apparently so when the homologous hP inhibitor was used. Such

a discontinuity suggested that at least two Ag-Ab systems of

different avidities were involved. Vfoen inhibiting the binding

to the relatively more avid antibody, all three inhibitors in

lower doses were comparably effective (upper left-hand part of

the curves) while more monomeric than polymeric BSA was required

to cause a higher degree of inhibition of hP^-binding to the,

presumably, lower avidity antibody. For example, about 6 times

more monomer than polymer had to be used to achieve GOfi inhibition

of binding of hP* to the primary response serum (Fig. IH. 3c).

The difference was less marked using the secondary serum (Fig, III.
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in which the "hP-specific" binding appeared to represent a smaller

proportion of the total than in the primary serum.

Another observation, exclusive to the primary serum, was that

more of any antigen was required to inhibit binding of hi3* to the

same degree as binding of the monomeric tracers (e.g. 15 times

more for 6ctfo inhibition by hP, (Pig. III. 3d). No suoh difference

was found in inhibition of the secondary serum binding for whioh

the positions along abscissa of nM*, hM* and hP* inhibition curves

were similar for any given inhibitor. The point is illustrated

in Fig. HI. 4d where hP was used to inhibit binding of the three

tracers to the secondary response serum. This difference between

primary and secondary response sera could be due to both increase

in relative avidity and/or of the relative proportion of the "monomer-

specific" antibody in the seoondary serum. The relative binding

avidity for monomer* was l&jl and 45/5 for the primary and secondary

response sera respectively (Materials and Methods, part XII. 5)•

A shift of the specificity of the antibody toward "anti-monomer"

species was indicated by the decreased ability of hP to inhibit

binding of monomers* (compare Fig. IH. 3a, b to Fig. III. 4a, b)
and also by relatively larger proportion of the total hP* inhibition

curve where monomers were as effective as the homologous inhibitor

(compare Fig. III. 3c and Fig. III. 4c).

Inhibition of Ag*-binding to primary anti-nM serum 4 (Pig. III. 5).

Rabbit No. 4 died and only the primary response serum was

available. The general findings were identical to those described

for the primary serum 1 with one small exception. A discontinuity,

similar to, but much less pronounced than that seen in inhibition

of hP*, was observed for inhibition of the hM* tracer by hM and nM
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and vice versa (Fig. III. 5b, a). This result would indicate

that distinct families of antigenic moieties present in different

proportions in both monomeric and polymeric preparations were

identified by antibody in serum 4.

Inhibition of Ag*-binding to primary and secondary anti-hP serum 10

(Fig. III. 6 and III. 7 )

The results of inhibition studies performed with anti-hP sera

10 were in general agreement with those obtained with both early

and late anti-nM sera. No substantial difference in binding or

inhibitory properties of the two monomer antigens could be found.

The polymeric BSA was less effeotive than the homologous antigens

as an inhibitor of monomer* binding (Fig. III. 6 and III. 7a, b).
In this case the difference was detectable for primary as well as

for secondary serum. The "polymer-specific" Ab of the primary

serum (Fig. III. 6c) that could be more readily inhibited by hP

than by monomers was still well represented in the secondary serum

(Fig. III. 6c). The relative shift of hP* inhibition curves

(relative to nM* and hM*) towards the requirement for larger

amounts of inhibitors was observed for both primary and secondary

sera (Fig. III. 6d and III. 7d) and appeared to be related to the

proportion of the "polymer-specific" binding.

Inhibition of Ag"'-binding to primary and secondary anti-hP serum 11
(Fig. Ill, 8 and III. 9)

The relative differences in the antigenic specificities of

monomeric versus polymeric BSA as well as the changing ability of

primaiy and secondary sera to recognize them, were particularly

well illustrated by the reactions of sera 11 (Fig. III. 8 and III. 9)*
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Two suggestions, already arising from the studies performed with
the other sera, were supported. First, the relatively difficult

inhibition of the hP*-binding with any of the three cold antigens,

was likely to be due to involvement of the "hP specific" antibody

(compare Fig. III. 80 and d). Second, the upper left-hand part

of the hP* inhibition curves probably represented inhibition of

hP*-binding to the "monomer specific" antibody. In this reaction

the homologous hP inhibitor was often less effective than the

monomers as it was when nil* or hH* were used as auoigens* (compare

Fig. IH. 9a, b to c).

Conclusions.

Identical conclusions can be drawn from the results of inhibition

studies performed with all anti-nM and anti-hP sera:

(a) Monomerio and polymeric ESA antigens represent distinct

combinations of antigenic specificities.

(b) Both monomeric BSA preparations (nM, hid) behave as though

antigenically identical and possess mainly the "monomer"

determinants.

(c) The polymeric BSA (hp) has less effective "monomer" BSA

determinants per unit of weight than the monomers. This difference

in antigenic reactivity is best recognized by the secondary response

antibody.

(d) The polymeric BSA appears to contain determinant(s) the binding

of which is not readily inhibited by monomers. However, the monomeric

preparations do contain small amounts of these, or similar,

determinants. This is suggested by two findings. First, sufficient
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quantities of the monomers could completely inhibit binding of hP*

to the "hP specific" antibody. Second, the "hP specific"

antibody was present in the anti-nM sera,

(e) It seems unlikely that contamination of hP with monomer

(< 16%) or of monomeric preparations by oligomers (< 2%) (Fig. III. 2)
could account for the results.

(f) The "hP specifio" antibody detected predominantly in the primary

response sera appeared early and often transiently, being replaced

by the "monomer specific" one(s). Thus the "monomer" specificities

appear to become immunodominant during the humoral response.

(g) The "hP specific" antibody seems to be of relatively lower

"effective" avidity than the "anti-monomer" Ab.

(h) The inferior capacity of all, even the homologous, preparations

to compete with hP* for binding sites of the primary response Ab, a

tendency that was less obvious for the secondary response Ab, could

be a reflection of combined effects of changes in both avidity and

specificity of the antibody. The latter effect was probably

predominant.



Table XII. 1. Experimental design of oroaa-inhibition of

antigen*-binding.

Used in inhibition studies presented in Fig. III. 3. - Fig. III.9

Figlores
m. 3 -
III. 9

Radioiodlnated tracer

(amount - ng N)
Cold inhibitor
(l - 105 ng N)

Symbol

a.

native monomer (nM*)
(10.4)

native monomer

heated monomer

heated polymers

O o

A A

b.

heated monomer (hM*)
(10.7)

native monomer

heated monomer

heated polymers

ditto

c.

heated polymers (hP*)
(10.1)

native monomer

heated monomer

heated polymers

ditto

a.

native monomer (10A)
heated monomer (10.7)
heated polymers (10.1)

heated polymers
ditto

ditto

Figure III. 2. Diao electrophoresis of BSA antigens.

Migration was from cathode towards anode; polymers of decreasing size
wore separated in the bands between the top of gels and monomer (M).
The original gels were overloaded with the samples (250 |_ig) and a
photograph did not clearly distinguish the individual bands. Hence a
diagram of the gels is shown (compare to F:tg. I. 6).



Figure IIIt 3, Inhibition of Ag*-bincliry: to primaiy anti-nF
serum 1.

Design, tracers, inhibitors and symbols as in Table III. 1 and
Fig. III. 2. The relative binding avidity (A33C„ at 0.01 pg N
Ag*/®1 : ABC„ at 0.10 pg N Ag»/ml x 100) **
was 16?2 for all three tracers.
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Figure III, 4. Inhibition of Ag*-binding to secondary response

anti-nM serum 1.

Design, tracers, inhibitors and symbols as in Table III# 1 and
Fig. III. 2. The relative binding avidity was 45/" for hM* and
4<$ for hP*.
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Figure III. 5, Inhibition of Ag^-binding to primary response anti-
nil serum 1+.

Design, tracers, inhibitors and symbols as in Table HI, 1 and
Fig, III, 2, The relative binding avidity was 13£o for nM%
Utfo for hM* and 19$ for hP*.
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Figure III, 6. Inhibition of Ag*-binding to primary response
anti-hP serum 10.

Design, tracers, inhibitors and symbols as in Table III. 1 and
Fig. HI. 2. The relative binding avidity was 2k% for nil*,
25% for hM* and 3Q& for hP*.
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Figure ux. 7. Inhibition of Ag'"-binding to secondary response
anti-hP serum 10,

Design, tracers, inhibitors and symbols as in Table III# 1 and Fig.
Ill# 2# The relative binding avidity was 3&/j for hM* and 33^
for hP*.
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8t Inhibition of Ag*-binding to primary response
anti-hP serumll.

Design, tracers, inhibitors and symbols as in Table III, 1 and
Pig, III, 2, The relative binding avidity was 11$ for nM% 1($>
for hM* and 22% for hP*,
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glfliire TTT, 9, Inhibition of M*-binding to secondary response
anti-hP serum 11.

Design, tracers, inhibition and symbols as in Table III, 1 and
Fig, III, 2, The inhibition of the monomeric and polymeric
tracers by hP inhibitor could not be compared directly since
different serum dilutions were used to bind monomers* and
polymers* and Fig, d, is omitted. The relative binding avidity
was 39fo for hM* and 20% for hP*,
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2. Studies on the aasooiation and dissociation of monomer!o and

polymeric BSA* and rabbit anti-BSA.

The additional antigenic specificities of polymerio BSA

(Results, part III* l) could be a faotor that contributed to the

higher ABC^j values often found when hP* was used as the test
antigen in the Parr assay. However, the possibility of faster

and stronger binding of the polymers to the antibody deserves

consideration* This idea was suggested by the finding that the

relative avidity (as estimated by the effeot of antigen* dilution)
of individual sera was often stronger for polymeric BSA than for

the monomer (Table III* 2)* A study of association and

particularly of dissociation rates has been ohosen as the approach

to the question (see Materials and Methods, part XI* 8)*

Sera from the primary (day 20) and secondary (day 59)

responses of rabbits 6 and 12 were ohosen for the study* The

ABCj^ values (at 0.01 pgN antigen*/ml) of these sera for nM* and
hP* antigens were respectively:

0*26 and 0.48 - primary serum 6; 1.41 and 1.97 - secondary serum 6j

0.84 and 1.27 - primary serum 12; 5.69 and 8.88 - secondary serum 12.

The values of the relative binding avidities of the sera for nM* or

hP* BSA are included in Table HI. 2.

The results of the studies on the rates of association of

nM* and hP* with the four sera are shown in Fig. III. 10 and III. 11.

A steep slope of a curve represents a fast rate of association as

the plot is that of label not yet bound at a stated time and



Table HI, 2. The quality of binding of monomeric and polymeric

BSA* to rabbit antibody.

Rabbit
serum

No.

Relative binding avidity (?o) a)

1° day 20 1° day 31 2° day 49 2° day £9

125
I - BSA antigen in the Farr test

nM hP nM hP hM hP nM hP

1 16 16 24 35 45 40 60 43
2 11 26 10 30 42 60 - -

3 12 14 12 23 15 26 - -

4 13 19 23 27 - - - -

5 13 20 22 22 24 21 69 43

6 17 28 22 22 23 25 71 78

7 13 13 20 18 - - - -

8 24 23 17 23 54 42 90 87

9 15 15 19 19 26 19 70 73

10 24 30 20 31 38 33 73 71

11 14 22 24 27 39 20 85 50

12 23 31 30 42 45 44 73 84

a) ABC,, at 0.01 |igN antigens/ml
•

x 100
ABC,, at 0.10 jigN antigen*/®!
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expressed as a percentage of the total radioactivity bound at

equilibrium. The association of hP* with both primary response

sera was appreciably faster than that of nM* (Pig, HI, 10a and

HI, 11a), However, the difference was not so striking when

secondary response sera were used (Fig, III. 10b and III, lib),
While the rate of association of nM* was essentially similar with

both primary and secondary response sera, hP* was bound more slowly

to the secondary than to the primary response sera.

The results of the studies on the rates of dissociation of

nM* and hP* from their complexes with antibody in the excess of

unlabelled homologous antigen are shown in Fig. Ill, 12 and III. 13*

The same sera were used as in the study of the rates of association.

Polymeric BSA* dissociated slower than nM* from both primary

response sera (Fig. Ill, 12a and III, 13ft)* The rates of

dissociation of both antigens* were more similar when secondary

response sera were used (Fig. III. 12b and III. 13b), being in

all instances lower than they were for the primary response sera.

Essentially identical observations were made when the dissociation

was studied in the presence of an exoess of the heterologous BSA

antigen (i.e. dissociation of nM* in excess of hP* and vice versa,

results not presented).

These relative differences between the rates of dissociation

of nM* and hP* correlate with the differences in relative binding

avidities found for each system (Table III. 2). The relative

avidities of all four sera were higher for hP* than for nM*,

However, the ratios of the relative avidity values for hP*:nM*

were higher for the primary (1.6 - serum 6; 1.3 - serum 12) than



178

for the seoondary response sera (1.1 - serum 6; 1.1 - serum 12).

Comment:

The bond (a) between polymeric BSA and antibody were formed

faster and, in particular with respect to the early antibody,

were stronger than those formed with monomeric BSA. These

differences were reflected in the relative binding avidities of

the sera for the antigens.



figure III. 10. Ihe rate of association of nM* and hP* with
antibodies of a, pr^maiy and bf secondary response anti-nM serum 6.

Antigens-binding at equilibrium (Be) was:

&• primary serum (1:30) : 2($ of nM*; of hP*.

b. secondary serum (1:270) : of nM*; 3¥/> of hP*.

Association rate ourves indicate the rate at which equilibrium
conditions are being approached.
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Fi/.ure III. 11, The rate of association of nM* and
antibodies of a. primary and b. secondary re3

Antigen*«»binding at equilibrium (Be) was:

a. primary serum (1:105) : 2k% of nil*j of hP*.

b. secondary serum (1:700) : 38$ of nM*j 52% of hP*.

Association rate curves indicate the rate at which equilibrium
conditions are being approached.
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figure III. 12. The rate of dissociation of nM* and hP* from
a. primary and b. secondary response anti-nM serum 6. -------

The proportion of 0.01 pgN antigen* abided bound at equilibrium (Bo)
was:

a. primary serum (1:30) : 23?? of nM*; k9% of hp*.
b. seoondary serum (1:270) : 25% of nM*; 35?? of hP.

The dissociation was measured after addition of excess (5 (igN)
of unlabelled homologous antigens.



- X 100
Bo

TIME (h ours)



Figure III. 13. The rate of dissociation of nM* and hP* from
a. primary and b. secondary responae anti-fcP serum 12,

The proportion of 0,01 |jgN antigen* added bound at equilibrium (Bo)
was:

a. primary serum (1:105) : 26% of nM*; UM-% of hP*.

b. secondary serum (1:700) : 4C$ of nM*; 5<$> of hP*.

The dissociation was measured after addition of excess (5 pgN) of
unlabelled homologous antigens.
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3. 'Standard' antjgen*-binding curves of monomeric and nolvmerio

BSA.

It has been olaimed that a relatively steep *standard*

antigen-binding curve found by the Parr teohnique is the mark

of a homogeneous antigen while relatively flat binding curves

are obtained with more heterogeneous antigens (Brownstone et al..

1966a). A difference between the slopes of monomer*- and

polymer*-binding curves has been a constant observation in this

work, the hP* curves being relatively flatter#

The object of this section was to compare the monomer and

polymer binding curves on a statistical basis, to evaluate them

and to express them in a mathematical form that could be used

to estimate serum ABC values#

a. Theoretical.

The general shape of the antigen-binding curve found by

radioimmunoassays that measure the primary antigen*-antibody

interaction is well established. The curve has been found

empirically to be similar for a variety of Ag-Ab systems but a

satisfactory theoretical explanation of its character is lacking,

When antigen binding ($) is plotted on a linear axis against

reciprocal antiserum dilution on a logarithmic scale a sigmoid

curve of the type shown in Fig, III, 14a,b is found. The log-

linear relationship found for a portion of the plot (from about

25$ to 75$ binding) is characteristic. Within this region a

change in per cent antigen bound is proportional to the log of

a serum dilution factor. Below 25$, Ag-binding is directly
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proportional to Ab concentration (Brownstone et al.. 1966);

above 70%-80% the course of the curve also deviates from the

log-linear relationship. The log-linear portion of the plot,

in particular the region where Ag is in excess, has been

empirically found to be most suitable for estimations of the

quantitative and some qualitative features of antisera (Parr,

1958; Ahlstedt et al.. 1973).

A titre, i.e. the reciprocal of that serum dilution which

would bind an arbitrarily selected proportion of antigen*

(33% in the present work) under the test conditions, is

frequently used to quantitatively compare the amounts of

antibody present in sera. It can be determined graphically

or mathematically for each serum. . The titre of a serum can

be calculated from any two experimental points that, like the

33% end point, lie on the log-linear portion of the curve.

More simply, only one point and the slope of the curve (where

known) can be substituted into the equation:

where y is % of antigen* bound by an experimental serum dilution.
dy

The slope of the binding ourve is defined as . the difference
log x

in % Ag* bound (dy) by two serum dilutions upon the log of dilution

factor x by which the two dilutions differ.

For any given system it is possible to construct a standard

titre 33 -
serum dilution binding y

1
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curve of a con8tant slope that is for all practical purposes

the same for all antisera reacting with one test antigen

(Brownatone et al.. 1966a. Mitohison, 1968a). This simplifies

the required mathematical calculations,

b. Experimental.

Standard binding curves for monomeric and polymeric BSA*

were constructed using experimental values of y found at serial

dilutions of antisera (2 to 10 fold) that bound between 25%
and 75% of hp*, and between 25% and 80% of hM* and hM*. The

mean values of fall in % binding (dy) of nil*, hM* and hp* were

calculated separately for two test antigen concentrations

(0.10 and 0.01 pgN Ag*/ml) for a dilution factor (x) of mouse

or rabbit sera of varying titres and relative avidities. The

results showed that dy (and thus the slope) was independent of

the test antigen* concentration (Table III. 3a) as was also

suggested by the parallel graphioal plots (Fig. III. 14a,b).

The mean values of dy presented in Table HI. 3b are therefore

based on pooled data obtained at both concentrations of the

antigens*. While the slopes of nM* and hM* binding ourves

were essentially identical, the slope with hP* was signifioantly

flatter for both rabbit and mouse antisera as indicated by a

slower fall in hP*-binding for any given dilution factor

(Fig. III. 14a,b; Table III. 3a,b). The slopes of the

binding curves for rabbit and mouse sera were found to be very

similar and thus the slope of a standard binding curve of

monomer BSA* was calculated from the dy values pooled for all

sera binding both nM* and hM* at two antigen* concentrations.



Table III. 3. The relationship between increase in antiserum

dilution and the f^ in ant^en^b^d^ Veforeefi 7Sfr25°/ff Vfej&S&«

a. The effeet of concentration of the test antigen*.

serum
dilution
factor
x

log X

Fall in % antigen*-bound (dy) (x - s.e.)
0.10 pgN Ag* in test 0.01 pgN Ag* in test

nM* hM* hP* nM* hM* hP*

2 .3010

(mouse)
27 * 1.3

(15a))
28 £ 1.4

(16)
16 £ 0.9

(32)
27 - 0.9

(29)
25 £ 1.0

(30)
14 * 0i
(49)

3 .4771

(rabbit)
37 ± 1.7

(6)
19 £ 2.0

(11)
37 ± 1.2

(6)
a £ 2.3

(13)

b. The effect of dilution factor and of the origin of antisera.

serum

dilution
factor

X

log X

Fall in % antigen*-bound (dy) (x - s.e.)

Rabbit antisera Mouse antisera

nM* hM* hP* nM* hM* hP*

2.0 .3010 27 £ 0.8
(33)

27 * 0.9
(32)

15 - 0.7
(59)

3.0 .4771 37 £ 1.1

(47)
36 £ 1.0

(53)
20 £ l.C

(93)
3.1 .4914 37 * 1.0

(60?
18 £ 0.6
(96)

3.2 .5051 38 £ 1.3

(36)
20 £ 1.1

(57)

4.0 .6021 53 £ 2.2

(9)
48 £ 2.5
(9)

25 * 1,1
(26)

9.0 .9542 43 t 1.7
(41)

10.2 1.0103 A4 £ 1.5
(24)

a) Numbers in parentheses represent the number of experimental values
of dy used for calculation of x £ s.e.
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The mean values of the fall in $ monomer*-bound (dy) presented

in Table III. 3b were substituted into the formula for calculation

of the slope ( dy ), The eight values so obtained were
log at

averaged to estimate the mean slope of the monomer* BSA standard

curve, and it was found to be 81 • 6.6 (x - s.d. of the means)*
The slope for the hP* standard curve, calculated in the same way,

was 42 - 4.2 (Fig* III, 15).

In order to estimate the variation of the slope among

individual antisera, the slopes of nK*, hM* and hP* binding

curves were found for 52 mouse and 40 rabbit antisera. The

mean slope of the monomer^-binding curves found in this fashion

v?as 78 - 2.4 (x - 2 s.e. n = 132) and that of hP*-binding curves

40 t 2.1 (x - 2 s.e. n = 92). These results agreed well with

those calculated from the mean values of dy based on a larger

number of experimental observations.

Substitution of the standard slope into equation (1) makes

it possible to determine the titre of a sera from a single point

on the log-linear portion of the binding curve. The titres

obtained in this manner agreed well with those determined

graphically. In Table III. 4 are the 33$ end points (reciprocal
serum dilutions binding 33$ Ag* added) for two antisera found

graphically from the individual titration curves (Fig. III. 34a,b)

or calculated by substitution of the standard slopes for monomer

or polymer BSA* into equation (l). Both nM* and hP* titration

curves of the rabbit serum (Fig. ^H. 34a) were in perfect

agreement with the respective standard curves and the 33$ end



Fixture III. 14. Antigen"1 binding as a function of antiserum
Binding ($) of 0.10 |igN/ml (full symbols) or 0,01 jigN/ml (empty
symbols) of nM* •, hM* ▲ or hP* ■ , on the linear axis is plotted
against the reciprocal antiserum dilution on the log axis. Parts
of the curves between 0$ to 25$ and 70% to 100$ binding were fitted
by eyej the log linear portion between 25$ and 70$ binding is
based on the standard curve for nM* or hP* fitted to an experimental
point nearest to 50$ binding. The slopes of the binding by the
rabbit antiserum (a) are 81 and 42 for nM* and hP* respectively
(the mean values as in Fig, III. 15). The slopes of the binding
ourve by the mouse antiserum (b) are 77 (x • 0.61 s.e.) and 56 (x ♦
3»33 a.e.) for nM* end hP* respectively; both values are within
99% of variation of the respective mean standard slopes. No
ourve is fitted to the binding of hM* and it is assumed to be
identical to nM*.
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Table III, 4. Comparison of the 33^ end, point values (and ABC33)
as found either graphically or by calculation.

Serum Antigen* used at pgN/ml
5% end point found

a)
Graphically b)

Calculated '

Rabbit nM 0.10

nM 0.01

hP 0.10

hP 0.01

50 (3.30o))
360 (2.38)
85 (5.61)

770 (5.08)

51 (3.37)
358 (2.36)
86 (5.68)

754 (4.98)

Mouse nM 0.10

nM 0.01

hP 0.10

hP 0.01

102 (6.73)
320 (2.11)
338 (22.31)
975 (6.43)

99 (6.53)
312 (2.06)
390 (25.74)

1113 (7.34)

a) The 33^° end points estimated from the antigen*-binding curves
shown in Figure III. 14a, b.

b) Calculation were bsused on experimental y% binding points
nearest to 50$; values of 81 and 42 for the slopes of
monomer* and polymer* BSA binding curves respectively were
substituted into equation (l).

c) The numbers in parentheses represent ABC.* values calculated
from the 33^ end points.
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Figure HI, 15. Binding of nM*. hM* and hP* BSA as a function
of antiserum dilution in the region between 25$ - 75$ binding*
- standard curves.

The fall in per oent binding (dy) of native monomer ( • ),
heated monomer ( ▲ ) or heated polymers ( ■ ) that follows
dilution of antisera by a factor of 2-10 is plotted against the
log of the dilution factor x. Each point represents the
arithmetic mean ± t s.e. (t for 99$ confidence limits) of
differences (dy) found experimentally on stepwise dilution of
rabbit (empty symbols) or mouse (full symbols) antisera. The
mean values (presented in Table III. 3b) were used to calculate
the slope of the standard curves as described in the test.
The standard binding curve of monomers is represented by the full
line, that of hP by the broken line.
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points found by the two methods were nearly identical.

The slope of the mouse serum (Fig, III, 14b) nM* binding curve

was a little shallower than that of the mean standard curve

(77 compared to 81) but the error thus introduced into

the calculated 33>t end point value was small (3^). The

mouse serum hP* binding curve was considerably steeper than

the mean standard curve (56 compared to 42) but even in this

case the error of the calculated values was not more than 15^«

The slope has been estimated for a number of published

Ag*-binding curves obtained in a variety of systems and compared

to those of monomerio and polymeric BSA* (Fig, IU, 16), The

majority of these slopes represented binding curves obtained

with a single antiserum. Two groups of binding curves oould

be distinguished. The first group included curves 1-6 that

fell within the variation of monomeric BSA standard curve and

the differences among them oould probably be best ascribed to

properties of individual sera. The similarity of the slopes

was remarkable in view of the fact that the antigens included

protein macromolecules, monovalent haptens and a polyvalent

hapten-peptide conjugate employed at different Ag* concentrations,

and thet sera of different species were titrated. In the

second group, similar to hP*, two antigens displayed relatively

flat slopes that have been thought to be consistent with Ag

heterogeneity (Brownstone et al,. 1966a: Hunter, 1967),
One was a tryptio digest of bacterial cells (curve 7),

presumably a truly heterogeneous antigen, the other (curve 9),
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a NI*P. . BSA conjugate probably heterogeneous with
6,5

respect to the "effeotive valency" of individual molecules

(Brownstone et al.. 1966a)•

Comments:

Standard antigen*-binding curves have been constructed

for monomeric and polymeric BSA and compared to binding curves

of several other antigens. The slopes of the binding curves

of two monomeric BSA antigens were identical and significantly

steeper than that of the polymer-binding curve. The slopes

of the binding curves have been found to be independent of

the antigen concentrations used in the Farr test, the origin

of antisera, and by comparison, probably the molecular weight

of the antigen. Use of the calculated slopes of the standard

curves allows rapid and relatively aeourate calculation of the

titres of a large number of antisera.
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Figure III, 16. Binding of several antigens* in the Parr test
as a function of antiserum dilution in the region between
25% - 75% bindlngl

1. I*BSA - rabbit anti-BSA, at 0,625 pg/ml \

(Minden and Farr, 1967) slope s 86
2. I*BSA monomer - rabbit or mouse anti-BSA, at

0,625 and 0.0625 {ig/ml
(present work) slope a 81

3. NIT.aminocap - rabbit anti-NIP, CO, at 10""^
- i<r* aN(Brownstone et al,« 1966a) slope s 73

-8
4. KI*P,»polylysine - rabbit anti-NIP.GO, at 10 M v

(Brownstone et al.. 1966a) 3lope » 70

NI»P, ,BSA - rabbit anti-BSA, at 1 pg/ml
(Brownstone et al., 1966a) slope » 69
S*ulf.tjp> - rabbit anti-sulf. BSA, at 10"^
and 10*BM *

(Sohirrmacher, 1972) . slope » 69 '

5. I*HGH - rabbit anti-IIG-H, at 1 pmg/ml
(Hunter, 1967 - radioimmunoassay) slope a 67

6. I*diphteria toxoid - mouse anti-toxoid, at 1.45
x 10"°m
(Mitchison, 1968a) slope = 65

7. Soluble I*Vibrio oholerae antigen - human
anti-V. oholerae _v

(Fretor, 1962) slope a 46 '

8. I*BSA heated polymers - rabbit or mouse
anti-BSA, at 0.625 and 0.0625 ug/ml
(present work) slope » 42

9. NITg 5 BSA - rabbit anti-NIP.CO, at 1 (ig/ol
(Brownstone et al.. 1966a) slope » 28

a) Calculated from data for a single antiserum. The mean
value of the fall in % binding of antigens* (dy) per a factor
of antiserum dilution (x) was determined from data published
in the cited works, and the slopes of the Ag*-binding curves
determined by substitution into slope ■ / . as described
in the text. (ior*j
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IV. HANDLING OF BSA ANTIGENS BY THE CELLS OF MONONUCLEAR

PHAGOCYTE SYSTEM

There is evidence to indioate that the manner in which

an antigen is handled by phagocytic cells plays an important

part in determining its immunogenicity (reviewed by Dresser

and Mitchiaon, 1968; Unanue, 1972). Apart from regulating

the effective amount of antigen that reaches the cells of the

lymphoid system, macrophages non-specifioally enhance the

immunogenicity of some antigens after uptake (e.g. BSA,

Spitznagel and Allison, 1970). While most of the endocytosed

antigen is rapidly catabolized, a small proportion remains

relatively protected from enzymatio destruction. It is the

relatively intact antigen which seems to aot as the immunogen

either in a macrophage-retained form or possibly following a

release from the macrophages (Cruohaud and Unanue, 1971;

Schmidtke and Unanue, 1971)*

The rates of clearance from the blood of radioiodinated

BSA antigens and that of homologous mouse serum albumin were

compared assuming that the disappearance of the radioactivity

reflected uptake of the proteins by phagocytic cells. Cultures

of peritoneal exudate cells were used as a model system to study

the processing of BSA by living macrophages subsequent to the

initial uptake. As a crude model of the lysosomal catabolism

of ingested BSA antigens their susceptibility to proteolytic

degradation by solubilized cathepsins was studied in vitro

using an enzyme extract from spleen.
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125
1. The non-immune clearance of I-BSA antigens from the

circulation,

125
Three pg of each I-labelled BSA or mouse serum albumin

(oontrol) preparations were administered intravenously into

groups of 4 CBA mice matched for body weight (3Qg) and the

animals were bled at intervals from 1 to 22 hours. The amount

of radioactivity found in the blood samples (counts/seo/ml blood

corrected for 10"* eounts/seo/antigen injected) was plotted on a

log scale against time after the injection (Fig, IV, 1), There

was no significant difference between the clearance of the

monomerio BSA preparations (nil, hM) and that of the control

homologous albumin. The initial dilution of the label in

the blood volume (approximately 2 ml) occurred during the first

hour and was followed by a prolonged equilibration throughout

the total fluid volume (about 4 ml) of the mice. There

appeared to be very little, if any, clearance of monomerio

BSA or mouse albumin due to cellular uptake,

Polymerio BSA (hP) was cleared approximately 3 times more

rapidly than the monomers or mouse 3A. The hP preparation

consisted mainly of higher polymers, contained traces of dimer,

trimer and tetramer and was free of monomer (disc electrophoresis).

The highly significant difference between the clearance of hP

and monomers can be best explained by very rapid phagocytosis

of a proportion of the label (4($) during the early period after

administration. The apparent stationary period from 2 to 12 hours



Figure IV. 1. The non-immune clearance of "^I-BSA antigens
from The^eirGulat'ion oF~Clk mice.

Four CM 6 per group; 60 |ig of nM, hM, hP or mouse albumin
containing 8.9 x 10 , 7.6 x 1CT, 8.1 x 10 and 5.6 x 1Cr
oounts/sec respectively were injected i.v.; the points
represent arithmetic means of counts/sgfl/ml blood corrected
for 1CP counts/sec injected; the bars represent + t s.e.
(95% confidence limits of the means).
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could, be due to heterogeneity of the hp material, part being

distributed through body fluids in a manner similar to monomer,

or/and to concomitant cellular uptake and an early release of

labelled degradation products into the blood. The latter

explanation seems to be supported by the finding that only 39 ♦

12.4/6 (x - 2 s.e.) of the hP* label found in blood after 22 hrs
A

oould be precipitated in 1C$ TCA, compared to 84 - 11.2,

83 - 4.6 and 75 " 6.1 per cent of mouse SA*, nM* and hM*

respectively.

In conclusion, while monomeric BSA persisted in the blood

stream in a free and relatively stable form for a period of

time comparable to the homologous albumin, a considerable

portion of the polymeric preparation was rapidly cleared and

digested by the phagocytic oells.

2. Processing of polymeric BSA* fry peritoneal exudate cells

in vitro.

The fate of radioactive hp BSA antigen that had been taken

up by mouse peritoneal cells in vivo was studied after transfer

of the oells into antigen-free medium in culture (Materials

and Methods, part XIII). It has been found that monomer BSA

was taken up by peritoneal macrophages 3-10 times less

efficiently than heat-denatured BSA (Kblsch and Mitohison, 1968;

Sohmidtke and Unanue, 1971)* The result of the previous in vivo

experiment (Results, part IV. 1) on olearance of BSA antigens

from the circulation led to a similar conclusion, Because of
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the minimal cellular uptake of monomerio BSA, only the uptake

and handling of hP BSA was studied in this experiment.

Two hours after intraperitoneal injection of hP* into normal

and immune mice respectively 0.01!$ and 0.077$ °f the

radioactivity was recovered per 10^ peritoneal cells. However,

the subsequent handling of the antigen in vitro by the cells

from both groups of mice appeared to be identical and Figure IV. 2

represents an experiment performed using cells of the immune

animals (see Results, Fig. II. 3| mice of groups 4, 5 and 6j

90 days post ohallenge).

There was a considerable period of time (4 hrs) between

the setting up of the cell cultures and the beginning of the

measured incubation time (time 0). During this time at room

temperature a proportion (21$) of the radioactivity was released

into culture supernatante as found at the start of in vitro

incubation at time 0. Incubation at 4®C (Fig. IV. 2.b) almost

stopped further oellular processing of the antigen and these

oultures were used as controls for those incubated at 37°C

(Fig. IV. 2.a). During the culture period, macrophages

metabolized the antigen and released increasing amounts of the

originally cell-bound radioactivity into the oulture supernatant.

A proportion of supernatant radioactivity that was insoluble

in 10$ TCA was taken to represent non-degraded antigen released

into the medium while the rest of supernatant radioactivity

represented extensively oatabolized digestion products. The

remaining cell-bound radioactivity consisted of intracellular

antigen (not removable by trypsin-EOTA) and antigen bound to the
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surface of the cells (removable by trypsin-EETA)*

Radioactivity associated with the oells decreased from

76$ to 7fo during the 26 hours in vitro with a concomitant

increase (21$ to 92/2) of that found in the culture medium

(Fig* IV* 2)* Most of the culture supernatant radioactivity

was derived from the intracellular antigen. In the culture

supernatant the proportion of the radioactivity found in the

form of TCA-soluble catabolio products increased with time

(from 4-7$ to 64-/2)* However* the amount of relatively intact

TCA-inaoluble antigen increased from 11$ to 33/2 of the total

radioactivity* Part of this protein-bound label may have been

initially released from cell surfao# (see below) but most of it

must have originated from the intracellular compartment.

The cell surface-bound antigen represented 11$-15$ of total

radioactivity at the start of in vitro incubation. While

this proportion remained unchanged during incubation of the

control cultures at 4°C, during the first hour of incubation at

37°C about 80$ of the surface-bound label (*faat released1) was

removed. After the initial rapid decrease the amount of the oell

surface-associated radioactivity remained relatively stable at

1.3$-4-.7$ of the total. The disappearance of part of the

surface-bound antigen at 37°C oould have been due to endocytosis

with transfer to the intracellular compartment. Alternatively,

and more likely, it was released into supernatant. The evidenoe

for the release is that there seems to be a slightly fastar transfer

of radioactivity from the cells (but not from the intracellular
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compartment) into the TCA-precipitable supernatant fraction

during the first hour (as compared to the period between 1

and 6 hours)* It seems possible that the 'stable' and the

'fast released' fractions of the cell surface-associated label

were originally of different subcellular localisation*

Alternatively, they could have been associated with different

cellular populations of the peritoneal exudate*

Comments:

Most {32$}) of polymeric BSA taken up by peritoneal exudate

cells was lost from the oells during 26 hrs in vitro. About

a third of the released label appeared to be non-degraded,

the rest had been extensively oatabolized. At least a part

of the non-digested antigen was released from the cellular

interior rather than from the surface. A small amount (7$£)
of the antigen remained oell-bound, both intrace11ularly

(5*3^) and on the cell-surface (1*3^)*
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Figure IV. 2. Processing of polymerio BSA* by peritoneal
exudate cells in vitro.

7*3 x 105 cells/culture of oells that had taken up the antigen*
in vivo« The results are expressed as per oent of total radio*
activity associated with whole cultures at time 0 as follows:
total cell-bound • ; intracellular £3.; cell-surface associated O ;
total culture supernatant-released A • 10% TCA-predpitable
supernatant A •
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3. Enzymatic degradation of BSA antigens by mou3e spleen

Oathepsins.

The susceptibility of the BSA preparations to digestion

by proteases of the cathepain group was studied in vitro

using a soluble extract of the enzymes obtained from spleen

(Materials and Methods, Part XII). VYhole spleens were

used to prepare the enzyme extraot and thus enzymes from all

cellular components, not only macrophages, were present.

Bie results are presented in Figures IV. 3 and 4.

Quantitative estimation of TCA-soluble digestion products showed

that degradation of native monomer (nil) proceeded to the final

stages faster than that of heated monomer (hM) or polymers (hP)

(fig. IV, 3)« Cto examination by disc electrophoresis nM

appeared to be more digested than hM, and as for hP it wa3 the

highly polymeric fraction of it that appeared moat resistant

(Fig. IV. 4a, c).

It is known that denatured proteins are more susceptible

to proteolytic degradation than their native equivalents

(Timasheff and Sibbs, 1957)* Thu3 the finding of relatively

fastest breakdown of native monomer was unexpected. The hM

preparation was likely to be enriched in subpopulation(s) of

BSA molecules resistant to denaturation at pH 3.8 (see Materials

and Methods, part II; Results, part I. 2,3). The present

experiment was performed at the pH optimum of cathepsina (pH 3.3)»

and at this pH presumably more of nM than of hM was susceptible

to denaturation and subsequent attack by the enzymes. The

relatively high resistance of the hP preparation could be in
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part due to the presence of hM and also to persistence of the

largest polymers while the oligomers were degraded fast

(Pig. IV. 4). The longer time required to digest the higher

polymers into small TCA-soluble fragments is likely to be

simply a reflection of their large size.

The oapaoity of all three antigens to form immune

precipitates with antibody was destroyed to a considerable

degree before much TCA-soluble material could be detected

(compare Pig. IV. 4.b,d and Pig. IV. 3)« It was not possible

to quantitate the remaining immunochemical activity of the

digestion produots by immunodiffusion and so correlate the course

of immunochemical destruction with the rate of total destruction

of the proteins. The use of the digests as inhibitors of

antigen-binding in a radioimmunoassay would be the method of

ohoice for a more conclusive study.
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Figure IV. 3. Enzymatic degradation of BSA antigens by mouse

spleen cathepslns.

In yitro digestion of BSA substrates was followed by quantitative
estimation of 5°/o TCA-soluble degradation products in the reaotion
mixtures.
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figure XV. 4. Enzymatic degradation of BSA preparations by mouse
spleen extract.

a, and c. : Disc electrophoresis of digestion mixturea. Samples
of 0,2 ml of digestion mixtures ( 288 jjg of BSA or
its degradation products). 13.3^ gels; migration
from cathode towards anode.

b. and d. : Immunodiffusion. Wells were filled with a - heated
monomer digest; b - heated monomer control;
c - heated polymers digest; d - heated polymers
control; e - native monomer digest; f - native
monomer control; g - rabbit anti-BSA serum.
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Induction of a specific immune response or immunological

tolerance are thought to be alternative ultimate consequences

of interaction between antigen and an antigen-specific

immunocompetent cell. The role played by antigen in the

initiation of either process is assumed to be exercised through

its binding to cellular receptors although the detailed nature

of antigen's influence is at present a matter for speculation.

It has been proposed that the outcome is a function of the

extent of antigen binding; when a certain 'threshold' dose

of bound antigen sufficient to trigger a response is overstepped

or not attained the cell my instead become unresponsive

(Noaaal, 1969} Cohen, 1971)* Other models have proposed

that the mode of antigen presentation may be the discriminatory

signal (Dresser and Mitchison, 1968; Cohn, 1969; Bretscher

and Cohn, 1970; Diener and Feldmann, 1970, 1972; Parish, 1971b,

1972; Katz et al.. 1974) but they are not necessarily in

variance with the dose 'threshold' conoept. The supportive

evidence for the hypothetical models is circumstantial.

Induction of both a humoral response and tolerance are antigen-

dose dependent phenomena (e.g. Mitchison, 1964, 1968a; Shellam

and Nossal, 1968; Ma and Parish, 1968; Shellam, 1969a;

Weigle et al.. 1971; Weigle, 1973)• Moreover, lymphocytes

with relatively more avid reoeptois and thus presumably capable

of more efficient binding of antigen appear to be triggered or

rendered unresponsive by smaller doses of antigen than cells

with lower avidity receptors (see Siskind and Benacerraf, 1969;

Andersson, 1972). Presentation of antigen in a form that
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would enhance its capacity for multivalent and thus more

avid binding to immunocytes may be expected to enhance its

immunogenic (Mitohison, 1971e) and perhaps also its tolerogenic

properties (Holler, 1970b; Feldoann and Kossal, 1972).
A provisional list of antigen 'concentrating' mechanisms that

have been considered to result in the formation of such

polyvalent forms includes T cell products, antigen-antibody

complexes, macrophage 'processing* and, the simplest, polymerization

of antigen (TfflO, 1970)*

It has been known for some time that the physical state

of some antigens can be an important factor bearing upon their

immunogenicity but the cause has not been clarified. Mild

aggregation of heterologous serum albumins has often resulted in

their enhanced capacity to induce humoral response (Frei et al..

1965; Hirata and Sussdorf, 1966; Draper and Hirata, 1968;

MoBride, 1971)* Simultaneous studies on the tolerogenicity

of the same aggregated antigens are scarce (Dvorak et al.. 1969;

Stark and Spitznagel, 1969)*

Humoral anti-albumin responses require cooperation between

T and B lymphocytes (Taylor, 1968, 1969; Hitchison et al.. 1970)

and are further amplified by involvement of macrophages

(Spitznagel and Allison, 1970). Thus the apparently increased

immunogenicity of the aggregates could be associated vdth a more

efficient involvement of any of the three types of cells.

Increased in vivo (Dvorak et ai., 1969; McBride, 1971) and
ft

in vitro uptake (Kolsch and Mitchison, 1968; Stark and Spitznagel,
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1969) and 'processing* by macrophages (Schnddtke and Unanue,

1971) as well as enhanced stimulation of lymphocytes in culture

(Rarkhouse and Dutton, 1967) have been reported for aggregated

as compared with aggregate-free serum albumins. At the

level of the antigen itself, the altered immunogenicity of

aggregated albumin oould be related to increased molecular

size (parkhouse and Dutton, 196?) and perhaps an increase in

•effective* valency, to an increased chemotactic aotivity for

cells (Wilkinson and McKay, 1971) and/or to an appearance of a

'new* antigenic specificity on the polymerized molecule

(WOlberg et al,. 1970).

One of the possible reasons why no firm conclusion has

been drawn from these studies appears to be the lack of both

precise immunochemical characterization of the antigens and

deteotion of the total antibody responses induced. Many of the

studies have failed to provide data on the immunochemical

as well as the physical state of the antigens (Parkhouse and

Dutton, 1967; Frei et al». 1968; Stark and Spitznagel, 1969;

Dvorak at al,. 1969) or have used secondary and tertiary antibody

assays to measure the humoral responses and/or the serological

arcs3-reactivity Qf the antigens (Frei et al,. 1968; Hirata

and Sussdorf, 1965} Draper and Hirata, 1968; Wolberg et al.,

1970).

The present study has compared the relative iismunogenioity

and tolerogenicity of monomer and polymerized BSA with respect

to the humoral response. An attempt has been made to characterize

the antigens both physically and imraunocbemically. A primary

antigen-binding assay (FArr, 1958) has been used to study



195

quantitative and some qualitative features of the antibody

responses as well as the serological behavior of the antigens.

The immunochemical studies have concentrated upon a search

for a possible difference in antigenic specificity or in the

avidity of binding to antibody. Some aspects of the antigen-

handling by phagocytic cells will also be discussed.

I. Preparation and physioal characteristics of BSA antigens.

The antigens studied in the present thesis were native

monomer (nM), heated monomer (hM) and heat-polymerizeu (hP)

BSA. Native monomer was obtained by Sephadex G100 chromatography

of commercial Conn fraction V, a procedure that, in aooord with

findings of other workers (Pedersen, 1962; Janatova et al..

1968), allowed complete separation from native oligomers and

satisfactory purification from non-albumin contaminants. The

procedure has also been reported to remove all traces of

endotoxin from the monomer (Philip at al.. 1966; Dvorak and

Bast, 1970) and has been used to prepare the monomerio albumins

used in immunological studies similar to the present work (Pre!

et al.. 1968; Dvorak et al.. 1969; Stark and Spitsnagel, 1969)#
Heated monomer and polymerized BSA were prepared by thermal

denaturation of nM at low pH. This resulted in a 90?fe yield

of denatured albumin. The conditions of denatuxatioa were

developed independently because one of the requirements of the

denatured antigens was their utility in the Parr assay, a

consideration not important to those authors who used other

methods (Frei st al.. 1965; Hirata and Campbell, 1965;
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Parkhouse and Dutton, 1967; Dvorak et al,. 1969; Wolberg

et al«, 1969)* The denatured preparation cf ESA was

solubilized and further fractionated on Sephadex G-100 gel.

Wolberg and coworkers (1969) were the only group who attempted

a similar subfractionation of denatured albumin but they did

not test the purity of the resulting 'monomer1 and 'polymer*

fractions. In the present work the heated monomer was obtained

well free of polymers but the polymeric preparation contained

a considerable proportion of hM. No further attempt to purify

hP was made but it is suggested that an improved separation of

monomer and polymers would be achieved on a longer Sephadex G100

bed or on a series of several columns. Subsequent re chromatography

of hP on a Sephadex G200 gel would be the method of choice to

obtain, if required, a further fractionation of the heterogeneous

mixture of polymers (Pharmacia, 1970).

Several physical characteristics of the antigens have been

compared, namely their absolute light absorption spectra, the

relative exposure cf tyrosyl residues, solubility ih solutions

of ammonium sulphate, and molecular size. There was very little

difference between these parameters for nM and hM except for a

small increase in the exposure of tyrosyls on hM (5^12^2)•

It is possible that hM was a mixture of denatured molecules in

which a change in conformation but not polymerization took plaoe

(Warner and Levy, 1958) and of a mieropopulation of native

monomer molecules resistant to denaturation at 6o°C/pH 3.8
V / V

(Stokrova and Sponar, 1963). The hP preparation was a
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heterogeneous mixture of soluble polymers of various siza

which also contailed some hM. An apparent increase of light

absorption between 250 nm and 300 nm by hP solutions was

likely to be due to light scattering rather than to structural

changes detectable by the method. Partial masking of tyrosyls

resulted from polymerization, but the difference corresponded

only to 3/6-4$ of the total 20 residues. The decreased

accesibility of tyrosyls could explain a slight3y lower
125

efficiency of icdination of hp with i that was a consistent

observation in the present work. Denaturation of polymers

was further reflected in their decreased solubility in ammonium

sulphate. However, the only substantial physical difference

between the antigens was their molecular size as was utilized

in their preparation.

H. Immunogenioity and tolerogenicity of ESA antigens.

In agreement with earlier work native monomer BSA has been

found to be poorly immunogenic both in mice (Mitcfcison, 1964}

1968a; MoBride, 1971) and in rabbits (Frei et al.. 1968;

Pinokard et al.. 1968). Polymerization of BSA resulted in a

significant enhancement of its humoral iamunogenicity. Both

primary and secondary responses of mice and rabbits to nM

or hp (administered in saline alone or with C. parvum) were

consistently characterized by a larger amount of antibody being

formed after injection of the polymers. Albumins denatured

by heat have often (Frei et al.. 1965; Hirata and Sussdorf,

1965; Draper and Hirata, 1968; Spitznagel and Allison, 1970;

MoBiide, 1971) tut not always (Dvorak et al.. 1969; Maurer, 1959)
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induced stronger humoral responses of anti-native specificity

than the native antigens themselves. Dvorak and associates

(1969) tested immunogenicity of heated USA at only one dose

(5 *og) that had been shown, at least for native USA, to be

supraoptimal and tolerogenic in their system (Dvorak et al..

1965). Haurer (1959) found the immunogenic!ty of a heat-

denatured derivate to be reduced compared to that of native

BSA but only preoipitating antibody was measured and the

heated imraunogen was so denatured that it lost nearly all

cross-reactivity with the native antigen (llaurer et al.. 1957b).
In comparison, native specificity of BSA was almost completely

preserved in the heat-denatured preparations used in the

present (Results, part III, 1) and some of the above mentioned

studies (Hirata and Campbell, 1965; Draper and Ilirata, 1968;

MoBride, 1971).
The enhanced immunogenicity of hP could be solely due to

the higher polymers present in the heterogeneous preparation.

This point has been little explored in the present work, but

in one experiment a small dose of insoluble aggregates primed

mice for a response to a subsequent challenge even more

effectively than did hP. The same dose of either native

or heated monomers was not immunogenic, While a definite

conclusion would require more thorough investigation, the

suggestion is supported by data showing that the in vitro

stimulatoiy capaoity of heat-denatured BSA preparations is
related to their moleoular size (Barkhouse and Dutton, 1967),

Furthermore, at least in mioe, the lower oligomers of BSA do
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not seem to be more immunogenic than monomer (Stark and

Spitznagel, 1972). A species difference in the eapacity
to recognize and respond to traces of oligomers present in

preparations of monomer BSA could be a possible reason why

rabbits but not mice responded to heated monomer (present

work), •native' oligomers (Frei et al.. 1968; Stark and

Spitznagel, 1972) and why in vivo passage of BSA in rabbits

but not in mice effectively removed the immunogen (Mitohison,

1964; Frei et al.. 1965).
The oapacity to induce either an immune response or

tolerance tends to be canaldered as mutually exclusive

properties of a stibstanoe. Aniyet induction of either state

has often been shown to be dose dependent phenomena which can

be provoked by the same antigen. BSA is a valuable antigen

for examining the dose thresholds for the triggering of these

states. Tolerogenicity of native, mainly inonomerio, albumin

is well established (Mitchison, 1964; Taylor, 1964; Dvorak

et al.. 1965; Thorbeoke and Benaoerraf, 1967) but the

tolerogenic capacity of the relatively more immunogenic polymers

has been little studied, Hative BSA induces in mice two dose-

defined zones of tolerance separated by a dosage region where

it is immunogenic (Mitchison, 1964; 1968a). In the present

study, the single dose regime for induction of low-zone

tolerance (Taylor, 1969; MoBride, 1971) has been adopted

to compare the relative tolerogenioity of monomer and polymer

BSA.

Single doses of 1, 10, 50 or 100 jig of native monomer



200

induced a significant degree of hyporesponsiveness in adult

CBA mice. Allowing for the length of the paralysis-inducing

treatment this dose region of low-zone tolerance compares well

with the reports of other workers using native monomer (Stark
and Spitznagel, 1972) or Cohn fraction V. in intaot CBA

(Mitchison, 1964, 1968a) or CAF^ mice (Thorbecke et al.. 1969),
or on T cells (Taylor, 1969? RajewsHy, 1971J Mitchison, 1971a).

Heated monomer was as tolerogenic as the native monomer at 50 jig,

the only dose tested. Injection of 1 or 10 jig of polymerized

BSA resulted also in partial tolerance; hyporesponsiveness

induced by 0.1 jig of hp BSA was not statistically significant.

Thus the lowest dose that had a detectable tolerogenic effeot

(toleranoe threshold) was similar - 1 jig - for both oonomerio

and polymerized BSA. Assuming that low-zone toleranoe oan

be deteoted only in the absenoe of concomitant immunization

(Dresser and Mitohiscn, 1968; Mitohison, 1968a), then the

upper dose at which hyporesponsiveness becomes less pronounced

or undetectable can be taken as the immunogenic dose threshold.

Thus defined the immunogenic dose of native monomer was between

100 jig and 1 000 jig, similar to that reported previously for

intact mice (Mitchison, 1964; 1968a; Stark and Spitznagel, 1972)
or for lymph node oells (Taylor, 1969). In contrast, the

immunogenic (priming) threshold of polymerized BSA was at 50 jig.

Such a difference may however be more apparent than real.

Data on the relative tolerogenicity of heat-aggregated

albumins is sparse but •coagulated* BSA proved to be entirely

unable to maintain paralysis in CBA mice at any of multiple
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administered 1 pg - 100 pg doses (Mitohi3on, 1968a)# This

could be due to rapid in vivo phagooytosis and poor

penetration of the lymphoid tissues by the insoluble

preparation. However, a single large dose (5 rag) of heat-

aggregated H;A induoed •split* tderanoe in guinea pigs

(Dvorak et al#. 1969)# The data on the relative tolerogenioity

of albumin antigens oan be briefly compared to those for Ig

preparations# C57B1/6J strain mice were made unresponsive by

0.1 mg - 10 rag of aggregate-free KGG but were immunized by 1 rag

of salt-precipitated 'native* aggregates or by chemically

aggregated HGG (dose not given) (G-olub and T.'eigle, 1969)#

However, the same strain of mice could be paralysed by 20 pg -

2 mg of a similar chemically aggregated KGG as long as the

aggregates remained soluble (Das et al.. 1973)# In ddD strain

mioe, centrifuged HGG was increasingly tolerogenic at doses of

100 - 1 000 pg while heat-aggregated HOG tested at 1 pg - 100 pg

was increasingly immunogenic (Kawaguchi, 1970).
It is diffioult to make valid conclusions based on results

obtained with different antigenic preparations in different

animal species and strains and in studies of various seotions

of immune responsiveness. Furthermore, the dose ranges

investigated were not always comparable for all antigen!o

preparations. nevertheless, it seems that tolerogenicity is

not exolusive to monomers and is a oapaoity possessed by some

polymerized serum proteins. In the present system it oould

be detected below their immunogenic dose threshold. The dose

range examined did not include high-zone tolerance and the

relative tolerogenioity of polymerized BSA in that region remains
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to be established.
w/

The hyporesponsiveness described in the present system was

deteoted only early after a challenge and presented as a delay

of the response rather than a permanent state. "Hie low-zone

tolerance to BSA in mice is believed to reflect unresponsiveness

of T helper populations (Rajewaky, 1971; Mitchiaon, 1971a*

1972b j Rajewsky and Brenig, 1974). The present finding that

the quality of the residual antibody secreted by hyporesponsive

mice was not affected eccfirms earlier reports (Andersaon, 1972;

Rajewsky et al.. 1972) and has been interpreted as to indicate

that B cell populations were not selectively inactivated in

low-zone tolerance (Ra.jewsky et al.. 1972; Rajewsky and Brenig,

1974). Assuming that the hyporesponsive state indeed reflected

tolerance of T eells, its relatively transient (< 40 days)
duration was unexpected. Spontaneous recovery of responsiveness

in completely tolerant T cell populations takes at least 100 days

(Weigle et al«. 1971; Weigle, 1973; Rajewsky and Brenig, 1974).

However, low-zone tolerance to BSA is rarely absolute even

following a protracted period of antigen administration (Mitchison,

1964, 1968a; Rajewsky and Brenig, 1974). In the present study

the hyporesponsiveness was induced by a single injection and the

subsequent challenge probably constituted a persistent depot of

antigen. It is possible that a proportion of lymphocytes in

peripheral tissues were not affected by the short tolerogenic

treatment and could respond to challenge after recruitment or

cell division to replenish the initially depleted pool of responsive

cells. Some support far this interpretation is lent by the

finding that the recovery of the most depressed animals (after
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10 |ig of nM) was slower than of those less tolerant at the

start of the experiment. Alternatively, T cells generated
after the tolerogenic treatment could be present by the time

of challenge. Fast recovery (24 days) of responsiveness

among thymocytes of mice made tolerant by a single high dose

of BSA has been reported (Mitchison et al.. 1970)»
It is not clear in which anatomical location the relevant

\

H cells were reached by the tolerogenic signal but while soluble

BSA administered i.p. paralysed cells in lymph nodes as well

as in thymus (Taylor, 1969), polymerized BSA penetrated tissues

including thymus poorly (McBride, 1971)* If the anatomical

restrictions imposed on access of free BSA antigens to lymphocytes

in distant tissues are of an importance in their tolerogenicity

then (a) the relatively lower degree of maximal tolerance inducible

by hp BSA could be partly accounted for by fewer cells reached

by tolerogenic amounts of the polymers, and (b) since the apparent

tolerogenic threshold is the same for nM and hP BSA, the effect

of polymerized BSA on those cellular populations that can be

reached may be more profound. However, concomitant immunization

might also explain the difference in degree of tolerance due to

hP BSA and more work is needed to resolve these questions.

HI. Serological studies with BSA antigens.

The first indication of a possible difference between the

serological activities of the monomerio and polymerized antigens

employed in the present work was the finding that the antigen-

binding capacities of individual sera were often higher when hP

rather than nM (or hM) was used in the Farr test. An identical
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observation had apparently been made with native dimer of BSA

(Stark and Spitzriagel, 1972)#
Cross-inhibition of the binding of the antigens to rabbit

antibody have shown that both native ana heated monomers had
identical antigenic composition that appeared to be in some

respects different from that of the polymerized BSA. No

quantitative comparative study on antigenic specificity of

native ana heated monomeric BSA has been performed but Wolberg

et al. (1970) reported both monomers to be similar in their

lack of a *new* antigenic specificity found only on the aggregated

antigen. Similarly prepared, presumably monoraeric, preparations

of HUG have been found to be identical in their non-reactivity

with a rheumatoid factor (Biro and Garcia, 19£>5)» In contrast,

heat-aggregated EGG did react with the reagent that is believed

to contain antibody directed to 'hidden* determinants of HGG

(Henney and Stanworth, 1965? Elirose and Osier, 1965# 1967b) ♦

Polymerization of BSA resulted in a minor loss of native

antigenic reactivity and, more important, in the appearance of

what seemed to be a *new* specificity. Antibody that detected

the 'new* determinant(s) appeared early and transiently in sera

of rabbits immunized with either native monomer or polymerized

BSA, and appeared to be of a relatively lower avidity than the

monomer-reactive antibody formed at the same time. Kinetics

of the occurrence of this antibody were similar to that of rabbit
precipitins specific for heat-aggregated BSA (Wolberg et al.. 1970)
or aggregated HGG (Hlrose and Osier, 1967a). Draper and Hirata

(1968) claimed that their preparation of insoluble heat-aggregated
BSA was serologically identical to native soluble antigen.
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However, they used passive haemagglutination inhibition as a

test and the published data suggested only that no qualitative
loss of native specificity from aggregated BSA occured (Hirata
and Campbell, 1965)# Thermal denaturation of BSA has resulted,

in some instances, in a pronounced loss of serological cross-

reactivity with the native preparation (Maurer et al.. 1957bJ

Maurer, 1959)* The conditions of denaturation employed

by these workers were rather harsh (100°C for 1-2 hrs) and

likely to oause an extensive alteration of the tertiary

conformation (joly, 1965) that appears to be important for the

antigenic integrity of the moleoule (see Habeeb and Bore11a, 1969;

Petens and Goetzl, 1969)#

The conformational nature of the ♦new1 specificity of

polymerized BSA is not clear and it, indeed, seems uncertain

whether the description of serological behavior of polymerized BSA

in terms of a qualitatively distinct new determinant is justified.

The present evidence can to varying degrees accomodate at least

three hypothetical models.

(a) A •hidden* epitope normally situated in the molecular interior

that was exposed during denatu ration by a process, perhaps

the normal-fast isomarisatioa (Foster, 196(), or a sulphydryl-

disulphide exchange (lamer and Levy, 1958), that mimicked a

similar unoovering of •hidden* structures in vitro by

alteration of internal disulphide beards (Peters and G-oetzl,

1969; Goetsl and Peters, 1972) or by enzymatic digestion

(Lapresle and Durieux, 1958; Lapresle and Webb, i960; Spies

et al.. 1970; Wright and Rothberg, 1971). The presence of the
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•specific* antibody in anti-nM sera oculd be explained on
the assumption that an exposure of the epitope took plaoe
in vivo (ishisaka et al., I960), Alternatively, the presenoe

of the site on a minority of monomer molecules has to be

assumed. However, it remains difficult to explain why the

•3peciflQ* antibody had a tendency to disappear during

immunisation with both monomer end hP.

(b) Superimposition of the surfaces of the individual aonomerio
units caused by polymerization might have been recognised as a

truly new site analogous to the quaternary structure-associated

determinants of e.g. haemoglobin (Eeichlin et al., 1965b) or

IgM (Solheim et al,, 1971), FTesence of the •specificity* in

both monomelic BSA preparations makes this explanation unlikely,

and the kinetics of the antibody remains unaccounted for,

similar to model (a),

(c) The results of the inhibition studies can be interpreted in

tero3 of an increased 'effective • avidity of binding of

polymerized BSA rather than in terms of a qualitatively-

distinct new determinant(a). The model assumes that polymerization

resulted in such an arrangement of native epitopes that would

enable a polyvalent antibody molecule to bind two (or more)
of them at the same time. Multivalent interaction would be

more stable than a single bond between one antibody site and

a monovalent monomer molecule (Sarvaa and Makela, 1970$

Makela et al,. 1971b$ Boraick and Karush. 1972) (monovalent
with respect to each of its qualitatively different determinants),
Furthermore, the difference between the quality of polyvalent
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binding of hP and monovalent binding of monomer would be most

apparent in their interactions with antibody of low intrinsic
affinity.

A •maturation* of a response towards antibody of increasing

average avidity is believed to represent a proportional shift

towards populations of high affinity (Siskind and Benaoerraf,

1969? Warblin et al.. 1973). An increase of antibody avidity
during response to BSA has been observed in this as well as
in earlier work performed on rabbits (Farr, 1958; Grey, 19&t-|
Rodkey and Freeman, 1970) and mice (Andersscn, 1970, 1972).

Comparative studies of the association and, more important,

dissociation rates of the antiger*-antibody interaction indicated

that binding of the polymers to early antibody of relatively low

avidity was more efficient than binding of raonomeric BSA. When

the avidity (as, presumably, intrinsic affinity) of antisera

increased, little difference in strength of binding of nM and

hP was seen. Presumably the capacity of hp for polyvalent

interaction of enhanced avidity will become less relevant when

the intrinsic affinity of antibody is sufficiently inoreased

during the process of 'maturation*. A differential capacity

of monomeric and polymeric BSA to form stable complexes with low

avidity antibody could also account for the results of the
Uj.

inhibition studies. The reactions of liP with the more numerous

heterogeneous populations of antibody molecules present in the

early rather than late sera wcxild be correspondingly more difficult
to inhibit with native antigen.

The last hypothetical model accounts be3t for all present
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experimental findings and could be further tested* However,

it should be pointed out that specifioity and avidity of antigen

recognition by antibody are- closely interrelated (Siskind, 1969)
and that the three models discussed above are not necessarily

mutually exclusive. Moreover, the •effective* avidity of

binding may not be solely a function of the specific but also to

a varying extent of non-specific intermolecular interactions

(Pauling, 1946) and the potential polyvalency of polymers may

or may not be decisive far it. In addition, secondary response

antisera are likely to be richer in IgG- antibody (Draper and

Hirata, 1968) that would utilize the polyvalency of polymerised

BSA less effectively than the early, presumably IgM, antibody
" *

(Finklestein and Uhr, 1966; Sarvas and Pakela, 1970, 1974) and

a classification of the antibody reactive with polymerised BSA

as IgM remains a distinct possibility that should be examined.

An incidental observation of a difference between the slopes

of the antigen-bindings curves of monomeric and polymerized BSA

has been made in the course of present work. The binding (jS) of
raonomeric BSA fell off considerably faster than that of the polymerized

antigen as antisera were diluted. Standard slopes of the

antigen-binding curves of the two physical farms of BSA were

derived empirically and their utility in calculation of antigen-

binding capacities (ABC^) antisera has been tested. The
slopes appeared to be inherent characteristics of the antigens,

the properties of antisera having, for all practical purposes

and within the limits of the variables examined, little effeot

on them (see below). Use of a standard slope in calculation of
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ABC^ values offers a rapid and relatively accurate method for
processing a large number of anfcisera. It is more practical

and at least as accurate as azy graphical method (Farr, 1958;

I/iinden and Farr, 19b"jf) and in comparison with computerized

methods that estimate the slope for each serum separately

(MoBride, 1971) it has the advantage of making U3e, if necessary,

of a 3ingle experimental point on the log-linear part of the

ourve. Where more experimental values are available for one

serum the method can to some extent minimize the experimental

error of the Farr technique, particularly that due to over-

estimation of binding in antigen excess (Minden and Farr, 1967)*

Other laboratories have employed empirically derived standard

curves for their practical purposes but their slope and method

of derivation have not been published in detail (Brownstone et al».

1966a, b; Mitchison, 1968a, 1971f)» These authors proposed a

universal standard binding curve valid for a variety of haptens

and protein antigens including BSA. However, although the

majority of antigens studied in radioimmunoassays displayed

relatively steep binding curves (Bromstone et al.. 1966a;

Mitchiaon, 1968a; Minden and Farr, 1967; Hunter, 1967; Schirrmacher,

1972) compatible v&th that presently described for monomer BSA,

exceptions similar to polymerized BSA have been found (Freter,

1962; Browistone et al.. 1968a). The last workers attributed

the relatively flat binding curves to heterogeneity in "accessibility"

of the reactive epitopes of some antigens that, it was implied,

were not suitable for use in the Farr assay.



210

Certainly an application of the formula derived for a

standard curve by Brownstone et al. (1966b) for the estimation

of NIPC -BSA binding oapaoity resulted in rather inconsistent5.2

ABC values calculated from the percentage of ligand bound

by serial dilutions of individual anti-NIP sera (Hatcher and

M&ela, 1972). The data show that the slope of the conjugate's

binding curve was flat (more so than the slope of hP binding)

and thus application of a formula assuming a steep slope led to

a variable and erroneous underestimation of the ABC of the sera.

It seems that a standard binding curve characterized by its slope

constructed for every individual antigen separately would allow

a perfectly valid iraohematical processing of data obtained by

the Farr method.

A theoretical interpretation of the antigen-binding curves

obtained by the Farr assay is not available, and thus ar$r

suggested explanation of the difference between their slopes

for monomer and polymerized BSA is a matter of speculation.

The slopes of both monomer (Minden and Farr, 1967) and polymer

BSA binding were independent of test antigen concentration, and

hence the difference could not be simply accounted for by

essentially lower molar concentration of polymer. By analogy,

the slope is not a function of molecular weight per se since it

is similar for monomer BSA, other maoromolecular antigens

(Hunter, 1967} Mitchison, 1968a) and haptens (Broxmstone et al

1966a; Sohirrmacher, 1972). An incomplete separation of the
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antibody-bound and free antigen in the process of the teohnique

has been suggested to result in flattening of the slope in

radioimmunoassay (Hunter and Ganguli, 1971)• Polymerized

BSA was less soluble than monomer in ammonium sulphate and

it has not been excluded that its solubility resulted in a

less complete separation with a consequent effect on the slope.

However, antigens within a rather broad range of inherent

solubilities under the conditions of the Farr test have been

found to have similar steep binding curves (Mitehison, 1968a).

Also the same antigen preparation (NIPg BSA) displayed binding
curves of two widely different slopes depending (apparently)

not on its solubility but on whether the antibody was specific

for the oarrier (BSA) or the hapten (NIP) determinants (Brownstone
et al.. 1966a). Very flat slopes that characterized binding of

the conjugate to an anti-NIP serum were unlikely to be simply

a feature of the antiserum since binding curves of other

conjugates of the hapten (NIP^-polylysine, NIP-aminooap) to that
serum displayed steep slopes, almost identical to that of

NIP^ j-BSA binding to anti-BSA.
Some properties of antisera e.g. species origin and

relative binding avidity have been found in the present study
to influence little the slope of binding curves, a finding to

be expected in the light of similarity of the slopes among the

maijy, already discussed, systems. However, the estimate of the

relative avidity of antibody (Farr, 1958) as enployed in this
woric is somewhat inaccurate and not well suited for a valid
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examination of the effeot of antibody quality upon the slope

of binding curves. A more sophisticated method (Celada et al..

1969; Steward and Petty, 1972; Schirrmacher, 1972) used in a

study designed for that purpose may well show that antisera

avidity (Hunter, 1967) and heterogeneity of antibody avidity

(Meyer-Delius et al.. 1971) does bear upon the slope. To

summarize the previous points, the slope of an antigen-binding

ourve appears to be largely an inherent feature of the antigen,

little affeoted by antigen size, its solubility and concentration

used in a primary binding assay and, within limits, by properties

of antibody. (hie feature of antigen that could be expected to

influence the slope of its binding curve, the •effective*

valenoy, has not been discussed.

It ha3 already been suggested that a relatively high

•effective* avidity of polymerized BSA binding would be a

plausible explanation far some features of its serological

behavior. Involvement of low affinity antibody in the reaotions

with polymerized antigen (in addition to the higher affinity ones

that react readily with monomer too) would broaden the heterogeneity

of the binding. Such a heterogeneity would essentially reflect

heterogeneity of antibody affinity that could be detected more

fully by a polyvalent than a monovalent antigen. The proposal

is not at variance with the experimental data on which the

concept of a flat binding curve as being characteristic of

'heterogeneous' antigens was based (Brownstone et al.. 1966a).

A NIPg J.-BSA conjugate of these workers was likely to be a

heterogeneous array of molecules from monosubstituted to those

in which multiple substitution with the hapten could have resulted

in •effective* polyvalenoy i.e. in such a density (and arrangement)
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of NIP determinants that multipoint binding to an individual

antibody moleoule could be established. Substitution of a

NlP^-polylysine was probably not sufficient to increase the
'effective' valency, and thus it reacted with antibody in a

fashion identical to monovalent NIF-aminocap. Accordingly,

the slopes of binding to anti-NIP antisera were steep for

NIF-aminocap and NlP^-polylysine but relatively flat for
NIP, -BSA. Similarly, the binding curve of NIP-aminocap was

6»5

steeper than that of NIP -BSA (Hatcher and 1,'akela, 1972).
5*2

The hypothesis could be conveniently tested in a system that

would employ hapten-carrier conjugates substituted to a varying

degree (e.g. Eisen, 1964; Sarvas and Makela, 1970) and anti-

hapten antisera of either very different average avidity

(e.g. early and late response sera) or series of antibody

preparations of restricted heterogeneity (e.g. Eiaen and Siskind,

1964; Eisen et al.. 1968). Alternatively, the present study

could be repeated using more homogeneous purified preparations

of BSA polymers (e.g. dimer, trimer etc.) and antisera of better

defined relative avidity.

Finally, the difference between the ABC value of sera

as estimated using monomeric or polymerized BSA in the Farr test

could reflect the different 'effective' avidities of their

binding as indicated by the inhibition studies, dissociation rates

and, perhaps, the slopes of the binding curves. In the two

instances where a comparison has been made, the ABC values
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obtained with a potentially polyvalent antigen have been

higher than those detected with a monovalent counterpart

(BSA dimer Stark and Spitznagel, 1972; NIP-^-BSA Hatcher
and Makela, 1972). In the present work, however, the ABC

values referred to antigen-binding in absolute weight units

rather than in molar units. It remains to be determined

whether the difference would be still observed if the binding

was expressed in molar terms. A homogeneous polymerized BSA

of a defined molecular weight would be required for such a

comparison. Nevertheless, whatever the units,an observation

of different ABC values determined with two similar antigens

can be a valuable tentative indication of a difference between

their serological activities (Rajewsky and Fhhlit, 1971J

Rajewsky and Mohr, 1974).

IV. Handling of BSA antigens by the cells of the Mononuclear

Phagocyte System.

This section of the present work constituted a limited

study and thus the discussion shall be brief.

Entirely in accord with similar comparative studies on

the non-immune olearanos of albumin (Dvorak at al.. 1969;

MoBride, 1971; Stark and Spitznagel, 1972) or Ig antigens

(Biro and Garcia, 1965; Golub and Weigle, 1969) the uptake

and proteolytic degradation of monomerio BSA antigens in mice

was found to be minimal while polymerized BSA was removed from

circulation and degraded rapidly. The assumption that clearance
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from circulation reflects uptake of the antigens by phagocytes

is supported by the analogy of faster uptake of aggregated than

of monomeric albumin by peritoneal exudate macrophages in vitro

(Kolsch and Mitchison, 1968; Schmidtke and Unanue, 1971;

Stark and Spitznagel, 1972).

Since the initial uptake of monomers was small, only the

cellular processing of polymerized BSA has been further

investigated in vitro. Cultures of peritoneal exudate cells

(PEC) that had been preincubated with antigen in vivo (Kolsch

and Mitchison, 1968; Askonas and Jaroskova, 1970) have been

used to study the kinetics of macrophage processing. In this

study over 90?o of polymerized BSA originally associated with

PEC was lost from the cells during 26 hrs in culture. Small

amount remained cell bound, partly on the cell surfaces where it

constituted a relatively stable component. Most of the material

released from the cells had been extensively catabolized but a

relatively large proportion (30/£) was released in a TCiWinsoluble

form. The TCA-precipitable material seemed to be slowly

released from cellular interior rather than from the cell

surface. This kinetics of polymerized BSA processing by PEC

in vitro essentially confirmed that previously established for

aggregated BSA (Kolsch and Mitchison, 1963; Schmidtke and

Unanue, 1971) and other antigens (Unanue and Cerrotini, 1970b;

Askonas and Jaroskova, 1970; Calderon and Unanue, 1974).

However, the relatively intact heat-aggregated BSA (Schmidtke
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and Unanue, 1971) or KLH (Calderon and Unanue, 1974) released

from an intracellular oanpartment represented a 3-10 times
4

smaller proportion of the total label than the amount

found in this study for polymerized BSA. In addition the

present preparation appeared to be relatively resistant to

digestion by soluble oathepsins in vitro. There is no evidence

to indicate that it would be similarly resistant to degradation

by these lysosomal proteases inside digestive vacuoles of

living cells. However, if that were so, and if the release

of any ingested material proceeds at a similar rate, then the

quantitative difference between the findings of this and the

cited works could be explained. Alternatively a larger

proportion of polymerized BSA oould have been stored and

released from the non-digestive intracellular storage compartment
It

described by Rolsch and Mitchison (1968).

To summarize, while mo3t of monomer BSA when injected into

mice remained unohanged in the extracellular environment for

the same length of time as homologous mouse albumin, polymerized

BSA was rapidly removed and processed by phagocytic cells.

1" vitro observations bear any resemblance to in vivo

processing it appears that a considerable proportion of ingested

polymeric BSA could be gradually released from the phagocytes

in a little degraded and possibly immunochemically active form.

V. G-enerai discussion.

The objective of this last seotion is to summarize all

results discussed so far and to concentrate on what evidence

there is for any relationship between the immunological and
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serological findings.

Heterologous serum albumins (Frei et al.. 1965} 1968;

Hirata and Sussdorf, i960; Lincqvist and Bauer, 1966;

Draper and Hirata, 1968; Mitchison, 1968a; Spitznagel
and Allison, 1970; McBride, 1971) or gammaglobulins (Biro

and Garcia, 1965} Borel et al., 1968; Golub and Weigle,

1969; Abdou and Riohter, 1970a; Ka^aguchi, 1970) polymerized

or aggregated by various methods have been repeatedly found to

be capable of stimulating stronger humoral responses of anti-

native specificity than the native, mainly monomeric, antigens.

However, this apparent rule is not entirely without exceptions

(Maurer, 1959} Kabeeb, 1967a). Evaluation of the serological

similarity (or difference) between the preparations used was

however only rarely included in these studies even though it

was their effect upon formation of antibody specifio for the

native proteins that was being compared, and the aggregated

antigens were likely to be denatured. Moreover, additional

antigenio specificities not present on aggregate-free proteins

have been occasionally demonstrated on the aggregated antigens

(Hirose and Osier, 1965, 1967a, b; Biro and Garcia, 1965}

Henney and Ishizaka, 1968; Wolberg et al.. 1970). In any

given work the attention was concentrated upon either

immunogenioity or antigenic specificity but rarely on both

aspects of the antigenicity of the protein antigens. Henoe

it seems a difficult task to attempt to delineate any general
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relationship between immunogenic! ty and antigenic specificity

of the preparations used in these studies. However, where

the evidence is available, the aggregated immunogens seemed

to have retained most of the serological activity of the

native proteins (Hirata and Cambell, 1965; Draper and IiLrata,

1968; MoBride, 1971)* A pronounced alteration of native

specificity seemed to be accompanied by a reduction of the

capacity to promote an anti-native response (Maurer et al.«

1957; Maurer, 1959; Sohirrmacher and Wigzell, 1972),

possibly because a large proportion of antibody was direoted

to the altered norwiative determinants (Habeeb, 1967a, 1968a).
It appears justified to postulate that an aggregated preparation

should have most of the specificities of native antigen before

the effect of aggregation on anti-native immunogenicity can be

evaluated. The possible role of 'new* antigenic specificities

of aggregated antigens will be in part a subjeot of the ensuing

discussion.

The present work has shown that polymerized BSA was

a more effeotive iimiunogen than BSA in moncmeric form. fell of

the serological speoifioity of native BSA has been preserved

on the polymerized immunogen and, in addition, either a

new specificity or, more likely, a higher •effective' avidity

distinguished polymerized BSA from monomers in its in vitro

reaotions with antibody.

The humoral response to native albumins depends to a
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significant extent on a successful oooperation of specifio

T and B immunocytes (Taylor, 1968, 1969; Mitchison et al..

1970). The enhanced humoral imnunogenicity of polymerized

BSA was ultimately reflected in the antibody-secreting aotivity

of cells of B series but it is not clear whether it was due to

a direct effect of the immunogen upon the lymphocytes of

B or T helper populations (or both), or whether the effect

was mediated indirectly through a non-specific regulatory

mechanism. The quantitative extent of an antibody response

is a function of the number of specific cells that participate

in it (Celada, 1967; Mitchison, 1968b, 1971c; Rajewsky and

Mohr, 1974). An increase in the number of lymphoid clones

stimulated by polymerized BSA could be anticipated if it

represented a more diverse spectrum of specificities than the

monomer (Plescia, 1969) or if it had an increased capacity for

avid binding to cellular receptors (Moller, 1970b),

]?urthermore, a non-specific differential handling of polymerized

and monomeric BSA by macrophages could regulate the response

through several hypothetical pathways (see Unanue, 1972).

These effects of polymerized BSA upon the complex machinery

of the humoral response could be complementary rather than

mutually exclusive. The possible contribution of the individual

mechanisms will be considered separately in the following

paragraphs.

Before any discussion upon the significance of the

serological behaviour for immunogenicity of BSA antigens is
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entered, the grounds for the assumption that serological

activity of the antigens reflects their reactivity with

cellular receptors should be considered, Kakela (1970)

proposed that secreted antibodies were replicas of Ig

receptors of B cells, a view widely accepted and substantiated

by indirect experimental evidence (e.g. Sarvas and Makela, 1974),

particularly that concerning avidity of antibody secreted

under various experimental conditions (reviewed by Siskind

and Benacerraf, 1969; Andersson, 1970, 1972; Rajewsky

and Brenig, 1974). Thus it may be assumed that reactivity

of antigen with humoral antibodies and B cell Ig receptors

are analogous. It has proved to be more difficult to assess

the specificity and avidity of T oell receptors, and the question

whether the range of specificities recognized by T and B

immunocytes are identical or more or less restricted in the

case of T cells is controversial (Rarish, 19716; Schirrmaoher

and WigzeU, 1972; Scott, 1974; Hammerling and McDevitt, 1974)«

Much of the controversy may stem from the higher sensitivity

of T lymphocytes (as compared to B cells) to both immunogenic

(Cunningham and Sercarz, 1971) and tolerogenic (Chiller et al..

1971; Mitohison, 1971a; Weigle et al«. 1972; Weigle, 1973)
stimulus of antigen. However, at least for a series of

several heterologous albumins there is a reasonable qualitative

similarity between their serological cross-reactivity and cross-

reactivity of T helper functions which they stimulate (Rajewsky
and Mohr, 1974; Rajewsky and Brenig, 1974), To simplify the
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problem, for the present, it will be assumed that serological

aotivity of the BSA antigens could parallel their reactivity

with cellular receptors of both T and B lymphocytes,

A protein immunogen can be regarded as a multiple hapten-

carrier system, each of its determinants serving as a carrier

determinant for the rest of epitopes on the same molecule

(Landsteiner, 1962; Rajewsky and Rottlander, 1967; Pleacia, 1969).

The extent of a response to any one determinant (considered

hapten here) is, in theory, a inunction of the number of other

qualitatively distinct determinants of the molecule (Plescia,

1969)« In cellular terms, the extent of antibody response

mounted by a given number of hapten-specific B cells is limited

by the number of carriers-specific T helpers that can be engaged

by the antigen in cooperation (Rajewsky und Mohr, 19~h),

Heterologous serum proteins including BSA probably present a

limited number of epitopes that are recognised as determinants,

and thus their 7,-eak immunogenicity may reflect the limited number

of clones that can participate in the response. Aggregated

BSA (Wolberg et al.. 1970) and gammaglobulins (llirose and Osier,

1965, 1967a; Biro and Garcia, 1965) have been occasionally found

to have an additional specificity absent from the native or

denatured but not aggregated antigens. Interpretation of the

serological behaviour of the present polymerized BSA preparation

in terms of a new specificity has not been thoroughly excluded.

It may be argued that enhanced immunogenicity of the aggregated

antigens was due to an extension of carrier-specific helper

populations that would cooperate in the anti-native humoral
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response. However, it is not clear to what extent would

addition of one, or very few, carrier determinants enhance

already existing (albeit weak) immunogenicity of the native

proteins, particularly as the helper cells are usually present

in excess (Mitchison, 1971o), An enrichment of the helper

populations by DNP-specifio cells did not enhance the BSA-

speoifio part of an antibody response to DNF-BSA (Mitchison

et al.« 1970), There was also little correlation of hapten-

speoific immunogenieity of several sulf-RSA conjugates with

the presence or absence of new determinants that appeared as

a result of the substitution (Rubin, 1972). Introduction cf

additional determinants seemed to contribute to imsrtunogenicity

more decisively in the3® situations where a very small number

or a complete lack of carrier-specific helpers could be

anticipated. Addition of determinant-primed cells did enhanoe

anti^BSA responses stimulated by determinant-BSA conjugates

in transferred BSA-primed cells that had been depleted of

their owi helpers by ALS treatment (Mitchison et al«. 1970;

Taylor and Iverson, 1971; Mitchison, 1971d). Induction of

autoimmune antibody by conjugates of homologous proteins and

small haptens (Weigle, 1965; Plescia, 1969) or 'termination'

of experimental immunological tolerance by cross-reactive

antigens (Benjamin and Weigle, 1970; Kabicht et al.. 1972;

Rajevsfcy and Brenig, 1974) can, in some instances, be viewed as

a replacement of the function of paralysed carrier-specific

cells by that of helpers recognizing additional non-related

determinants on the cross-reactive immunogens. Thus though
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an expansion of antigenic diversity by a single determinant

theoretically could enhance humoral response to the rest of

epitopes on the antigen molecule (Plescia, 1969), the

deteotable effect of such a limited expansion appears to be

inversely related to the initial immunogenioity of the antigen*

It is therefore doubtful that the enhanced immunogenicity of

aggregated albumin could be entirely accounted for by its

additional specifioity(ies), particularly as their very

presence is dubious.

The serological properties of polymerized BSA are more

comprehensively described in terms of a relatively high "effective*

avidity of its binding to antibody. The relative 'effective*

avidity is assumed to be related to a potential polyvalenoy

of polymerized BSA in contrast to monovalency of monomer,

but this point is speculative and difficult to test experimentally.

There is little comparative data on the binding of polymerized

and monomeric BSA to lymphocytes apart from a report that

native BSA was bound rather poorly (Humphrey et al. . 1971),

This point may be difficult to evaluate since aggregated as

well as denatured but oonomeric BSA coated non-specific oells

(SRBC) more efficiently than native monomer (Wolberg et al..

1969). Such non-specific adherenoe to lymphocytes (if it

occured) would be deteoted by autoradiography but would be

of doubtful immunological significance. Aggregated BSA

(Parkhouse and Dutton, 1967) or HGG (Abdou and. Richter, 1970a)
stimulated (and in higher dosage inhibited) DNA synthesis of
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priced cells in vitro more affectively than either native or

denatured monomers. In the latter study the in vitro

stimulatory capacity correlated well with in vivo imaiunogenicity

of the antigens. There is virtually no data upon the relative

•effective* avidity of monomeric and aggregated serum proteins

of different immunogenicity, but on oloser examination some of^

the evidence fcr new determinants on aggregated BSA (V.'olberg

et al.. 1970) or HGG- (Hirose and Osier, 1967a) could be

interpreted in terms of higher avidity of the aggregated

antigens. Somewhat more complete are the data on monovalent

versus polyvalent hapten-earrier conjugates. Polyvalent

conjugates have been shown to be serologically more active

(Sarvas and M&ela, 1970; Hatcher anrl Makela, 1972), to bind to

oella with a higher avidity (Davie and Paul, 1972; Bystryn

et al.. 1973; Ault and Unanue, 1974) am were often more

immunogenic (Makela and Kontiainen, 1970; Schirrmaoher, 1971;

Rosen, 1972; Sarvas and Makela, 1974) than corresponding

monovalent conjugates.

The evidence is circumstantial and it is more on a basis

of logical .reasoning that potentially polyvalent BSA would be

expected to be more immunogenic than monomer. The present

work offers little indication as to whether lymphocytes, and.

even less as to which class of lymphocytes, were directly

influenced by polymerized BSA. However, speculations on this

point could be useful as a working hypothesis fcr future

experiments. If polynerized BSA 00fold stimulate B cells
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directly the response might be expected to be relatively

less T-dependent (Aird, 1971) aiid possibly rich in IgM antibody

(Sarvas and Makala, 1970, 1974), High avidity B cells are

inactivated by high doses of native BSA (Rajewsky and Brenig,

1974) and if high-zone paralysis could be induced with

polymerized BSA the residual antibody should be even more

restricted to lower avidity spec!«6 than wLtfc< the monomer.

The effect of polymerized versus csonomerio BSA upon T cells

would be perhaps best tested by comparing the carrier capacity

of the antigens. Furthermore, stronger binding to T cells

would be expected to lower the threshold of low-zone tolerance

believed to reflect solely tolerance of T cells (Mitchison, 1971a,

1972b). Present results do not support this simplified

expectation that also assumes equilibration of polymerized

BSA throughout the tissues. Clearly, much more extensive

evidenoe is required before it oan be concluded if lymphocytes,

and then of which type, were responsible for the immunogenieity

of polymerized BSA.

There is a distinot association between immunogenieity

of albumin antigens and the degree of their uptake by macrophages.

Macrophage-bound BSA was much more potent in primary immunization

than free soluble BSA (Mitchison, 1969b) and it has been proposed

that while free soluble BSA induced tolerance and priming

simultaneously and oompetetively, with raacrophage-bound BSA

the balance was altsred in favour of immunization (Spitznagel

and Allison, 1S70). The slope of the regression line of the
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priming dose-response curve of heat-aggregated BSA resembled

more closely the slope of the response curve fcr macrophege-

bound than that for free BSA (Spitznagel and Allison, 1970).
It is tempting to speculate that enhanced immunogenicity of

polymerized BSA was related to its increased in vivo uptake

by macrophages (Frei et al.. 1965, 1968). The finding that

administration in the macrophage-bound form enhanced relatively-

better the immunogenicity of poorly phagocytosed antigens

(BSA, HSA) than of those taken up efficiently in vivo (e.g. heat-

aggregated BSA) (Mitchison, 1969b) further supports the conoept.

Also the slow in vivo clearanoe of HSA monomers and oligomers

corresponded to their tolerogenidty in guinea pig (Dvorak

et al.. 1969). Stark and Spitznagel (1972), horever, concluded

that faster in vivo uptake and removal of 'native* oligomers

of BSA reduced both their immunogenicity and tolerogenicity.

The mechanism implicated in the immunogenicity of macrophage-

bound antigen is by no means clear but several hypothetical

models have been proposed. Mltchi3on and Dresser (1968) suggested

that direct binding of an antigen like monomeric BSA to

lymphocytes produced immunological paralysis while antigen

presented via macrophage would rather trigger a response.

In these terns the relative immunogenicity of monomeric versus

polymerized BSA would simply reflect the relative proportions

of the antigens presented direotly or via macrophages. Most

of macrophage-bound BSA is rapidly degraded and thus unlikely

to play a role in immunogenicity (Sela et al.. 1967; Sela, 1969)*

However, a small proportion retained on the macrophage surface
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(Sohmidtke and Unanue, 1971) could be the immunogenic moiety

(Unanue, 1972). The aurface-bound antigen may be more

effective in interactions with lymphocytes in at least two

ways. It oould represent a polyvalent antigenic matrix

capable of direot triggering of B cells (Moller, 1970b;

Mitohison, 1971e). However, presentation of a T-dependent

antigen in macrophage-bound form cannot circumvent the need

for T cells in the humoral response (Unanue, 1970)« Furthermore,

polyvalent presentation per ae may not be the cause of the

relative T-independence of some antigens (Coutinho et al.. 1974).

Alternatively, macrophages oould transport the antigen to an

anatomioal location where contact between two, probably rare,

speoifio lymphocytes is likely to occur, and serve as a focus

for T and B cell cooperation (see Unanue, 1972). In this

context it may be significant that aggregated but not native

albumin initiated lymphocyte trapping in spleen and lymph

nodes of non-immune mice, and that the effect was probably

macrophage-mediated (Frost and Lanoe, 1974). The polyvalent

antigenic matrix on surface of macrophages could still

represent a more avid and perhaps stimulatoiy farm of antigen

than free molecules far either lymphocyte type. Alternatively,

transport to, and subsequent release cf, antigen in lymphoid

tissues prior to the cooperative lymphocyte interaction, may

be the main contribution of macrophages (Askomas and Jaroskova,

1970). Some support to such interpretation of macrophage
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involvement is given by a study of Unanue and Katz (1973)*

A cooperative anamnestic anti-hapten response was induced

with a macrophage-bound haptencarrier system only when both

parts of the antigen were oovalently bound and not when attached

to the same macrophages together but as physically separate

moieties.

Whatever the mechanism, polymerized BSA could be more

effective than monomer simply because more of it became

associated with macrophages. The little evidence presented

in this work is compatible with the possibility that macrophage

processing of polymerized BSA contributed to its immunogeniclty.



229

ACI3J0WL3D&EMENTS

I wish to thank my supervisor Dr. D.M. Weir for his

encouragement, guidance and advice during the course of this

work.

I should like to express my gratitude to Professor B.P.

Marmion for the facilities provided in the Department of

Baoteriology*

I am also indebted to my colleagues Dr. Janet Jones,

Bill Amos, Dr. Joan Dawes, Mary Notman, Sheena Tuach and to

all members of the Baoteriology Department for their assistance,

tolerance and patience.

I am particularly grateful to Dr. M.S. Mieklem of the

Zoology Department for his understanding during the later

period of writing and to Mrs. Vivien MoGrath for her excellent

assistance with typing this thesis.

Finally X wish to thank my husband Bill for his tolerance,

help and the benefit of discussion.

This study was performed during receipt of a Postgraduate

Studentship of the Edinburgh University and a Medical Faculty

Graduate Research Scholarship.



REFERENCES

ABDOU, N.I. and RICHTER, M. (196y). J. Exp. Med.. 130. 184.

ABDOU, N.I. and RICHTER, M. (1970a). Immunology. 18, 833.

ABDOU, N.I. and RICHTER, M. (1970b). Advances Immunol,.
12, 201.

ABUELO, J.G. and OVARY, L. (1965). J. Immunol.. ££, 113.

ADA, G.L. (1970). Transplant Rev.. £, 105.

ADA, G.L. and BYRT, P. (1969). Nature (London). 222, 1291.

ADA, G.L., BYRT, P., MANDEL, T. and WARNER, N. (1970).
In "Developmental Aspects of Antibody Formation and

Structure", (J. Sterzl and I. Riha, eds.), Vol. II,

p. 503» Academia, Prague.

ADA, G.L. and COOPER, M.G. (1971). Ann. N.Y. Acad. Sci., 181.

ADA, G.L. and PARISH, C.R. (1968). Proc. Natl. Acad. Sci. U.S.A.
61, 556.

ADLER, F.L., FISHMAN, M. and DRAY, S. (1966). J. Immunol,.
21, 554.

AHLSTEDT, S., HOLMGREN, J. arid HANSON, L.A. (1973).

Immunology, 25. 917.

AIRD, J. (1971). Immunology. 20, 617.

ALLISON, A.C. (1972). In "Cell Interactions", 3rd Lepetit

Colloquium, (L.S. Silvestri, ed.), p. 156, N@?th Holland,

Amsterdam and London.

ANDERER, F.A. (1963). Biochim. Biophys. Acta, 71. 246.

ANDERER, F.A. and SCHLUMBERGER, II.D. (1965). Biochim. Biophys.

Acta, 21, 503.



-2-

AKDEREK, F.A. and SCHLUMBERGER, H.D. (1969).

Inimunochemistry. 6, 1.

ANDERSSON, B. (1970). J. Exp. Med.. 132. 77.

ANDERSSON, B. (1972). In "Cell Interactions", 3rd Lepetit

Colloquium, (L.S. Silvestri, ed.), p. 100, North Holland,

Amsterdam and London.

AKDERSSON,3. and BLOMGKEN, H. (1971). Cell. Immunol..2. 411.

ANDERSSON, B. and WIGZELL, H. (1971). Eur. J. Immunol..
1, 384.

APICELLA, M.A. and ALLEN, J.C. (1970). J. Immunol.. 104. 455.

ARGYRIS, B.P. (1968). J. Exp. Med.. 128. 459.

ARMSTRONG, W.D., DIENER, E. and SHELLAM, G.R. (1969).

J. Exp, Med.. 129. 393.

ARNASON, B.G., JANKOVIC, B.D. and WAKSKAN, B.H. (1962).

Nature (London). 194. 99.

ARNON, R. (1971). Current Topics Microbiol. Immunol.. 54. 47.

ARNON, R. and SELA, M. (I960). Blochem. J.. 75. 103.

ARNON, R. and SELA, M. (1969). Proc. Natl. Acad. Sci., U.S.A..
62, 163.

ARNON, R., SELA, M., YAROR, A. and SOBER, H. (1965).

Biochemistry. £, 948.

ASCI10PP, L. (1924). Br, eb. Imm. Pied. Kinderheilk. 26, 1.



-3-

ASKOKAS, B.A. and JAROSKOVA, L. (1970). In "Developmental

Aspects of Antibody Formation and Structure", (J. Sterzl and

I. Rlha, eds.), Vol. II, p. 531» Academia, Prague.

ASKONAS. B.A. and RHODES. J.M. (1965). Nature (London).
20^. 470.

ASKONAS, B.A. and ROELANTS, G.E. (1974). Eur. J. Immunol.. £, 1.

ASKONAS, B.A., AUZINS, I. and UNANUE, E.R. (1968).

Bull, ^oc. Chem. Biol., 50. 1113.

AUGUST, C.S., ROSEN, F.S., FILLER, R.M., JANEWAY, C.A. and

KAY, H.E.M. (1968). Lancet. 2, 1210.

AULT, K.A. and UNANUE, E.R. (1974). J. Exp. Med.. 139, 1110.

AUSTIN, O.M. and NOSSAL, G.J.V. (1966). Aust. J. Exp. Biol.

Med. 3ci., 44. 341.

BACH, J.F., MULLER, J.Y. and DARDENNE, M. (1970).

Nature (London). 227. 1251.

BAKER, P.J. and STA3HAK, P.W. (1969). J. Immunol.. 103. 1342.

BAKER, P.J., STASHAK, P.W., AMSBAUGH, D.F., PRESCOTT, B. and

BARTH, R.F. (1970). J. Immunol.. 105. 1581.

BAKER, P.J., STASHAK, P.W., AMSBAUGH, D.F. and PRESGOTT, B.

(1.974). J. Immunol., 112, 2020.

BANKHURST, A.D. and WILSON, J.D. (1971). Nature (New. Biol.).
234, 154.

BANKHURST, A.D., WARNER, N.L. and SPRINT, J. (1971).

J. Exp. I.led.. 134, 1005.



BASTEN, A., MILLER, J.P.A.P., WAfcNER, N.L. and PYE, J. (1971).

Nature (New Biol.), 2U. 104.

BATTISTO, J.R. and LILLY, P. (1972). In "Immunogenic!ty",

(Borek, P., ed.), p. 302, North Holland, Amsterdam and London,

BATTISTO, J.R. and MILLER, J. (1962). Proc. Soc. Exp. Biol.:oc. boo, nxp.

led.. 111. 111.

BENACERRAF, B. and GELL, P.G.H. (1959). Immunology. 2, 219.

BENACERRAF, B. and LEVINE, B.B. (1962). J. Sxu. -Led.. 115.
1523.

BENACERRAP, B. and McDEVITT, H.O. (1972). Science. 175. 273.

BENACERRAP, B., GREEN, I. and PAUL, W.E. (1967). Cold

Spring Harb. Syap. Quant. Biol,. 32. 569.

BENACERRAP, B., PAUL, W.E. and GREEN, I. (1970). Ann. N.Y.

Acad. Sci.. 169. 93.

BENJAMIN, B.C. and WEIGLE, W.O. (1970). J. Exp. Med.. 132. 66,

BENJAMIN, E., YOUNG, J.D., SHIMIZU, M. end LEUNG, C.Y. (1964)

Biochemistry. J, 1115.

BENJAMIN, E., MICHAELLI, D. and YOUNG, J.D. (1972a).

Current Topics Microbiol. Immunol.. 58. 85.

BENJAMIN, E., SCIBIENSKI, R.T. and THOMPSON, K. (1972b).
In "Contemporary Topics in Immunochemistry", (P.P. Inman, ed.),
Vol. I. p. 1, Plenum 'ress, New York and London.

BILLINGHAM, R.E. , BRENT, L. and MEDAWAR, P.B. (1953).

Nature (London), 172, 603.



BILLINGHAM, R.E., BRENT, L. and MEDAWAR, P.B. (1956).

Phllos. Trana. R. Soe. Lond. B.. 239. 357.

BIOZZI, G., BENACERRA?, B. and UALPSRN, B.N. (1953).
Brit. J. Exp. Pathol., 34. 441.

BIOZZI, &., STIPFEL, C., MOUTON, D., LIACOPOULOS-BRIOT, M.,

DECREUSEFORD, C., and BOUTMILLIER, Y. (1966).

Ann. Inst. Pasteur. 110 (suppl. 3), 7.

BIOZZI, G., STIFFEL, C., MOUTON, T)., BOTTTHILLIER, Y.

and DECREIJSEFORI), C. (1968). Immunology, 14. 7.

BIOZZI, G., BINAGHI, R.A., STIFFEL., C. and MOUTON, D. (1969).

Immunology. 16. 349.

BIRO, C.E. and GARCIA, G. (1965). Immunology, 8, 411.

BISHOP, B.C. and GOTTLIEB, A.A. (1970).

Current Topics Microbiol. Immunol.. a. i-

BLOOM, S., MARKOW, H. and REBNER, B. (1953).

J. Allergy. 24. 64.

BOAK, J.L., MITCHISON, N.A. and PATTISON, P.H. (1971).
Eur. J. Immunol., 1, 63.

BOREK, F. (1972a), editor. Immunogenicity, North

Holland, Amsterdam and London.

BOREK, F. (1972b). In "Immunogenicity", (P. Borek, ed.),

p. 45, North Holland, Amsterdam and London.

BOREK, P., STUPP, Y., FUCHS, S. and SELA, M. (1965a).

Biochem. J.. 96. 577.



-6-

BOHEK, P. STUPP, Y. and SELA, 21. (1965b). Science. 150.

BOREL, Y., FRANKLIN, E.C. and MIESCHER, P.A. (1968).

Immunology. 14. 899.

BOYD, G.W. and PEART, W.S. (1968). Lancet. 2, 129.

BOYD, W.C. (1956). Fundamentals of Immunology, 3rd ed.,

p. 118, Interscience Publ. Ltd., London.

BOYD, W.C. and BERNARD, H. (1937). J. Immunol.. 111.

BRAUN, W. and LASKY, L.T. (1967). Fed. Proc.. 26, 642.

BRETSCHER , P.A. and COHN, M. (1968). Nature. 220. 444.

BRETSCHER , P.A. and CORN, M. (1970). Science. 169. 1042.

BRITTON, S. (1968). Acta Pathol. Microbiol. Scand..
12, 455.

BRITTON, S. (1972). Scand. J. Immunol.. 1, 89.

BRITTON, S. and MILLER, G. (1968). J. Immunol.. 103. 1326.

BRO. P., SINGER, S.J. and STURTEVANT, J.M. (1958).

J. Am. Chem. Soc.. 80. 389•

BROWN, R.K., DELANEY, R., LEVINE, L. and VAN VUNAKIS,, H.

(1959a). J. Biol. Chen.. 234. 2043.

BROWN, R.K., DURIEUX, J., DELANEY, R., LEKHIM, E. and

CLARK, B.J. (1959b). Ann. B.Y. Acad. Sci.. 81, 524.

BROWNSTONE, A., MITCHISON, N.A. and PITT-RIVERS, R.

(1966a). Immunology. 10. 465.



BROWNSTONE, A., HITCHISON, N.A. and PITT-RIVERS, R.

(1966b). Immunology. 10. 481.

BUCHANAN-DAVIDSON, D.J., STAHMANN, M.A., LAPRESLE, C.

and GRABAR, P. (1959). J. Immunol.. 83. 552.

BURNET, P.M. (1941). Aust. J, Exp. Biol. Med. Sci..
12, 291.

BURNET, P.M. (1959). The Clonal Selection Theory of

Acquired Immunity, University Press, Cambridge.

BURNET, P.M. (1968). Nature (London). 218. 426.

BURNET, P.M. and PENNBR, P. (1949). The Production
of Antibodies, 2nd ed., Macmillan and Co. Ltd., Melbourne,

BYRT, P. and ADA, G.L. (1969). Immunology. 17. 503.

BYSTRYN, J.C., SISKIND, G.W. and UHR, J.V. (1973).
J. Exp. Med.. 137. 301.

CALDERON, J. and Unanue, E.R. (1974). J. Immunol.. 112,
1804.

CALLAGIIAN, P. and MARTIN, N.H. (1962). Biochem. J,.
82, 144.

CALLAHAN, H.J. and MAURER, P,H. (1973).

Immunochemistry. 10. 205.

CANTOR, H. (1972). In "Cell Interactions", 3rd Lepetit

Colloquium, (L.S. Silvestri, ed.), p. 172, North

Holland, Amsterdam and London.



-8-

CEBRA, J.J. (1961). J. Immunol.. 86, 205.

CELADA, P. (1967). J. Exp. Med.. 125. 199.

CELADA, P., SCHMIDT, D. and STROM, R. (1969).

Immunology, 17. 189.

CHILLER, J.M. and WEIGLE, W.O. (1971). J. Immunol.,

106. 1647.

CHILLER, J.M. and WEIGLE, W.O. (1972). Fed. Prop.. JL, 746.

CHILLER. J.M. and WEIGLE. W.O. (1973). J. Immunol.. 110.
WW. "

CHILLER, J.M., HABICHT, G.S. and WEIGLE, W.O. (1970).

Proc. Natl. Acad. Sol,. U.S.A.. 65. 551.

CHILLER, J.M., HABICHT, G.S. and WEIGLE, W.O. (1971).

Science. 171. 813.

CHOW. S.C. and GOLDSTEIN. A. (1960). Biochem. J..
—25, 109.

CINADER, B. and DUBSRT, J.M. (1955). Brit. J. Exp.

Pathol.. ^6, 515.

CINADER, 3. and DUBERT, J.M. (1957). Proc. K. Soc..

Ser. 3.. 146. 18.

CLAMAN,» H.N. (1963). J. Immunol.. 91, 833.

CLAMAN, H.N. and CHAPERON, E.A. (1969). Transplant

Rev., 1, 92.

CLAMAN, H.N., CHAPERON, E.A. and TRIPLETT, R.P. (1966).
Proc. Soc. Exp. Biol. Med., 122. 1167.

CLEVELAND, W.W., POGEL, B.J., BROWN, W.T. and KAY, H.E.M.

(1968). Lancet. 2, 1211.



-9-

COHEN, S. (1971). Immunochemigtry. 8, 1099*

COHN, E.J., STRONG, L.E., HUGHES, W.L., MULPORD, D.J.,

ASHWORTH, J.IT., MELIN, M. and TAYLOR, H.L. (1946).

J. Ann. Chem. Soc.. 68. 459.

COHN, M. (1969). In "Immunological Tolerance", (M.

Landy and W. Braun, eds.), p. 283» Academic Press,

New York and London.

COHN, Z.A. (1968). Adv. Immunol.. 2,» 163.

COLYIN, J.R., SMITH, D.B. and COOK, W.H. (1954).

Chem. Rev.. 54. 687.

COOKS, R.A. (1942). Ann. Intern. Med.. 16. 71.

COOPER, H.L. and GING3BURG, H. (1971). In "Progress

in Immunology", (B. Amos, ed.), p. 1147, Academic

Press, New York and London.

COOPER, M.D., PETERSON, R.D.A., SOUTH, M.A. and

GOOD, R.A. (1966). J. Exp, Med.. 123. 75.

CCUTINKO, A., GRONOWICZ, E., BULLOCK, W.W. and

MILLER, G. (1974). J. Exp. :,ed.. 139. 74.

CROWLE, A.J. and TIU, C.C. (1965). J. Immunol.,

2i, 555.

CRUCHAUD, A. and UNANITE, S.R. (1971). J. Immunol..

101, 1329.

CRUMPTON, M.J. (1967). In "Antibodies to Biologically

Active Molecules", (B. Cinader, ed.), Vol. I,

p. 61, Pergamon Press, Oxford.

CUNNINGHAM, A.J. and SERCARZ, E.E. (1971). Eur, J.
T.V..V, , nl 1 A 1 *>



-10-

DAGriLLAKD, P. and RICHTER, M. (1969). J. Exp. Med..

130. 1187.

DAS, B.R., MiAURER, P.H. and LID, G.T. (1970).

Proc. Soc. Exp. Biol. Lied.. 133. 1456.

DAS, S. and LESKOWITZ, S. (1974). J. Immunol.. 112. 107.

DAS, S., Di PADUA, D. and LESKOWITZ, S. (1973).

Proc. Soc. Exp. Biol, ^ed.. 144. 373.

DAVID, J.R. and SCHLOSSMAN, S.P. (1968).

J. Exp. Med., 128, 1451.

DAVIE, J.M. and PAUL, W.E. (1972). J. Exp. Med..

122, 643.

DAVIES, A.J.S. (1969). Transplant Rev.. 1, 43«

DAVIES, A.J.S., LEUCHARS, E., 7'ALLIS, V., MARCHANT, R.

and ELLIOTT, E.V. (1967). Transplantation. 5. 222.

DAVIS, B.J. (1964). Ann. N.Y. Acad. Sci.. 121. 404.

De WECK, A.L. and PREY, J.R. (1966). Imraunotolerance

to Simple Chemicals, S. Kager, Easel and New York.

DIENER, E. and ARMSTRONG, W.D. (1969). J. Exp. Med..

129. 591.

DIENER, E. and FELLMANN, M. (1970). J. Exp. Med..

122, 31.

DIENSR, E. and PELDMA: N, M. (1972). Transplant. Rev.

8, 76.



-11-

DIETHICH, P.M. (1966). Int. Arch. Allergy. ^0, 497.

DIETRICH, P.M. and WBIGLE, W.O. (1964). J. Immunol..

22, 167.

DI GEORGE, A.M. (1965). J. Pedlat.. 6£, 907.

DIXON, P.J. and MAURER, P.II. (1955). J. Exp. lied..

101, 245.

DORNER, M.M. and UHR, J.W. (1964). J. Exn. Med..

120. 435.

DRAPER, L.R. and HIRATA, A.A. (1968). Immunology. 1£, 23.

DRESSER, D.W. (1962a). Immunology. £, 161.

DRESSER, D.W. (1962b). Immunology. £, 378.

DRESSER, D.W. (1965). Immunology. 2» 261.

DRESSER, D.W. and GOWLAND, G. (1964). Nature (London).

££2, 733.

DRESSER, D.W. and MITCHISON, K.A. (1968). Adv. Immunol..

8, 129.

BUTTON, R.W. and GREAVES, M.P. (1971). In "Progress

in Immunology", (D. Amos, ed.), p. 1369,

Academic Press, New York and London.

DUTTON, R.W., PALKOPF, R., HIRST, J.A., HOFFMANN, M.,

KAPPLER, J.W., KETTHAN, J.R., LESLEY, J.P. and

W'ANN, D. (1971). In "Progress in Immunology",

(B. Amos, ed.), p. 355, Academic Press, New York

and London.



-12-

DVORAK, H.P. and BAST, R.C. Jr. (1970).

Iramunochemistry, £, 118.

DVORAK, H.P., SIMPSON, B.A. and BAST, R.G., Jr.

(1969). J. Immunol.. 102. 1163.

DVORAK, H.P., BILLOTE, J.B., MCCARTHY, J.S. and

FLAX, M.H. (1965). J. Immunol.. 94. 966.

EISEN, H.N. (1964), (editor). Methods in Medical

Research, Year Book Medical Publishers, Inc., Chicago.

EISEN, H.N. and KARUSH, F. (1964). Nature (London).

202. 677.

EISEN, H.N. and SISKIND, G.W. (1964). Biochemistry,

i, 996.

EISEN, H.N., SIMMS, E.S. and POTTER, M. (1968).

Biochemistry. £, 4126.

ENGER5, H.D. and UNANTJE, E.R. (1974). J. Immunol..

112. 293.

ERICKSON, J.O. and KEURATII, K. (1943). J. Exp. Med..

18, 1.

PAHEY, J.L., BARTH, ff.P. and LAW, L.W. (1965).
J. Natl. Cancer Inst.. 35. 663.

FARE, R.S. (1958). J. Infect. Pis.. 103. 239.

FAZEKAS de St. GROTH, S. (1967). Cold Spring Harbor Svma.

.„uant. Biol.. 2£, 525.



-13-

PELDMAN, M. and GLOBERSOK, A. (1972). In "Immuno-

genicity", (P. Borek, ed.)» P. 273, North Holland,

Amsterdam and London.

PELMANN, M. (1971). Nature (Hew. Biol,). 231. 21.

PELMANN, M. (1972). Bur. J. Immunol.. 2. 130.

PELMANN, M. and BASTEN, A. (1971). J. Exp. Med..

134. 103.

PELMAM, M. and LIENER, E. (1970). J. Exp. Ned..

131. 247.

PELMANN, M. and NOSSAL, G.J.K. (1972). Transplant.

Key. 13. 3«

FELDMANN, M. and PALMER, J. (1971). Immunology. 21, 685.

PELTOK, L.D. and OTTIRGER, B. (1942). J. Bacteriol..

ii» 94.

PIDLER, J.M., McDANIEL, E.M. and GOLUB, E.5. (1972).

Cell. Immunol.. £, 29.

FINKLESTEIN, M.S. and UHR, J.W. (1966). J. Immunol..

21, 565.

PISHMAN, M. (1961). J. Exp. Med.. 114. 837.

FI3HMAN, M., van ROOD, J.J. and ABLER, P.L. (1965).

In "Molecular and Cellular I3asis of Antibody

Formation", (J. Sterzl, ed.), p. 491, Czech. Acad.

Sci., Prague.

FORD, W.L. (1969). Cell Tiss. Kinet.. 2, 171.

FORD, W.L. and MARCHESI, V.T. (1971). In "Progress, in

Immunology", (B. Amos. ed.). p. 1159. Academic Press.



-14-

New York and London.

FORD, W.L., GOWANS, J.L. and McCULLAGf, P.J. (1966).

In "Thymus Experimental and Clinical Studies, Ciba

Foundation Symposium, (G.E.W. Wolstenholme and R.

Porter, eds.), p. 58, Churchill, London.

FOSTER, J.F. (I960). In "The Plasma Proteins",

(F.W. Putnam, ed.), Vol. I, p. 178, Academic Press,

New York and London.

FOSTER, J.F., SOGAMI, M., PETERSEN, H.A. and LEONARD,

W.J. (1965). J. biol. Chem.. 240. 2495.

FRANZL, R.E. (1962). Nature (London). 195. 457.

FREI, P.C., BENACERRAF, B. and THORBECKE, G.J. (1965).

Proc. Natl. Acad. Sci.. U.S.A.. 51. 20.

FREI, P.C., CRUCHAUD, S., ARNAUDO, L. and VANNOTTI, A.

(1968). J. Immunol.. 101. 605.

FRETER, R. (1962). J. Infect. Pis.. 111. 25.

PREY, J.R., de WECK, A.L., CELEICX, H. and LERGIER, W.

(1969). J. Exp. lied.. 110. 1123.

FRIEDLI, II. and KI3TLER, P. (1970). Vox San/:.. 18, 542.

FRONSTIN, M.H., SAGE, H.J. and VAZGUEZ, J.J. (1967).

Proc. Soc. Exp. Biol, tied.. 124. 944.

FROST, P. and LANCE, E.M. (1974). Immunology. 26, 175.

FUCHS, S. and SELA, M. (1963). Biochem. J.t 87, 70.



-15-

FUCH3, S. and SELA, M. (1964). Biochem. J.. 566.

FUCHS, S., HOZES, E., MAOZ, A. and SELA, M. (1974).

J. Exp. Med.. 119. 148.

FURTH, van R. (1970), (editor). Mononuclear Phagocytes,

Blackwell Scientific Publications, Oxford and Edinburgh.

FURTH, van R., SCHUIT, H.R.E. and HUMANS, W. (1966a).

Immunology. 11, 19.

FURTH, van R., SCHUIT, H.R.E. and HIJMANS, W. (1966b).

Immunology. 11. 29.

FURTH, van R., COHN, Z.A., HIRSCH, J.G., HUMPHREY, J.H.,

SPECTOR, W.G. and LANGERVOQRT,H.L. (1972).

Bull. W.H.O.. £6, 845.

GABRIELSEK, A.E. and GOOD, R.A. (1967). Adv. Immunol..

6, 91.

GAMBLE, C.N. (1966). Int. Arch. Allergy. ^0, 446.

GARVEY, J.S. and CAMPBELL, D.H. (1957). J. Exp. Med..

105, 361.

GELL, P.G.H. and BENACERRAF, 3. (1959). Immunology.

18, 723.

GERSHON, R.K. and KONDO, K. (1970). Immunology. 18, 723.

GERSHON, R.K. and PAUL, W.E. (1971). J. Immunol..

106, 872.



GERSHON, R.K., BAUMINGER, S. GELA, M. and FBLDHAN, M.

(3.968). J. Exp. Med.. 128. 223.

GILL, T.J., III (1972). In "Immunogenicity", (P. Borek,

ed.), p. 5, North Holland, Amsterdam and London.

GILL, T.J., III, KUNZ, H.W. and PAPERMASTER, U.S. (1967).

J. Biol, Chem,. 242, 2308.

GILL, T.J., III, KUNZ, H.W., STECHSCHULTE, D. and

AUSTEN, K.F. (1970). J. Immunol.. 105. 14.

GOEBEL, W.F. and PERLIvIANN, G.E. (1949). J. Exn. lied..

§2, 479.

GOETZL, E.J. and PETERS, J.H. (1972). J, Immunol..

108. 785.

GOLDSCHNEIDER, I. and HcGREGOR, D.D. (1968). J. Exp.

■ led.. 127. 155.

GOLUB, S.E. and WEIGLE, W.O. (1967). J. Immunol..

22, 624.

GC'LUB, S.E. and WEIGLE, W.O. (1969). J. Immunol..

102. 389.

GOOD, R.A. and GAIN, W.A. (1970). Nature (London).

226. 1256.

GOOD, R.A. and GABRIELSEN, A.E. (1964), (editors).

The Thymus in Immunobiology, lioeber Medical Division,

Harper and Row, New York, Evanstone and London.



-17-

GOOD, R.A., DALMASSO, A.P., MARTINEZ, C., ARCHER, O.K.,

PIERCE, J.C. and PAPERMASTER, B.W. (1962).

J. Exp. Med.. 116, 773*

GOODMAN, J.W. (1969). Immunochemistry. 6, 139.

GOODMAN, J.W. and NITECKI, D.E. (1964). Immunology.

U» 577.

GOODMAN, J.W., NITECKI, D.E. and STOLTENBERG, I.II. (1968).

Biochemistry. £, 7^6.

GOTTLIEB, A.A. and GLISIN, V.R. (1967). Bed. Proc..

26» 527.

GOWANS, J.L. and McGREGOR, D.D. (1965). Prog. Allergy.

2. i-

GREAVES, M.F. (1970). Transplant. Rev.. £, 45.

GREAVES, M.P. (1971). Eur. J. Immunol.. 1, 186.

GREAVES, M.P. (1972). In "Immunoglobulins", 8th FEBS

Meeting, Vol. 26, p. 17, North Holland, American Elsevier.

GREAVES, M.P. and HOGG, N.M. (1971a). In "Cell Interactions
If f!

and Receptor Antibodies in Immune Response", (0. iiakela,

A. Cross and T.M. Kosunen, eds.), p. 145, Academic Press,

London and New York.

GREAVES, M.P. and HOGG, N.M. (1972b). In "Progress in

Immunology", (B. Amos, ed.), p. Ill, Academic Press,

New York and London.



-18-

GREAVE3, M.F. and JARQSSY, G. (1972). In "Cell

Interactions", 3rd Lepetit Coloquium, (L.S. Silvestri,

ed.), p. 143» North Holland, Amsterdam and London.

GREAVES, M.P., TORRIGIANI, G. and ROITT, I.M. (1969).

Nature (London). 222. 885.

GREEN, I. and BENACERRAF, B. (1966). J. Exp. Med..

123. 859.

GREEN, I., PAUL, W.E. and BENACERRAF, B. (1968)*

J* Exp. Med.. 127. 43.

GREENBURY, C.L., MOORE, D.H. and NUNN, L.A.C. (1965).

Immunology. 8, 420.

GREY, H.M. (1962a). J. Exp. Med.. 115. 671.

GREY, H.M. (1962b). Immunology. £, 603.

GREY, H.M. (1963). J. Immunol.. ^1, 90.

GREY, H.M. (1964). Immunology. £, 82.

GUDAT, P.J. and VILLlNGER, W. (1973). J. Exp. Med..

137. 483.

GUTMAN, G.A. and WEISSMAN, I.L. (1972). Immunology.

21, 465.

HABEEB, A.P.S.A. (1967a). J. Immunol.. 1264.

HABEEB, A.P.S.A. (1967b). Arch. Biochem. Biophys..

121, 652.



-19-

HABEEB, A.P.S.A. (1968a). J. Immunol.. 101. 505.

I-IABEEB, A.P.S.A. (1968b). Can. J. Biochem,. 46, 789.

HABEEB, A.P.S.A. and ATASSI, M.Z. (1969). Immuno-

chemistry. 6(, 555.

HABEEB, A.P.S.A. and BORELLA, L. (1966). J. Immunol..

21, 951.

HABER, E., RICHARDS, P.P., SPRAGG, J., AUSTEN, K.P.,

VALLOTON, M. and PAGE, L.B. (1967). Cold Spring

Harbor Symp.. Quant. Biol.. 32. 299.

HABICHT, G.S., CHILLER, J.M. and WEIGLE, W.O. (1972).

Ped. Proc.. 31. 773*

HAMMARSTROM, S. (1973). Scand. J. Immunol.. 7^, 49.

hXmMERLING, G. and McDEVITT, h. (1974). J. Immunol..

112. 1726.

HAMMERLING, U. and RAJEWSKY, K. (1971). Eur. J.

Immunol.. 1, 447.

HANAN, R. and OYAMA, J. (1954). J. Immunol., 73. 49.
*

HARMSEN, B.J.M. and BRAAM, W.G.M. (1969). Int. J.

Prot. Res,, !L, 225.

HASEK, M. (1953a). Cesk. Biol.. 2, 25.

HASEK, m. (1953b). Cesk. Biol., 2, 265.

HASEK, M., LENGEROVA, A. and HRABA, T. (1961).

Adv. Immunol., 1, 1.



-20-

HASKOVA, V. (1957). Folia Biol. (Prague). J, 129.

HATCHER, V. and MAKELA, 0. (1972). Immunochemistry.

2» 1139.

HEIDELBERGER, M. (1956). Lectures in Inmunochemistry,

Academic Press, New York.

HEIDELBERGER, M. and KENDALL, F.E. (1935).

J. Exp. Med.. 62, 697.

HENNEY, C.S. and ISHIZAKA, K. (1968). J. Immunol..

100. 718.

HENNEY, C.S. and STANWORTH, D.R. (1965). Immunology.

2» 139.

HENNEY, C.S., STANWORTH, D.R. and GELL, P.G.H. (1965).

Nature (London). 205. 1079.

HERSKOVITS, T.T. and LASKOWSKI, M. Jr. (1962).

J. Biol. Chen.. 237. 2481.

HIRATA, A.A. and CAMPBELL, D.H. (1965). Immuno¬

chemistry. 2, 195.

HIRATA, A.A. and SUSSDORP, D.H. (1966). J. Immunol..

26, 611.

HIROSE, S.I. and OSLER, A.G. (1965). J. Immunol..

2i» 927.

HIROSE, S.I. and OSLER, A.G. (1967a). J. Immunol..

28, 618.



HIROSE, S.I. and OSLER, A. G. (1967b). J. Immunol..

28, 628.

HOOKER, S.B. and BOYD, W.C. (1942). J. Immunol..

4£, 127.

H03RNICK, C.L. and KARUSK, F. (1972). Immuno-

chemistry, 325.

HOWARD, R.J., LANDON, J.C., DOUGHERTY, S.F., NOTKINS,

A.L. and MERGENHAGEH, S.E. (1969). J. Immunol..

102. 266.

HOWARD, J.G., ZOLA, H., CHRISTIE, G.H. and COURTENAY,

B.M. (1971). Immunology. 21, 535.

HUCHET, R. and FELDMAHN, M. (1973). Eur. J. Immunol.

I. 49.

HUMPHREY, J.H. and KELLER, H.U. (1970). In "Develop¬

mental Aspects of Antibody Formation and Structure"

(J. Sterzl and I. Rlha, eds.), Vol. II, p. 485,

Academia, Prague.

HUMPHREY, J.H., PARROTT, D.M.V. and EAST', J. (1964).

Immunology. 7, 419.

HUMPHREY, J.H., ROELANT?, G. and WILCOX, N. (1971).

In "Cell Interactions and Receptor Antibodies in
ft ft

Immune Response", (0. Makela, A. Cross and T.U.

Kosunen, eds.), p. 123, Academic Press, London and

New York.



-22-

HUNT, S.W. and WILLIAMS, A.P. (1974). J. Exp, Med..

139. 479.

HUNTER, W.M. (1967). In "Handbook of Experimental

Immunology", (D.M. Weir, ed.), Chapter 18, Blackwell,

Oxford and Edinburgh.

HUNTER, W.M. (1973). In "Handbook of Experimental

Immunology", (D.M. Weir, ed.), 2nd edition, Chapter

17, Blackwell, Oxford, London, Edinburgh, Melbourne.

HUNTER, W.M. and .GANGULI, P.C. (1971). In "Radio¬

immunoassay Methods", (K.E. Kirkham and W.H. Hunter,

eds.), p. 243, Churchill Livingstone, Edinburgh.

ISHIZAKA, T., CAMPBELL, D.H. and ISHIZAKA, K. (i960).

Proc. Soc. Exp. Biol. Med.. 103. 5.

IVANOVICS, G. and BRUCKNER, V. (1937).

Naturwissen"schaften. 25. 250.

IVANYI, J. and CERNY, J. (1969). Current Topics

Microbiol. Immunol., 49. 114.

IVANYI, J., MARVANOVA, H. and SKAMENE, E. (1969).

Immunology. 17. 325.

IVERSON, G.M. and DRESSER, D.W. (1970).

Nature (London). 227. 274.

JAN-ATOVA, J., MULES, 0. and SPCNiAR, J. (1968).

Czech. Cher':. Comm., 33. 788.



-23-

JANKOVIC, B.D., WAKSMAN, B.H. and ARNASON, B.G. (1962).

J. Exp. Med.. 116, 159.

JASIN, H.E. and GLYNN, L.E. (1965). Immunology. 8, 95.

JERNE, N.K. (1967). Cold Spring Harbor Symp. Quant.

Biol.. Jt2, 591.

JOLY, M. (1965). Denaturation of Proteins, Academic

Press, London and New York.

JONES, W.E. and LESKOWITZ, S. (1965). Nature (London).

207. 596.

KABAT, E.A. (1961). Kabat and Mayer's Experimental

Immunochemistry, 2nd edition, Ch. G. Thomas, Spring¬

field, 111.

KABAT, E.A. (1966). J, Immunol.. 97. 1.

KABAT, E.A. (1968). Structural Concepts in Immunology

and Immunochemistry, Kolt, Rinehart and Winston, Inc.

KABAT, E.A. and HEIDELBERGER, M. (1937). J. Exp. Med..

66, 229.

KAMINSKI, M. (1965). Procr. Allergy. 79.

KATZ, D.H. and BENACERRAF, B. (1972). Adv. Immunol..

H, 1.

KATZ, D.H. and UNANTJE, E.R. (1973). J. Exp. Med..

137, 967.



-24-

KATZ, D.H., PAUL, W.E., GOIDL, E.A. and BENACERRAF, B.

(1970a). J. Exp. Med.. 132. 261.

KATZ, D. II., PAUL, W.E., GO ILL, E. A. and BENACERRAF, B.

(1970b). J. Exp, ivied.. 132. 283.

KATZ, D.H., HAMAOKA, T. and BENACERRAF, B. (1974).

J. Exp. lied.. 139. 1464.

KAWAGUCHI, S. (1970). Immunology, l^, 277.

KERBEL, R.S. and EIDINGER, D. (1972). Eur. J. Immunol..

2, 114.

KIMBALL, J.M. (1972). Immunochemistry. 1169.

KOLSCII, E. and MITCHISON, N.A. (1968). J. Exp. Med..

128. 1059.

KHONMAN, M.J. and ROBBIES, P.M. (1970). In "Fine

Structure of Proteins and Nucleic Acids", (G.D.

Fasman and S.N. Timasheff, eds.), p. 271, Marcel Dekker,

Inc., New York.

LANCE, E.M. (1970). J. Immunol.. 105. 108.

LANCE, E.M. and DRESSER, D.W. (1967). Nature (London).

215. 488.

LANDSTEIN2R, K. (1946). The Specificity of Serological

Reactions, Revised edition, Harvard University Press,

Cambridge, Mass.



-25-

LANDSTEINER, K. (1962). The Specificity of Serological

Reactions, revised edition, Dover Publications,

Inc., New York.

LANDSTEINER, K. and van der SCHEER, J. (1939).

J. Exp. Med.. 69, 705.

LANDY, M. and BRADS, D.W. (1969). Immunological

Tolerance, Academic Press, New York and London.

LAJNGERVOORT, H.L., COM, Z.A., HIRSCH, J.G., HUMPHREY,

J.H., SPECTOR, W.G. and van FURTH, R. (19700.

In "Mononuclear Phagocytes", (R. van Purth, ed.),

p. 1, Blaokwell, Oxford and Edinburgh.

LAPRESLE, 0. and DURIEUX, D. (1958). Ann. Inst.

Pasteur, 2£. 38.

LAPRESLE, C. and WEBB, T. (I960). In "Cellular

Aspects of Immunity", (G.E.W. Wolstenholme and M.

O'Connor, eds.), p. 44, Churchill, London.

LAPRESLE, C., KAMINSKI, M. and TANNER, C.E. (1959).

J. Immunol.. 82, 94.

LAWRENCE, D.A., SPIELBERG, H.L. and WEIGLE, W.O. (1973).

J. Exp. Med., 137, 470.

LESKOWITZ, S. (1962). J. Immunol., 82., 434.

LESKOWITZ, S. (1972). In "Immunogenicity", (P.

Borek, ed.), p. 131, North Holland, Amsterdam

and London.



-26-

LESKOWITZ, S., JOKES, V.E. and 2AK, S.J. (1966).

J. Exp. Med.. 123. 229.

LEVINE, L. and BROWN, R.K. (1957). Biochem. BiQphys,

Acta.. 2£, 329.

LEVINE, L. and van VUNAKIS, H. (1967). In "Antibodies

to Biologically Active Molecules", (B. Cinader, ed.),

Vol. I, p. 25, Pergamon Press, Oxford.

LEVY, M. and WARNER, R.G. (1954). J. Phys. Chem..

£8, 106.

LILD, D. and PARR, R.S. (1964). J. Allergy. JJ, 45.

LINDQVIST, K. and BAUER, D.C. (1966). Immunochemistr.y,

1, 373.

LINSCOTT, W.D. (1963). Science. 142. 1170.

LISCHMER, II.W. and Di GEORGE, A.M. (1969).

Lancet, 2, 1044.

LITWIN, S.D. (1970). Immunology. 1^, 511.

LIU, C.T., DAS, B.R. and MAURER, P.II. (1967).

Immunochemi3tr;v, £, 1.

loor, p., fornl, l. and PERnIS, b. (1972).

Eur. J, Immunol., 2, 203.

LOUIS, J., CHILLER, J.M. and WEIGLE, W.O. (1973).

J. Exp, iled., 137, 461.



-27-

LOWRY, O.K., ROSEBROUGH, R.J., FARR, A.L. and

RANDALL, R.J. (1951). J. Biol. Ghem.. 1?3. 265.

LUDERITZ, 0., STAUB, A.M. and WESTPHAL, 0. (1966).

Bacterlol. Rev., 30. 192.

MACPHERSON, C.F.C. and HEIDELBERGER, M. (1945).

J. Am. Chem. Soc.. 67. 585.

MAIZEL, J.V., Jr. (1969). In "Fundamental Techniques

in Virology" (K. Habel and N.P. Salzman, eds.),

P» 334» Acad. Press, New York and London.

MAKINODAN, T. and GENGOZIAN, N. (I960). In "Mechanisms

of Antibody Formation", (M. Holub and L. Jaroskova,

eds.), p. 339» Academia, Prague.

ft ft

MAKELA, 0. (1967). Cold Spring Harbor Symp. Quant.

Biol.. 32, 423.

MAKELA, 0. (1970). Transplant. Rev. £, 3.

MAKELA, 0., CROSS, A.M. and RUOSLAHTI, E. (1969).

In "Biological Recognition Processes", (R.T. Smith

and R.A. Good, eds.), p. 287, Appleton-Century-Crofts,

New York.

it n *
MAKELA, 0. and KONTIAINEN, S. (1970). In "Developmental

Aspects of Antibody Formation and Structure (J.
Sterzl and I. Riha, eds.), Vol. II, p. 565,

Academia, Prague.



-28-

MAKELA, 0., KOSKIMIES, S. and PASANER, V.J. (1971a).

In "Progress in Immunology", (B. Amos, ed.), p. 653,

Academic Press, London and New York.

MAKELA, 0., PASANEN, V. and SARVAS, H. (1971b). In

"Cell Interactions and Receptor Antibodies in Immune

Response" (0. Makela, A. Cross and T.U. Kosunen, eds.),

p. 243, Academic Press, London and New York.

MAKELA, 0., RUOSLAHTI and SEPPALA, I.J.T. (1970).

Immunochemistry. £, 917.

MARCHELONIS, J.J., ATWELL, J.L. and CONE, R.E. (1972).

Nature (New Biol.), 235. 240.

I/IARGOLIASH, E., REICHLIN, M. and NISONOFF (1967).
In "Conformation of Biopolymers" (G.N. Ramachandran,

ed.), Vol. 1, p. 253, Academic Press, London and

New York.

MARKUS, G. (1964). Protides Biol. Fluids. 11. 37.

MARKUS, G. and KARUSH, F. (1957). J. Am, Chem. Soc..

li» !34.

MARTIN, D.S., ERICKSON, J.O., PUTNAM, F.W. and

NEURATH, H. (1943). J. Gen. Physiol., 26, 533.

MASON, S. and WARNER, N.L. (1970). J. Immunol..

104, 762.

MAURER, P.H. (1959). Arch. Biochem. Biophys., 2i» 13*

MAURER, P.HE (1963). Ann. N.Y. Acad. Sci., 103, 549.

MAURER, P.H. (1964). Pro^;r. Allergy, 8, 1.



-29-

MAURER, P.H.-, RAM, S.J. and EHRENPREIS, S. (1957a).

Arch, Blochem. Blophys.. 67. 178.

MAURER, P.H., RAM, S.J. and EHRENPREIS, S. (1957b).

Arch. Biochem. Biophys.. 67. 196.

MoBRIDE, W.H. (1971). Ph. D. Thesis, Edinburgh University,

Faculty of Medicine.

McDEVITT, H.O. and BENACERRAF, B. (1969). Adv.

Immunol.. 11. 31.

McILYAlNE, T.C. (1921). J. Biol. Chem.. I83.

MERCHANT, B. and BRAHMI, Z. (1970). Science. 167. 69.

METCALF, D. and MOORE, M.A.S. (1971). Haemopoietic

Cells, North-Holland, Amsterdam and London.

MEYER-DELIUS M., MITCHISON, N.A., PITT-RIVERS, R.

and RUDE, E. (1971). Eur. J. Immunol.. 1, 267.

MICKLEM, H.S., FORD, C.E., EVANS, E.P. and GRAY, J.

(1966). Proc. R. Soc. Lond.. Ser. B.. 165. 78.

MILLER, J.F.A.P. (1961). Lancet. 2, 748.

MILLER, J.F.A.P. and MITCHELL, G.F. (1968).

J. Exp. Med.. 128. 801.

MILLER, J.F.A.P. and MITCHELL, G.F. (1969).

Transplant. Rev.. !L, 3.

MILLER, J.F.A.P. and OSOBA, D. (1967). Physiol. Rev..

II, 437.



-30-

MILLER, J.P.A.P. and SPRENT, J. (1971).

J. Exp. Med.. 134. 66.

MILLER, J.P.A.P., BASTEN, A., SPRENT, J. and CHEERS, C.

(1971). Cell. Immunol,, 2, 469.

MINDEN, P. and PARR, R.S. (1967). In "Handbook of

Experimental Immunology" (D.M. Weir, ed.), p. 463,

Blackwell, Oxford and Edinburgh.

MITCHELL, G.P. and MILLER, J.P.A.P. (1968a).

Proc. Natl. Aoad. Sci. U.S.A., 59. 296.

MITCHELL, G.P. and MILLER, J.P.A.P. (1968b).

J. Exp. Med.. 128. 821.

MITCHELL, G.P. and TAYLOR, R.B. (1971). In "Progress

in Immunology", (B. Amos, ed.), p. 1477, Academic

Press, New York and London.

MITCHELL, G.P., MISHELL, R.I. and HERZENBERG, L.A.

(1971). In "Progress in Immunology", ( B. Amos,

ed.), p. 323> Academic Press, New York and London.

MITCHELL, J. (1972). Immunology. 22, 231.

MITCHELL, J. (1973). Immunology. 24, 93.

MITCHELL, J. and NOSSAL, G.J.V. (1966). Aust. J.

Exp. Biol. Med. Scl.. 44. 211.

MITCHISON, N.A. (1964). Proc. R. Soc. Lond., Ser. B..

161, 275.



MITCHISON, N.A. (1965). Immunology. 129.

MITCHISON, N.A. (1967). Cold Spring Harbor Svmp.

Quant. Biol.. 32, 431.

MITCHISON, N.A. (1968a). Immunology. 1£, 509.

MITCHISON, N.A. (1968b). Immunology. 15. 531.

MITCHISON, N.A. (1969a). In "Immunological Tolerance

(M. Landy and W. Braun, eds.), p. 113 and 149»

Academic Press, New York and London.

MITCHISON, N.A. (1969b). Immunology. 16, 1.

MITCHISON, N.A. (1971a). In "Cell Interactions and

Receptor Antibodies in Immune Responses" (0. Llakela

A. Cross and T.U. Kosunen, eds.), p. 249, Academic

Press, London and New York.

MITCHISON, N.A. (1971b). In vitro. £, 88.

MITCHISON, N.A. (1971c). Bur. J. Immunol.. 1, 18.

MITCHISON, N.A. (I971d). Eur. J. Immunol.. 1, 68.

MITCHISON, N.A. (1971e). Imrounopathology. 6, 52.

MITCHISON, N.A. (1971ij. Eur. J. Immunol.. 1, 10.

MITCHISON, N.A. (1972a). In "Immunogenicity"

(P. Borek, ed.), p. 87, North-Holland, Amsterdam

and London.



-32-

MITCHISON, N.A. (1972b). In "Cell Interactions",

3rd Lepetit Colloquium, (L.S. Silvestri, ed.),

p. 112, North-Holland, Amsterdam and London.

MITCHISON, N.A. and DRESSER, D. (I960). In "Cellular

Aspects of Immunity", (G.E.W. Wolstenholme and

M. O'Connor, eds.), Ciba Found. Symp., p. 227,

Churchill, London.

MITCHISON, N.A., RAJEWSKY, K. and TAYLOR, R.B. (1970).

In "Developmental Aspects of Antibody Formation and

Structure" (J. Sterzl and I. Riha, eds.), Vol. II,

p. 547, Academia, Prague.

M$LLER, G. (1970a). In "Immune Surveilance" (R.T.

Smith and m. Landy, eds.), p. 112, Academic

Press, New York.

MILLER, G. (1970b). Cell. Immunol.. 1, 573.

m6'lleR, g. (1971). In"Cell Interactions and Receptor
ft »?

Antibodies in Immune Responses" (0. Makela, A. Cross

and T.U. Kosunen, eds.), p. 452, Academic Press,

London and New York.

MOLLER, E. and GREAVES, m.f. (1971). In "Cell

Interactions and Receptor Antibodies in Immune
ft ft

Responses (0. Makela, A. Cross and T.TJ. Kosunen,

eds.), p. 101, Academic Press, London and New York.

MOLLER, E. and MAKELA, 0. (1972). In "Cell Interactions"

3rd Lepetit Colloquium, (L.S. Silvestri, ed.),

p. 214, North-Holland, Amsterdam and London.



-33-

m6lLER, E., BULLOCK, w.w. and MAKELA, 0. (1973).
Eur. J. Immunol., 172.

MOORE, M.A.S. and OWEN, J.J.T. (1967). Lancet.

2, 658.

MOSIER, D.E. (1967). Science. 158. 1573.

HOSIER, L.E. and COPPLESON, L.W. (1968).

J. Exp. Med.. 61, 542.

MOZES, E. and SHEARER, G. (1972). Current Topics

Microbiol. Immunol.. 59. 167.

MURCZYNSKA, W., ANDRZEJEWSKI, J. and BOGUNOWICZ, A.

(1970). Nature (London). 227. 721.

NAOR, D. and SULITZEANU, D. (1967). Nature (London),
214, 687.

NELSON, D.S. (1969). Macrophages and Immunity, North-

Holland, Amsterdam and London.

NORMANSELL, D.E. (1971). Immunochemistry. 8, 593.

NOSSAL, G.J.V. (1969). In "Immunological Tolerance",

(M. Landy and W. Braun, eds.), p. 55, Academic

Press, New York and London.

NOSSAL, G.J.V. (1970). In "Progress in Immunology",

(B. Amos, ed.), p. 665» Academic Press, New York

and London.



-34-

NOSSAL, G.J.V. (1972). In "Cell Interactions", 3rd

Lepetit Colloquium, (L.S. Silvestri, ed.), p. 91»

North-Holland, Amsterdam and London.

NOSSAL, G.J.V. and ADA, G.L. (1971). Antigens,

Lymphoid Cells and the Immune Response, Academic

Press, New York and London.

NOSSAL, G.J.V. and Austin, C.M. (1966). Aust. J. Exp.

Biol. Med. Sci.. 4£, 341.

NOSSAL, G.J.V., ADA, G.L. and AUSTIN, C.M. (1964).

Aust. J. Exp. Biol. Med. Sci.. 42, 883.

NOSSAL, G.J.V., ADA, G.L. and AUSTIN, C.M. (1965).

J. Immunol., 95, 665.

NOSSAL, G.J.V., SHORTMA.N, K.D., MILLER, J.P.A.P.,

MITCHELL, G.F. and IIASKILL, J.S. (1967). Cold

Spring Harbor Symp. Quant. Biol,, 32, 369.

NOSSAL, G.J.V., CUNNINGHAM, A., MITCHELL, G.P. and

MILLER, J.P.A.P. (1968). J. Exp. Med.. 128.

839.

NOSSAL, G.J.V., WARNER, N.L. , LEWIS, H. and SPREITT, J.

(1972). J. Exp. Med.. 135, 405.

NUSSENZWEIG and BENACERRAF, B. (1967). In "Nobel

Symposium 3 on Gamma Globulins", (J. Killander, ed.),

p. 233, Almgrist and Wiksell, Stockholm.

OSTERLAND, O.K., HARBOE, M. and KUNKEL, H.G. (1966).

Vox San£,, 8, 133«



OVARY, Z. and BENACERRAF, B. (1963). Proc. Soc. Exp.

Biol, Med., 114, 72.

OV/EN, R.D. (1945). Science. 102. 400.

PANTELOURIS, E.M. (1971). Immunology. 20, 247.

PARISH, C.R. (1971a). J. Exp. Med.. 134. 1.

PARISH, C.R. (1971b). J. Exp. Med.. 134. 21.

PARISH, C.R. (1972). Transplant. Rev.. 13. 35.

PARISH, C.R. and ADA, G.L. (1969a). Blochem. J..

113. 489.

PARISH, C.R. and ADA, G.L. (1969b). Immunology.

ili !53.

PARISH, C.R. and ADA, G.L. (1972). In "Contemporary

Topics in Immunochemistry", (P.P. Inman, ed.),
Vol. I, p. 77, Plenum Press, New York and London.

PARISH, C.R., LANG, P.G. and ADA, G.L. (1967).

Nature (London). 215. 1202.

PARISH, C.R., WISTAR, R. and ADA, G.L. (1969).

Biochem. J.. 113. 501.

PARKHOUSE, R. and BUTTON, R.W. (1967).

Immunochemistry. £, 431.

PARROTT, D.M.V. and de SOUSA, M. (1971). Clin. Exp,

Immunol.. 8, 663.

PARROTT, D.M.V., de SOUSA, M. and EAST, J. (1966).

J. Exp. Med.. 123, 191.



-36-

PAUL, W.E. and DAVIE, J.M. (1971). In "Progress

in Immunology", (B. Amos, ed.), p. 637, Academic

Press, New York and London.

PAUL, W.E., SISKIND, G.W., BENACERRAF, B. and OVARY,

Z. (1967a). J. Immunol.. 99. 760.

PAUL, W.E., SISKIND, G.W. and BENACERRAF, B. (1967b).

Immunology. 13. 147.

PAUL, W.E., THORBECKE, G.J., SISKIND, G.W. and

BENACERRAF, B. (1969). Immunology. 1£, 85.

PAULING, L. (1946). In "The Specificity of Serological

Reactions", (K. Landsteiner, ed.), revised edition,

p. 276, Harvard University Press, Cambridge, Mass.

PAULING, L., PRESSMAN, D. and GROSSBERG, A.L. (1944).

J. Am. Chem. Soc.. 66. 784.

PHARMACIA (1970). Fine Chemicals, Sephadex-Gel

Filtration in Theory and Practice, Uppsala, Sweden.

PHELPS, R.A. and PUTNAM, F.W. (I960). In "The Plasma

Proteins" (F.W. Putnam, ed.), Vol. I,, p. 143f

Academic Press, New York and London.

PHILIP, B.A., HERBERT, P. and HOLLINGSWORTH, J.W. (1966).

Proc. Soc. Exp, Biol. Med.. 123. 576.

PEDERSEN, K.O. (1962). Arch. Biochem. Biophys..

Suppl.. 1, 157.



PENNELL, R.B. (I960)-. In "The Plasma Proteins",

(P.?/. Putnam, ed.), Vol. I, p. 9, Academic Press,

New York and London.

PEKKINS, E.H. and MAKINOBAN, T.J. (1964). J. Immunol..

22, 192.

PERKINS, E.H. and MAKINODAN, T.J. (1965). J. Immunol..

2it 765.

PERNIS, B., CHIAPPINO, G.,KELUS, A.S. and GELL,

P.G.H. (1965). J. Exp. lied.. 122. 853.

PETERS, J.H. and GOETZL, E.J. (1969). B. Biol. Chem..

244. 2068.

PETERSEN, H.A. and POSTER, J.P. (1965a). J. Biol.

Chem.. 240. 2503.

PETERSEN, H.A. and POSTER, J.P. (1965b). J. Biol.

Chem.. 240. 3858.

PINCHUK, P., PISHMAN, M., ABLER, P.L. and I.IAURER, P.H.

(1968). Science. 160. 194.

PINCKARD, R.N., WEIR, D.M. and HcBRIDE, W.H. (1967a).

Clin, gp, Immunol.. 2, 331.

PINCKARB, R.N., WEIR, B.M. and McBRIBE, W.H. (1967b).

Clin. Exp. Immunol.. 2, 343.

PINCKARB, R.N., WEIR, B.M. and McBRIDE, W.H. (1968).

Clin. Exp. Immunol.. 413•



-38-

PLESCIA, O.J. (1969). Current Topics Microbiol.

Immunol.. 50, 78.

PLESCIA, O.J. and BRAUN, W. (1967). Adv. Immunol..

6, 231.

PORTER, R.R. (1957). Blochem. J.. 66, 677.

PRESSMAN, D. and GROSSBERG, A.L. (1968). The

Structural Basis of Antibody Specificity, W.A.

Benjamin, Inc., New York and Amsterdam.

PUTNAM, F.W. (1965). In"The Proteins", (H. Neurath, ed.),

Vol. Ill, p. 154, 2nd edition, Academic Press,

New York and London.

RAFF, M.C. (1969). Nature (London). 224. 378.

RAFF, M.C. (1970a). Immunology. 19. 637.

RAFF, M.C. (1970b). Nature (London). 226. 1257.

RAFF, M.C. and CANTOR, H. (1971). In "Progress in

Immunology", (B. Amos, ed.), p. 83, Academic

Press, New York and London.

RAFF, M.C. and de PETRIS, S. (1972). In "Cell Inter¬

actions", 3rd Lepetit Colloquium, (L.S. Silvestri,

ed.), p. 237, North-Holland, Amsterdam and London.

RAFF, M.C. and de PETRIS, S. (1973). Fed. Proc.. ^2., 48.

RAFF, M.C., STERNBERG, M. and TAYLOR, R.B. (1970).

Nature (London), 225. 553.



-39-

RAJEWSKY, K. (1971). ?roc. R. Soc. Lond.. Ser. B..

176. 385.

RAJEWSKY, K. and ERENIG, C. (1974). Eur. J. Immunol..

£, 120.

RAJEWSKY, K. and MOHR, R. (1974). Eur. J. Immunol..

£» HI.

RAJEWSKY, K. and POHLIT, H. (1971). In "Progress in

Immunology", (B. Amos, ed.), p. 337, Academic Press,

New York and London.

RAJEWSKY, K. and ROTTLANDER, E. (1967). Gold Spring

Harbor Symp. wuant. Biol.. 12. 547.

RAJEWSKY, K., ROTTLANDER, E., PELTRE, G. and LIULLER, B.

(1967). J. Exp. Med.. 126. 581.

RAJEWSKY, K., 5CHIRRMACHER, V., NASE, S. and JERNE, N.

(1969). J. Exp. Med.. 129. 1131.

RAJEWSKY, K., BRENIG, C. and MELCHERS, I. (1972).

In "Cell Interactions", 3rd Lepetit Colloquium,

(L.S. Silvestri, ed.), p. 196, North-Holland,

Amsterdam and London.

RAM, S.J. and MAURER, P.H. (1957). Arch, Biochem.

Biophys.. 70. 185.

RAM, S.J. and MAURER, P.H. (1958). Arch, Biochem.

Biophys.. 74. 119.



-40-

RAM, S.J. and MAURER, P.II. (1959) • Arch. Biochem.

Biophys.. 83. 223.

RAN1EL, H. (1963). Protldes Biol. Fluids. 11. 114.

RAPPAPORT, I. and ZAITLIN, M. (1970). Virology. 41. 208.

RAPPORT, M.M. and GRAF, L. (1969). Progr. Allergy.

U* 273.

REGENMORTEL van H.M.V. (1966). Adv. Virus. Res..

12, 207.

REIGHLIN, M., BUCCI, E., ANTONINI, E., WYMAN, J.

and ROSSI-FANELLI, A. (1964). J. IIol. Biol..

It 785.

REICHLIN, M., BUCCI, E., WYMAN, J., ANTONINI, E. and

ROSSI-FANELLI, A. (1965a). J, Mol, Biol..

11, 775.

REICHLIN, M., BUCCI, E., FRONTICELLI, C., WYMAN, J.,

ANTONINI, E. and ROSSI-FANELLI, A. (19656).

J. Mol. Biol., 12, 774.

RICHARD, A.J., BECK, S. and HOCH, II. (I960). Arch.

Biochera.. Biophys.. 90. 309.

RIHOVA-SFAROVA, B. and RIHA, I. (1972). Current Topics

Microbiol.. Immunol.. 57. 159.

RITTENBERG, M.B. and PRATT, K.L. (1969). Proc. Soc.

Exp. Biol. Med.. 132. 575.



-41-

RODKEY, L.S. and FREEMAN, M.J. (197C).

Immunology. 19. 219.

ROELANTS, G.E. (1972a). Current Topics Microbiol,.

Immunol.. 99. 135.

ROELANTS, G.E. (1972b). Nature (New Biol.). 236. 252.

ROELANTS, G.E. and ASKONAS, B.A. (1971). Eur. J. Immunol..

1. 151.

ROELANTS, G.E. and GOODMAN, J.W. (1970). Nature

(London). 227. 175.

ROSEN, F.S. (1971). In "Immunological Diseases",

(M. Santer, ed.), 2nd edition, Vol. I, p. 497,

Little, Brown and Co., Boston.

ROTHSCHILD, M.A., ORATZ, M. and SCHREIBER, S.S. (1969).

Am. J. Dig. Pis,. New Series. 14. 711.

RUBIN, B. (1972). Eur. J. Immunol.. 2, 5.

SAGE, H., DEUTSCK, G.F., FAS''AN, G. and LEVINE, L.

(1964). Immunochemistry. 1, 133»

SARVAS, H. and MAXELA, 0. (1974). Eur. J. Immunol..

1, 255.

SCHECHTER, I. (1968). J. Ex;). Med.. 127. 237.

SCHECHTER, I., BAUMINGER, S. and SELA, M. (1964a).

Biocher:,, Biophys. Acta.. 93. 686.



-42-

SCHECHTER, I., BAUMINGER, S., SELA, M., NACHTIGAL, D.

and FELDIvLAN, M. (1964b). Imtnunochemistry. 1, 249.

SCHIRRMACHER, V. (1971). In "Cell Interactions and

Receptor Antibodies in Immune Response", (0. Makela,

A. Cross and T.U. Koaunen, eds.), p. 353» Academic

Press, London and New York.

SCHIRRMACHER, V. (1972). Eur. J. Immunol.. 2, 430.

SCHIRRMACHER, V. and WIGZELL, H. (1972). J. Exp.

Med.. 136. 1616.

SCHLOSSMAN, S.P. (1972). In "Cell Interactions",

3rd Lepetit Colloquium, (L.S. Silvestri, ed.),

p. 128, North-Holland, Amsterdam and London.

SCHLOSSMAN, S.P., HERMAN, J. and YARON, A. (1969).
J. Exp. Med.. 130. 1031.

SCHMIDTKE, J.R. and UNANUE, E.R. (1971). J. Immunol..

101, 331.

SCHRABER, J.W. (1974). J. Exp. Med.. 139. 1303.

SCHRAM, A.C. (1970). Immunology. 18, 7.

SCHWARTZ, R.S. (1966). Fed. Proc.. 2£, 165.

SCHWARTZ, R.S. and DAMESHEK, W. (1963).

J. Immunol.. 90. 703.

SCI3I5HSKI. R. and SERCARZ, E. (1973). J. Immunol..

110. 540.



-43-

SCOTT, D.W. (1974). J. Immunol.. 112. 1354.

SCOTT, D.W. and WAKSMAN, B.II. (1969). J. Immunol..

102, 347.

SHANDS, J.W. (1967). Aiodern Trends Imiaunol..

2, 86.

SELA, M. (1966). Adv. Immunol.. £, 29.

SELA, M. (1969). Science. 166. 1365.

SELA, M. (1973). In "The Harvey Lectures", Series 67,

p. 213, Academic Press, New York and London.

SELA, M. and ARNON, R. (1960a).Biochem. J.. ££, 91.

SELA, M. and ARNON, R. (1960b). Biochen. J.. 21, 394.

SELA, M. and FUCHS, S. (1965). In "Molecular and

Cellular Basis of Antibody Formation", (J. Sterzl,

ed.), p. 43, Academia, Prague.

SELA, M. and KATCIIALSKI, E. (1959). Adv. Prot. Chem..

1£, 391.

SELA, M., FUCHS, S. and ARNON, R. (1962). Biochem. J..

8£, 223.

SELA, M., SCHECHTER, B., SCHECHTER, I. and BOREK, F.

(1967). Gold Spring Harbor Symp. Quant. Biol.,

32, 537.

SELL, S. (1968). J. Exp. Med.. 127. 1139.



-44-

SEMINARS IN HAEMATOLOGY (1970). £,

SE YK, G. , NITECKI, D. and GOODMAN, J.W. (1971).

Science. 171. 407.

SERCARZ, E. and COONS, A.II. (1959). Nature (London).

184. 1080.

SERCARZ, E. and COONS, A.H. (1963). J. Immunol..

22» 478.

SHELLAM, G.R. (1969a). Immunology. 16. 45.

SHELLAM, G.R. (1969b). Immunology. 1J, 267.

SHELLAM, G.R. and NOSSAL, G.J.V. (1968). Immunology.

1£» 273.

SIIEVACH, E.M. STOBO, J.D. and GREEN, I. (1972).
J. Immunol.. 108. 1146.

SHORTMAN, K. and PALMER, J. (1971).

Cell. Immunol.. 2, 399.

SHORTMAN, K., DIENER, E., RUSSELL, P. and ARMSTRONG,

W.D. (1970). J. Exp. Med.. 131. 461.

SINGER, S.J. (1965). In "The Proteins", (H. Neurath,

ed.), Vol. Ill, p. 270, 2nd edition, Academic Press,

New York and London.

SISKIND, G.W. (1969). In "Immunological Tolerance",

(M. Landy and W. Braun, eds.), p. 13» Academic

Press, New York and London.



-45-

SISKIND, G.W. and BENACERRAP, B. (1969).

Adv. Immunol.. 10. 1.

SISKIND, G.W., DUNN, P. and WALKER, J.G. (1968).

J. Exp, iled.. 127. 55.

SMET, P., LCNTIE, R. and PREAUX, G. (1963).

Protides Biol. Fluids. 11, 119.

SMITH, R.T. (1961). Adv. Immunol.. 1, 67.

SMITH, R.T. and BRIDGES, R.A. (1956). Transplant.

Bull.. 2.t 145.

SMITH, R.T. and BRIDGES, R.A. (1958).

J. Exp. Med.. 108. 227.

SOGAKI, M. (1971). J. Biochem.. 6£, 819.

SOLHEIM, B.G., HARBOE, M. and DEVERILL, J. (1971).

Immunochemistry. 8, 939.

SOUSA de M.A.B., PARROTT, D.M.V. and PANTELOURIS, E.M.

(1969). Clin. Exp. Immunol., £, 637.

SPIES, J.R., STEVAN, M.A., STEIN, W.J. and COULSON,

E.J. (1970). J. Allergy. ££, 208.

SPITLER, L., BENJAMIN, E., YOUNG, J.D., KAPLAN, H.

and FUDENBERG, H.H. (1970). J. Exp. Lied..

Ul» 133.

SPITZNAGEL, J.K. and ALLISON, A.C. (1970). J. Immunol..

104. 128.



-46-

STARK, J.M. and SPITZNAGEL, J.K. (1972).

J. Immunol.. 108. 800.

STECHER, V. (1970). In "Mononucelar Phagocytes1',

(R. van Furth, ed.), p. 133» Blackwell, Oxford and

Edinburgh.

STEINER, L.A. and EISEN, H.N. (1966). Bacteriol.

Rev.. 30. 383.

STEINKAUF, L.K. and DANDLIKER, W.B. (1958).

J. Am, Chem. Soc.. 80. 3833•

3TEL0S, P. (1967). In "Handbook of Experimental

Immunology", (D.M. Weir, ed.), p. 3» Blackwell,

Oxford and Edinburgh.

STERZL, J. (1966). Nature (London). 209. 416.

STERZL, J. and SILVERSTEIN, A.M. (1967). Adv.

Immunol.. 6, 337.

STEWARD, M.W. and PETTY, R.E. (1972). Immunology.

21, 881.

STOKROVA, S. and SPONAR, J. (1963). Poll. Czech.

Cheru. Comm.. 28. 659.

STUART, A.E., HABERSHAW, J.A. and DAVIDSON, A.E. (1973).

In "Handbook of Experimental Immunology", (D.M.

Weir, ed.), 2nd edition, Chapter 24, Blackwell,

Oxford, London, Edinburgh and Melbourne.



-47-

STULBARG, M. and SCHLOSSMAN, S.P. (1968).
J. Immunol.. 101. 764.

SULITZEANU, D. (1971). Current Topics Microbiol.

Immunol.. 2i, 1.

SULITZEANU, D. and NAOR, D. (1969). Int. Arch.

Allergy. 35. 564.

SULZBERGER, M.B. (1929). Aroh. Dermatol. Synhilol..

20, 669.

SZENBERG, A. and WARNER, N.L. (1962). Nature (London).
194. 146.

TALI.LAGE, D.W. (1957). Am. N.Y. Acad. Sci.. j[0, Q2.

TALMAGE, D.W. (I960). J. Infect. Pis.. 107. 115.

TAYLOR, R.B. (1964). Immunology. 2., 595.

TAYLOR, R.B. (1968). Nature (London). 220. 611.

TAYLOR, R.B. (1969). Tranaplant. Rev.. 1, 114.

TAYLOR, R.B. and IVERSON, G.M. (1971).

Proc. R. Soc. Lond.. Ser. B.. 176, 393.

TAYLOR, R.B. and WORTIS, H.H. (1968). Nature (London),
220. 927.

TAYLOR, R.B., DUPPUS, W.P.H., RAPP, M.C. and de PETRIS, S.

(1971). Nature (New Biol.). 233. 225.



THEIS, G.A. and SISKIND, G.W. (1968). J. Immunol..

100. 138.

THEIS, G.A., THORBECKE, G.J. and SISKIND, G.W. (1968).
Fed. Proc.. 27. 685.

THYMUS, Experimental and Clinical Studies (1966).
Ciba Pound. Symp. (G.E.W. Wolstenholme and R.

Porter, Eds.), Churchill, London.

THORBECKE, G.J. and BENACERRAF, B. (1967).
Immunology. 13. 141.

TIIORBECKE, G.J., THEIS, G.A. and SISKIND, G.W.

(1969). In "Immunological Tolerance", (M. Landy

and W. Braun, eds.), p. 97, Academic Press, New

York and London.

TIMASHEFF, S.N. and GIBS, R.J. (1957). Arch.

Biochem. Biophys.. 70. 547.

TRANSPLANTATION REVIEWS (1969). I.

TRAUB, E. (1936). J. Exp. Med.. 6±, 183.

UHR, J.W. and BAUMANN, J.B. (1961). J. Exp. Ivied..

113. 935.

UHR, J.W. and MOLLER, G. (1968). Adv. Immunol., 8, 81

UNANUE, E.R. (1969). J. Immunol.. 102. 893.

UNANUE, E.R. (1970). J. Immunol.. 105. 1339.



-49-

UNANUE, E.R. (1971a). J. Immunol.. 107. 1168.

UNANUE, E.R. (1971b). J. Immunol.. 107. 1663.

UNANUE, E.R. (1972). Adv. Immunol.. lj>, 95.

UNANUE, E.R. and ASKONAS, B.A. (1968a). J. Exp.

Med.. 127. 915.

UNANUE, E.R. and ASKONAS, B.A. (1968b). Immunology.

1£, 287.

UNANUE, E.R. and CEROTTINI, J.C. (1970a).

Semin. Hermatol.. X* 225. -

UNANUE, E.R. and. CEROTTINI, J.C. (1970b). In

"Developmental Aspects of Antibody Formation and
v v

Structure", (J. Sterzl and I. Riha, eds.), Vol. II,

p. 521, Academia, Prague.

UNANUE, E.R. and KATZ, D.H. (1973). Eur. J. Immunol.,

i, 559.

UNANUE, E.R., GREY, H.M., RABELL IN 0, P., CAMPBELL, P.

and SCHMIDTKE, J. (1971). J. Exp. Med.. 133. 1188.

UNANUE, E.R., ENQERS, H.D. and KARNOVSKY, M.J. (1973).
Fed. Proc.. 32. 44.

URBAIN, J., VAN ACIIER, A., De VOS-CLOETENS, C. and

URBAIN-VANSANTEN, G. (1972). Immunocheaistry. 121.

VAN VUNAKIS, H., KAPLAN, J., LEHRER, II. and LEVINE, L.

(1966). Immunochemistry. 393-



-50-

WALKEH, J. G. and SISKIND, G.W. (1968). Immunology.

1£, 21.

WAL1EYIK, K. (1971). Protides Biol. Fluids. 1£, 429.

WAKSMAN, B.H. and C0L1EY, D.G. (1971). In "Cell

Interactions and Receptor Antibodies in Immune

Response", (0. Makela, A. Cross and T.U. Kosunen,

eds.), p. 53» Academic Press, London and Hew York.

WARNER, N.L. and MOLLER, E. (1971). In "Progress

in Immunology", (B. Amos, ed.), p. 1471» Academic

Press, Hew York and London.

WARNER, N.L. and SZEHBERG, A. (1962). Nature (London).

196. 784.

WARNER, N.L., SZENBSRG, A. and BURNET, P.M. (1964).
Aust. J. Exp. Biol. I/Ied. Sci«. 40. 373.

WARNER, R.C. and LEVY, M. (1958). J, Am. Chern. Soc..

80, 5735.

WEIGLE, W.O. (1961). J. Immunol.. 8£f 599.

WEIOLE, W.O. (1964). J. Immunol.. £2, 791.

WEIGLE, W.O. (1965). J. Exp. Med.. 122. 1049.

WEIGLE, W.O. (1971). Clin, Exp. Immunol.. 437.

WEIGLE, W.O. (1973). Adv. Immunol.. 16, 61.

WEIGLE, W.O. and GOLUB, S.E. (1967). Cold Spring Harbor

Symp. ^uant. Biol., 32. 555.



WEIOLE, W.O., CHILLER, J.M. and HABICHT, G.S. (1971).
In "Progress in Immunology", (B. Amos, ed.),

p. 311, Academic Press, New York and London.

WEIGLE, W.O., CHILLER, J.M. and HABICHT, O.S. (1972).

Transplant. Rev.. 8, 3.

WEIR, D.M., McBRIDE, W.H. and NAYSMITH, J.D. (1968).

Nature (London). 219. 1276.
!•

WERBLIN, T.P., KIM, Y.T., ^UAGLIATA, P. and SISKIND,

G.W. (1973). Immunology. 24. 477.

WHITE, W.P., SHIELDS, J. and ROBBINS, K.C. (1955).
J, Am. Chem. Soc.. 77. 1267.

WHYTE, J. (1972). Personal communication.

WIGZELL, H. (1970). Trans,lant Rev.. £, 76.

WIGZELL, H. and ANDERSSON, B. (1969). • J- Exp. Med..

129. 23.

WIGZELL, H. and MAKELA, 0. (1970). J. Exp. Lied..

132. 110.

WIGZELL, H., ANDERSSON, B., MAKELA, 0. and WALTERS, C.S.

(1971). In "Cell Interactions and Receptor

Antibodies in Immune Response", (0. Makela, A. Cross

and T.U. Kosunen, eds.), p. 231, Academic Press,

London and New York.

WILKINSON, P.C. and McKAY, I.C. (1971). Int. Arch.

Allergy. 41, 237.



r

-52-

•WIUIAMS, C.A. and CHASE, M.W. (1967). (Editors)

Methods in Immunology and Immunochemistry,

Academic Press, New York and London, Vol. I.

WILLIAMS, C.A. and CHASE, M.W. (1968). (Editors)

Methods in Immunology and Immunochemistry,

Academic Press, New York and London, Vol. II.

WILLIAMS, C.A. and CHASE, M.W. (1971). (Editors)

Methods in Immunology and Immunochemistry,

Academic Press, New York and London, Vol. III.

WILLIAMS, E.T. and POSTER, J.P. (i960). J. Am.

Chem. Soc.. 82. 3741.

WILSON, D.B. and WEISSMAN, G. (1971). In "Progress

in Immunology", (B. Amos, ed.), p. 1143* Academic

Press, New York and London.

WILSON, J.D. (1972). Auot. J. Exp. Biol. Med. Sci..

£0, 199.

WILSON, J.D. and FELDMANN, M. (1972). Nature (New

Biol.). 237. 3.

WILSON, J.D., NOSSAL, G.J.V. and LEWIS, H. (1972).
Eur. J. Immunol.. 2, 225.

W.H.O. (1970). W.H.O. Tech. Report No. 448,

World Health Organization, Geneva.

WOLBERG, G., LIU, C.T. and ADLER, P.A. (1969).

J. Immunol. ., 10J, 879.



WOLBERG, G., LIU, C.T. and ABLER, P.A. (1970).
J. Immunol.. 109. 797.

WRIGHT, R.N. and ROTHBERG, R.M. (1971). J. Immunol..

107. 1410.

WU, C.Y. and GJNADER, B. (1972). Eur. J. Immunol..

2, 398.

YUAN, L. and CAMPBELL, D.H. (1972). Immunochemistry.


