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ABSTRACT 

Normal rabbit bone marrow cells, but not cells of 

the other normal lymphoid organs could transfer irnrnuno

competence to lethally irradiated or tolerant allogeneic 

recipients. However, bone marrow cells of rabbits 

irnrnunized 24 hours previously could not transfer irnrnuno

competence with respect to the immunizing antigen. The 

bone marrow irnrnunocompetent cell was identified as the 

antigen reactive cell (ARC) and not the antibody forming 

cell (AFC) by the use of allotypic markers. The ARC 

which were morphologically small lymphocytes, could be 

isolated by passage of the normal bone marrow cells 

through an antigen-sensitized glass bead column. In~uno

competence following irradiation correlated with the 

reappearance of the bone marrow ARC. Furthermore, the 

ARC activity could be initiated by incubation of the 

cells with the antigen in vitro. 

The results suggest that rabbit bone marrow is the 

main source of ARC and that they migrate out of the bone 

marrow following irnrnunization. 
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ORIGINAL CONTRIBUTIONS TO KNOWLEDGE 

1. The bone marrow is the prime source of the immuno

competent antigen-reactive cell(s) in the unimmunized 

adult rabbit. 

2. Normal rabbit bone marrow does not possess any anti

body-forming cells. 

3. Only viable bone marrow cells cou Id transfer immuno

competence to irradiated recipients. Sonicates or 

heat killed cell preparations lost this capacity. 

4. It was demonstrated that the antigen-reactive cell 

is irradiation sensitive whereas the antibody-forming 

cell is irradiation resistant. 

5. The antigen reactive cell, not the potential antibody 

forming cell, is the ntolerantn cell in the immune 

tolerant state. 

6. Clones of normal, unstimulated, antigen reactive cells 

are precommitted to react with only one antigen. These 



clones can be isolated from a heterogenous popula

tion of antigen-reactive cells by means of specifie 

immuno-adsorbents. 

7. Following the intravenous administration of an 

antigen, the bone marrow is rendered specifically 

immunoincompetent with respect to the immunizing 

antigen. Evidence has been presented showing that, 

following immunization, the bone marrow antigen 

reactive cells are not rendered tolerant following 

in vivo interaction with the antigen but rather they 

migrate out of the bone marrow. 

8. The clonaI selection theory of Burnet has been con

firmed by the present investigation. However, it 

would appear to relate only with respect to the antigen

reactive cell and not the antibody-forming cell, in 

the normal rabbit. 
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CHAPTER l 

BASIS FOR AND OBJECTIVES OF THE PRESENT INVESTIGATION 

During the past few years progress has been made 

in identifying the types of cells involved in the 

immune response. It has been demonstrated that the 

celles) capable of synthesizing and/or storing humoral 

type antibodies are the cells belonging to the plasma 

cell series and that the cells mediating cellular 

immunity are the small lymphocytes. On the basis of 

recent investigation, it is now believed that more than 

one type of cell is required to participate in the events 

that preceed humoral antibody synthesis. These cells 

are referred to as the antigen reactive cell and the 

antibody forming cel·l. However, litt le is known about 

the early and initial cellular events following the in 

vivo administration of the antigen for the first time. 

The basis for this study is the previous observa

tion from this laboratory that normal rabbit bone marrow 

cells are the only lymphoid cells in the normal rabbit 

capable of undergoing blastogenesis and mitosis upon in 
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vitro incubation with various antigens. Evidence of 

an inconclusive nature has been presented suggesting 

the immune nature of this response. 

The objective of this investigation is to provide 

information with regard to the following questions per

taining to the humoral primary immune response in the 

rabbit: 

1. What is the organ source and morphology of 

the antigen reactive cell(s) in the rabbit? 

2. What are the initial events that follow the 

initial in vivo contact of an antigen with the antigen 

reactive cell? 

3. Is the les ion in the immune tolerant state at 

the level of the antigen reactive cell and/or the anti

body forming cell? 

4. Are antigen reactive cells precommitted to 

interact with only one antigen? If this is the case, 

can these cells be separated into specifie clones follow

ing their interaction with the antigen? 

5. Is immunocompetence dependent on the presence of 

antigen reactive cells in the body? 



Page 3 

6. Can the events that follow the interaction of 

the antigen with the antigen reactive cell be initiated 

in vitro? If 50, is that interaction specifie? 



Page 4 

CHAPTER II 

DEFINITIONS AND ABBREVIATIONS 

A. Definitions of terms used in the thesis 

Stem Cell: Immature cell capable of giving rise to 

mature forms. 

Differentiation: Acquisition of new properties by a 

non-dividing cell, i.e., qualitative changes. 

Maturation: Intensification of pre-existing properties 

of the cell, i.e., quantitative changes in the same 

cell. 

Proliferation: An increase in the number of the cells 

achieved by mitosis of precursor cells. 

Central Lymphoid Organ: An organ the extirpation of 

which will result in depletion of lymphoid cells 

in another lymphoid organ. 

Peripheral Lymphoid Organ: An organ that contains the 

fully differentiated lymphoid cells and the extir

pation of which will not result in depletion of 

lymphoid cells in another lymphoid organ. 
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Immune Competent Animal: An animal which, though capable 

of an immunological response, is not yet indulging 

in one. 

Immune Competent Cell: A cell capable of carrying out 

a specifie aspect of an immune response. 

Antigen Reactive Cell: A cell that recognizes an antigen 

and responds by differentiation and proliferation 

but does not form antibody. 

Antibody Forming Cell: A cell that synthesizes and/or 

secretes specifie antibody. 

primary Immune Response: Events that follow the first 

exposure to an antigen. 

Secondary Immune Response: Events that follow the second 

exposure to the sarne antigen used to induce the 

primary immune response. 

Normal Animal: An animal that has never been exposed to 

an antigen or any other form of treatment. 

primed Animal: An animal that has been in contact with 

an antigen for less than 48 hours. 

Hyperimmune Animal: An animal that has been repeatedly 

exposed to the same antigen. 



Page 6 

Normal, Primed, Immune or Hyperimmune Cells: Cells 

obtained from normal, primed, immune or hyper

immune animaIs, respectively. 

Stimulated Cell: A cell obtained from a normal animal 

incubated with the antigen in vitro. 



B. Abbreviation of words used in the thesis 

Ab: Antibody 

Ag: Antigen 

Ig: Immunoglobulin 

OH: Delayed hypersensitivity 

GVHR: Graft-versus-host reaction 

MLR: Mixed leucocyte reaction 

ARC: Antigen reactive celles) 

AFC: Antibddy forming celles) 

PFC: Plaque forming celles) 

HSA: Human serum albumin 

BGG: Bovine gamma globulin 

BSA: Bovine serum albumin 

SRBC: Sheep red blood cells 

SCS: Sheep cell sonicate 

HRBC: Horse red blood cells 

HCS: Horse cell sonicate 

RRBC: Rat red blood cells 

PHA: Phytohemagglutinin 

Page 7 



Page 8 

CHAPTER III 

LITERATURE REVIEW 

A. The immunocompetent cell: General considerations 

The lymphocyte has been defined by morphological 

criteria as a small round cell ranging in size from 

5 - 12 u present in the blood, lymph, lymphoid organs 

and body fluids characterized by basophilie nucleus 

and a thin rim of cytoplasm (1). The lymphocytes 

represent a highly mobile cell population vital to the 

defence of the mammalian organisme No longer, however, 

does it seem reasonable to write in terms of a single 

function of a lymphocyte since data are now accumulat

ing in the literature showing that there is marked 

heterogeneity among lymphocytes, both structurally and 

functionally (2). Lymphocytes which appear to be rnor

phologically identical under the microscope have various 

highly specialized functions in the different peripheral 

lymphoid organs and they are probably under the influence 

of separate regulatory mechanisms (2). Investigation 
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aimed at relating morphological structure with the func

tion of the lymphoid apparatus in the ontogeny and 

phylogeny of these organs has led to the concept of 

the central lymphoid organs as specialized sites in 

which transformation of immunocornpetent cells into 

antibody-forming cells or into cells which rnediate 

cellular immunity takes place (3). The origin, fate 

and distribution, as weIl as the rate of proliferation 

and death of these cells is more understood after the 

use of isotopically-Iabelled cells. AIso, progress has 

recently been achieved in the study of the complex 

interactions which take place between the different 

lymphoid cells (4, 5, 6). These findings permit a 

better understanding of the relationship of structure 

to function and clarify the sequenee of cellular events 

in the induction of the primary immune response. 

In this chapter, the role that the lymphoid system 

plays in the immune response is described, with parti

cular emphasis placed on the heterogeneity of the lym

phoid cells. Our present knowledge regarding the migra

tion pathways of the different lyrnphoid cells during the 

immune response is outlined. 
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1. Lymphocyte Heterogeneity 

a) The central versus the peripheral lymphoid 

system - The lymphoid system can be classified as a 

cellular compartment concerned primarily with differen

tiation (central compartment) and a second cellular 

compartment that includes the fully differentiated 

lymphoid cells (peripheral compartment) (7). One may 

also refer to a lymphoid organ as central or primary 

if its extirpation resùmts in depletion of lymphoid 

cells in another lymphoid organ. In this context, as 

will be seen below, the thymus and the bursa of Fabri

cius constitute the central lymphoid organ system. The 

findings of Glick (8) and of Cooper et al (3, 7) have 

demonstrated that in the bird, the bursa of Fabricius 

is essential for the development of the lymphoid cells 

capable of antibody p~oduction. The studies of Miller 

et al (9) and of Good et al (10) have shown that the 

thymus, like the bursa, is a central lymphoid organ but 

that it is mainly engaged in cellular immunity. These 

central organs were shown by Auerbach (11) to represent 

tissues derived from epithelial embryonic structures in 

which precursors of lymphoid cells undergo active pro-
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1iferation and obnain the capacities and characteris

tics of the different populations of 1ymphoid ce11s. 

According ta this view (la, 11), an undifferentiated 

1ymphoid bone marrow stem ce11 entering the thymus 

cornes direct1y under the influence of that organ, where 

it gives rise to a population of ce11s which can, after 

distribution to the periphery, become capable of expres

sing the thymus-dependent functions. On the other hand, 

1ymphoid stem ce11s entering the bursa of birds or the 

gut-associated 1ymphoid tissues of certain mamma1s come 

under the influence of this environment and give rise 

into a population of 1ymphoid ce11s capable of produc

ing antibodies in appropriate locations in the periphera1 

1ymphoid tissues (3). C1inica1 (12), immuno1ogic and 

phy10genetic (7, 13) studies have confirmed this two

component (central and periphera1) concept of the 1ym

phoid system. The central 1ymphoid tissues can be 

expected to contain rnany 1ymphoid ce11s in the process 

of differentiation which do not exercise the functions 

attributab1e to the fu11y differentiated periphera1 

1ymphoid ce11s. For examp1e, the capacity of ce11s from 

the thymus and bursa to exer~ise graft-versus-host reac

tions (14, 15, 16) and to produce antibodies (17), 
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respectively, has been found to be deficient. 

b) The thymus-dependent versus the gut

dependent lymphocytes - The distribution of lymphocytes 

in the peripheral lymphoid tissues has recently been 

classified into a thymus-dependent population of lympho

cytes responsible for the expression of delayed hyper

sensitivity, allograft rejection and graft-versus-host 

reactions, and a gut-dependent lymphocyte population 

re~ponsible for antibody production, germinal center 

and plasma cell formation (7). 

Histological studies of lymph nodes and spleens 

following neonatal thymectomy or bursectomy have 

revealed the distribution of each type of lymphocyte. 

Thymus-dependent areas have been shown to be located in 

the deep cortical areas of the lymph nodes and in the 

splenic white pulp (7). The gut-dependent areas have 

been located in the extreme cortical parts, in the hilar 

areas and in the germinal centers of the lymphoid fol

licles of the lymph nodes (7). By in vivo labelling 

with 3H-thymidine (18), the follicles in the gut

associated lymphoid tissues (appendix, Peyer's patches 

and Sacculus rotundus) have been shown to be composed 
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of cortical areas containing large blastoid cells with 

a high labelling index, and medullary areas consisting 

primarily of small dark cells with a low labelling 

index. In contract, the diametrically opposite situa

tion pertains with respect to the follicles in the 

peripheral lymphoid tissues, i.e., lymph nodes and 

spleen. 

In addition to thymus-dependent and gut-dependent 

populations of lymphoid cells, there appear to exist 

two other populations of lymphocytes involved directly 

in the immune reactions. These include hemopoietic 

stem cells, shown by Everett et al (19, 20) to be among 

the cells which have the morphological appearance of 

lymphocytes and fixed or free macrophage-like cells 

indistinguishable from lymphocytes by classical mor

phology (21, 22, 23). It is not yet certain whether 

this latter cel1 population is completely separable 

from thymus or gut dependent lymphocytes described 

above, or from monocytes which have the characteristics 

of sticking to glass and of engaging in the antigen 

processing step (see Chapter III, B-2). 
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c) Small, medium and large lymphocytes -

Lymphocytes can be divided morphologically into small, 

medium and large cells {Il. This classification does 

not add to our understand~ng of lymphocytes since cells 

which fall into the same morphological category do not 

necessarily have the same origin, fate or function. 

Although this classification is convenient, it is an 

arbitrary one since it has now been shown that the size 

of the cell viewed under the microscope varies accord

ing to the method of cell fixation (l). Also, it is 

not known what the relationship is between the large, 

medium and small lymphocytes described in the germinal 

centers of lymph nodes and those found in blood and 

lymphe 

Lymphocytes of each class exhibit marked functional 

heterogeneity and they constantly change their size. The 

work of several investigators (24, 25, 26) has shown that 

the small lymphocytes in different organs do not respond 

to the same degree after the administration of anti

metabolites: Six mercaptopurine was shown to cause a 

profound fall in the number of small lymphocytes in the 

bone marrow of rats without affecting those in the lymph 
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nodes (26). Moreover, it has been shown that sma11 

lymphocytes do transform into large lymphocytes. 

Studies with thoracic duct 1ymph from the rat have 

shown that some of the large lymphocytes divide to 

form sma11 lymphocytes in diffusion chambers (19) and 

after transfusion into syngeneic recipients (27). 

Sma11 lymphocytes in cùmture, on the other hand, can 

transform into large b1ast ce11s when incubated with 

various mitogens (see Section III, A, 1f). These 

findings indicate that the sma11 and large lymphocytes 

are not in a static balance with each other but rather 

that one may transform into the other. Therefore, the 

arbitrary division of lymphocytes according to conven

tiona1 morphologie criteria into large, medium and sma11 

ce11s offers 1itt1e advantage. 

d) Short-1ived versus long-1ived lymphocytes -

A c1ass of sma11 lymphocytes with a considerab1y shorter 

1ife span than the remainder has been described in the 

b1ood, 1ymph and 1ymph nodes of rats (28). By 1abe11ing 

the DNA of lymphocytes it was shown that the short-1ived 

lymphocytes are located primari1y in the thymus cortex, 

bone marrow and germinal centers (29). They are high1y 
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sensitive to the lethal effects of irradiation and to 

the lytic action of cortisol (29). Long-lived small 

lymphocytes, on the other hand, make up 90% or more of 

the total cells in the thoracic duct lymph, blood and 

lymph nodes (26). They do not incorporate tritiated 

thymidine during incubation in vitro and have a life 

span in excess of 100 days (30). Ott sen (31) studied 

the decay of 32p in the DNA of blood lymphocytes from 

human subjects. He identified two populations of cells: 

about 20% had a rnean age of 2-3 days and the remainder 

a mean age of 100-200 days. Buckton and pike (32) and 

Norman et al (33), using chromosomally marked lympho

cytes in man, have suggested that the potential life 

span of the long-lived small lymphocytes rnay extend up 

to 10 years. 

Craddock et al (29) have shown that both short and 

long-lived lymphocytes are required for the induction éf 

the primary immune response. Short-lived lymphocytes 

are involved in the earliest phases of particle trap-

ping, phagocytosis, antigen processing and for the inter

action between the antigen and the phagocytic cells. Long

lived lymphocytes, on the other hand, are concerned with 
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the expression of the specifie immune response and 

immunologie memory. They have been shown to be capable 

of responding to stimulation with phytohemagglutinin 

(PHA) and antigen in vitro (33, 34). 

e) Lymphocytes involved in cellular and humoral 

immunity - Cellular immune reactions are mediated by 

specifically sensitized thymus-dependent lymphocytes. 

Turk labelled these cells with H3 Th~idine (35), 

injected them into normal guinea pigs, and showed that 

relatively few of the cells which had infiltrated the 

site of the cellular immune reaction were labelled. He 

therefore speculated that very few of the infiltrating 

cells are specifically sensitized and that the reaction 

of the few sensitized cells with the antigen in tissues 

attracts a large number of unlabelled non-specifie cells 

which infiltrate the area with subsequent tissue des

truction (36). The bone marrow has recently been impli

cated to be the source of these non-specifie cells (37, 

38) • 

Based on the present state of our knowle~ge a general, 

partially hypothetical scheme for the role of lymphocytes 
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in cellular reactions is proposed. Following the 

injection of the antigen into a previously sensitized 

animal, sensitized circulating lymphocytes are attracted 

to the antigen depot and corne in contact with the anti

gen. A few hours later, migration inhibitory factor 

(39), produced by these cells, diffuses out into the 

tissue, reacts with the macrophage, and in sorne way 

immobilizes them. The macrophages are thus prevented 

from leaving the site. Accumulation of these cells 

causes tissue engorgement and the newly formed macro

phagic lysozomal enzymes may contribute to tissue in

jury; at the same time sensitization of lymphocytes is 

enhanced by improved antigen processing. The sensitized 

lymphocytes activated by antigen now undergo blastoid 

transformation and mitosis, leading to the formation of 

many more sensitized cells. Vigonous recruitment of 

unsensitized lymphocytes will lead to a logarithrnic 

increase in cell nurnbers at the site of antigen depo

sition or in regional lymph nodes and to rapid elimina

tion of the antigen (40). 

The role of the lymphocyte in antigen recognition, 

antibody formation, and various humoral immune reactions 

will be discussed in Chapters B4 and D2. 
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f) The Differential Transformation of Lymphocytes 

Stimulated by Various Mitogenic Agents in vitro - The 

peripheral lymphocytes of many animaIs may be cultured in 

vitro and may be stimulated to synthesize RNA, DNA and 

protein, to transform into immature blast cells, and to 

undergo mitosis upon stimulation by non-specifie mitogenic 

agents such as PHA, pokeweed mitogen, streptolysin S or 

filtrates from cultures of staphylococcus aureus (41). 

Experiments using thoracic duct lymphocytes, purified 

lymphocyte preparations and histochemical staining clearly 

implicate the thymus-dependent small lymphocyte as the 

precursor of the blast cell in the in vitro response to 

non-specifie mitogens (42). 

In vitro mixtures of lymphoid cells from two geneti

cally different individuals, but not of genetically iden

tical individuals, are also capable of undergoing trans

formation (43). The mixed lymphocyte reaction (MLR) has 

been suggested as a histocompatibility test in vitro (44). 

The mechanisms of recognition and reaction of lymphocytes 

in the MLR are unknown. However, the specificity of the 

reaction implies a specifie recognition mechanism whereby 
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the lymphocytes from one donor can identify and be stimu

lated by the lymphocytes from a genetically different 

donor. 

Specifie antigens may also stimulate lymphocyte 

transformation if added to cultures of peripheral lympho

cytes obtained from sensitized animals and man (41). 

However, in the rabbit the bone marrow lymphocytes res

pond differently than those of other lymphoid organs and 

the immune rabbit differently from normals. For example, 

the work of Singhal and Richter (45, 46) has shown that 

normal rabbit bone marrow cells, but not lymphocytes 

obtained from the other rabbit lymphoid organs, respond 

in vitro with blastogenesis and mitosis if incubated with 

different antigens. On the other hand, bone marrow cells 

obtained from an immunized rabbit cannot be stimulated in 

vitro if incubated with the immunizing antigen but can 

respond to non-cross-reacting antigens. On the other hand, 

lymphocytes obtained from the spleen and lymph nodes of 

the immunized animal can respond in vitro to the immuniz

ing antigen (45, 46). 
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It has also been demonstrated (47, 48) that lympho

cytes of different lymphoid organs of the rabbit possess 

a distinct PRA-reactive profile, i.e., there are marked 

differences in the in vitro response to PRA as shown by 

the degree and time of maximum specifie incorporation of 

tritiated thymidine and for the optimum PRA concentration 

required to elicit a maximum blastogenic response. 

The ab ove data unequivocally indicate the marked 

heterogeneity of the lymphocytes in the animal body and 

the absence of a clear-cut relationship between their 

morphological differences on the one hand, and their role 

as mediators of the immune response (humoral and cellular) 

on the other. 

2. The Immunocompetent Lymphocyte - Its Migration 

Pathways and Immune Function 

a) Migration pathways of the circulating lymphocytes -

An understanding of lymphocyte recirculation in the body 

is essential in order to properly study the migration path

ways and function of lymphoid cells involved in the immune 

response. 
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The studies of Gowans and McGregor in the rat (l) 

provided the first experimental demonstration of a massive 

recirculation of small lymphocytes and established that 

the main route from blood to lymph lay within the lymph 

nodes themselves. Ford and Gowans (49) found that speci

fie depletion of the recirculating pool of lymphocytes in 

the rat by thoracic duct lymph drainage resulted in vari

able degrees of lymphoid depletion in the various organs. 

The periarteriolar lymphoid sheaths of the spleen and the 

cortical zones of lymph nodes were markedly depleted of 

small lymphocytes whereas the bone marrow and thymus con

tent of lymphocytes was not affected (49). This would 

indicate that the bone marrow and thymus conta in few or 

no circulating lymphocytes and that a large proportion of 

lymph node and spleen lymphocytes belongs to the recir

culating pool. The circulation of small lymphocytes between 

the blood and the peripheral lymphoid tissues takes only a 

few hours and involves a population of non-dividing small 

lymphocytes with an average life span of several weeks (27, 

49) • 
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b) The migration pathways of bone marrow lympho

cytes - Bone marrow lymphocytes continuously migrate out 

of the bone marrow to the peripheral lymphoid tissues 

(50). These cells, however, do not enter the recirculat

ing pool of lymphocytes (50). Parrot (51) injected labelled 

marrow cells into irradiated mice and showed that the MOst 

pr6minent site of localization of the labelled small cells 

is the red pulp of the spleen, and not the recirculating 

traffic areas of lymph nodes and spleen. 

It is not known whether bone marrow lymphoid cells 

migrate to the peripheral lymphoid tissues directly or by 

way of the central lymphoid organs, namely the thymus and 

the gut-associated lymphoid tissues. Ford (50) showed that 

chromosomally-marked bone marrow lymphoid cells injected 

into syngeneic irradiated mice go to the thymus, spleen 

and lymph nodes. The time sequence for the appearance of 

these cells in these organs was not reported. In a similar 

study it was demonstrated that dividing lymphoid cells 

migrated from the bone marrow to the lymph nodes via the 

thymus. The journey required a period of several weeks 
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during which time the proliferating cells probably under

went maturation (52, 53, 54). Micklem et al (55, 56) 

concluded from their studies that the bone marrow lympho

cyte can migrate directly from the bone marrow to the 

lymph node without intermediary stops in the central 

lymphoid organs. Moreover, the sarne authors could not 

demonstrate migration of cells from the thymus to the 

bone marrow since no labelled donor thymus cells could 

be detected in the bone marrow of the recipient (56). 

c) The migration of pathways of thymus lymphocytes -

Contrary to the bone marrow, the thymus in the mouse and 

rat is a major site of production of recirculating small 

lymphocytes (57). There is evidence in the literature 

(58, 59, 60) that thymus lymphocytes are released into the 

blood either directly or via the lymphatics. Following 

the infusion of tritiated thymidine directly into the 

thymus of the adult rat, labelled small lymphocytes were 

seen leaving the thymus via the blood and lymphatics and 

then to localize in those areas of the spleen and lymph 
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nodes in which the recirculating cells predominate, namely 

the cortical areas of the lymph node and the periarteriolar 

areas in the white pulp of the spleen (59). 

d) The migration pathways of gut-associated or 

lymph node cells - There are no data in the literature 

concerning the migration of appendix, sacculus rotundus, 

Peyer's patches or lymph node cells. 

e) The possible significance of lymphocyte 

recirculation with respect to immunocompetence - In con

trast to the situation in the bone marrow and the thymus, 

the response of peripheral lymphoid tissues to antigenic 

stimulation is largely dependent on the circulating pool 

of lymphocytes. The initial events following antigenic 

stimulation appear to be the redistribution of the recir

culating lymphocytes and their transformation inno blast 

cells in the peripheral lymphoid organs. Hall and Morris 

(61) found that the injection of both soluble and parti

culate antigens into the draining area of the sheep popli-
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teal lymph node results in the cessation of the oupput 

of lymphocytes into the efferent lymph over the next six 

hours. However, during the following 72 hours, the num

ber of cells in the efferent lymph was greatly increased 

compared with the normal situation. This was due to both 

an increase in the numher of small lymphocytes and the 

appearance in the lymph of large basophilie blast cells. 

In a similar study, Ford and Gowans (49) have reported 

that the addition of sheep erythrocytes to the lymphocyte 

perfusate of an isolated rat spleen decreased the number 

of lymphocytes leaving the spleen. Austin (62) has shown 

that antigenic stimulation results in blast cell trans

formation in the lymphoid follicles in the spleen and 

lymph nodes. By using lymphoid cells labelled in vitro 

and in vivo, it was found that these follicles are within 

the migration pathway of the lymphoid cells, both in the 

spleen and in the regional lymph nodes (62,63). 

The most likely function of lymphocyte recirculation 

is that it facilitates the induction of the immune res

ponse by enabling a large proportion of the total cell 

population to make contact with a local depot of antigen 
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within a short period of time. Continuous migration of 

lymphocytes would also provide lymphocytes capable of 

being locally stimulated even though the antigen concen

tration in the circulation had fallen to sub-immunizing 

levels. Furthermore, if macrophages perform an essential 

preliminary role by processing the antigen, then the 

movement of lymphocytes past the relatively sessile macro

phages would enable contact between these two cell types 

to take place and facilitate the transfer of information 

f~om the macrophage to the immunocompetent lymphocyte, 

thus initiating the sequence of events leading up to anti

body formation (49, 50, 63, 64, 65). 
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B. The immunocompetent cell: Specifie considerations 

1. Immunocompetence of the various lymphoid organs 

a) The cell transfer system - The reconstitution 

of immunocompetence in immunoincompetent hosts of allo

geneic and syngeneic immunocompetent cells. 

The transfer of the immune response to immunoincom

petent recipients by the administration of lymphoid cells 

(66) has been extensively used for the study of (i) the 

kinetics of the primary and secondary immune responses; 

(ii) the identity and organ source of the immunocompetent 

cells; (iii) the site(s) in which immunocompetent cells 

acquire the c~pacity to initiate an immune response; and 

(iv) the extent of participation of the donor and recipient 

animal~ in antibody formation. 

In general, cells from donor animals are inoculated 

into immunologically "crippled" recipients of the same 

species. These recipients may be newborn animals, x-irra

diated adults or animals treated with a variety of immuno

suppressant drugs (66). Cells for the transfer can be 

obtained from different organ sources and injected into 

the recipients intravenously or intraperitoneally. Prior 



Page 29 

to transfer, stimulation of the donor cells can be 

accomplished by immunizing the donors, or by incubating 

the donor cells with the antigen in vitro. The transfer 

of normal donor cells is usually followed by immunization 

of the recipients at predetermined intervals of time. A 

variety of antigens - including bacteria, heterologous 

erythrocytes, serum proteins and hapten prote in conju

gates - have been employed successfully. Although suc

cessful transfer of the capacity to initiate a primary 

immune response has been reported (4, 67), the transfer 

technique has been used more extensively for the study 

of the capacity of immune cells to engage in a secondary 

response upon antigenic challenge, a response often re

ferred to as the anamnestic or secondary response and 

attributed to cells possessing immunologie memory. 

X-irradiation of recipient adults has been employed 

to abolish or minimize the host response to antigen, such 

as in the case of allogeneic transfers to prevent rejec

tion of the donor cells. Studies with inbred mice have 

shown that irradiation of recipients permits greater 
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antibody synthesis by the transferred immune cells (68). 

Increasing the dose of x-irradiation permits increased 

immune responsiveness by the transferred cells, probably 

by preventing the antigen breakdown by the host cells. 

b) Immunocompetence of thymus and bone marrow cells 

i) The humoral immune response - Miller and 

Mitchell (4) observed that viable syngeneic thymus or 

thoracic duct lymphocytes could reconstitute to normal 

levels the plaque-forming capacity of spleens of neonatally 

thymectomized immuno-incompetent mice challenged with SRBC. 

No significant immunologie response was achiéved by giving 

either syngeneic bone marrow cells, irradiated thymus 

cells, thoracic duct cells, thymus extracts or yeast. 

Spleen cells from reconstituted mi ce were exposed to anti

H2 sera directed against either the don or of the thymus or 

the thoracic duct cells or against the neonatally thymec

tomized host. Only isoantisera directed against the host 

could reduce the number of hemolysin-forming cells present 

in the spleen cell suspensions, indicating that the antibody

forrning cells (AFC) are of host origin and are not derived 
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from the donor thymus or thoracic duct lymphocytes. 

Thymectomized, irradiated recipients were also used by 

the same investigators (S). The irradiated mice were 

protected with syngeneic bone marrow for a period of 2 

weeks and injected with semi-allogeneic thoracic duct 

cells together with SRBC. These mice produced a greater 

number of plaques than irradiated mice which received 

the same number of thoracic duct cells without bone marrow. 

By using anti-H2 sera, it was found that the AFC in the 

spleens of these thymectomized irradiated hosts were 

derived not from the injected thoracic duct cells but 

from the injected bone marrow cells (4, 5). By using 

chromosomal markers (TG) in a strictly syngeneic system, 

Nossal et al (G9) confirmed the above findings. Neona

tally-thymectomized mice were restored immunologically 

by either transplants of thymus or thoracic duct lympho

cytes and then injected with SRBC. The dividing AFC were 

found to be of host and not donor origine When lethally 

irradiated mice were injected with mixtures of syngeneic 

thymus and bone marrow cells, one of which was chromo

somally marked, aIl the AFC were found to be of bone marrow 

origine 
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These investigators postulated that in the mouse, 

the thymus or thoracic duct lymphocytes "recognize" the 

antigen and interact with it, and this latter reaction 

triggers off the differentiation of a bone marrow-derived 

precursor cell to a specifie antibody-forming celle 

Similar findings were also reported by Davies et al 

(70,71) and by Leuchars et al (72). In their system, 

chromosomally-marked mouse radiation chimeras were used. 

Although it could be shown that thymus-derived cells 

responded vigorously by mitosis to antigenic stimulation, 

they were not capable of antibody production. In con

trast, bone marrow-derived cells did not respond with 

mitosis to antigenic stimulation during the first 3 days 

following exposure to antigen, but they were capable of 

limited antibody production. Antibody was maximally pro

duced in recipients of both thymus and bone marrow cells. 

Using both the Jerne plaque assay (73, 74) and the 

Playfair hemolytic foci assay (75), Claman et al (76, 77, 

78) demonstrated that irradiated mice injected with sus

pensions containing both syngeneic thymus and marrow cells 
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and immunized with SRBC produced much more antigody to 

SRBC th an did irradiated syngeneic hosts injected with 

either of these cell suspensions alone (76). Living 

syngeneic thymus cells were required since sonicated or 

irradiated mouse thymus cells or living allogeneic (rat) 

thymus cells were incapable of transferring immunocom

petence (78). 

Taylor (79), using a prote in antigen, bovine serum 

albumin (BSA) , also showed that a mixture of thymus and 

bone marrow cells has to be given to irradiated syngeneic 

mice in order to obtain an immune response. Reducing the 

number of each type of cell resulted in a diminished res

ponse. Interestingly, the author found that the adminis

tration of BSA to the donor mouse 24 hours before sacrifice 

resulted in failure of the donor thymus cells to interact 

with normal syngeneic bone marrow cells for the induction 

of the immune response in an irradiated recipient. Similar 

findings were reported recently by Many and Schwartz (80). 

The authors (79, 80) suggested that the thymic cell had 

been converted to a tolerant cell following the antigen 

injection. 
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The studies of Doria and Agarossi (81, 82) have 

shown that the anatomically intact thymus in the mouse 

has a direct influence on the precursors of the antigen

sensitive cells. They observed that lethally irradiated 

rec~pient mice of thymus cells from isogeneic bone marrow 

radiation chimeras, but not from normal or irradiated 

syngeneic mice, were found ta be fully competent follow

ing antigenic stimulation. The studies of Ford and 

Micklem (83) shed further light as to the source of the 

immunocompetent cells. They showed that chromosomally

marked dividing donor bone marrow cells could be seen 

in the thymus of host mice radiation chimeras following 

antigenic stimulation and that irradiated recipients of 

thymus from such a donor could synthesize antibody unlike 

a recipient of normal thymus cells. 

Several considerations must be kept in mind before 

accepting as fact the synergistic effect of thymus and 

bone marrow cells in the immune response to antigens. 

Synergism has been uniformly observed in the experiments 

which have involved the use of heavily irradiated reci

pients for in vivo culture of the injected cells (4,76). 
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The addition of bone marrow cells could enhance the 

immune response by providing hemopoietic precursors 

and thus, in sorne way, prevent depletion of the pre

cursors remaining in the host or, as stated by Radovich 

et al (84), by a non-specifie effect of the bone marrow 

cèlls on the localization of antibody-forming cells in 

the spleen. Absence of bone rnarrow-thymus synergism 

has been observed by Cnaddock et al (29) using steroid

treated animals as recipients. Their findings suggest 

that the irradiated recipient animal, as opposed to the 

other recipient types used, is depleted of more immuno

competent cell types required for the successful media

tion of the immune response and that one of these cells 

is probably provided by the transferred bone marrow. 

ii) The cellular immune response - An in 

vitro model system simulating the in vivo thymus-bone 

marrow interaction has been described by Globerson and 

Auerbach (85). Sublethally irradiated mouse spleen organ 

cultures required the presence of normal bone marrow cells 

for lymphopoiesis to occur, which was enhanced by the 
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presence of thymus cells. Thymus and lymph node cells, 

in the absence of bone marrow cells, failed to induce 

lymphopoiesis in the irradiated mouse spleen cultures. 

These investigators (85) also used an in vitro assay 

system for the quantitation of the graft-versus-host 

reaction, as rneasured by the degree of induced spleno

megaly in cultured spleen slices. Splenomegaly occurred 

when the spleens were grown for 2-3 days in the presence 

of thymus tissue but not when grown in ~he presence of 

a variety of other tissues (liver, kidney and spleen). 

This thymic activity was demonstrated to occur even across 

an intervening Millipore filter barrier. When spleen 

slices were exposed to lethal doses of irradiation, reac

tivation of immune competence did not occur unless both 

thymus and bone marrow cells were present. Using the same 

in vitro graft-versus-host system, Umiel et al (86) found 

that liver cells or thymus cells were incapable of induc

ing splenomegaly when taken directly from ernbryos. A 

cornbination of these two types of cells, however, was 

successful in inducing the splenomegaly. 
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In the rat, Goldschneider and McGregor (52, 87) 

have shown that the graft-versus-host reaction in vivo 

can be induced by"the tran~fer to irradiated recipients 

of small lymphocytes derived from precursors present in 

both adult bone marrow and neonatal thymus, both of which 

are essential for the generation of the immunologically 

competent small lymphocytes. On the other hand, Stutt-

man and Good (88) were unable to demonstrate a synergism 

between the bone marrow and the th~us in the graft-versus

host reactions. The thymus cells alone, but not bone 

marrow cells alone, were capable of inducing the reaction. 

The latter authors suggested that contrary to the humoral 

response to SRBC, thymic-dependent immunological functions 

such as graft-versus-host reaction and delayed hypersen

sitivity reactions do not operate through a direct syner

gism between thymus and bone marrow cells. 

c) Immunocompetence of thoracic duct lymphocytes -

Rat and mouse thoracic duct lymphocytes are capable of 

restoring the primary humoral response with respect to 
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SRBC in lethally irradiated syngeneic hosts (89,90,4). 

The plaque-forming capacity of the irradiated recipient 

has been found to be equal to that observed in non

irradiated animals given SRBC only, though delayed by 

24 hours. By isotopic and immunofluorescent labelings, 

it was demonstrated that the thoracic duct small lympho

cyte~ and not the medium or large lymphocytes, were the 

source of the plaque-forming cells (PFC) (89). Varying 

the dose of irradiation given to the recipients between 

600 rad up to a lethal dose of 1000 rad did not diminish 

the magnitude of the immune response. The authors did 

not use higher doses of irradiation nor did they use 

other types of lymphoid cells (89). 

d) Immunocompetence of spleen cells - Mouse spleen 

has been shown to conta in the cells required for the 

induction of the primary immune response both in vivo 

(67) and in vitro (91). Syngeneic spleen cells from 

normal donors, but not from neonatally thymectomized 

mice, can restore immunological capacity to otherwise 

immunoincompetent thymectomized and irradiated adult 
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mice. However, the injection of èither fetal liver cells 

or normal adult marrow cells by themselves does not result 

in res~oration of immunocompetence (4, 9). Normal mouse 

spleen cell suspensions have also been shown to be cap

able of forming plaques when incubated in vitro with 

hetero1ogous red cells (91, 92). 

e) Immunocompetence of gut-associated lymphoid cells -

Chicken bursal cells by themse1ves are not able to produce 

immunity in adoptive transfer systems (93) and do not con

tain p1aque-forming ce11s when taken from chickens immun

ized with SRBC (17). Bursectomy at hatching, however, 

results in reduced immunoglobulin levels and diminished 

antibody response to several antigens if the chickens are 

tested at 6-12 weeks of age (3, 7). Bursectomized chickens 

reject skin homografts in a normal fashion, can exhibit 

normal de1ayed reactions to tuberculin and can initiate 

graft-versus-host reactions (3). Autologous bursal cells 

or grafts placed subcutaneously or in Millipore chambers 

fail to reconstitute the immune capacity of bursaless 

chickens (3, 7). 
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Limited experimental data suggest that the gut

associated lymphoid organs of the rabbit (appendix, 

sacculus rotundus and Peyerls patches) play a similar 

~ole to that of the chicken's bursa in immune functions 

(94). Neonatal extirpation of the gut-associated lym-

phoid organs in the rabbit followed by lethal total body 

irradiation and reconstitution by liver ce Ils results in 

suppression of the antibody response to brucella abortus 

(94) • 

The above data would indicate that the gut-associated 

lymphoid tissues of birds and sorne rnarnrnals play a central 

lymphoid function and, to a certain extent, influence the 

differentiation of the immunocytes capable of producing 

antibodies. 

f) Immunocompetence of blood leukocytes - Antibody

forming cells have been found in the blood following sys

temic immunization (95, 96). However, the question may be 

asked whether these cells had actually been stimuiâted 

while in the peripheral circulation or whether they represent 
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cells migrating to and from other lymphoid organs. A 

second unanswered question is whether the antibody 

found on or in the blood leukocytes represents actual 

active secretion by these cells or whether the antibody 

is passively adsorbed onto their surface. By electron 

microscopy, Hummeler et al (97) cou Id identify the struc

tural characteristics of antibody-producing cells in the 

peripheral blood of rabbits irnmunized with SRBC: lamellaè 

of endoplasmic reticulum and many polyribosomes. Hirsch

horn et al (98) have also shown that human peripheral 

lymphocytes possess the basic potentials to respond in 

vitro to various migogens and to produce irnmunoglobulins. 

On the other hand, Roseman et al (99), have shown that 

aIl hemolytic plaques produced by peripheral blood cells 

of rats are false plaques formed by antibody adherent to 

the leukocyte-platelet aggregate. 

g) Comparative studies of irnmunocompetent cells 

of the various lyrnphoid organs - The studies of several 

investigators - reviewed by Cochrane and Dixon (66) -

have shown that the organ source of the irnmunocompetent 
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cells may vary from one species of animaIs to another, 

and in the same species, dependmng on the antigen used. 

Armstrong et al (100) assayed the number of immunocom

petent cells responding to a purified protein of Salmon

ella adelaide flagellin in several lymphoidtissues of 

mice. The assay involved the transfer of cells of nor

mal lymphoid organs into lethally irradiated mice and 

consisted of the analysis of the host spleen for its 

c~pacity to form loci of bacterial immabilization in 

vitro. The bone marrow, mesenteric lymph nodes and 

Peyer's patches all possessed immunoco~petent cells. 

The thymus, on the other hand, possessed only a negli

gible number. Strober and Mandel (67) studied the 

ability of different lymphoid cell types to restore 

immunocompetence to sublethally irradiated recipients 

given alum precipitated tetanus toxoid. Rat spleen cells 

were found to be more effective than rat thoracic duct 

lymph cells in their capacity to tran~fer immunocompe

tence, whereas in the mouse, the thoracic duct cells were 

more effective. Cells which initiated the primary anti

body response with respect to SRBC and BSA were found in 
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high concentration in thoracic duct lymph of the rat 

but not in the spleen (67, 101). 

Willard and Smith (102) studieà the capacity of 

syngeneic transplanted mouse lymphoid cells to reject 

homografted bone marrow cells. The following decreas

ing order of effectiveness of the transferred cells was 

observed: Leukocytes, lymph node cells, spleen cells 

and peritoneal exudate cells. Thymocytes and marrow cells 

were not effective. The failure of the isologous bone 

marrow to reject the bomologous marrow in the lethally 

irradiated mouse could be due to proliferation of the 

hemopoietic cells of the isologous marrow along erythro

poietic cell lines rather than along immunocompetent cell 

lines. 
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2. Macrophages, Antigen Reactive Cells (ARC) and 

Antibody Forming Cells (AFC) - Their interaction(s) and 

involvement in the humoral immune response - In recent 

years, several cytokinetic models have been described 

(103, 104, 105) to illustrate the cellular events in the 

immune response. In general, these models postulate that 

when an immunologically uncommitted progenitor cell is 

stimulated with antigen, it gives ri se to specifie anti

body forming cells (AFC) which differentiate along an 

irreversible pathway and, at the same time, produce a 

new set of progenitor cells (memory cells) committed to 

the immunizing antigen. Upon second contact with the 

same antigen, these memory cells, in turn, give rise to 

AFC in the so-called secondary antibody response as weIl 

as to another generation of memory cells. 

The progenitor cell has been given different names 

by different investigators: "X" cell by Sercarz and Coons 

(105), "Effector" cell by Claman et al (78),. "PCl" by 

Makinodan and Albright (103), "Antigen Reactive Cell" 

(ARC) by Miller and Mitchell (4), "Antigen Sensitive Cell" 

by Armstrong and Diener (100), "Antigen Sensitive Unit" or 
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"Precursor of Plaque Forming Cell (P-PFC)" by Schearer 

et al (106) and "Reactor Cell ll by Davie'B et al (70). 

The above model probably constitutes an over-simpli

fication of a very complex series of events and inter

actions. However, the recent work of many investigators 

(4, 70, 78, 92, 107) has indiaated that the cellular 

system responsible for the production of hemolysin, in 

response to the injection of sheep red bl~od cells (SRBC) , 

consists of at least two and probably three separate cell 

types. These are the antigen processing cell or the 

macrophage, the ARC, and the AFC. 

a) The role of the macrophage in the immune 

response - The work of Adler et al (108) and of Fishman 

(109) emphasize the importance of the antigen processing 

step by macrophages and the transfer of informational 

signal to the immunocompetent celle Lyrnph node ~ragrnents 

from non immune rabbits produced specifie antibody in res

ponse to their exposure to a ribonucleic acid fraction 

extracted from peritoneal exudate cells which had been 

incubate~ with the antigen (108, 109). Feldman and 
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Gallily (llO) induced antibody formation to Shigella in 

lethally irradiated mice by inoculating them with macro

phages obtained from immunized animaIs combined with 

normal lymph node or thoracic duct lymphocytes. The 

injection of either the immune macrophages or lymphocytes 

alone did not evoke an immune response. 

Mitchison (Ill, 112) studied the properties of the 

antigen retained by the macrophages following incubation 

with antigen in vitro and concluded that the retention 

of small quantities of antigen by macrophages plays an 

essential role in sorne but not aIl types of immune res

ponses. He demonstrated that these macrophages enhance 

the capacity to induce a primary response, but are not 

required for a secondary response and can immunize after 

the induction of a state of specifie immune paralysis. 

The macrophages had to be viable in the sense that they 

could be inactivated upon heating to 48°C, but they were 

unaffected or even enhanced in their reactivity if sub

jected to x-irradiation (550 R). The cells were effec

tive only if injected into syngeneic hosts. Macrophages 
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taken from paralysed hosts were active (112) ~ however, 

if normal macrophages were given to paralysed or immature 

mice, the latter regained immune competence (112), thus 

strongly implying that the non-responding cell in the 

tolerant mouse is not the macrophage. 

In in vitro systems, the primary immune response has 

been shown by Adler et al (108) and by Mosier (60 to 

require the presence of macrophages. On the other hand, 

Simons and Fitzgerald (113) have shown that macrophages 

are not required for the induction of the secondary immune 

response in vitro. 

Hersh and Harris (114) observed that macrophages are 

necessary for the blastogenic response of peripheral blood 

lymphocytes to antigen in vitro. The reaction was pre

vented if the lymphocyte preparation was first depleted 

of its macrophage content by perfusion of the cells through 

glass bead colurnns. The response was restored when the 

purified lymphocytes were cultured with antigen in the 

presence of isologous macrophage monolayers. 

The mechanism by which macrophages function in the 

initiation of the humoral immune response is essentially 



Page 48 

unresolved. Whether they deliver a highly immunogenic 

processed antigen, a messenger RNA or both to the ARC, 

or whether they simply lower the antigen concentration 

until the latter reaches a threshold level for the ARC 

is still debatable (109,112). 

b) The role of the ARC in the immune respense -

As shown i~ Chapters III A.2. and III B.l., in the mouse, 

bone marrow and thymus cells by themselves failed to 

induce SRBC plaque forming cells in irradiated recipients 

if each type of cell is individually transferred. It has 

subsequently been shown that the thymus provides cells 

that react with the antigen prior to the antibody form

ing step by the bone marrow cells. The interaction 

between the antigen reactive cell derived from the thymus 

and the antibody forming cell derived from the bene marrow 

is essential for successful induction of the primary 

immune response (4, 5,6,70,76,115,116). 

The following protocols have been used to study the 

role of the ARC in the immune response: 
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(1) Transfer of a known number of ARC to an immuno

incompetent (irradiated or tolerant) recipient. The 

number of cells that form antibody is estimated from 

the amount of antibody formed in the recipient. This 

method, which has been used extensively by Makinodan et 

al (117), provides an approximation only and the dynamics 

of the population of transferred cells can be deduced 

only by sophisticated mathematical techniques. 

(2) Detection of AFC, following the in vivo admin

istration of ARC, by the localized hemolysis in gel tech

nique developed by Jerne et al (73). 

(3) An assay developed by Kennedy et al (118) for 

the detection of antigen sensitive cells in spleens of 

irradiated mice following the administration of spleen 

or lymph node cells. The foci of hemolysis developed in 

the spleens are considered to result form the prolifera

tion of antigen sensitive precursors of hemolysin-produc

ing cells (118). Using this technique, Kennedy et al 

(118) have shown that the spleens of irradiated recipients 

of spleen and lymph node cells, but not of bone marrow, 

thymus and fetal liver cells, form hemolytic foci. 

(4) A technique for direct quantitation of stem cell~ 

developed by Till et al (119). The method is based on the 
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observation that mouse hemopoietic tissue contains a 

class of cells which, on exposure to an antigen, gives 

rise to macroscopic colonies in the spleens of irradiated 

mice. These colonies have been shown by Becker et al 

(120), using direct cytological means, to derive from 

single donor cells, and are called "colony-forming 

cells." The latter were found to have extensive proli

ferative capacity and are also capable of differentiation. 

(5) A system described by Playfair et al (75), 

similar to that developed by Till et al (119). It was 

shown that each hemolytic focus is composed of the pro

geny of a single precursor cell which is restricted to 

form a single type of antibody and to localize in certain 

areas of the white pulp of the spleen. 

(6) A technique designed by Armstrong and Diener 

(121) for the enumeration of ARC in spleens of mice res

ponding to Salmonella protein antigen. The ARC injected 

into lethally irradiated hosts ernbed in the spleen and 

respond to antigenic stimulation, by proliferating and 

differentiating into colonies. Such colonies can be 
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detected by their ability to produce antibody which 

immobilize the indicator bacteria. 

The events following interaction of ARC with the 

antigen were shown to be the rapid proliferation of ARC 

followed by their transformation into lymphoblastoid 

cells (70, 71). Administration of Vinblastin was shown 

by Syeklocha et al (122) to inhibit this step. Once the 

ARC are stimulated, the y presumably settle in the lym

phoid tissue, the cellular microenvironment of which 

provides the cell types necessary for the initiation of 

further events. Proliferation and Qivision of these 

activated ARC or another cell type, the AFC (4, 71) may 

continue and spread concentrically and serve as the pro

genitor cells for the plasma cell series, resulting 

ultimately in the production of specifie antibodies (104, 

123,: 12A). Whether or not the cell types involved, 

namely the ARC and AFC, are derived from a single cell 

lineage or from two or more separate cell lines is not 

yet established. 
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c) The role of the AFC in the immune response -

There is good evidence in the literature, as reviewed by 

Gowans and McGregor (1), indicating that the ancestor 

of the AFC is a lymphoid celle Nossal et al (125) have 

shown that lymphocytes frorn thoracic duct lymph can trans

forrn into AFC. As stated previously (see Section B.l) , 

the bone rnarrow and several ernbryonic organs of the rnouse, 

but not the thymus, provide precursors of cells capable 

of forming hernolytic plaques in vitro and of synthesiz

ing immunoglobulins and specific antibody. The spleen 

cells in the mouse are capable by thernselves of trans

ferring plaque-forming capacity, indicating that it either 

contains both ARC and AFC or that it contains a single 

cell type which acquires antibody forming capacity follow

ing interaction of its precursor with thymus-derived 

elements (see Section B.l). These mouse spleen cells 

have been shown by Shearer et al (106, 126, 127) to 

constitute antigen sensitive units (ASU). These units 

are composed of highly differentiated cells which are 

committed to produce an unipotent population of immuno

cytes capable of synthesizing antibody molecules of a 
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single class or allotypic variant and with a specificity 

directed to a single antigenic determinant. The ASU 

present in normal and immune populations of cells can 

generate either direct plaque-forming cells, indirect 

plaque-forming cells or cluster-forming cells. Moreover, 

Shearer and Cudkowicz (106) have shown that the antigen 

sensitive units formed in irradiated mice by interaction 

of marrow and thymus cells were similar both quantita

tively and qualitatively to those of intact mice. In 

particular, they were specialized for the molecular 

class (IgM or IgG) and function (lysis or agglutination) 

of the antibody secreted by their descendant immunocytes. 

It was shown by the same investigators (106) that it is 

the bone marrow AFC and not the thymic ARC which is res

ponsible for the class differentiation of the immune res

ponse, that two or more different marrow-derived AFC 

cooperate with the ARC and SRBC in forming the functional 

splenic ASU and that interaction between the activated 

ARC and the bone marrow AFC in vivo requires the presence 

of antigen and is a non-repetitive event, i.e. the same 
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ARC does not continue to interact with severa1 precursors 

of PFC in succession. Whether the ARC is committed to a 

specific antigen prior to its contact with that antigen 

or whether a single ARC can interact with two different 

non-cross-reacting antigens is unc1ear. The in vitro 

work of Dutton and Mishe11 (91) and the in vivo work of 

Shearer et al (126) have shown that the ARC are pre

committed ce11s and that the AFC are unipotent. Trentin 

et al (128), on the other hand, have shown that the bone 

marrow immunocompetent ce11s are p1uripotent, but once 

they are induced to transform to actua1 AFC, the y lose 

their piliùripotentiality. 

dl Postu1ated mechanisms of ce11 to ce11 interactions -

The interaction of two or more ce11 types is presurnab1y 

required for the induction of the primary response. As 

discussed above (see Section B1), the interaction of the 

thymic ARC with the bone marrow AFC in the mouse is a 

requisite for the successfu1 induction of the immune res

ponse. How does this interaction take place? Is there a 

need for a third ce11 type? These are two questions that 

have not as yet been answered. 
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Sharp and Burwell (129) and Schoenberg et al (130) 

have observed cytoplasmic connections between macrophages 

and lymphocytic cells in vivo. The frequency of such 

interactions appeared to increase after antigenic stimu

lation. McFarlanQ et al (131) have described lymphocytes 

interacting with macrophages by rneans of a "uropod" in 

mixed leukocyte cultures. If the function of the macro

phage is the processing of the antigen, direct cell to 

cell contact may be required to permit the passage of 

information from the macrophage to another cell type. 

The specific interaction of cells has been assurned to be 

mediated by antibody and antigenic determinants on the 

cell surface. This has been postulated to occur by sev

eral ways: An antigenic deterrninant on the surface of 

one cell might interact with antibody bound to the sur

face of a second cell: or two cells with antigenic deter

minants on their surfaces might interact with antibody 

serving as a link; or two cells with antibody fixed to 

their surfaces might interact with the antigen molecule 

linking them together. Mosier (6) has in fact demonstrated 
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that the AFC arise in areas of splenic cell clusters, 

that cluster formation is antigen specifie and that it 

appears to be mediated by antigen and/or antibody on the 

surface of the inter acting cells. AlI of these cellular 

interactions would be blocked by excess extracellular 

antibody which may explain why the primary immune response 

can be inhibited by the administration of antiserum prior 

to immunization with the specifie antigen. 

j. Fractionation of Immunocompetent Cells - The 

ability to segregate populations of immunocompetent cells 

from other cell types is essential for the proper inves

tigation of the intracellular processes which take place 

during the immune response. Many approaches have been 

taken to isolate these cells, and to correlate structure 

to function. The following methods have been used: 

a) Separation by size by means of glass wool or 

glass bead columnsi 

b) Separation on a density gradient using albumin, 

sucrose or dextran gradients. The cells separate on the 

basis of their sedimentation rate and densitYi 
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c) Separation on the basis of surf~ce charge. 

The techniques used are electrophoresis and counter 

current distribution; 

d) Separation by differential migration in vivo. 

a) Fractionation by glass beads and glass wool 

columns - Shortman (132) and Rabinowitz (133) separated 

sma11 lymphocytes by size filtration or on the basis of 

their active adherence to glass bead columns. Plotz and 

TalaI (134) fractionated rat spleen antibody-forming cells 

on glass bead columns. The fraction passing through the 

column consisted predominantly of small mononuclear cells 

and was depleted of antibody synthesizing cells as measured 

,by the Jerne plaque technique. The fraction eluted from 

the beads by ethylenediaminetetraacetic acid was enriched 

in antibody synthesizing cells, granulocytes and large 

mononuclear cells. The in vitro antigen-induced blasto

genic response of human leukocytes could also be abolished 

if the leukocytes were first passed through glass bead 

columns (114), and can be attributed to the removal of 
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macrophages by the columns. Cultures of those purified 

lymphocytes on macrophage monolayers generally restored 

the cell response to antigens. However, the glass bead 

column-purified lymphocytes transform as weIl as unfrac

tionated cells if stimulated with the optimal dose of a 

non-specifie stimulant such as PRA or antileukocyte anti

serum (135). Nossal et al (125) obtained a fraction of 

small lymphocytes from rat thoracic duct lymph, follow

ing filtration of the cells through a glass bead column, 

which was found to be rich in cells capable of trans

ferring immunocompetence to sheep red blood cells and 

graft-versus-host reactivity across an H-2 barrier. 

However, rec~pients of these small lymphocytes were 

capable of responding only poorly to Salmonella flagellin. 

When the fraction was prepared from mice pre-immunized 

against the Salmonella antigen, the thoracic duct small 

lymphocytes were capable of initiating a typical secon

dary response. 

The use of antigen-coated glass beads as specifie 

immunoadsorbants for antibody was first demonstrated by 



Page 59 

Sutherland and Campbell (136). Recent1y, Wigze11 and 

Anderson (137) passed immune mouse 1ymph node ce11s 

through a co1umn of antigen-sensitized glass beads and 

observed that the ce11s which passed through the co1umn 

were specifica11y deprived of immune reactivity. Ce11s 

synthesizing the specifie antibody were found to stick 

to the antigen-coated glass beads and cou1d be e1uted. 

The specifie retention of immune ce11s by antigen-coated 

co1umns was shown to be se1ective1y b10cked by the pres

ence of free antigen mo1ecu1es in the medium during fil

tration. Up to the present time, fractionation of normal 

(non-immune) 1ymphoid ce11s using the antigen-coated 

glass bead co1umns has not been reported. 

b) Fractionation on a density gradient - A1bumin 

density gradients have been used to study the distribu

tion of antigen reactive ce11s as compared to antibody

forming ce11s. Haski11 (138) reported changes in the 

density profile of antigen reactive ce11s in rat spleen 

fo11owing antigen stimulation. This change of p~ofi1e 
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was noted as early as 10 hours after antigen administra

tion and remained up to 90 days. Using the same tech

nique, Haskill et al (139) have shown a very complex 

profile for the 19 S plaque-forming cells. A clear 

distinction between the antibody-forming cells of spleen 

and lymph nodes, as compared to those circulating in 

the blood and thoracic duct lymph, was also noted. The 

circulating antibody-forming cells could be enriched 

100-fold by separation on a density gradient whereas no 

more than a two-fold enrichment was obtained with cells 

from spleen or lymph nodes. 

Raidt et al (92) fractionated spleen cells of normal 

and immunized mice on albumin gradients. The fractions 

were assayed for antibody forming cells by the hemolytic 

plaque ass~y and for antigen reactive cells by the size 

of the response to antigen in an in vitro culture system. 

The majority of ARC were found in the more dense regions 

of the gradient. After in vivo stimulation, the AFC were 

found in the less dense region. The change in cell den

sity occurred in the first 12-18 hours after antigenic 
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stimulation. Plaque-forming cells of immune mouse spleen 

have also been shown (140) to sediment more rapidly in 

sucrose gradient than did the bulk of the non plaque

forming cells (140). 

The celles) capable of initiating graft-versus-host 

reactions have also been separated by using density 

gradient centrifugation in albumin gradients. ShmDtman 

and Szenberg (141), using fowl peripheral leukocytes, 

have shown that a minor population of lymphocytes are 

the active cells in the graft-versus-host reactions. 

The active cells, however, were not found to be homo

geneous, in terms of density, since they could be obtained 

as a series of peaks. Using mouse spleen cells, Dicke et 

al (142) noted that fractions rich in lymphocytes dis

played poor hemopoietic activity but were active in induc

ing graft-versus-host reactions. A second fraction 

obtained from the gradient showed a 10-fold increase in 

the concentration of colony forming units and more than 

a 10-fold decrease of graft-versus-host activity. Lym

phocyte-rich fractions of rat bone marrow obtained by 
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glass-woo1 filtration and dextran-gradient centrifugation 

were most efficient in protecting 1etha11y x-irradiated 

syngeneic rats (143). The 1ymphocyte-rich fractions of 

normal rabbit bone marrow obtained by centrifugation in 

a 1inear sucrose gradient has a1so been found to respond 

marked1y with b1astogenesis and mitosis to stimulation 

with antigens in vitro, whereas the 1ymphocyte-poor frac

tion responded minima11y (144). 

c) Fractionation by surface charge - Mouse spleen 

ce11s have been fractionated by means of counter current 

distribution (145). The resu1ts showed that fractions 

enriched with respect to granulocytes and stem ce11s 

cou1d be s~parated from antibody-producing ce11s. On the 

other hand, Mel and Ju11ien (146) fai1ed to detect enrich

ment of "co1ony forming units" in any of the ce11 frac

tions after differentia1 e1ectrophoresis of mouse marrow 

ce11s. However, enrichment was obtained fo11owing separa

tion of the marrow ce11s by density gradient techniques 

(146) • 
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By using cell electrophoresis, Sundaram et al (147) 

were able to show a drastic reduction in the mean mobility 

of immune rat lymph node cells when the cells were first 

treated in vitro with the same antigen used for immuni-

zation. 

d) Fractionation by differential migration in 

vivo - Functionally-distinct, i.e., immunocompetent, 

lymphoid cells have different in vivo migrating capabil-

ities as compared to other lymphoid cells, and this pro

pertyhas been used to distinguish them. Lance and Taub 

51 (148) transferred Cr-labelled lymph node lymphoid cells 

serially to syngeneic mice and observed that these cells 

localize mainly in the lymph nodes. Thymocytes, on the 

other hand, rnigrated rnainly to the spleen and, to a lesser 

extent, to lymph nodes. 

4. The rnechanisrn of antigen recognition by immunocorn

petent lymphoid cells - Since the response to antigen is 

characterized by the extreme specificity of the reaètion, 
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it is likely that a sub-population of lymphocytes react 

with the appropriate antigen because of the presence of 

membrane-associated recognition sites that have struc

tural complementariness to the antigen (111, 124, 149). 

These sites may consist of cell-bound antibody molecules. 

The binding of antigen by this cell through its reaction 

with this antibody receptor probably initiates the sequence 

of events leading to cell diviàion and antibody formation. 

There is ample evidence in the literature indicating 

the immunoglobulin nature of these surface receptors 

(150) : 

i) Human thoracic duct small lymphocytes show 

weak immunofluorescence for IgM and can be stimulated to 

transform to blast cells when cultured in vitro with anti

immunoglobulin serum (151). 

ii) Rabbit peripheral lymphocytes can be stimulated 

in vitro to transform into blasts by means of antisera 

directed against allotypic and other Ig determinants (152). 

Transformation was shown to be strictly specifie to iden

tifiable allotypic determinants. 
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iii) Simons and Fitzgerald (113) have demonstrated 

that exposure of immune human peripheral lymphocytes to 

anti-lymphocyte antiser~, anti-whole immunoglobulin anti

sera, anti-IgG antisera and anti-flagellar antisera can 

block the blastogenic response to the flagellar antigen. 

iv) Stimulation by hapten-carrier molecules of 

immune cells can be inhibited by prior reaction of these 

cells with free hapten. Furthermore, such a hapten

immune cell complex will not stick to hapten-sensitized 

glass beads (111,124). 

v) Extracts of immune human tonsilar small 

lymphocytes have been shown to possess properties of 

immunoglobulins specifie for the antigens to which the 

donors had previously been immunized (153). 

vi) Bert et al (154) have demonstrated changes 

in the physical properties of normal peripheral lymphoid 

cells after exposure to species-specific anti-immunoglo

bulin serum. A marked reduction in the random migration 

of the cells in vitro was noted following incubation of 

the cells with goat anti-human immunoglobulin serum. 
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However, treatment of the cells with antiserum directed 

against rabbit irnrnunoglobulins or hurnan prealburnin did 

not have any effect. 

Despite the rapidly accurnulating evidence for the 

presence of irnrnunoglobulin-like receptors on the surface 

of immune cells, the actual demonstration of immuno-

globulins or immunoglobulin fragments on the normal cell 

surface and their composition has not yet been reported. 
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c. The lymphoid system in the tolerant animal 

1. The site of the les ion in the tolerant state -

Immune tolerance (or paralysis or unresponsiveness) is 

caused either by depleting the tolerant host of cell 

clones, central or peripheral, reactive to the tolero

genic antigen or by altering the reactivity of these 

cells so that they can no longer recognize the antigen 

(155). The central organs failed to respond due to 

either interference with the access of antigen to the 

reactive cells (afferent limb of the immune response) 

or interference with the access of antibody that is 

subsequently produced (efferent limb of the immune res

ponse). Evidence for failure at the cell level of the 

immune response has been shown by several investigators 

(lOS, 155, 156, 157, 158, 159). They have demonst~ated 

that the immune response can be induced in the paralyzed 

host by the transfer of cells of normal lymphoid tissuès 

(lymph node, thymus, or spleen cells) (160) and that lym

phoid tissues from the tolerant donors fail to give a 
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response in irradiated recipients (161,162). The 

studies of McGregor et al (90) have clearly demonstrated 

that the immuno-incompetent cell in the paralyzed animal 

is the small lymphocyte. 

McCullo~. and Gowans (163) have shown that popula

tions of small lymphocytes from the thoracic duct of 

rats may show full immune reactivity or partial or com

plete tolerance towards either histocompatibility antigens 

or sheep erythrocytes depending on the immune status of 

the donor with respect to these antigens. Since thoracic 

duct lymphocytes contain both ARC and AFC (see Section B.l) , 

it cannot be concluded from this study which type of cell 

is tolerant in the immune tolerant state. However, recent 

studies, using flagellar antigen (100), SRBC (80) and BSA 

(79) have shown that the ARC is the site of the lesion in 

the tolerant state in the mouse. That the macrophage is 

not the tolerant cell has been shown by the studies of 

Mitchison (112) and Harris (164) who observed that macro

phages obtained from peritoneal exudates of tolerant 

animals can take up the tolerogenic antigen and can ini

tiate a specifie immune response in both tolerant and normal 

recipients. 
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2. Mechanisms of immune tolerance - The mechanism of 

induction of immune tolerance has recently attracted the 

attention of several investigators. The studies of Cohen 

and Thorbecke (165) have demonstrated that the ratio 

between the lymphoid cells and the number of antigen mole

cules injected into the neonate is a critical factor in 

the induction of tolerance. They failed to induce toler

ance to a tolerance-inducing dose of BSA, if a large 

number of neonatal lymphoid cells (spleen or thymus) were 

given to the newborn syngeneic recipients following the 

administration of the antigen. This would indicate that 

the newborn animal needs a large pool of antigen reactive 

cells or antibody forming cells in order to elicit an 

immune response. The work of Mitchison (111) and of Frei 

et al (166) point to the importance of the physical state 

of the antigen for the successful induction of paralysis. 

Aggregate-free antigen prepared by ultracentri~ugation 

(167) or by in vivo filtering (166) of the original anti

gen is tolerogenic even in doses which would normally be 

immunogenic. 
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The molecular processes involved in the induction of 

tolerance at the cellular level are unknown. It is pos

tulated (149, 155) that in the tolerant animal there must 

be a loss of cells with "receptor sites" or that these 

sites are there but are not available to interact with 

determinants to which tolerance has been induced. The 

response of the immune apparatus in the direction of 

antiQody formation or tolerance wou Id therefore depend 

on sorne qualitative or quantitative features of the ini

tial interaction between the antigen and the receptor. 

3. Kinetics of immune tolerance - Mitchison (Ill), 

in investigating the target cell{s) in the immune responS$, 

immunized mice with 20-100 mg BSA at 0, 10 min., 2 hrs. 

and 24 hrs. prior to sacrifice and transferred their 

peripheral lymphocytes and spleen cells to irradiated or 

tolerant (specific) syngeneic mice. The latter were then 

immunized and their immune response measured. Exposure of 

the donor peripheral lymphocytes to the antigen for two 

hours or more in vivo prior to their transfer resulted in 
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the maximum degree of p~ralysis in the recipient. How

ever, the donor spleen cells required a longer exposure 

time to antigen in vivo prior to transfer to mediate 

tolerance in the recipient. These results suggest that 

the lymphocytes undergo their critical interaction with 

the antigen in a short time. Contrary to the above 

results, Golub and Weigle (168) used a similar transfer 

system and reported that the lymphoid cells have to 

remain in contact with the tolerogenic antigen in vivo 

for at least 5 days in order to induce immune paralysis 

in an irradiated recipient. 
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D. The Role of the Bone Marrow Cell in Immunity 

1. The origin of the lymphoid stem cells, the immuno

competent cells, and the macrophages 

a) The organ of origin of the bone marrow lymphoid 

cells - Chromosomally-marked bone marrow cells, and not 

labelled lymphoid cells of other organs, when infused into 

syngenaic lethally irradiated mice are capable of populat

ing the host's thymus and peripheral lymphoid organs for 

long periods (55, 56). The bone marrow cells of the 

recipients conta in cells of recipient origin from days 

1-4, which then decrease in number rapidly and are replaced 

by donor bone marrow cells so that by days 10-20 one hun

dred percent of the marrow is of donor origine Contrary 

to the above, Tyan and Cole (169) have shown in mice that 

though bone marrow cells primarily populate the recipient's 

thymus and bone marrow, the peripheral lymphoid pool is not 

populated by lymphoid cells of bone marrow origine The 

major criticism against these experimental protocols is 
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the abnorma1 situation created by the rapid intravenous 

injection of a 1afge number of hemopoietic stem ce11s 

into 1ymphoid-dep1eted 1etha11y-irradiated recipients. 

Whether the bone marrow lymphocyte originates in situ, 

or from the circu1ating b100d lymphocytes or from both is 

still a controversia1 subject. A number of studies have 

suggested that the marrow sma11 lymphocytes originate in 

the periphera1 1ymphoid tissues and are transported via 

the b100d to the marrow where they serve as b100d ce11 

precursors (170). This concept has been disputed by 

severa1 other investigators (26, 171, 172, 173) who have 

shown that the majority of marrow sma11 lymphocytes are 

formed in situ. By injecting 3H-thymidine into adu1t 

guinea pigs and rats and fo11owing the degree of label-

1ing of the ce11s in the various tissues by means of 

radioautography, 1abe11ed dividing 1ymphoid ce11s were 

seen first in the bone marrow'prior to"their appearance 

in the periphera1 1ymphoid tissues. Surgica1 ablation 

of periphera1 lymphoid tissues does not affect the kinetics 

or degree of 1abel1ing of the 1ymphoid ce11s in the bone 
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marrow (173). By electron microscopie studies, lympho

cytes have been seen crossing the sinusoidal endothelium 

of guinea pig bone marrow (172). The likely precursors 

of marrow lymphocytes were considered to be the "transi

tional cells" intermediate in size between blast cells 

and the small lymphocytes and have been shown capable of 

synthesizing DNA (26). 

Whether the bone marrow stem cell is pluripotential 

or unipotential is still a controversial question. By 

transplanting labelled adult mouse bone marrow into leth

ally irradiated recipients, evidence has been obtained 

suggesting that the stem cell can differentiate into cells 

with erythropoietic, myelopoietic, lymphopoietic or plasma

cytopoietic potentialities (174). The differentiation of 

the stem cell into any of these progeny appears to be 

dependent on the competing proliferative demands of the 

body (174). contrary to these findings, Bennett and Cud

kowicz (175) showed only a unipotential role of mouse bone 

marrow stem cells._~y either enhancing or depressing 

erythropoiesis in recipient mice, there was no evidence 
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for the shunting of the transferred stem cells from or 

into the production of non-erythroid cells. 

fi) The bone marrow origin of immunocompetent cells -

The observations that the bone marrow cells can populate 

aIl lymphoid tissues, particularly the thymus, prompted 

several investigators (104, 128) to study the relation

ship of the bone marrow cell to the source of immuno

competent cells. Cells from 4-13 marrow-derived hemo

poietic colonies, upon transfer to irradiated mice, 

established a large population of immunocompetent cells 

reactive to a variety of antigens. The lymphoid tissues 

of the repopulated mice were of donor origin as shown by 

the presence of the T6 marker chromosome of the donor 

bone marrow cells in 100 percent of mitotic cells of the 

spleen, mesenteric nodes and bone marrow (128). However, 

these transferred bone marrow cells appear to require 

thymic elements in order to differentiate into "antigen 

target cells" (4, 104) and were shawn to be antigen inde

pendent (127). Irradiated mice grafted with bone marrow 
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cells we~e found to have precursors of PFC in their 

spleens which were unable to elicit anti-SRBC immune 

responses (5). The missing elements for the restora-

tion of immunocompetence were presumably functional 

antigen-reactive cells. These cells are probably derived 

from the thymus since grafts of thyrnocytes added to marrow 

cells render mice immunologically competent without delay 

(5, 76). Whether the ARC is thymus-derived or bone marrow

derived under thymic influence is not sèttled. Globerson 

and Feldman (176, 177) have demonstrated that the immune 

response obtained in thymectomized lethally-irradiated 

mice protected with syngeneic chromosomally-rnarked bone 

marrow and thymic grafts is a manifestation of the donor 

marrow cells and not of cells from the thymic graft. 

Moreover, it mas been shown by several investigators that 

bone marrow cells seed into the thymus cortex throughout 

life but acquire the capacity to behave as antigen reac

tive cells only after their subsequent dissemination to 

the peripheral lymphoid organs (50, 123, 178). Osoba (179) 

has suggested that ARC are marrow-derived since they are 
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present in heavily irradiated thymectomized mice grafted 

with marrow cells and implanted with thymus enclosed in 

a cell-impermeablè chamber. In such mice, new ARC were 

detected in sites other than the thymus. However, the 

kinetics of splenic plaque formation did not differ from 

those described in nonthymectomized marrow chimeras and 

chimeras with thymuses implanted under the kidney capsule. 

The conclusion was made that a humoral factor, elaborated 

by the thymus, controlled the differentiation of marrow 

cells into ARC. 

The direct involvement or influence of the thymus in 

the differentiation of bone marrow cells is illustrated 

by the studies of Doria and Agarossi (8l, 82) a~d Agarossi 

and Doria (18D). They have shown that the recovery of the 

immune response to SRBC in lethally irradiated mice trans

planted with either syngeDic or allogeneic bone marrow 

cells is conditioned by the host thymus. Donor mitotic 

cells of bone marrow origin were found in the host thymus 

of mouse radiation chimeras. Thymus cells at different 

intervals following establishment of the chimeric state 



Page 78 

were transferred together with SRBC to lethally irradiated 

syngeneic mice. Thymus cells from young chimeras were 

better able to transfer plaque forming capacity than cells 

from old chimeras. Syngeneic chimeras were more effective 

than allogeneic chimeras. This would indicate the presence 

of immune competent cells (both ARC and AFC) in the thymus 

of antigenically-unstimulated bone marrow-induced chimeras 

and that these cells are more efficient in antibody pro

duction when stimulated in syngeneic, rather than allo

geneic, hosts. 

How does the bone marrow render the thymus immunocom

petent? Two possible interactions may occur: Differen

tiation of marrow ce Ils into ARC which, on antigen stimu

lation, transform to AFC; or differentiation of marrow 

cells into thymocytes which, following interaction with 

antigen, stimulate the bone marrow cells to produce anti

body. 

The relationship between the bone marrow cells which 

form colonies in lethally-irradiated recipients and cells 

which constitute the immune cell system is not weIl under

stood. As shown above, the injection of chromosomally-
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marked bone marrow cells into irradiated recipients 

results in a large number of cells exhibiting this marker 

in the thymus. These thymic cells, when transplanted 

into other irradiated syngeneic recipients, are capable 

of forming spleen colonies and of reconstituting immune 

competence. This latter property cannot be instituted 

with the transfer of normal thymus cells. No attempt 

has been made to determine whether the bone marrow-derived 

dell present in the thymus is the cell that produces the 

plaques. These data therefore indicate that the hemo

poietic colony-formiUg capacity and immunocompetence 

derive from different cells, but these precursors ori

ginate from the same stem celle 

The direct demonstration that the transplanted chromo

somally-marked bone marrow cell is the cell responsible 

for antibody production was shown conclusively by Wu et 

al (54, 181). They infused syngeneic chromosomally

marked bone marrow cells into lethally-irradiated reci

pients. The sarne chromosome marker was found in the 

hemopoietic colonies of the spleen, in the thymus and in 

the poplitealllymph nodes. Following the foot-pad injection 
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of SRBC, more than 50 percent of the dividing cells in 

the regional lymph node carried the donor chromosome 

marker and were capable of forming.hemolytic plaques 

in vitro. On the other hand, chromosomally-marked 

popliteal lymph node cells of mice not given SRBC did 

not divide and formed the average number of background 

hemolytic plaques. 

ê) The bone marrow origin of the macrophages - The 

bone marrow has been shown to be the main source of macro

phage precursors in inflammatory reactions and in peri

toneal exudates. Volkman and Gowans (l82), applying 

3H-thymidine labelling to the "skin-window" technique, 

established that the exudate macrophages in foci of 

sterile inflammation are derived from a rapidly dividing 

precursor present in the bone marrow. The failure to 

change the char acter of the exudate by previous thoracic 

duct drainage or whole body x-irradiation accompanied by 

bone marrow shielding excluded the possibility that invad

ing macrophages could have been derived to any appreciable 
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extent from thoracic duct lymphocytes. Spector et al 

(183), by using a combination of tritium and colloidal 

carbon labelling techniques to label dividing precursors 

of macrophages, identified the highly phagocytic bone 

marrow-derived circulating monocytes as the antecedent 

of the majority of exudate macrophages. These findings 

were confirmed by using mouse radiation chimeras. In 

these models, peritoneal macrophages were shown to carry 

the chromosome marker. 

Further evidence in favor of the bone marrow origin 

of the macrophage stems from the work of Virolainin 

(184). Radiation chimeras were induced with bone marrow 

with the marker T6-T6 and lymphoid cells from a geneti

cally different donor carrying a different marker. AlI 

macrophages of the chimera carried the T6-T6 chromosome 

marker only. This indicates that lymphoid tissues out

side the marro~ namely thymus, lymph node and peritoneal 

exudate cells, do not conta in precursor cel1s of macro

phages (184, 185, 186, 187). 

The origin of the macrophages in visceral organs is 

still controversia1. Virolainin (184), using a chromosome 
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marker in an in vitro culture system of a pure popula

tion of macrophages, has demonstrated that not only 

peritoneal macrophages but also those present in bone 

marrow, spleen, lymph node and thymus are derived from 

bone marrow. Pulmonary alveolar macrophages, however, 

were shown to have both bone marrow and pulmonary origins 

(188) • 

2. The role of the bone marrow in humoral immunity 

and immunoglobulin production - As discussed in Sections 

B.I, B.2, and 0.1, the lymphoid cells destined to produce 

antibodies appear to be derived from the bone marrow and 

apparently differentiate into immunocompetent cells under 

the influence of the thymus or the bursal equivalent. In 

the rabbit, the sacculus rotundus, appendix and payer's 

patches, apparently play a role comparable to the bursa 

of Fabricius in the chicken (94). Though there is no 

evidence in the literature to suggest that bone marrow 

cells actually populate the gut-associated lymphoid 

tissues, it has nevertheless been assumed that the fUDc-
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tion of these latter organ~ like that of the thymus in 

the mouse (123), is to modify stern cell differentiation 

along the lymphocyte pathway. 

The in vitro studies on rabbit bone marrow cells have 

clearly suggested that the bone marrow supplies the 

immunocompetent cells in the mature adult rabbit. Singhal 

and Richter (46) have shown that only bone marrow from 

normal unimmunized rabbits can react with blastogenesis 

and mitosis in the presence of a nurnber of prote in anti

gens. Lymph node, spleen or thymus cells of normal rab

bits also undergo transformation in vitro. Bone marrow 

cells, but not the other lymphoid cells, of rabbits 

immunized with an antigen on the other hand, lost their 

capacity to react in vitro to the immunizing antigen but 

not to a non-cross-reacting antigen. Chapman et al (189) 

have demonstrated that the rate of DNA synthesis in cul

tures of bone marrow cells obtained from hyperimmunized 

rabbits was depressed if incubated with either the immuniz

ing antigen or PHA. 

Hurnan bone marrow cells cultured in vitro have been 

shown to secrete irnmunoglobulins and antibodies (190, 191). 
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Bone marrow plasma cells, but not bone marrow lymphocytes, 

showed positive fluorescent staining to immunoglobulins 

G, M and A (191). Furthermore, bone marrow of patients 

with cold hemagglutinin syndrome can synthesize cold 

hemagglutinin in vitro (192). Through combined in vitro 

culture studies and immunofluorescent staining of bone 

marrow cultures obtained from patients with multiple 

myeloma and Waldenstrom's macr.oglo~ulinemia, it was 

obs~rved that the plasma cells of the bone marrow can 

synthesize monoclonal immunoglobulins with the same 

electrophoretic mobility and the same characteristics 

of heavy and light chains as those in the serum (193)." 

Studies concerned with investigating the tole of the 

bonè marrow in humoral immunity have emphasized the impor

tance of the immune status and the genetic constitution of 

the bone marrow donor in order to elicit successful immune 

responses in the recipient. Several investigators have 

shown that the antibody response can be successfully 

obtained in the irradiated mouse if the latter is injected 

with bone marrow obtained from immunized but not from normal 
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donors {194, 195}. Lesser amounts of antibody are formed 

if the genetic strain difference is increased between the 

donor and the recipient (196, 197). Doria et al (198) 

have in fact shown that the capacity of long-term mouse 

radiation chimeras to produce agglutinins directed to 

SRBC was greater in syngeneic than in allogeneic cornbina

tions. Higher primary antibody responses were obtained 

when irradiated recipients were given syngeneic, rather 

than allogeneic, bone marrow. However, syngeneic bone 

marrow did not stimulate or hasten the recovery of the 

ability to elicit secondary antibody responses in pre

viously immunized irradiated mice. 

Papermaster {l04} has postulated, on purely theore

tical grounds, that the differentiation of the bone marrow 

stem cell into antibody-producing cell consists of a num

ber of irreversible steps. At sorne point during differen

tiation the stem cells come under the influence of the 

thymus and acquire the ability to recognize an antigen, 

probably by acquiring unique receptors on the cell surface 

with which the antigen interacts. Once the cell has inter

acted with the antigen to which it is directed, the further 
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differentiation of the antibody-forming ce11s (AFC) will 

resu1t in ce11s producing antibody, of the same speci

ficity, directed to this antigen. It has been suggested 

by severa1 investigators that the division of the AFC 

continues unti1 either the 1eve1 of the antigen decreases 

be10w the 1eve1 necessary for further stimulation (199) 

or unti1 the 1eve1 of antibody is high enough to exert a 

repressive function (200). 

3. The ro1e of the bone marrow in cellular immunity -

The successfu1 induction of the de1ayed hypersensitivity 

reaction (DH) requires the cooperation of two ce11 types: 

A thymic-derived ce11 for the initial sensitization steps 

and a bone marrow-derived ce11 for the subsequent cellular 

infi1trative reactions (37,38). 

In rats (37), neonata1 thymectomy prior to sensitiza

tion with the antigen inhibits the subsequent de1ayed 

hypersensitivity reaction. However, the anima1s can 

become sensitized if they are injected with sensitized 

syngeneic 1ymphoid ce11s. On the ether hand, thymectomy 
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of adult Lewis rats following sensitization with tubercle 

bacilli does not affect their ability to develop delayed 

skin reactions upon skin testing with PPO (37). These 

data indicate that in order to elicit a OH reaction the 

thymus is required for the active but not for the passive 

sensitization reaction. 

The results of several investigators (36) indicate 

that the majority of cells infiltrating the sites of the 

OH reactions are not actively-sensitized cells. The experi

ments of McClusky et al (201), in which passive transfer of 

cells was cornbined with thymidine labelling of donor or 

recipient cells, demonstrated that 80-90 percent of the 

cells infiltrating the sites of specifie skin reactions 

were host derived. These latter cells have been shown to 

be bone marrow derived and constitute a non-specifie com

ponent of the reaction. They are phagocytic and resernble 

macrophages which appear in sites of non-specifie inflam

mation. The experiments of Lubaroff and Waksman (37, 38) 

dernonstrate that the successful passive transfer of tuber

culin hypersensitivity with sensitized lymph node cells to 

thymectomized irradiated recipients depends on the simul-
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taneous or prior injection of normal bone marrow cells 

(37). Normal thymus, spleen, lymph node or peritoneal 

exudate cells, even at high doses, could not be substi

tuted for the bone marrow in producing the tuberculin 

reaction (37). These experiments indicate that once 

sensitization has occurred, a bone marrow cell and not 

a thymie cell is required for the manifestation of the 

reaction. The precise origin of the cells infiltrating 

the skin was investigated by the administration of allo

geneic bone marrow to the thymectomized irradiated rats 

prior to the administration of the sensitized lymph node 

cells. Fluorescein-conjugated antiserum against the cells 

of the bone marrow donor was then applied to the biopsies 

of the sites of skin reaction. The majority of cells were 

shown to be derived from the infused marrow. The relative 

percentages of marrow-derived and lymph node-derived cells 

in the tuberculin reaction remained the same during the 

9-24 hour period following skin test (38). 

Histologie studies (202) and studies with tritiated 

thymidine suggest that a similar mechanism must be involved 
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in other reactions similar to the tuberculin-induced 

reaction (203), such as contact allergy (201), auto

allergie les ions (204), skin homograft reactions (205)and 

disseminated lesions of adjuvant arthritis (206). 

4. The role of the bone marrow in the graft-versus

host reaction - As has been discussed previously, the 

lymphocytes are the effector cells in the graft-versus

host reaction (GVHR) (l, 2). The primary source of these 

competent lymphocytes has been shown to be the bone mar

row (87, 141, 142). These lymphocytes are probably also 

present in smaller numbers in the peripheral lymphoid 

tissues (16), the thymus (88) and the circulating lympho

cyte pool (87, 207). The model system used to demonstrate 

the presence of reactive cells in the circulating pool is 

as follows: Thoracic duct cells were obtained from FI 

hybrid rats (intermediate host) which had been inoculated 

at birth with parental strain bone marrow cells. The 

thoracic duct cells were then transferred into a second 

FI hybrid recipient of a different genotype. A GVHR was 

regularly observed in these latter recipients. However, 
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the capacity of the thoracic duct cells of the FI inter

mediate host to transfer GVHR was diminished if spleen 

cell and not bone marrow cells were initially injected 

into the donor. Thoracic duct cells from normal unino

culated FI hybrids failed to give the reaction in the 

recipients. Bone marrow cells from parental rats either 

depleted of small lymphocytes by chronic drainage from a 

thoracic duct fistula or made tolerant to the intermediate 

FI host are less effective, if compared to bone marrow 

cells from normal donors, in causing homologous disease 

in the secondary FI hybrid recipients (207). This would 

indicate that it is the bone marrow cell and not the cir

culating small lymphocyte or the lymphocyte residing in 

the peripheral lymphoid tissues which can best transfer 

GVHR in the rat. 

Allogeneic ~dult bone marrow cells have also been shown 

to be capable of inducing GVHR in the mouse. Tyan and Cole 

(169) were able to show that a significant number of deaths 

occurred among FI hybrid hosts when they had received 

spleen cells from parental mice which had been injected 
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with adult bone marrow. Spleen cells from mice which 

had not been injected with the marrow were less effec

tive. There were no deaths among the mice which received 

spleen cells of donors injected with parentàl thymus 

cells. 

That the bone marrow lymphocyte is the cell respon

sible for the GVHR in the mouse is shown by the cell 

fractionation studies of Dicke et al (142). Mouse spleen 

cells were fractionated on a discontinuous albumin grad

ient and the hemopoietic cppacity and GVHR activity of 

the cell fractions obtained were studied in lethally 

irradiatedFl hybrid mice. A cell fraction rich in blast 

cells showed a lO-fold increase in the concentration of 

colony forming units (index of hemopoiesis) and a more 

than lO-fold decrease in GVH activity. No secondary 

disease was observed in allogeneic irradiated mice which 

received this fraction. A second fraction, composed 

mainly of lymphocytes, was very poor in reconstituting 

hemopoietic activity but was very active in inducing 

GVHR. 
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Although the th~us gland in the mouse is essential 

for the induction of cellular immunity, its role in the 

development of the GVHR is debatable. Simmons et al 

(208) have demonstrated that a1logeneic bone marrow is 

capable of mounting a prompt and vigorous GVHR resulting 

in the death of the host even in the absence of the host 

thymus. Field and Gibbs (209) have shown that thymectomy 

increases the susceptibi1ity of Fl hybrid rats to GVHR 

induced by the intraperitoneal injection of parental 

strain spleen cel1s. The capacity of thymocytes to induce 

GVHR in appropriate recipients is controversia1 since it 

has been observed that thymocytes can (210) and cannot 

(16) transfer GVHR to appropriate recipient hosts. Lym

phoid cel1s (spleen and circulating lymphocytes) from 

neonatally thymectomized mice are less efficient as corn

pared to ce11s from non-thymectomized donors in causing 

GVHR upon transfer to letha11y irradiated recipients (211). 

In contrast to these effects of thymectomy, ablation 

of the bursa of Fabricius in the chicken with subsequent 

loss of the bursa1-dependent population of ce11s does not 
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lead to a decreased capacity of the circulating lympho

cytes to exert GVHR in recipient animaIs (15). 

5. The role of the bone marrow in immune tolerance -

Investigations concerned with the types of cells affected 

in the tolerant mouse have disclosed that the antigen 

reactive cell is probably the unresponsive cell in the 

tolerant state (see Chapter III.C). Recently, however, 

Playfair (212) has shown that cells derived from the bone 

marrow in the mousè are the tolerant cells in cyclophos

pharnide-induced tolerance to SRBC. Argyris has reported 

that tolerance to a skin graft can be transferred by either 

a thymus graft or bone marrow cells to an irradiated reci

pient (213). The possibility that the immune defect in 

tolerance is at the central, rather than the peripheral, 

level cannot therefore be disregarded. 

The role of the bone marrow in immune tolerance has 

been further enhanced by the studies of Uphoff (214, 215). 

She incubated mouse bone marrow cells in vitro in the 

presence of allogeneic erythrocytes. The bone marrow cells 
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and the erythrocytes were then injected into lethally 

irradiated syngeneic recipients. These latter animaIs 

could reject syngeneic skin grafts and also succumbed 

to graft-versus-host reaction. The cells failed to 

protect the syngeneic host against the lethal effect 

of irradiation. Furthermore, the in vitro-treated bone 

marrow dells no longer recognized the allogeneic erythro

cyte donor as foreign since they could protect the allo

geneic recipient against lethal ir~adiation. They were 

also unable to induce secondary disease in the allogeneic 

host, a disease induced in 100 percent of irradiated mice 

injected with allogeneic bone marrow cells not incubated 

in vitro with the erythrocytes. These results suggest 

that during the in vitro incubation of the allogeneic 

erythrocytes with the bone marrow cells, the latter are 

modified in such a way that they no longer recognize the 

allogeneic strain as foreign nor the syngeneic strain as 

self. However, it must be stressed that the universality 

of this generalization may be in doubt in view of the, spe

cifie source of the erythrocytes required to be incubated 

with the bone marrow cells and the absence of confirmatory 

findings. 
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6. The use of bone marrow in transplantation -

The use of bone marrow transplants for various blood 

dyscrasias was first attempted late in the nineteenth 

century (216). The benefits derived from it were rather 

equivocal. The concept of hematopoietic tissue trans

plantation as a post-irradiation therapeutic measure 

has, however, endured. Shielding of the extermmrized 

spleen in mice subjected to lethal irradiation results 

in enhanced survival (217). Similar enhancement in 

survival has been obtained by implantation of hemato

poietic tissue (infant spleen) into lethally-irradiated 

animaIs shortly after exposure to radiation. Rekers and 

co-workers (218), in 1950, attempted marrow transplanta

tion in irradiated dogs and obtained slightly favourable 

results as reflected by small differences in mortality 

and hematologic responses between experimental and con

trol animaIs. Lorenz and co-workers (219), in 1951, demon

strated the protective effects of the post-irradiation 

injection of isologous bone marrow in 70-95 percent of 

lethally-irradiated mice and guinea pigs. They subse

quently extended their studies by showing the therapeutic 
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value of homologous and heterologous bone marrow trans

plants in irradiated mice, although these were less 

effective th an isologous tissues. Histologie and hema

tologic studies showed that the rapid destruction of 

host hematopoietic tissues by ionizing radiation was 

not prevented by shielding of the limbs prior to, or 

by the administration of donor hematopoietic cells 

intravenously subsequent to irradiation. However, these 

maneuvers permitted more rapid and extensive regenera-

tion of hematopoietic tissues than would normally occur. 

The mechanism by which these procedures exerted this 

regenerative effect was considered to be either via the 

release of a humoral stimulating factor by the protected 

or don or bone marrow tissues or the seeding of cellular 

elements from these tissues. Evidence has since accumu

lated in favour of a definite role for the donor bone 

marrow. Lindsley and co-workers (220), using differences 

in red blood cell antigens as a marker system, demonstrated 

a progressive increase of donor type RBC in the circula

tion of irradiated rats treated with homologous bone marrow. 
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Nowe11 and co-workers (221), uti1izing the difference 

ini"a1ka1ine phosphatase activity between the mature 

neutrophi1s of rats and mice as a marker, demonstrated 

the presence of rat ce11s in 1etha11y irradiated mice 

protected by the injection of rat bone marrow. Within 

14 to 28 days after treatment, essentia11y a11 neutro

phil ce11s in the bone marrow, b100d and spleen were of 

rat origine Makinodan (222) postu1ated the presence of 

rat er~throcytes in mice t~eated with rat-marrow due to 

their fai1ure to respond immuno1&gica11y to injections 

of rat RBC. Rat erythrocytes were detected in the cir

culation one week after treatment and within 60 days 

they constituted 100 percent of the circu1ating RBC. 

In a homo10gous mouse bone marrow transplant experiment, 

Ford and ~o-workers (223) used a chromosome marker to 

identify dividing donor ce11s in the bone marrow, spleen, 

1ymph node and thymus of the protected anima1s. Within 

five days, a1most a11 of the dividing ce11s in these 

tissues were identified cyto10gica11y to be of donor 

origin and remained so for the period of observation, 
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which was 386 days (223). These initial resu1ts pro

vided an impetus for more extensive investigations 

invo1ving bone marrow transplantation in anima1s and 

man. Seller and Po1ani (224) successfu11y treated mice 

with a genetica11y determined macrocytic anemia with 

a110geneic bone marrow hemopoietic ce11s. The grafted 

marrow pro1iferated, a110wing the recipients to deve10p 

a normal b100d picture. 

Certain types of immune deficiency syndromes in 

man with a probable defect at the stem ce11 1eve1 have 

recent1y been t~eated by bone marrow grafting. Gatti 

et al (225) reported the successfu1 treatment of a 5-

month old male with sex-1inked 1ymphopenic immuno1o

gica1 deficiency. iBoth cellular and humoral immune 

functions in the recipient were reconstituted fo11owing 

the injection of immune competent ce11s from periphera1 

b100d buffy coat and bone marrow of a sib1ing donor. 

Fatal graft-versus-host disease was circumvented by 

matching the donor ce11s with the patient's ce11s with 

respect to the HL-A locus, as determined by both mixed 
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lymphocyte culture and lymphocytotoxid assays. Bach 

et al (226) have successfully treated Wiskott-Aldrich 

syndrome in a 2-year-old boy by means of a closely

matched bone marrow transplant. Six weeks after trans

plantation, there was evidence of chimerism, production 

of isohemagglutinins and imp~ovement in the patient's 

clinical state. 

The technique of tissue grafttng would appear to 

open a new approach in the treatment of otherwise fatal 

immune deficiency diseases. The advances in our know

ledge concerning the role of the bone marrow in the 

maturation of immunocompetence will certainly also 

prove to be of immense value in the treatment of a wide 

variety of diseases. The problems of rejection and 

graft-versus-host disease, respectively, should be 

overcome by proper tissue-typing, immunosuppression 

therapy and/or the induction of tolerance to the donor 

tissue. 
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CHAPTER IV 

MATE RIALS AND METBODS 

A. Materials 

AnimaIs 

Adult, 4 to 6 pounds outbred New Zealand white 

rabbits were purchased f~om a local dealer. They were 

maintained in a well-ventillated, temperature-controlled 

animal room and were fed and watered at regular intervalo 

of time. 

Antigens 

1. Red blood cells - Sheep red blood cells (SRBC), 

horse red blood cells (BRBC) and rat red blood cells 

(RRBC) were obtained as sterile suspensions in Alsever's 

solution and were stored at 4°C. Red cells were washed 

in saline (0.9 percent sodium ch~oride) before use. 

2. Red blood cell stroma - Sheep and horse red cell 

stroma were prepared by centrifugation of the red cells 
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at 2,000 rpm for 10 minutes following lysis with dis

tilled water. The àediment, consisting of the red cell 

stroma, was suspended in a volume of Medium 199 (Micro

biological Associates, Bethesda, Md.) equivalent to the 

original cell concentration. The stroma was then solu

bilized by ultrasonic disintegration at 16,000 cycles 

per second using a Fisher ultrasonic probe. The solu

bilized sonicates of sheep and horse red cells are 

referred to as SCS and HCS, respectively. 

3. Human serum albumin (HSA) - ayland Laboratories, 

Los Angeles, Calif.). 

4. Bovine gamma globulin (BGG) - ~Pentex Incorp., 

Kankakee, Ill.). 

Antisera 

1. Anti-SRBC and HRBC antisera - Antisera to SRBC 

and HRBC were prepared in rabbits by the intravenous 

administration of one ml of a ten percent suspension of 
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the red ce11s at week1y interva1s for three weeks. 

The rabbits were bled 7-10 days fo11owing the 1ast 

injection and the sera obtained fo11owing centrifuga

tion of the c10tted b100ds were stored at -10°C unti1 

used. 

2. Anti-a11oqype antisera - Anti-a11otype antisera 

were kind1y provided by Dr. S. Se11, Department of 

Patho1ogy, University of Pittsburgh, Pittsburgh, Pa. 

They were produced in rabbits by immunization with 

antigen-antibody complexes prepared by incubation of 

the antigen with antiserum of a rabbit with a different 

a110type according to the method described by Se11 and 

Ge11 (152). 

3. Complement - Commercial dried guinea pig comple

ment (Hy1and Laboratories, Los Angeles, Ca1if.) was used 

through the study. It was disso1ved and di1uted in saline 

(O.9 percent sodium ch1oride) prior to use. 

4. Media - Medium 199 with bicarbonate (Microbio

logica1 Associates, Bethesda, Md.) containing penici11in 
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(100 units per ml of medium) and streptomycin (100 ug 

per ml of medium) is referred to in the text as Med-PS. 

The penicillin and streptomycin stock solutions were 

obtained from Microbiological Associates, Bethesda, 

Md., USA. For in vitro cultures, normal rabbit serum 

(NRS) (Microbiological Associates) is added to Med-PS 

to yield a final serum concentration of 15 percent. 

This final m~xture is referred to as Med-PS-NRS. 

5. Phytohemagglutinin - Only phytohemagglutinin-M 

(PHA-M) (Difco Laboratories, Detroit, Mich., USA) was 

used in this study. The contents of a vial were dis

solved in 10 ml of Medium 199. The PHA solutions were 

kept at -10°C. 

6. Glass beads - Superbrite glass beads, type 100-5005, 

obtained from the Minnesota Mining and Manufacturing 

Company, St. Paul, Minn. were boiled in nitric acid for 

15 minutes following which they were washed with phos

phate buffered saline (pH 7.0) (PBS) until the pH of the 

wash solution was 7.0. 



Page 104 

B. Methods 

preparation of cell suspensions 

Rabbits were sacrificed by the intravenous injection 

of nembutal (50 mg per kg body wt). The lymphoid organs -

spleen, lymph nodes (popliteal and mesenteric), appendix, 

sacculus rotundus and thymus - were rapidly extirpated 

and individually placed in Med-PS contained in ster~le 

disposable plastic tubes (Falcon Plastics, Los Angeles, 

Calif.). The organs were then lightly passed through a 

wire mesh (100 mesh) so as to provide cell suspension. 

The cells are then centrifuged at 800 rpm for 5 minutes 

and suspended in Med-PS at various cell concentrations. 

Circulating lymphocytes were obtained by bleeding 

from the heart (45 ml) into a syringe containing 100 

units heparin and dextran (x 15 ml), molecular weight 

250,000 (Dextran 250, Pharmacia, Uppsala, Sweden). The 

blood-dextran mixture was then divided into sterile plas

tic tubes and kept at 37°C for 20 minutes at a 60 degree 

angle to the horizontal. The lymphocyte-rich upper layer 
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was then decanted, washed and suspended in Med-PS in 

the required ce11 concentration. 

Bone marrow ce11s were obtained from rabbits that 

have just been sacrificed by the intravenous administra

tion of nembuta1 (50 mgper kg body wt). The femur and 

tibia were c1eaned and split with a bone cutter and the 

marrow was suspended in sterile disposab1e plastic tubes 

(Falcon Plastics, Los Angeles, Ca1if.) containing normal 

rabbit serum (NRS). The tubes were shakp.n vigorous1y 

for a minute and centrifuged at 800 rpm for 5-10 minutes. 

The fatty upper layer was decanted and the ce11s were 

suspended in Medium 199 containing penici11in (100 units 

per ml), streptomycin (100 ~g per ml) and NRS (15 per

cent) (Med-PS-NRS). The ce11s were washed once more and 

resuspended in Med-PS-NRS to the required ce11 concen

tration. 

Ce11-Cu1ture technique and determination of radioactive 

thymidine incorporated by the cu1tured ce11s incubated 

with the isotope 

The ce11s to be cu1tured were suspended in a concen

tration of 106 per ml in Med-PS-NRS and 4 ml aliquote of 
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the ce11 suspension were transferred into sterile Falcon 

plastic tubes. Where stated, the antigen or PHA was 

added at the beginning of the culture. The tubes were 

capped and exposed to an atmosphere of 4 percent CO 2 in 

air in an incubator at 37°C for three days. Tritiated 

thymidine (T-H3) (2 uc, spec. activity 1 C/mM) (Schwarz 

Bio-Research, Inc., Orangeburg, N.J.) was added to the 

tubes 18-24 hours prior to the termination of culture at 

which point the tubes were centrifuged at 1000 rpm for 

10-15 minutes, the supernatants were discarded and the 

ce11 buttons resuspended in two ml of five percent tri

ch10racetic acid. The tubes were centrifuged and washed 

once more in an identica1 fashion with trich10racetic 

acid. One ha1f ml of Hyamine (Packard Instrumenns, USA) 

was then added to each tube and the tubes were permitted 

to digest for 24 hours at room temperature in the dark. 

The contents of the tubes were then transferred to scin

tillation counting vials using two washes of abso1ute 

ethano1 (0.6 ml total). The vials were then incubated at 

70-75°C for one hour, a110wed to cool at room temperature, 
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following which 15 ml of the scintillation solution (con

taining 400 gm naphthalene, 28 gm PPO, 1.2 gm POPOP, made 

up to 3.8 liters with dioxane) were added to each vial. 

The vials were analyzed for their radioactive content in 

a Model 4000 packard liquid scintillation counter. The 

results are expressed as counts per minute. The results 

are also presented, where appropriate, as the specifie 

thymidine incorporation, which is the ratio of thymidine 

incorporation in the presence of the antigen or other 

stimulants to that incorporated in its absence. 

Dye Exclusion Test 

The viability of various cells was determined by the 

dye exclusion test using 0.1 percent trypan blue. A drop 

of the dye was added to one ml of the cell suspension and 

the latter was then analyzed in a hemocytometer. Cells 

that took up the dye are considered to be dead cells. The 

viability of the cells, on the basis of 200 cells counted, 

was recorded as percent of dead cells. 
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Irradiation of Rabbits 

The rabbits were subjected to doses of irradiation 

ranging from 800r to l400r whole body irradiation, using 

a Cobalt 60 source under the following conditions: skin

source distance 200 cm, field size 50 x 50 cm, colarimeter 

size 20 x 20 cm and output 6.97r per minute. 

In Vitro Irradiation ôf Bone Marrow Cells 

The bone marrow cells were suspended in Med-199 in a 

screw-capped flask in variable cell concentrations. They 

were exposed to 4000r or 10,000r irradiation, using a 

Cobalt 60 source, at a rate of 99.6r per minute, under 

the following conditions: 280 Kv peak at 18 ma, half

value layer 1.2 cm copper and focal surface distance 50 

cm. Following irradiation, the cells were analyzed for 

viability by the dye exclusion test and for their c~pacity 

to undergo blastogenesis and mitosis following stimulation 

with PHA. 

Induction of Immunological Tolerance 

Neonatal rabbits were injected subcutaneously at-days 
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2 and 5 of age with 100 mg HSA or BGG. They were left 

undistQ~bed with their mothers. AlI the rabbits were 

bled at 6 weeks of age and tested for circulating anti

body and antigen by the hemagglutination and hemagglutina

tion inhibition techniques, respectively (see below). 

Those rabbits that did not show presence of both antigen 

and antibody were used for the experiments. 

Inactivation of Bone Marrow Cells 

Normal rabbit bone marrow cells were either heat

killed by incubation in a 60°C water bath for one hour, 

or sonicated using an ultrasonic disintegrator (Fisher 

Ultrasonic Probe) at 16,000 cycles per second for one 

minute. 

Hemolytic ~laque Technique 

The technique used is that described by Jerne and 

Nordin (73) with slight modifications. Agarose was used 

in place of agar as described in the original procedure. 

The spleen cells (O.l ml) , washed sheep red cells (0.1 ml 
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of a 10 percent suspension) and the agarose (1 ml of a 

0.5 percent solution) were mœxed thoroughly in a 46°C 

water bath and layered into the Petri dishes (2 inches 

diameter) containing a thin basal layer 2 cc of 1.4 per

cent agar and they were allowed to stand at 37°C for 2 

hours. One ml of commercial guinea pig serum (Hyland 

Laboratory, Los Angeles, Calif.), diluted 10-fold, was 

then added. The plates were left at 37°C for another 

hour and the plaques were counted with the aid of a mag

nifying lens. The results are expressed as the number 

of plaque-forming cells per 106 splenic lymphoid cells 

plated. The variation in the number of plaques observed 

in duplicate assays was consistently less than ± 10 per

cent from the mean. 

To determine the antibody allotype produced by the 

spleen cells, the cells were incubated with anti-allo

type antiserum (Anti - Al or Anti - A2) or normal rabbit 

serum (NRS) and SRBC in the agar phase prior to the addi

tion of complement. The antisera and NRS were aIl diluted 

in a one percent solution of human serum albumin (Hyland 
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Laboratories, Los Angeles, Calif., USA). The technique 

is essentially tnat described by Chou et al (227). The 

results are also expressed as the number of plaques per 

106 spleen cells incubated. 

Tanned Cell Hemagglutination Technique 

THe technique used is essentially that described by 

Boyden (228). The red cells were tanned by adding 6 ml 

of a 2.5 percent suspension of sheep red cells to 6 ml 

of a 1:20,000 preparation of tannic acid, freshly pre-

pared from a 1:100 stock solution of tannic acid in 

phosphate buffered saline (PBS) (Phosphate buffer, pH 

7.2:saline - 1:1). The cells were incubated for 10 

minutes at 37°C. The tube was then centrifuged, the 

supernatant discarded and the tanned cells washed three 

times with 6 ml of PBS. The tanned cells were then 

incubated with 6 ml of the antigen solution, in the appro-

priate concentration, made up in PBS, for 15 minutes at 

37°C following which the tube was centrifuged and the 

supernatant discarded. The cells were washed three times 
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with normal rabbit serum diluted 100-fold in PBS and made 

up to a final cell concentration of 2.5 percent. These 

cells are referred to as sensitized cells. 

The hemagglutination test was performed in 13 x 100 

mm lipped round bot tom test tubes which were held in 

plastic frames containing 14 tubes to a row. The anti

serum to be tested was diluted 10-fold with saline and 

doubling dilutions were prepared, using one ml volumes. 

One-tenth ml of the sensitized cells was added to each 

tube and the tubes were shaken weIl until the cells were 

evenly dispersed. The following controls were performed 

with each experiment: (i) indubation of sensitized cells 

with diluent only and (ii) incubation of unsensitized 

cells with the antiserum. The tubes were allowed to 

stand at room tempe rature and were usually read 16-20 

hours later. In control tubes, the cells settled to the 

bottom to form a compact button. This is considered to 

be a negative result. In the presence of antibodies, 

the red cells formed a gelatinous-like layer covering 

the entire bot~om surface of the tube and this disposition 

1 
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of the sensitized cells constitutes a positive hemag

glutination reaction. The ticer of the antiserum is 

expressed as the inverse of the maximum dilution of the 

antiserum capable of effecting agglutination of the 

sensitized erythrocytes. 

Determination of the Antigen Concentration by the 

Hemagglutination-Inhibition Technique 

Doubling dilutions of the serum to be tested for the 

antigen were prepated using PBS as diluent •. Then, to 

each one-half ml of the serum is added half ml of a 

known dilution of the specifie antiserum. The tubes 

were left at room temperature for a few minutes and then 

one tenth ml of the sensitized sheep red cells was added 

to each tube. The rest of the procedure is as above. In 

the presence of antigen, the red cells fail to agglutinate. 

The first bube showing positive hemagglutination is con

sidered the end point. The exact amount of antigen is 

calculated from the control tubes in which a known amount 

of the antigen is added to the same dilution of the antiserum. 
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Fractionation of Bone Marrow eells on Antigen-Sensitized 

Glass eolumns 

The bone marrow cell suspension was adjusted to a 

concentration of 108 cells per ml in Med-199 containing 

15 percent NRS. These cells were then passed through a 

column of antigen-sensitized glass beads prepared accord

ing to the technique of Wigzell and Andersson (137). 

The antigen, HeS or ses, processed from 25 ml packed red 

cells (or 250 mg HSA) , was added to 25 ml glass beads in 

25 ml PBS and incubated at 45°C for one hour and then 

left overnight at 4°C in the presence of 10 percent NRS. 

The antigen-sensitized beads were then poured into a 

glass column (20 cm long by 1.5 cm internaI diameter) 

and washed with approximately 10 volumes PBS. As will 

be seen below, no antigen could be detected in the final 

effluent wash using the technique of inhibition of speci

fie agglutination of antigen-sensitized red blood cells 

(see above). The normal bone marrow cells (300 to 500 x 

10 6 cells) in 3 to 5 ml of medium 199 were then applied 

to the head of, the glass bead column and passed through 
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the column with Med-199 as eluting fluid. When cells 

could no longer be recovered in the effluent, the glass 

beads were placed in a sterile 250 ml flask and vigor

ously shaken for 5 minutes. The cells in the superna~ant 

which were eluted from the antigen-sensitized glass beads 

(eluate) were centrifuged and washed with Med-199. The 

cells in both the effluent and eluate were suspended in 

Med-199. 

Determination of Cell Morphology 

Smears of the unfractionated bone marrow, effluent 

cells and eluate cells obtained by fractionation on 

antigen-sensitized glass beads were prepared on cleaned 

glass slides and stained with hematoxylin and eosin or 

giemsa stains. They were analyzed for their morpholo

gical and staining characteristics under the microscope. 

In Vitro Stimulation of Bone Marrow Cells 

Bone marrow cell suspension was prepared as des

cribed above. The cell count was adjusted to a cell 
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concentration of 107 per ml. Ten ml of the cell sus

pension were transferred into sterile screw-cap flasks 

to which were added a variable number of SRBC (107 to 

109 cells). The cells were incubated in an atmosphere 

of 4 percent CO2 in air for 1 to 24 hours at 37°C, 

following which they were washed twice and injected, in 

variable numbers, into irradiated recipient rabbits. 



Page 117 

CHAPTER V 

EXPERIMENTAL PROCEDURES, RESULTS AND DISCUSSION 

A. Pre1iminary Studies to Determine the Optimal Con

ditions for the Various Experimental Procedures 

The initial sequence of experiments was carried 

out in order to estab1ish base1ine values with respect 

to the various parameters uti1ized in the experimenta1 

protoco1s out1ined be1ow. They constitute the framework 

upon which the interpretations of the resu1ts of the 

subsequent experiments are based. 

1. The Plaque Forming Abi1ity of the Different 

Rabbit Lymphoid Tissues and the Optimal Conditions for 

the Formation of Hemo1ytic Plaques in Vitro - Rabbits 

were injected intravenous1y with either 106 , 107 , 108 , 

or 109 SRBC and sacrificed 7 days 1ater. Ce11 suspen-

sions of the various 1ymphoid organs were prepared and 

were ana1yzed for p1aque-forming capacity with respect 
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to SRBC plated in constant or varying concentrations 

with respect to lymphoid cells. 

As can be seen in Table l, only the spleen cells of 

immunized rabbits were capable of forming hemolytic 

plaques with SRBC. The maximum immune reactivity of 

the spleen was attained between days 6 and 8 following 

immunization. Very few plaques could be detected before 

day 3 and after day 12. 

As can be seen in Table 2, the administration of 109 

SRBC resulted in the production of the maximum number of 

plaques by the spleen cells on the seventh postimmuniza

tion day. The maximum number of plaques was observed 

when 2 x 106 to 8 x 106 splenic cells were plated. Greater 

numbers of splenic cells (24 x 106 or 32 x 106) tended to 

exert an inhibitory effect on the system resulting in an 

almost complete inhibition of plaque formation (Table 3). 

On the basis of these initial experiments, it can be 

seen that the optinlal number of hemolytic plaques would 

be obtained by plating 2 x 106 to 8 x 106 spleen cells of 

rabbits given 109 RBC 6 to 8 days prior to sacrifice. 
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2. Cross-Reactivity between Antigens used in the 

Various Experiments 

a) Cross Reactivity between Sheep Red Blood Cells 

(SRBC) and Horse Red Blood Cells (HRBC) - Normal rabbits 

were injected intravenously with either SRBC and/or HRBC 

(10 9 cells) and bled at intervals of time. The serum 

samples were tested for their agglutinin titers to these 

two red cell preparations. Several rabbits were sacri

ficed on day 7 and their spleen cells were examined for 

their plaque-forming ability and for their capacity to 

incorporate tritiated thymidine in the presence of the 

specific antigen(s) in vitro. 

As can be seen in Table 4, rabbits immunized with 

SRBC formed antibodies essentially only to SRBC while 

rabbits immunized with HRBC formed antibodies almost 

entirely directed to HRBC. The plaque-forming capacity 

of the spleen cells of rabbits immunized with SRBC pro

duced plaques to SRBC only while spleen cells of rabbits 

immunized with HRBC produced plaques directed to HRBC 
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on1y (Table 4). Simi1ar1y, spleen ce11s of rabbits 

immunized with SRBC incorporated radioactive thymidine 

on1y when incubated with SRBC stroma in vitro, whereas 

spleen ce11s of rabbits immunized with HRBC incorporated 

tritiated thymidine only when incubated with HRBC stroma 

(Table 5). 

b) Cross-Reactivity between Human Serum A1bumin 

(HSA) and Bovine Gamma Globu1in (BGG) - As can be seen 

from Table 6, there was a1most no c~oss-reactivity 

detected between HSA and BGG antigen-antibody systems 

using the passive hemagglutination technique. 

From the above, it can be seen that the extent of 

cross-reactivity between the two types of red ce11s is 

1ess than 0.1 percent. A simi1ar situation exists bet

ween HSA and BGG. 
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TABLE 1 

PLAQUE FORMING CAPACITY OF DIFFERENT LYMPHOID ORGANS OF RABBITS 

lliMUNIZED WITH SHEEP RED BLOOD CELLS (109 CELLS) 

Time after Antiqen . Cella of Lr-Phoid irqan Plated 
Administration (Oays) (No. of Plaque. per 10 Lyaphoid Cells) 

Spleen Thyal. Bone Harrow Lyçh Node Sacculus Rotundus Appendix 

3 5 <1 <1 1 3 1 

5 15 <1 <1 2 1 1 

6 54 2 <1 2 2 2 

7 73 <1 2 7 2 1 

8 66 <1 1 <1 1 1 

10 31 <1 2 <1 1 <1 

12 8 <1 <1 1 4 <1 
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TABlE 2 

THE PLAQUE-FORMING CAPACITY OF SPLENIC LYMPHOID CELLS OF RABBITS 

IMMUNIZED WITH VARYING DOSES OF SHEEP RED CELLS 

SEVEN DAYS PRIOR TO SACRIFICE 

No. of Sheep Red Cells No. of Plaques per 106 Spleen Administered Lymphoid Cells Plated (Day 7) 

109 
71 

108 
47 

10 7 
5 

106 
1 
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TABLE :3 

RELATIONSHIP BETWEEN NUMBER OF SPLENIC LYMPHOID CELLS PLATED 

AND NUMBER OF PLAQUES OBTAINED FROM SPLEEN OF SAME OONOR 

No. of Sp1enic Lymphoid Ce11s P1ated No. of Plaques per 106 

(x 106 ) Sp1enic Lymphoid Ce11s· 

32 1 

24 7 

16 28 

8 62 

6 67 

4 69 

2 69 

• Spleen Ce11s obtained fro~ rabbit immunized 7 days ear1ier with 10
9 

S-rbc intravenous1y 
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TABLE 4 

CROSS REACTIVITY BETWEEN HORSE AND SHEEP RED BLOOD CELLS. 

IN VIVO RESPONSE IN NORMAL RABBITS 

Cells Uaed for Immunization Hl'magqlutination Titer on Day No. of Plaques per 106 Splenic 
(1 x 109 ) Lymphoid Cella on Day 7 Incubated vith 

7 14 

Anti- Anti- Anti- Anti- H-rbc S-rbc 
H-rbc S-rbc H-rbc S-rbc 

S-rbc 10 640 40 25,600 7 71 

H-rbc 1,280 0 40,000 80 97 5 

, 

1 
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TABLE 5 

CROSS REACTIVITY BE'NEEN HORSE AND SHEEP RED BLOOD CELLS. 

IN VITRO RESPONSE OF IMMUNE RABBIT SPLENIC CELLS 

Cells Used for Immunization Specifie Incorporation* of Radio-Active Thymidine 
by the Immune Spleen Cells** in the Presence of 

H-rbc Stroll\a S-rbc Stroma 

S-rbc 1.2 11.0 

H-rbc 13.0 0.8 

* Ratio of radio-active thymidine uptake by spleen cells in presence of antigen 
to that taken up in the absence of the antigen. 

** Normal rabbits were given the red cells i.v. on day 0 and sacrificed on day 7. 
Spleen cells (4 x 10 ) were incubated in vitro with either type of red cells 
for 3 days. 
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TABLE 6 

THE CROSS REACTIVITY BETWEEN HUMAN SERUM ALBUMIN (HSA) 

AND BOVINE GAMMA GLOBULIN (BGG) 

Ant isera tested* Hemagglutination titers** of the antisera following 
incubation with sheep red cells sensitized with 

HSA SGG 

Rabbit anti-HSA 16000 40 

1280 0 

Rabbit anti-SGG 20 25600 

0 8000 

• Sera obtained from rabbits immunized with either 25 mg of HSA or BGG • 

•• Hemagglutinotion titers less than 10 are considered to be negative. 

, 
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B. The Source of the Antigen Reactive Cell in the 

Normal Rabbit 

l~ Experimental Procedures - A general outline of 

the experimental procedures carried out in this inves

tigation is presented in Figure 1. Lymphoid cells were 

obtained from a normal rabbit by the techniques des

cribed in Materials and Methods. 

The lymphoid cell suspensions were injected, in 

varying numbers, into rabbits which had just been exposed 

to SOOr total body irradiation, using a Cobalt-60 source. 

The rabbits were also injected with the antigen at the 

time of cell transfer. They were either sacrificed seven 

days later and the spleen cells were an~lyzed for their 

content of hemolytic plaque-forming cells (see Materials 

and Methods), or they were bled at intervals of time and 

the circulating antibody titers determined by direct 

agglutination of the immunizing red cells or by the 

agglutination of antigen-sensitized sheep red cells (see 
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Materials and Methods). The results are expressed as 

the number of plaques per 106 splenic lymphoid cells 

and as the reciprocal of the hemagglutination titer, 

respectively. 

In other experiments, the normal lymphoid cells were 

injected into 8-week-old rabbits made tolerant to HSA. 

The recipients were also injected with 25 mg HSA and bled 

at intervals of time thereafter. The serum samples 

obtained were analyzed for their content of circulating 

anti-HSA antibodies, using the passive hemagglutination 

technique (see Materials and Methods) • 
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NORMAL RABBIT 

BONE MARROW CELLS 
or 

SPLEEN CELLS 
or 

THYMUS CELLS 
or 

APPENDIX CELLS. 
or 

SAC. ROTUNDUS CELLS 
or 

LYMPH NODE CELLS 
or 

PERIPHERAL WBC. 

HSA - TOLERANT RABBIT 

HSA, ~ 

~ 

Figure 1. PROTOCOL FOR THE DOONSTRATION OF THE ORGAN SOURCE 

OF THE ANTIGEN REACTIVE CELL(S) IN THE RABBIT 
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2. Results - As can be seen in Table 7, normal 

bone marrow cells, peripheral ~lood lymphocytes and a 

mixture of rabbit sacculus rotundus and appendix cells 

consistently transferred plaque-forming capacity to 

irradiated recipient rabbits with respect to SRBC. The 

lymph node lymphocytes (popliteal plus mesenteric) did 

so to a much lesser extent. The spleen and thymus cou Id 

not transfer i~~unocompetence. However, when the cells 

from individual donor organs were injected, it was 

observed that the sacculus rotundus and mesenteric 

lymph node, and not the appendix and popliteal lymph 

ndde cou Id transfer plaque-forming capacity with respect 

to SRBC (Table 8). When HRBC were used as immunizing 

antigen, only the bone marrow cou Id transfer immunocom

petence; the other organs capable of transferring immuno

competence with respect to SRBC, the sacculus rotundus, 

blood and mesenteric lymph node, were incapable of doing 

so with respect to HRBC (Table 9). 

Similarly, only the bone marrow celis cou Id transfer 

humoral antibody-forming capacity with respect to aIl the 
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antigens tested (Tables 10 and Il) whereas sacculus 

rotundus and blood lymphocytes ~ould transfer immuno

logie reactivity with respect to SRBC only. 

Results of a similar nature were recorded in the 

tolerant recipients. Only recipients of normal allo

geneic bone marrow cells could successfully mount an 

immune response directed to the tolerogenic antigen 

(Table 12). The tolerant rabbits which have received 

lymphoid cells obtained from the other lymphoid organs 

remained tolerant following cell transfer. 
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TABLE 7 

THE PLAQUE-FORMING CAPACITY, WITH RESPECT TO S-:,RBC, OF SPLEENS OF 

IRRADIATED RABBITS INJECTED WI'llI NORMAL Ar.J.OOENEIC LlMPHOID CELLS AND S-RBC 

.0. of Plaque. per 10' 8plenJ.o Lyt!pboid cel18 of In.s1&t.d .... lu· 
"P8r~t Injectee! vith LJllllbold C.l18 ObtaJ.ned fl'Ca the PolloldDt QrpDa 

.\1IIber 
BoDe 'l'tIJ11118 8pl_ L!!r' lIode laoaql ... 1100d 

Marrow (Poplitea fi ... _tarle' lICItIIIIda 
.. aDCl..,;" 

1 7' U 7 l' It 01. 

2 .. 11 5 11 52 ,. 
3 59 • 9 11 31 42 

• " 7 12 29 1. 51 

5 92 11 9 3. 7t 47 

6 Il 7 6 3Z 51 II 

7 fit 2 U Cl 57 2J 

• 59 fi 15 29 .0 10 

9 60 21 33 .0 U 72 

10 75 12 4 , 15 100 
•••••••••• •••••• ~ •••• I ••••• . ............... ~ ---._- ~--_ . 

lIeaD 70 10 il 21 Il 47 

• 'rba rûblu _ra aubjectecl to IGOr total boItr lrnIU.aUoa fo11owed ~ t:M lav ..... 
...wat.vatlOll of 3-5 • lOI lJlllPbold 08118 aDCl-lOt .-..c. .... nllblu ... ADrifi0e4 
7 da~ 18ter aDCl their .pl_ ... aaa1,....s fo&' plape-fonIlav oapeolt7. 
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TABLE 8 

THE PLAQUE-FORMING CAP ACITY OF SPLEENS OF IRRADIATED RABBITS 

INJECTFD WITH NORMAL ALLOOmEIC LIMPHOID CELLS AND S-RBC 

-----. -.- -._-----

No. of PlllqU •• pel' 106 Splen1c LJIIPbo14 Cell. of Irra41ate4 

Jblper~t 
1tahb1u· IDjecte4 vU:h LYIIPb014 Cel18 ObtaiM4 

frca tM Poll0lr1DIJ Or9ane 

lfallber 
Bane Spleen Pcpl1teal 1luent.r1c S_lu Appen4ix 

Marl'Olr LYIIPh .048 LyIIpb 1104. .JlDtun4u 

1 82 14 6 30 65 8 

2 94 13 7 27 58 8 

3 74 9 8 23 59 18 
. 

4 96 17 13 39 68 17 ... _ ...... ~ ..... •••••• • ••••••• ~ ....... " ....... • ••••••• 
JIeen 86 13 8 • 29 62 13 

• fte rabb1u ::nTabjectecl to 8001' ~l =., inadiatiOil foll-.! br tM 
1Du_ .uation of 3-5 x 10 1 14 cella an4 109 S-IIIIC. fte 

rabb1u __ aacr1f10e4 7 4&y. later an4 tM1r .pleen. ver. analyU4 for 

plaqae-f0zaiD9 C&pac1ty. . 

--- - _.--... -----------
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TABLE 9 

THE PLAQUE-FURKING CAPACITY OF SPLEENS OF IRRADIATEDRABBITS INJ~TED 

WI'IH NORMAL ALIOOENEIC LIMPHOID CELLS 'AND S-RBC AND H-RBC 

. _.-

Lyçbold celb No. of Pl.que. par 106 Spl~nic LYRPhoid Cella 
'fran.f.rred of the Irradi.ted Recipient Rabbit· Incub.ted vith 

S-RBC H-R9C 

BoDe· IlUrov 63·· 64 

S.cculu. Rotundu. 54 6 

81004 84 2 

..... teric Lyaph Node 26 3 

Popliteal Lyçb Node 5 6 

.il 4 1 

.il 80··· 58··· 

• aaIIblta ver •• ubjected to 100r total body irradiation and then given 3-5 x lOI 
1yçboid c.11., lO'-S-1BC and 109 H-IBC lntr.veaou.1y. ~. rabbit. ver •• acrl
flced 7 daya l.ter for the plaque •••• y .,.in.t both S-IBC and a-RBC. Bach value 
repreauta the ..an of cluplicate cleteminatiôna. 

•• Bach value r.pre •• ta th.·..an of three dlff.r.nt .xper~t •• 
••• ~-lrra4i.ted rabbit, ~l.ed' vith 8-111!C and R-IIIIC (control). 

------------- -----------------~ -. - ---- . 
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TABlE 10 

HEMAGGWTINATION TITERS OF IRRADIATED RABBITS INJECTED WITH 

NORMAL ALIDGENEIC LlMPHOID CELLS, S-RBC, H-RBC AND R-RBC 

B-.gvlutiJlaUon 'rit.a of Ina41ate4 bbblu-

Day of 
Injecte4 vith Cella 0bta1ned rra. the Po11c:lv1Dv aqUII 

8leecUDg PollolrincJ BoM lIurow 8acculu lIObJIIdua 8looc1 
Ina41atioll and 
x-t .. Uoo Anti- Anti- Anti- Anti- Anti- Anti- AnU- AnU-

8-111C B-IBC a-IIIC 8-1BC a-IIIC a-IIIC I-IIIC a-IIIC 

. 
7 .0 .0 20 160 10 0 320 20 . 

U 5,120 2,560 UO '2,5&0 .0 10 5,120 1&0 

- ~ rabbiu _ Rbjecte4 to 'OOr total boIIy in'~atioo fol1alM4 bJ' the iat:r..-au 
aodII1a1at:raUoo of 3-5 JE 10' lfllllboid cella and 10 I-IIIC, B-..c aDd a-..c. 
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TABLE 11 

HEMAGGLUTINATION TITERS OF IRRADIATED RABBITS INJEX::TED wr1H 

NORMAL ALLOGENEIC LIMPHOID CELIS AND HSA AND OOG 

- - -, ---- ------ - - - --- ---

Day of U..agglutination Titera of Irradiated Rabbita* 
81ee41Dg Pollowing Injected vith Cella Obtain.ad fra. the polloving Organa 
Irradiation and 

x-nJ. .. tion Bon. Harrow Sacculua Rotundua 81004 

Anti-BSA Anti-BGG Anti-USA Anti-BGG Anti-BSA Antl-BQG 

7 320 640 0 10 0 40 

14 5,120 2,560 0 10 10 40 

21 5,120 2,560 0 40 10 160 

* fte nhbita .... aubjected to 800r total body irradiation follov.d by the intraftD0U8 
~n1atration of 3-5 x 108 lYJlPhoid ceUa and 25 III) of BSA and BGG. 
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TABLE 12 

THE ANTIOODY-FURMING CAPACITY OF HSA-TOLERANT RABBITS 

INJECTED wr'ffi NORMAL ALlOGENEIC LlMPHOID CELLS AND HSA 

- ~-- - .- _ .. - _. -- -

Day of HeaAg9lutination ~it.ra* of !Olerant RAbbita** 

Bleedin9 Injected vith Nor.al Lyllphoid Cella ObtaiAecl 

Pollovin9 Pro. the PolloviP9 Oqan. 

cell 
ftaufer and ac::-le "for* Thyaa. 

(3 le 108 
Spleen Ly1Ipb Node L)'IIIIb lIode Saceulua AppIIDdix 

x-nlàation (3 • 108 -POpl1teal - ... aenterlc aotundua 
(3.5 le 108 

(3.5 • 108 

7 

14 

21 

21 

Cells) Cella) cella) (2.5 • 10 (2.8 le ll! Cella) 

Cella) cella) Cella) 

40 0 0 0 0 10 0 
, 

320 0 0 0 0 10 0 

1.280 20 0 0 10 .20 20 

640 20 40 0 0 ·20 20 

* '!'he '--991utination titer la d.fined .. the inver .. of the ~ dilution of the 

anti .. rua capabl. of effectillCJ 1l991utination of BSA-aen.itin4 aheep red blood _lls. 

'!'lter. l •• a then 10 are considereeS to be negatlve. 

** RAbbita _ra lied. tolerant to BSA by the aubcutaneoua eda1nistration of 100 .. UA on 

. claya 2 an4 5 of lUe. They _ra injected inUavenoualy vith the al~ic IPFboid 

_lla at ai. ~. of a98 along vith 25 119 UA. 

8lood 
(4 le 107 
Celle) 

20 

40 

40 

40 
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3. Discussion - These experiments were carried out 

in order to as certain the role of the different lymphoid 

tissues as a source of antigen reactive cells (ARC) in 

the normal rabbit. The work of Singhal and Richter (46) 

has demonstrated that only bone marrow lymphocytes of 

normal rabbits possess the capacity to react in vitro 

with antigens to which the cell donor had not previously 

been e~:posed with blastogenesis and mitosis (46). The 

present experiments confirm this conclusion using a 

strictly in vivo system. with·four of the five antigens 

tested, only the bone marrow could transfer immunocompe

tence to. both irradiated and specifically tolerant reci

pients. In the latter case, the recipients had been made 

tolerant to HSA and were tested for humoral antibody 

formation to HSA following cell transfer. 

Of aIl the lymphoid tissues other than the bone 

marrow, only the sacculus rotundus and mesenteric lymph 

node cells could restore immunocompetence in an irradiated 

recipient with respect to only one of the antigens used, 

the SRBC. In every case where the sacculus and mesenteric 

node cells could successfully transfer immunocompetence, 
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the peripheral leukocytes in the blood were also capable 

of manifesting this activity (Table 8). These results 

suggest that the bone marDOW serves as the prime source 

of ARC and as the only source with respect to most 

antigens but that the sacculus rotundus and mesenteric 

node may also possess ARC in the case of certain antigens. 

However, another explanation for these findings may be 

that the cells in the sacculus rotundus, mesenteric node 

and blood, reactive toward the SRBC, may ~üt be ARC but 

memory cells or AFC. The SRBC, but not rabbit RBC or 

rabbit tissues, possess the Forssmaü antigen, an antigen 

present in many~icroorganisms, plants and animal cells 

(229). It is thus highly probable that the "normal" 

rabbits used as cell donors may previously have been 

actively immunized to the Forssman antigen and therefore 

to an antigen present in the SRBC. It is probable that 

the gut-associated lymphoid tissue, such as the sacculus 

rotundus and the mesenteric lymph node, would be continu

ously exposed to it, and that it would also circulate in 

the blood. Therefore, the ARC directed toward the Forss

man antigen would have vacated the bone marrow and migrated 
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to these organs where they would react with the Forssman 

antigen. An immune response to the Forssman antigen 

would likely ensue in these gut-associated lymphoid tis

sues with antibody-forming cells and memory cells sub

sequently detected in these sites. These cells might 

also spill over into the circulation and would therefore 

be detected in the blood. Similar findings were also 

reported by Armstrong et al (230). By using an antigen 

(Purified protein of Sa~onella adelaide polymerized 

flagellin) to which mice had probably been exposed to 

previously, they dcmonstrated that not only bone marrow 

but also mesenteric lymph nodes and Peyer's patches 

contain ARC. No attempt was made to study the circulat-
~ 

ing lymphocytes in.their system. 

The demonstration that only the bone marrow serves 

as the original organ source of the ARC serves to point 

out the functional heterogeneity which exists among 

lymphocytes in the different lymphoid organs. Further-

more, if, as has been demonstrated by nurnerous investi-

gators, lymphocytes constantly migrate between the dif-

ferent lymphoid organs (27, 50, 62, 87), theyare, 
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nevertheless, very selective as to their destinations 

or else there would be a uniformity of function among 

the lymphocytes of aIl the lymphoid organs. Certainly, 

the immunologically-competent ARC does not appear to be 

inclined to migrate from the bone marrow. However, the 

bone marrow is an open, and not a closed, system and a 

small number of cells must therefore vacate the marrow 

and settle in the peripheral lymphoid organs. It is 

therefore not surprising that threshold primary immune 

responses have been induced with normal rabbit lymph 

node (231, 232) and spleen (233) tissue cultures in 

vitro, indicating the presence of only a small number 

of ARC, and/or possibly only a small number of AFC, as 

weIl. 

It might have been anticipated that ARC would be 

found in organs other than the bone marrow, albeit in 

lesser numbers, since one would not expect the cells to 

originate and die in the same organ. If such a state of 

affairs exists, it may lead to destruction of the entire 

clonees) of ARC, if the balance between proliferation and 

transformation into ARC, on the one hand, and death of old 
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ARC, on the other, does not operate on the feed-back 

principle. If a tendency such as this develops in the 

neonatal state, with destruction of clones of ARC, the 

AFC, the cells which synthesize the immunoglobulins, 

would no longer be stimulated and a state of congenital 

hypogammaglobulinemia or agammaglobulinemia such as is 

characterized in the Bruton type agammaglobulinemia, 

may ensue. On the other hand, excessive proliferation 

of clones of ARC may lead to overstimulation of the AFC, 

with abnormal formation of immunoglobulins which may 

present clinically as multiple myeloma or macroglobulin

emia. It may be, however, that the ARC are not killed 

in the bone marrow but that, when they reach senility, 

they migrate out of the bone marrow and die elsewhere. 

At this point in their life-cycle, they may no longer 

function as ARC and would therefore not be detected by 

the cell transfer technique utilized. 



Page 143 

C. The Antigen Reactive Cell in the Immune Response 

1. Experimental Proaedures and Results - The exp~

rimental protocol is shown in Figure 2. Essentially 

bone marrow cells were transferred to 800r irradiated 

allogeneic recipients together with SRBC. Seven days 

later the recipients were sacrificed and their spleens 

were assayed for hemolytic plaques (see Materials and 

Methods). 

a. Establishement of the Optimal Conditions for 

the Experiments 

1) The Optimal Number of Bone Marrow Cells to 

be Transferred - As can be seen from Table 13, 5 x 108 

normal bone marrow cells was the optimal number required 

to be transferred in order to confer the maximal plaque

forming capacity to the spleen cells of the irradiated 

recipients. Threshold activity was obtained following 

the transfer of 0.5 to 1 x 108 bone marrow cells whereas 
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a 1esser number 6f bone marrow ce11s cou1d not confer 

p1aque-forming activity to an irradiated recipient 

rabbit (Table 13). 

2) The state of Viabi1ity of the Bone Marrow 

Ce11s Transferred - As can be seen in Table 14, spleen 

ce11s of irradiated rabbits which had been injected with 

normal rabbit bone marrow ce11s gave many plaques, whereas 

spleen ce11s of irradiated rabbits which had been injected 

with either the heat-ki11ed or sonicated preparations of 

the bone marrow did not give a greater than background 

number of plaques. 

Insofar as the viabi1ity of these two latter ce11 pre-

parations, prior to their administration into irradiated 

recipients, is concerned, no intact ce11 cou1d be observed 

9 
in the sonicate prepared from 0.5 x 10 ce11s. Using the 

dye-exclusion test as an indicator of viabi1ity, 1ess than 

five percent of the ce11s in the heat-ki11ed preparation 

were viable. 
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3) Interval Between Antigen Administration 

into Donor and Transfer of Bone Marrow Cells to Irradiated 

Recipients - Table 15 summarizes the results obtained with 

bone marrow cells transferred at different intervals of 

time following the administration of 1 x 109 SRBC to the 

donor rabbit. It is apparent that the maximum loss of 

cap~city of the bone marrow to transfer plaque-forming 

ability is 24-48 hours following immunization with SRBC. 

However, most of the activity appears to be 10st as ear1y 

as 8 hours fo1lowing the SRBC injection and does not 

reappear unti1 3-5 days following SRBC administration. 

The reactivity of the bone marrow transferred after day 

5 fo110wing immunization general1y exceeded that of nor

mal bone marrow allografts. 

4) Number of SRBC Injected into Donors - As 

can be seen in Table 16, bone marrow ce1ls of donor 

rabbits given 108 , 109 , or 1010 SRBC were incapable of 

transferring plaque-forming capacity with respect to SRBC 

to the irradiated, recipient rabbits, whereas this acti

vit Y was possessed by bone marrow cel1s obtained from 
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rabbits injected with 106 or 107 SRBC 18-24 hours prior 

to sacrifice. 

5} Passive Immunization of Bone Marrow Donors -

Several bone marrow donor rabbits were passively irnrnun

ized with high-titered rabbit anti-SRBC antiserurn twenty.

four hours prior to sacrifice. The anti-SRBC titers in 

these donors was 1:320 at time of sacrifice. Recipients 

of these bone marrow specimens were injected with 109 

SRBC and were sacrificed seven days later and their 

spleens were analyzed for plaque-forming capacity. As 

can be seen from Table 17, passive irnrnunization of normal 

donor rabbits with homologous anti-SRBC antiserum did 

not affect the transfer of immunocompetence by their bone 

marrow cells with respect to SRBC in recipient rabbits. 
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IRRADIATED RECIPIENT (1OOrt 
+" • .,.,.-... 

Figure 2. PRO'IDCOL FOR THE DEMONSTRATION OF THE ROLE OF THE 

ANTIGEN REACTIVE CELL IN 'IllE :œMUNE RESPONSE 

. ,," ",' 
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TABLE 13 

THE RELATIONSHIP BE'l'WEm mE CAPACITY OF THE SPLEEN CELL 

IN AN IRRADIATED RABBIT TO PRODUCE HEHOLYTIC PLAQUES AND THE 

NUMBER OF NORMAL BONE MARROW CELLS INJECTED AWNG WITH THE ANTIGEN (S-rbc) 

-- ------ -------------------

110. of Rœ.al ...,.,lt aœe IIHII:OW c:e118 Ro. o~ ~lYÜc Pl.aqQa pu 10' 

'fran.ferneS to Irr.uatecl Boat- Sp1ele ce118 of -.clpleta CD _ 7 

'P1ua 10 8-rbc, 

5.00 Je 10' " 
2.00 Je 10' 30 

1.00 Je 10' 12 

0.50 Je 10' 12 

0.25 Je 10' 1 

- Roma1 nbblta vue .ubject:e4 -to 100~ total bo4y lrre41aUCD aD4 tba Pv.a 
al10tUdc bo_ Mft'OIf and l 'X 10 8-ne . 

. F .1 , 
-~j . ---" -- ---- ---.-_. ---------------------
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TABLE 14 

THE P~QUE-FURMING CAPACITY OF SP~C CELLS 

OF IRRADIATED RABBITS INJEC1ED WITH SONICATED OR 

BEAT KILLED NORMAL ALIOOENEIC BONE MAR!IDW CELU3 

Cell Preparation Tranaferred 
to IrracUated Recipientg (Bquivalent to 0.5 x 10 

Mooonuclear Cella) 

Whole, Normal Bone Harrow 

Sonicated, Normal Bone Harrow 

Beat-Killed Normal Bone Harrow 
, 

. 

No. of Plaquea per 10' Splanic 
Lymphoid Cella of 

Irradiated Recipient (Day 7)* 

54** 

1 

4 

. , .... "" .... '" -* Recipienta were aubjected to 800 r total body irradiation prior 
to the intravenoua adminiatration of the bone marrow and the 
aheep erythrocytea (109 cella). 

** Bach value repreaenta the mean of duplicate determinationaJ 
the valuea did not normally vary by more than tlO percent 
fram the mean • 
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TABLE 1.5 

RELATION BE'f4'tJEEN TIME OF ANTIGEN. AOONISTRATION (PRIMING) 

AND THE CAPACITY OF PRDŒD BONE HARROW CELLS 'ID . CONFER 
-

PLAQUE-FORMING ABILITY TO 'llŒ SPLEENS OF IRRADIATED 

RECIPIENT RABBITS SEV]N DAYS LATER 

llltena1 bet-en AIltigell Ro. of 1'laqua. per 10' 
A4a1Iliatrat1oll· 1nto DoIlOl' Spl.llic LyIIpbo14 Cella of 

UId ft •• fer of lIoIIe Jlan'0If 'Irra4iated Mcipi_t" (Day 7) 

Cell. to Ina4iate4 Jl8c:ipient 

'l'wo Hour. 6'·" 
Four Hour. n 

Bi9bt Hour. 12 

1 Day 4 

2 Day. 5 

3 Day. . II 

5 Day. 92 

8 Day. Il 

10 Day. 14 '" .... ... 

• 1 x 10' .lIeep l'ad cella 9i- intuveftOUly 

•• I18cipi_" "" .l&bjecte4 to 800 l' to~ body inl41at101l 

followe4 bJ tIIe injection of 0.5 x 10 bone MUaw cella 

Md 1 x 10 .lIeep"d ceU •• 

... Control value. al'e 72 plaque. fol' irra41at.s "clpi_t. 

9i- nOrMl bona .arrow Md .h .. p rbc 8114 5 p1aq •• fol' 

inaMate4 nclpiante 9iven .heep rbc only. 
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TABLE 16 

PLAQUE-FURMING CAP ACITY OF SPLENIC LlMPHOID CELLS OF IRRADIATED 

RABBITS WHICH BAD BEEN INJ10CTED WITH ALIOOENEIC BJNE MARROW 

FROM OONORS PRIMED WITH .DIFFERENT roSES OF S-RBC 

- .. ~~----_.- -------------~----- - - ---- --- ~-----~-- ------------- ---~-

No. of S-rbc No. of Plaques per 106 Splenic Lymphoid 

Injected 10ta Donon* Cells of Recipient Rabbits** on Day 7 

10 
10 

4 

109 8 

108 7 

107 23 

106 35 

* Donors were given S-rbc intravenously 24 hours prior to sacrifice. 

** Rabbits vere aubjected to-800 r total body irradiation followed by 

the 1otravenous injectio~of 5 x 108 bone marrow cella ~d l x 10~ 
S-rbc. ." ., 
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TABLE 17 

THE PLAQUE-FORMING CAPACITY OF SPLENIC L'YMPHOID CELLS OF IRRADIATED RECIPIENTS 

OF OONE MARROW CELLS OBTAINED FROM OONOR RABBITS PASSIVELY IMMUNIZED 

Treat.ent of Boae 
lIarrow Dcmor 

Rabbit Antl-
Sheep-rbc* 

Rolle 

WITH ANTISERUM 'ID SHEEP RED BLOOD CELLS 

AnU S-rbc 'ri ter of 1IOIIe llarrow Doaor Ro. of Plaque. par lO~ Spl_ie 

at Inuxvala of 'ru. rOllow1ng LyIIpboid Cell. of ReCipient lLIbbiu 

Injection of the AnU.erœa 

Olle Hour 4 Hour. 24 Bours 

320 320 160 , U 

- - - . 67 

* lLIbbit v .. given 5 al. of enU .. rua I:iter 32,000)'1nua_ly 

at tJae 0 and .M:riflce4 24 hour. laur. 

.' -' ,. ----
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~ 
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fi.) 



Page 153 

From the above, it appears that 5 x 10 8 bone marrow 

cells have to be transferred ta irradiated recipients in 

order to get maximum number of plaques in response to 

the injection of l x 109 SRBC. It can also be seen that 

the bone marrow cells obtained from a rabbit injected 

intravenously with 109 , and not with anti-SRBC, 24 hours 

prior to sacrifice had lost the capacity to confer 

immunocompetence with respect to SRBC when transferred 

to an irradiated recipient. 

This phenomenon of loss of immunocampetence follow

ing priming was studied in the following experiments. 

In the experiments reported upon below, a primed 

rabbit is considered to be one injected with the antigen 

18-24 hours prior to sacrifice. 

b. The Specifie Loss of Antibady-Forming Capacity 

to Sheep Red Blood Cells by primed Bone Marrow Cells -

Normal rabbits were injected intravenously with 109 SRBC 

and sacrificed twenty-four hours later. The bane marrow 

cell suspensions prepared from these rabbits were injected 
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into irradiated recipient rabbits along with 109 SRBC. 

The recipient rabbits were then divided into three 

groups. Group 1 were sacrificed seven days later and 

their spleen cells were analyzed for plaque-forming 

capacity. Group 2 were sacrificed at day 7 and the 

spleen cells were tested for their capacity to undergo 

blastogenesis and mitosis in the presence of the antigen 

in vitro. Group 3 were bled at intervals of time and 

the serum samples were analyzed for their anti-SRBC 

agglutinin titers by the conventional hemagglutination 

test. 

As can be seen in Table 18, as few as 2 x 108 nor

mal allogeneic bone marrow ce Ils were capable of trans

ferring plaque-forming capacity to irradiated recipients 

whereas as many as 9 x 108 primed allogeneic bone marrow 

cells were incapable of inducing responsiveness in spleens 

of irradiated recipients to any degree ab ove background. 

As can be seen in Table 19, the bone marrow cells of 

rabbits primed with SRBC twenty-four hours prior to sacri

fice were unable to confer plaque-forming capacity to 
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spleens of recipient irradiated rabbits. On the other 

hand, the spleens of irradiated recipients of normal, 

allogeneic rabbit bone marrow displayed the same number 

of plaques as were obtained with spleens of normal rab

bits immunized with SRBC and tested seven days later 

(compare Tables 1 and 19). Irradiated recipients given 

only SRBC or normal bone marrow did not exhibit plaque

forming capacity (Table 19). 

As can be seen in Table 20, spleen cells of rabbits 

which had received normal allogeneic bone rnarrow cells 

were stimulated to undergo mitosis and blastogenesis 

and to incorporate tritiated thymidine when incubated 

with SRBC stroma in vitro, with a specifie incorpora

tion index of 61. On the other hand, spleen cells of 

rabbits which had received bone marrow prirned to SRBC 

were incapable of responding in the presence of SRBC 

stroma (specifie incorporation index of 0.9), although 

in this particular instance they were more stimulated 

by PHA than were the spleen cells of the rabbits which 



Page 156 

had received the normal bone marrow celis, thus attest

ing to the viability of the cells in vitro (Table 20). 

Further evidence supporting the inability of primed bone 

marrow to transfer specifie antibody formation to irra

diated recipients is presented in Table 21. The reci

pients of normal bone marrow were able to respond with 

an apparently normal humoral immune response to SRBC 

whereas sera of recipients of SRBC-primed bone marrow 

possessed either no circulating anti-SRBC antibodies 

or possessed at most exceedingly low titers of antibody, 

which were delayed in onset. 
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TABLE 18 

RELATION BE'IWEEN THE NUMBER OF NORMAL OR PRlMED'OONE HARROW CELLS 

IN~TED AND '1HEIR CAP ACITY 'ID CONFER PLAQUE-FORMING ABrLITI 'ID THE 

SPLEENS OF IRRADIATED RECIPIENT RABBITS SEVEN DAYS LATER 

-, -

110. of BoDIl .... rrOlf CeUa Ro. of Plaquea par 10' Splenie 
'l'ranaferred to Irradiated l18Cipien\. Lp!phoid Celb of lleCipienu. a.ceiving 

1I0noal BoDe Marrov PriMO! BoDe lIarroW 

9 x 10' 72 11 

5 x 10' 71 Il.D.·· 

2 x 108 30 Il.D. 

lx 10' 12 Il.D. 

0.5 x 108 12 -R.D. 

• JleCipienu vere aubjected to 800 r foU0we4 by the injectioo of bone urrOlf 
ceUa aD4 1 x 10' aheep rad cella 91 ...... l.v • 

•• Il.D •• IlOt DOGe 

--- -_._----~._--
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TABLE 19 

THE PLA.QUE-FORMING CAP ACIT! OF SPLENIC L1MPHOID CELLS 

OF IRRADIATED RECIPIENTS SEVEN DAIS FOLWWING THE AIJŒNISmATroN OF 

PRIMED (S-rbc) OR NORMAL ALIOOENEIC RABBIT BONE MARROW CELLS 

~_. -~--------------~-----

Type of Bone Harrow No. of Sheep Red No. of Plaques per 106 
Tranaferred (0.5 x 109 Cella Injected Sp~enic Lymphoid Cella 

Lymphoid Cells) Into Irradiated of Irradiated Recipients* . 
Recipient (Day 7) 

primed: One Day·· 109 4 

Normal 109 . 72 

None 109 5 

Normal None 5 

* Recipient. vere aubjected to~OO r total body irradiation prior to adain
iatration of .heep rbc or bone marrow cells. 

** Bone _rrow cella obtained from rabbit given 1 x 109 sheep rad cell., IV,. 
24 boura previoualy. 

---- -- -- -------_ .. 
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TABLE 20 

'!HE ANTIGEN-lNOOCED IN VITRO INCORPORATION OF TRITIATED THYMIDINE 

BY SPLEEN CELLS OF IRRADIATED RABBITS GIVEN PRIMEl) (S-rbc) 

OR NORMAL ALLOGENEIC RABBIT OONE HARROW CELLS 

--~ - _._-- ---+---------------

Jlaterlal added Incorporation· of "l'ritiatac! 'lhyaidina by 

~.O:I~O~c!~j Spl.en cella of Irra4.iatac! Recipi_ta" of 
(COUDta per lUnute' 

Bozaal lIone JIarroII Celh "Pri...s" Bone JIarroII Cella"" 

BU 51 96 

PRA 793 1,U9 

S-dM: Stro.A 3,lU 19 

~-......... _- ~.-.-_._--_ .. -.--. ~_ ... -_ ... _ ... _._---
Specifie 

Incorporation""" U 0.9 

• llecip1enta _n aubjec~ to 100 r total body 1rra41ltion and then 
iDjected vitb 0.5 • 10 baae.ar~ ceUa and 1 • 10 S-dM:. 'rIIey 
_n .. crificed 7 claya later. . 

•• DoDœ ... prt..cl by the 1.9. iDjact10n of 1 • 109 1-dM: one day pdor 
to tr_f~. -

••• "Uo of al uptaka by apl_ ~la iD tba pnaance of S-rbc atrc.a to 
tbat u-rporat:ed iD the abaanca of S-rbc atrc.a. 

• 
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1» 
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TABLE 21 

THE HUMORAL l100JNE RESPONSE 'ID SHEEP RED BIDOD CELLS 

OF IRRADIATED RECIPIENTS INJEX:TED WITH EITHER' 

PR1MED (S-rbc) OR NORMAL ALlOGENEIC OONE MARROW CELLS 

Recipient- Bled Bemagg1utination ~itera of Recipient. Given 
at Day 

Normal Bone Harrow Prime4 Bone Harrow 

0 0 0 

7 160 0 

11 640 . 0 

14 1,.280 20 

21 2,560 40 

28 640 0 

35 160 0 

-42 160 0 , 

49 80 0 

56 0 0 

- a.cipienta ver. Sabj.~ ta 800 r "l'ou1 Body Irradiation ,Pollowed by 
the In~ection 'of 5 x 10 Bone Harrow Cella (Rorllll1 or PriMeS) and 
1 x 10 S-me. 

e 
---~--~-------
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c. The Specificity of the Immune Response with 

Respect to SRBC and HRBC of Spleen Cells of Rabbits 

Injected with Bone Marrow Cells from Rabbits primed with 

Sheep and/or Horse Red Blood Cells - Spleen cells of 

irradiated recipient rabbits injected with bone marrow 

cells of donors primed with SRBC or BRBC and immunized 

with both types of red cells produced plaques with res

pect to the heterologous antigen only, HRBC or SRBC, 

respectively (Table 22). Spleen cells of irradiated 

rabbits which had received bone marrow from donors 

primed with both SRBC and HRBC were unable to form 

plaques to either of the red cell preparations. These 

data were substantiated by in vitro experiments with 

spleen cells of irradiated recipients. Spleen cells of 

irradiated rabbits which had received bone marrow primed 

with respect to either SRBC or HRBC were capable of incor

porating tritiated thymidine when incubated only with the 

heterologous antigen while spleen cells of irradiated 

rabbits which had been injected with bone marrow of 
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rabbits prirned with both SRBC and HRBC were incapable 

of incorporating tritiated thymidine when incubated 

with either of the two red cell preparations in vitro 

(Table 23). 
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TABLE 22 

THE SPECIFICITY' OF THE HUl«)RAL IMMUNE RESPONSE AND· PLAQUE-FORMING 

CAPACITY WITH RESPECT TC> SHEEP AND HORSE RED BI.OOD CELLS OF ~IENTS 

INJECTED WITH PRIMED (S-rbc AND/OR H-rbc) ALIOOENErC OONE MARROW CELLS 

--_. - .. ... 

s- lIanoW Daaor .... 99lutiDati_ !'iter of IleClpieat* 110. of Pl~e par 10' llecipieate'* 
Pri8e4 vith llerla et !'t.. of Sacrifice Spleaic LyIIpboi4 Cella lDcubate4 .ith 

a-me a-me a-me S-rbc 

S-me 20 0 30 4 

a-me 0 40 5 Il . 
4 

1 

a-me 6 a-me 0 0 3 

IlOt Pri8e4 10 40 22 54 . 
1 

* llecipi.U vue eabjecte4 to 100 r total bocJy irr.M,ti_ foUaw.! by the iDjectJ._ of 0.5 • 10' 
.... ___ cella rr- the apecific ~ UId l JE 10 8-me UId a-me. AU the rübite _ra 
ncr1fice4 _ 4ay 7. . 

------_._---~ .. - -----~_.-- --- -------------
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TABLE 23 

THE SPECIF'ICITY OF THE IN VITRO RESPONSE TO SHEEP AND HORSE RED BIOOD 

CELLS OF SPLENIC LlMPHOID CELLS OF IRRADIATED RECIPIENTS INJECTED WITH 

PRIMED (S-rbc OR H-rbc) ALIOOENEIC BONE HARROW SEVEN DAYS PREVIOUSLY . . 

Bone Marrov Donor Specifie Incorporation- of Tritiated Thymidine 
Prilll8d vi th by Reeipient-- Splenie Lymphoid Cells 

Incubated in the Presence of 

B-rbc Stroma S-rbe StrOlU 

S-rbc 5.6 0.8 . 

B-rbe 1-.2 3.7 

S-rbc 6 B-rbc 1.2 0.6 

Rot prt.ad 4.8 3.7 

/. 

- Ratio of radioactive thyaidiDe uptake by the spleen cells in the 
presence of the antigen to that taken up in the absence of the 
antigen. 

.- Recipients vere subjected to,800 r total body irradiation followad 
by the injectiOll,of 0.5 x 10 bone marrov cells fram the specifie 
donor and 1 x 10 S-rbc and I-rbc. All rabbits vere sacrificed on 
day 7. Spleen cella C4 x 10 ) vere incubated in vitro vith either 
type of rad cell auClla for 3 days. Radioactive thymidine vas 
a4dell! to cultures on day 2. 

:--; --=-.;-- - ._-- ----_._--------------- -_._---- --- ---------------
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2. Discussion - Using three criteria - the hemolysis 

in agar (plaque) technique, the humoral immune response 

and the in vitro blastogenic and mitotic response accom

panied by tritiated thymidine incorporation in response 

to antigenic stimulation - it was unequivocally demon

strated that primed rabbit bone marrow is deficient in 

cells capable of either initiating or mediating the 

immune response to the specifie antigen in an irradiated 

recipient. This conclusion is based on the results of 

approximately 50 experiments, aIl of which; without 

exception, support this interpretation. In each case, 

the bone marrow of rabbits injected with sheep red 

blood cells 18 to 24 hours prior to the transfer of 

their bone marrow to irradiated recipients failed to 

confer plaque-forming capacity with respect to sheep 

red cells in the recipients although the response to 

horse red cells, a non-cross-reacting antigen, was 

intact. The specificity of this loss in immunocompe

tence was corroborated by the failure of such recipient 
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rabbits to form humoral antibodies to sheep red cells 

following antigenic stimulation and by the inability 

of the recipient spleen cells to undergo blastogenesis 

and mitosis when incubated with the specifie antigen 

in vitro. This deletion from the bone marrow of cells 

capable of reacting with sheep red cells was maximum 

8-48 hours following ,the intravenous injection of the 

red cells (Table 15). Thus, one may conclude that a 

minimum of 8 hours were required for aIl the antigen

reactive cells directed to sheep red cells to interact 

with the antigen and to vacate the bone marrow (recruit

ment time) . 

Using an entirely different system in the rat, Ford 

(234) arrived at a similar conclusion. Irradiated rats 

were injected with syngeneic thoracic duct lymphocytes 

either simultaneously with or at varying times after the 

injection of sheep red cells. The optimal hemolysin res

ponse was obtained in the rats given the two cell pre

parations simultaneously. When the delay in lymphoid 

cell restoration was 12 hours or more, the latent period 
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of the hemolysin response with respect to the time of 

administration of the sheep red cells was prolonged 

and the entire hemo1ysin response was markedly dimin

ished. These results implied that recruitment of antigen

reactive cells in the rat occurs only over 1 to 2 days 

after the injection of the sheep red cells (234), which 

is a time interva1 similar to the one found in the rabbit 

in the present investigation. 

It was demonstrated that a definite re1ationship 

exists between the number of sheep red cells used for 

priming the donor and the degree of loss of capacity by 

the bone marrow to transfer immunocompetence to the 

specifie antigen (Table 16). These resu1ts are essen

tially similar to those presented by Singhal and Richter 

with respect to various protein antigens (46) and can be 

explained on the basis of more efficient and/or more rapid 

depletion from the bone marrow of the specifie, pre-com

mitted cells as the number of sheep red cells injected is 

increased. 

It was observed that the 10ss of capacity to transfer 

immunocompetence with respect to sheep red blood cells 
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was most conspicuous 1 to 2 days fo11owing the injection 

of this antigen into the prospective bone marrow donor. 

However, this abi1ity of the bone marrow to transfer 

specifie immunocompetence reappeared by day four fo11ow

ing irnmunization of the donor (Table 15). This probab1y 

ref1ects the appearance of a circu1ating pool of matur

ing or mature immunocompetent ce11s, which shou~d now 

probab1y be c1assified as antibody-forming cel1s. 

Passive immunization of the bone marrow donor with 

high-titered antiserum to sheep red cells did not dimin

ish the capacity of the donor bone marrow to transfer 

immunocompetence with respect to sheep red cells (Table 

17). The data do not conflict with those of Wigzell 

(235), Dixon et al (236), Finkelstein and L~r (237), 

Uhr and Moller (200), and Henry and Jerne (238), who 

showed that passively admintstered antibodies can inhi

bit antibody synthesis within the same animal following 

an antigenic stimulus. In our experiments, only the 

bone marrow recipients received the antigenic stimulus. 
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It was also demonstrated that viable bone marrow 

cells are required in the transfer of antibody-forming 

capacity to irradiated recipients. Neither sonicates 

nor heat-killed preparation of normal rabbit bone mar

row were capable of transferring antibody-forming acti

vit Y (Table 14). These findings, therefore, rule out 

any "adjuvant" effect by transferred cells, be they 

viable or not, and also rule out the possibility that 

cell extracts or cell-free preparations could transfer 

antibody-forming capacity of "information" to be sub

sequently taken up by host cells in a fashion similar 

to the totally in vitro system described by Fishman 

(109) and Adler et al (108). 

These data, taken as a whole, strongly imply that 

the antigen-reactive cell in the rabbit originates in 

the bone marrow and that it migrates out of the marrow 

as soon as it interacts with the antigen. Once the 

antigen-reactive cells have vacated the bone marrow 

following interaction with the antigen, the bone marrow 
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becomes unreactive to this antigen and deficient with 

respect to the precursors of the antigen-reactive ce11s 

directed to the particu1ar antigen. 

Two questions stand out in 1ight of the resu1ts 

reported in this section: 

1. Do the ant~gen-reactive ce11s actua11y 1eave 

the bone marrow or do the y become inactivated or IIto1er

ant ll to the antigen and therefore assume an incidenta1 

ro1e in the immune response? 

2. Do antibody-forming ce11s in the irradiated 

recipient represent transformed forms of the donor bone 

marrow antigen-reactive ce11s or do they represent reci

pient's 1ymphoid ce11s that have transformed into anti

body-forming ce11s under the bone marrow influence? 

The answers to these two important questions will be 

presented in Chapters v.o and V.H • 
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D. Donor Versus Recipient Source of Antibody Forming 

Cells: The Use of Allo'tty:pic Markers 

1. Experimental Procedures and Results - The experi

mental design is seen in Figure 3. Bone marrow cells 

from normal rabbits with the allotype Al' A4 (or A2, A4 , 

AS) were injected intravenously into normal rabbits with 

the allotype A2 , A4 (or Al' A4), which had just been 

subjected to 800r total body irradiation. The recipient 

rabbits were then also injected with 109 SRBC intraven

ously. 

Seven days following cell transfer, the recipient 

rabbits were sacrificed and the spleen cells were analyzed 

for their capacity to produce direct plaques by the tech

nique of Jerne et al in the presence of antiallotype anti

serum directed against donor's or against recipient's 

cells. Controls were cells incubated with normal rabbit 

serum or with medium 199 only. 

As can be seen in Tables 24 and 25, incubation of 

spleen cells with SRBC and anti-allotype antiserum 
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directed to the recipient genotype completely inhibited 

subsequent plaque formation following the addition of 

complement. However, incubation of the spleen cells 

with anti-donor allotype antiserum or normal rabbit 

serum had no inhibitory effect on the plaque-forming 

ability of the spleen cells. 
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TABLE 24 

THE PLAQUE-FURMING CAP ACITY OF SPu:NIC CELLS 

OF IRRADIATED (A2,4,S) RABBITS IN.ŒcTED WITH OO~ ALLOG~C 

OONE MARROW CELLS (~, 4) AND ~NCUBATED WI'lH ANTI-ALlOTYPE -ANTISERUM IN VITRO 

cell. Incullatad In Vitro 10. -'f Plaque. per 
10 Splenic Mononuclear 

Allotype of Allotype of Anti-Allotype cell. of Irradiated . 
Bone Harrow Iuadiatad Antiaerwa Recipient (day 7)· 

Donor Recipient Incubated 
(0.2 al) 

l, 4 2, 4, 5 Nil 52·· 

l, 4 2, 4, 5 NRB 45 

l, 4 2, 4, 5 Anti-l 62 

l, 4 2, 4, 5 Anti-2 6 

l, 4 2, 4, 5 Nil 79 

l, 4 2, 4, 5 • NRS 72 

l, 4 2, 4, 5 Anti-l 71 

l, 4 2, 4, 5 Anti-2 1 

1 

• Recipients vare .ubjectad to 800r total body irradiation prior 
to the iIItraftllOGa IldainiatratiOll of the bone lI&rrOW and the 
.heep erytIuocyte. (109 cell.) • 

•• Bach value repre.ents the ..an of 4uplicata deter.tnationa, 
the value. 4i4 Dot noEUlly vary by lIOn than *10 percent 
froa the ..an • 
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TABLE 25 

THE PLAQUE-FORMING CAPACITY OF SPLENIC CELLS OF IRRADIA~ RABBITS (~,A4) 

INJECTED WITH NORMAL ALIDGENEIC BONE HARROW CELLS (~,A2.A4) 

AND INCUBATED WITH ANTI-ALU>TYPE ANTISERUM IN VITRO 

~~ __ -~ .. la ft .. . 0t:II.- ...... a I.allht.ÎI 110. 05 PlMzIa.. pu 
10 8p1en1c 

.tÎ'~'-' =zr.:' 1ad.-AllotJpe lIona1 ..... ...ua. JIaDoIlaalu:c ceU • 
ADU'" .... lt au. 1' • of Inll4i.at.a ·.t~,_· ~ JIKtJpi .. (0.1 Ill) .... ~ (O •• Ill) JIMI1pt.lt (Day 7)-

(DI) (lIA) 
O.Z 111 l ..... t 

o.Z 111 

.. 
AJ.. Az. A, ~. &. ADU-l .- BIA - ,Z-,-

At.·~·Ac Al' A. ADtl-Z. - BIlA - 79 

'~J,' ~I Ac Al' A. .- .. 1 DA - 64' 

At· &a, A. Al' A. - - - Mel 1" '4 

- Mai.s-a wu. nbje0M4 t:o .oo~ tot:al bo47 izr..uatloD l'dOl: !I tbe ~ua_ 
IIIIIIda1aUat1oa of tbe boDe MnOW u4 .:tIIe âMp~. (10 cellS). 

-- -.ab ftl_ ~ ... aa tbe ~ of 41IPllcate deteZalDat1ou. the values 414 DOt 
aoaaUJ' YU!' by ... tbGD *10 peJ:OeDt .fEOll the .u •. 

.. 
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2. Discussion - It has been demonstrated in Chapters 

V.B. and V.C. that rabbit bone marrow is the major site 

for the antigen reactive cells and that primed bone 

marrow is incapable of conferring antibody-forming 

capacity QO irradiated recipients. The interpretation 

offered is that the antigen-reactive cell, normally a 

resident in the bone marrow, rapidly vacates the bone 

marrow following contact with the antigen in vivo. 

This hypothesis, that normal bone marrow contains the 

antigen-reactive cells, necessitates the additional 

assumption that the irradiated recipient still possesses 

the antibody-forming cells. It was this latter hypo

thesis that was tested in the current investigation. 

It was demonstrated that spleen cells of irradiated 

rabbits (recipients) which were injected with normal 

rabbit (donor) bone marrow cells and antigen (SRBC) gave 

many plaques in vitro. However, if the spleen cells were 

incubated with antiserum directed to recipient allotype, 

plaque formation was inhibited whereas incubation of the 

spleen cells with antiserurn directed to don or allotype 
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had no inhibitory effect on the number of plaques formed. 

Since identical results were achieved with both the nor

mal and converse situations (donor Al' A4 into recipient 

A2 , A4 , AS and donor Al' A2 , A4 into recipient Al' A4), 

it may be concluded that the inhibitory effects of the 

anti-allotype antiserum are specifie and that the anti

body-forming cell in the irradiated animal is of reci

pient, and not donor, origin. 

It is interesting to note that neither "non-specifie" 

inhibition nor "specifie enhancement" of plaque formation 

by the anti-allotype antisera were observed in this inves

tigation, although the antisera were used in varying 

dilutions. It has been reported that anti-allotype 

antiserum may, at certain concentrations, enhance the 

number of plaques when incubated with the cells to which 

it is directed (227, 239). However, incubation of the 

antibody-forming cells with the diluted anti-allotype 

antiserum generally results in an inhibition of plaque 

formation (227, 240, 241). It has also been reported 

that certain antisera possess "non-specifie" inhibitory 
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activity in that the y can inhibit plaque formation even 

if incubated with cells of a different allotype (242). 

These considerations must be taken into account and 

adequate controls must be performed in order to ensure 

correct interpretation of data obtained in experiments 

using anti-allotype antisera as markers. 

Whether the antibody-forming capacity of an irradiated 

recipient animal which had been injected with homologous 

bone marrow or lymphoid cells is of donor and/or recipient 

origin is a question which has intrigued immunologists for 

several decades. However, the resolution of this problem 

has been difficult in view of the inability of the inves

tigator to distinguish between the donor and recipient 

cells on a morphological or functional basis. The recent 

demonstrations by Oudin (243), Dray and Young (244), Sell 

(245), Dubiski et al (246), and Chou et al (247) that 

outbred rabbits can be distinguished from each other on 

the basis of antigenically-dissimilar immunoglobulin 

molecules (248) suggested a specifie immunologie approach 

to the problem. In fact, Se Il and Gell (152) have already 
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verified the potential immunological nature of such a 

system by demonstrating the induction of blastogenesis 

and mitosis in lymphocyte cultures incubated with 

specifie anti-allotype antiserum. Chou et al (247) 

transferred various antigen-sensitized lyrnphoid cells 

to neonatal recipient rabbits and concluded that the 

antibody-forming cell in the neonatal host was of reci

pient origin, and not of donor origine Antibodies in 

the circulation of the recipient were purified by the 

use of specifie immunoabsorbents and were found to 

react only with anti-recipient allotype antiserum in 

vitro and not with anti-donor allotype antiserum. 

Nevertheless, immunoglobulins other than antibodies 

were found to be of donor cell origine These investi

gators were unable to satisfactorily explain this 

dichotomy in their results. Mitchell and Miller (5), 

using the irradiated mouse as the recipient animal and 

the hemolytic plaque technique as the means of assay 

of immunologie activity, arrived at the same conclusion 

with respect to the recipient origin of the antibody-
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forming ce11. They observed that the plaques cou1d be 

inhibited on1y by incubation of the spleen ce11s with 

anti-recipient lymphocyte antiserum and not with anti

serum directed to donor lymphocytes. Resu1ts of a 

conf1icting nature have been obtained by Harris et al 

(249, 250). They observed that the immune response to 

Shige11a in the irradiated recipient mouse cou1d be 

inhibited by prior immunization of the prospective 

recipient with donor white ce11s. They:have a1so 

observed that in vitro plaque formation by spleen ce11s 

of one strain of mice cou1d be inhibited by incubation 

of these ce11s with antiserum directed to these ce11s 

produced in another strain of mice (251). They a1so 

transferred rabbit 1ymph no de ce11s of one a11otype, 

fo11owing in vitro incubation with Sh~ge11a antigen, 

into irradiated rabbits of a different a110type (252). 

The antibodies detected in the circulation of the reci

pients were demonstrated to be of donor, and not reci

pient, origine They therefore conc1uded that antibody 

formation is a property of the donor ce11s transferred 



Page 181 

to the irradiated recipient. Our results using the 

rabbits are consistent with those of Mitchell and Miller 

(5~ and Chou et al (247) in that they unequivocally 

demonstrate the host origin of the antibody-forrning 

celle Plaque formation was inhibited when spleen cells 

of irradiated recipients injected with allogeneic normal 

bone marrow and sheep erythrocytes were incubated with 

anti-serum directed to the recipient allotype prior to 

the addition of complement to the plates. No inhibition 

was obtained wnèn the spilieen cells were incubated with 

either anti-donor allotype antiserurn or normal rabbit 

serum. 

One possible explanation for the lack of correlation 

between our results, those of Mitchell and Miller (5), 

and Chou et al (247), on the one hand, and those of 

Harris et al (252), on the other, may be related to the 

type of antigen used. Harris et al have used the Shi

gella as antigen and have assumed that the immune res

ponse induced with it is a primary one. However, in 

all likelihood, the donor as well as the recipient 
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animaIs may have come into contact with Shigella anti

gens prior to the initiation of the experiment. Thus, 

the rabbit lymph node cells incubated with antigen and 

transferred to an irradiated recipient are, in fact, 

antibody-forming cells capable by themselves of initia~

ing a secondary immune response in the irradiated reci

pient. On the other hand, the immune responses induced 

by sheep red cells and human serum proteins as antigens 

can be considered to be of a primary type. 

Since the antibody-forming cell was demonstrated to 

be of recipient origin, one must necessarily assume that 

it is radio-resistant to 800r and that it is the antigen

reactive cell which is radio-sensitive. This interpre

tation is supported by the following findings: a) the 

irradiated rabbits given 800r irradiation, and injected 

with SRBC only, fàil to exhibit an immune response 

(Table 19); b) the number of plaque-forming cells in the 

spleen of an irradiated recipient of normal allogeneic 

bone marrow cells is similar to the number observed in 

the spleen of a normal immunized rabbit (Tables 1 and 19); 
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and c) the bone marrow cells of irradiated rabbits lose 

their capacity to react with antigens in vitro and are 

incapable of transferring antibody-forming capacity to 

irradiated recipient allogeneic rabbits (See Table 46). 

Experiments performed by Harris et al (253) more than a 

decade ago also support our concept of the cellular 

events occurring during the primary immune response. 

They observed that the transfer of cells of the popli

teal lymph node of a rabbit injected three days pre

viously with Shigella antigen into normal or X-irradiated 

recipients resulted in the formation of antibodies. How

ever, if the recipients were irradiated within one hour 

after Eeceiving the primed lymph node cells, the immune 

response was markedly suppressed in comparison with that 

in a non-irradiated control. These results suggest that 

the immunologically important cell transferred is an 

irradiation-sensitive antigen-reactive cell, which had 

migrated out of the bone marrow to the peripheral lym

phoid tissues. A scheme depicting the interrelationship 

of these two cell types in the induction of the primary 

immune response in the rabbit is presented in Figure 4 • 
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Figure 4. THE POSSIBLE INTERRELATIONSHIP OF 'mE CELLS 

MEDIATING THE PRIMARY HUMORAL IMMUNE RESPONSE 

(A DIAGRAMATIC REPRESENTATION) 
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Figure 4. THE POSSIBLE INTERRELATIONSHIP OF THE CELLS 

MEDIATING THE PRTI1ARY HUMORAL IMMUNE RESPONSE 

CA DIAGRAMATIC REPRESENTATION) 
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E. Identification of the Antigen-Reactive Cell as the 

Tolerant Cell in the Immunologically-Tolerant Rabbit 

1. Experimental Procedures - The protocol followed 

is presented in Figure 5. Rabbits were made tolerant to 

HSA or BGG by injecting them subcutaneously at age 2 and 

5 days with a total of 200 mg of the antigen. At la 

weeks of age, several rabbits of each litter (2-4 rab

bits) were each injected with la mg HSA or BGG intra

venously. The humoral immune response was determined 

during the following four weeks using the passive hemag

glutination technique (see Materials and Methods). The 

remaining rabbits of each litter (3-5 rabbits) were 

injected at ten weeks of age with either normal or primed 

allogeneic bone marrow. They were also injected with 25 

mg HSA or BGG intravenously and the humoral immune res

ponse was followed by the passive hemagglutination tech

nique. In other experiments, prospective normal recipient 

rabbits were subjected te 800r total body irradiation, 

using a Cobalt-60 source, prior to their receiving the 

bone marrow cells. 



'DONCIM 
1 1 

! " 

• 

Figure 5. 

• 

\.,' 

( 

, , 

IIOIIMAL ... ....... 
CAI-MACTJW: 

'caL ..... 111 

.. ". ~:} i ',. 

pa.~e 186 
.' " .. 

. ......... ~-... ..... 
, .............. , 

.T ~ 
LATa' _ . 

. 'AI-1UImVI 
...... 1· ~_. 

CILL ...,. • 

. ...... 
• . . 1. 

1O ....... tS:J ... ' . .... . ' 

PROroOOL OF PROCEDURES FOLWWED FOR mE DEH>NSTRÀ'l'IOlt -

OF THE ANTIGlm-REACTIVE CELL AS '!BE 'lULERANT CELL IN 

'!HE D!Mt1NOIOOICALtI TOLERANT RABBIT 

.. \i"§JI: 

1/ 

.' "ot' '.~\:~ 
\ . ',~;" .... 
"I·,,·L" 

'X?:~; 

'.' \ 

,:, .. ~ .. ~ 
.,,1':~. ' 

',. 



Page 187 

2. Results 

a. The Immune Response in Normal, Irradiated 

and Immunologically-Tolerant Rabbits to HSA and BGG and 

The Specificity of the Antisera - This initial series of 

experiments was carried out in order to establish the 

non-responsiveness of the irradiated and tolerant rabbits. 

Normal rabbits responded briskly to immunization with 

either HSA or BGG, whereas neither irradiated nor immuno

logically-tolerant rabbits responded over a period of 40 

days (Table 26). 

b. The Failure of primed Bone Marrow to Transfer 

Antibody-Forming Capacity to Tolerant Recipients with Res

pect to the priming Antigen - Rabbits made immunologically

tolerant to HSA and given HSA-primed allogeneic bone marrow 

were incapable of giving an immune response following 

immunization with HSA but produced high-titered antisera 

if given normal allogeneic bone marrow cells and HSA 

(Table 27). The converse situation was true of rabbits 
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rendered immunologically-tolerant with respect to BGG 

and given BGG-primed allogeneic bone marrow. Immuniza

tion of these rabbits with BGG failed to elicit an immune 

response whereas recipients of normal allogeneic bone 

m4rrow cells gave good immune responses (Table 28). 

The failure of the tolerant recipients of primed 

bone marrow to mount an immune response is reflected by 

the presence of free antigen in the circulation, which 

could be detected for three to four weeks following 

primary immunization (Tables 27 and 28). 

It is interesting to note that the antibodies formed 

following secondary immunization of tolerant recipients 

of normal bone marrow, 38 days subsequent to primary 

immunization, were mercaptoethanol resistant. On the 

other hand, reimmunization at day 38 of tolerant reci

pients of primed bone marrow, which did not produce 

antibodies following initial immunization, now synthe

sized humoral antibedies which were mercaptoethanol 

sensitive (Tables 27 and 28). 

When the tolerant recipients of primed bone marrow 

were tested for immunologie responsiveness toward the 



Page 189 

specifie and a non-cross-reacting antigen, it was observed 

that no immune response cou Id be obtained with respect 

to the antigen used to prime the bone marrow donor, 

although a response to the non-cross-reacting antigen 

could be regularly obtained. HSA or BGG-tolerant rabbits 

given normal allogeneic bone marrow responded weIl to 

immunization with HSA or BGG (Tables 29 and 30). However, 

the HSA-tolerant recipient of HSA-primed bone marrow 

failed to respond to stimulation with HSA but responded 

weIl to BGG (Table 29), and the BGG-tolerant recipient 

of BGG-primed bone marrow cells failed to respond to 

stimulation with BGG but responded weIl to HSA (Table 30). 

It should be pointed out that only the antibodies 

formed in tolerant recipients given specifically-primed 

bone marrow and antigen and re-immunized 38 days follow

ing primary immunization were mercaptoethanol sensitive 

(Tables 29 and 30). The antibodies formed following sec

ondary immunization in tolerant recipients of normal 

allogeneic bone marrow or in recipients of primed bone 

marrow immunized with the non-cross-reacting antigen were 

aIl mercaptoethanol resistant (Tables 29 and 30). 
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Rabbits made tolerant to HSA and given either normal 

or BGG-primed bone marrow cells responded with antibody 

formation following immunization with either HSA or BGG 

(Table 31). Similarly, good immune responses to both 

antigens were elicited in BGG-tolerant rabbits given 

either normal or HSA-primed bone marrow cells (Table 

32). In both cases, brisk secondary immune responses 

were obtained following re-immunization of the rabbits 

38 days following primary immunization (Tables 31 and 

32) • 

c. The Immune Response to HSA of Irradiated 

Rabbits Given Bone Marrow Cells from Either HSA-Primea 

or HSA-Tolerant Rabbits - Irradiated rabbits given HSA

primed or HSA-tolerant bone marrow failed to respond 

upon immunization with HSA whereas irrad~ated recipients 

of normal allogeneic bone marrow cells responded weIl 

(Table 33). 
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3. Discussion - The data presented in the present 

investigation strongly indicate that the cell which is 

unresponsive in the immunologically-tolerant rabbit is 

the antigen-reactive cell and nat the antibody-forming 

celle This conclusion is based on the finding that, in 

the tolerant rabbit, antibody formation toward the tole

rogenic antigen could be elicited if the recipients were 

given normal allogeneic bone marrow. This reconstitutive 

effect of the bone marrow, in an immunologie sense, was 

found to be specifie since tolerant recipients of bone 

marrow obtained from donors primed with the tolerogenic 

antigen fàiled to form antibodies tv this antigen but 

responded weIl following stimulation with a non-cross

reactive antigen. The specificity of the response in 

the tolerant recipient was further demonstrated by the 

fact that recipients made tolerant to one antigen (i.e. 

HSA) and given allogeneic bone marrow cells from a donor 

primed with a different antigen (i.e. BGG) responded with 

antibody formation when immunized with either of these 

two antigens. The interpretation of these latter findings 
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is that the antigen-reactive cells directed to HSA, to 

which the tolerant recipient was made unresponsive, were 

present in the BGG-primed bone marrow transferred and 

therefore the tolerant recipient could successfully 

mount an immune response to HSA. Furthermore, the 

tolerant recipients of normal allogeneic bone marrow, 

following re-immunization 38 days after primary immuni

zation, possessed circulating antibodies which could not 

be inactivated by mercaptoethanol, thus indicating that 

these antibodies were of a "secondary" or 7S variety and 

not of a "primary" or 19S type. On the other hand, the 

tolerant rabbits given primed bone marrow and which did 

not respond following initial administration of the 

antigen, produced circulating antibodies following 

secondary immunization 38 days later which were aIl mer

captoethanol-sensitive and therefore can be classified 

as ~primary" or 19S type antibodies. Thus, one may con

clude that these latter tolerant recipients were indeed 

tolerant following administration of primed bone marrow 

and antigen and that it was not simply a matter of anti-
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body having been synthesized but which cou Id not be 

detected by the techniques utilized. 

Several investigators have shown that the thymus 

is the source of ARC in the mousè (see Chapter III,B-2). 

That the ARC is the tolerant cell in the immunologically 

tolerant mouse is shown by several studies (79, 80, 212, 

230,254). In aIl these studies the authors speculated 

that the thymus or bone marrow cells were tolerant to 

the specifie antigens prior to their transfer to the 

immunoincompetent recipient animaIs. However, a different 

interpretation must be considered. As will be seen in 

Chapters V,F and V,H, rabbit bone marrow ARC are not made 

tolerant following incubation, either in glass bead col

umns or in suspension, with relatively high concentrations 

of antigen, since these cells could then passively trans

fer immunocompetence to irradiated hosts with respect to 

the antigen(s) incubated. Thus, it is likely that the 

donor thymus or bone marrow cells of the above-mentioned 

studies had been deple~ed of antigen-reactive cells, 

rather than made tolerant, following contact with antigen 
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in vivo, in much the same manner as the rabbit bone 

marrow is depleted of ARC following the administration 

of the antigen. 

The present results, demonstrating that normal but 

not primed bone marrow could facilitate an immunologie 

response of normal proportions in otherwise tolerant 

recipients, allow one to conclude that the cell which 

is immunologically unresponsive in the tolerant reci

pient is the antigen-reactive cell, which arises from 

cells normally residing in the bone marrow. The results 

also support the conclusion arrived at in Chapter V.D, 

based on investigations utilizing anti-allotype antisera 

to inhibit the formation of hemolytic plaques, that the 

bone marrow contains only antigen-reactive cells and is 

devoid of antibody-forming cells. 
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F. The Isolation of Specifie Clones of Bone Marrow 

Antigen-Reactive Cells by Means of Antigen-Sensitized 

Glass Bead Columns 

1. Experimental Procedures - The protocol of the 

experimental procedures is diagramatically presented in 

Figure 6. Normal rabbit bone marrow cells were obtained 

as described in. Materials and Methods and 300 to 500 x 

106 cells in 3 to 5 ml of medium 199 were then applied 

tb the head of the glass bead column and passed th~ough 

the column with Med-199 as eluting fluide When cells 

could no longer be recovered in the effluent, the glass 

beads were placed in a sterile 250 ml flask and vigor

ously shaken for 5 minutes. The cells in the supernatant 

which were eluted from the antigen-sensitized glass beads 

(eluate) were centrifuged and washed with Med-199. The 

cells in both the effluent and eluate were suspended in 

Med-199 and injected into allogeneic adult rabbits which 

had just been subjected to 800r total body irradiation, 

using a Cobalt-60 source. Sorne rabbits were injected 

with either the effluent or eluate fraction, others were 
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injected with a mixture of effluent and e1uate ce11s 

and the remaining anima1s were injected with varying 

numbers of the unfractionated bone marrow ce11 suspen

sion (Figure 6). A11 the rabbits were injected intra

venous1y with 0.5 to 1 x 109 SRBC or HRBC. Since on1y 

a sma11 number of e1uate ce11s were injected into the 

irradiated recipients, a subthresho1d dose of the ori

ginal unfractionated bone marrow ce11 suspension was 

a1so administered. A11 anima1s were sacrificed seven 

days 1ater and their spleen ce11s were ana1yzed for 

their direct p1aque-forming capacity by the hemo1ysis

in-gel technique. 

Other irradiated rabbits were given bone marrow 

ce11s fractionated on the HSA-sensitized glass bead 

co1umn (Figure 6) and 25 mg HSA intravenous1y. The 

rabbits were then bled at interva1s of time and the 

sera were tested for their antibody content by the 

passive hemagg1utination technique. Hemagg1utinin 

titers under 10 are considered to be negative in a11 

of the tables presented. 
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Smears of the unfractionated bone marrow, effluent 

cells and eluate cells were prepared and the viability 

of the various cell fractions was determined by the 

dye exclusion test. 
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CELL IN VITRO 
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2. Results 

a. Establishment of Optimal Conditions for the 

Fractionation of Normal Bone Marrow Cellson Glass Bead 

Columns and Transfer of Immunocompetence with Bone Mar

row Cells. - As can be seen in Table 34, the total num

ber of cells recovered following passage of normal bone 

marrow cells through either an antigen-sensitized or an 

unsensitized glass bead column was in the range of 40 to 

55 percent of the original cell preparation. This range 

of recovery, which was obtained in a total of 20 e~peri

ments, represents the number of cells recovered in both 

the effluent and eluate. The Vast majority of the cells 

recovered constituted the effluent fraction. The cells 

which were subsequently eluted from the glass bead col

umn, by shaking the beads in Med-199 for 5 minutes, con

stituted only 1 to 10 percent of the original cell popu

lation, with a mean value of 3 to 5 percent. It should 

be noted that cells could be eluted from glass beads 

which were not originally sensitized with antigen (Ta~~e 

34) • 
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Insofar as the viability of the fractionated cells 

is concerned, the effluent cells were as viable as the 

original unfractionated bone marrow cell suspension 

(Table 35). The percentage of dead cells in the eluate 

fraction was, however, somewhat higher, probably reflect

ing the damage incurred while vigonously shaking the glass 

beads during the elution procedure (Table 35). 

In order to establish baseline values for the follow-

ing experiments, the minimum number of normal bone marrow 

cells required to be transferred to an irradiated host 

in order to confer plaque-forming capacity to the spleen 

cells of the recipient was determined. The admin$stra

tion of 5 x 108 cells has been found (Table 13) to confer 

maximum activity. Threshold activity was obtained follow

ing the transfer of 0.5 to 1.0 x 108 bone marrow cells 

whereas a lesser number of bone marrow cells cou Id not 

confer plaque-forming activity to an irradiated recipient 

rabbit (Table 13). 
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b. Isolation of Antigen-Reactive Cells oirected 

to HSA by Passage of Cells Through an HSA-Sensitized 

Glass Bead Column. Passive Transfer of Specifie Immuno

competence with these Cells. - Normal rabbit bone marrow 

cells were fractionated by passage through an unsensi

tized glass bead column, yielding, effluent and eluate 

fractions. The latter cells were injected into irra

diated recipient rabbits which were also immunized with 

25 mg HSA. Ooly recipients of effluent cells formed 

circulating antibodies to HSA. At no time were anti

bodies found in the èirculation of recipients of eluate 

cells (Table 36). 

When the cells were fractionated using an HSA-sensi

tized glass bead column, results of an opposite nature 

were obtained. In this case, only irradiated recipients 

of eluate cells responded with an immune response to HSA 

whereas irradiated rabbits injected with effluent cells 

or effluent cells and a subthreshold dose of unfraction

ated bone marrow failed to respond upon immunization with 

HSA (Table 37). These experiments were repeated in an 
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identical fashion four times with essentially identical 

results. 

The effect of the presence of free or excess antigen 

in the glass bead column on the subsequent fractionation 

of the bone marrow cells is presented in Table 38. In 

this case, all the immunocompetent activity, with res

pect to HSA, was localized to the effluent fractions. 

Recipients of eluate fractions did not respond to 

immunization with HSA. 

c. Transfer of Immunocompetence with Respect 

to Red Cells to Irradiated Rabbits with Fractions of 

Bone Marrow Obtained by Passage of Bone Marrow Cells 

Through Red Cell-Sensitized Glass-Bead Columns - Initial 

experiments were aimed at demonstrating the lack of 

affinity of the antigen-reactive cells for unsensitized 

glass beads. Normal rabbit bone marrow cells were passed 

through an ùnsensitized glass bead column and the efflu

ent and eluate cell fractions obtained were administered 

to irradiated recipients along with the red cells. Only 
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the spleen ce11s of recipients given either unfractionated 

bone marrow or the effluent ce11s of bone marrow were 

capable of producing plaques in vitro (Table 39). None 

of the recipients of the e1uate fraction possessed this 

activity. Simi1ar1y, passage of ce1ls through an HSA

sensitized glass bead co1umn resu1ted in the loca1iza

tion of a11 the antigen-reactive ce1ls directed to sheep 

red ce11s to the effluent fraction. Here as we11, the 

e1uate fraction could not transfer immunocompetence 

directed toward the sheep red ce11 (Table 40). 

When the bone marrow ce11s were fractionated using a 

glass bead co1umn sensitized with the solubi1ized sheep 

red ce11 stroma preparations (SeS), a11 the antigen

reactive ce11s directed to sheep red ce11s were retained 

in the co1umn, since the effluent ce11s possessed no 

c~pacity to transfer p1aque-forming abi1ity to sheep red 

ce11s in irradiated recipients (Table 41). The ce11s 

e1uted from the ses-sensitized glass bead co1umn possessed 

a11 the antigen-reactive ce11s directed toward sheep red 

ce11s, since they cou1d confer considerable p1aque-forming 

capacity to the spleens of irradiated recipients (Table 41). 



Page 212 

The antigenic specificïty of the cells retained by 

the antigen-sensitized glass bead columns was further 

established by fractionating bone marrow cells on two 

columns sensitized with soluble st~omal preparations 

of two non-cross-reactive red cells species - sheep 

(SeS) and horse (HeS) erythrocytes. In each case 

(Tables 42 and 43}, the sensitize~ glass bead column 

retained the antigen-reactive cells directed only to 

the antigen used to sensitize the column. 

The passage of normal bone marrow cells through an 

HCS-sensitized co"lumn resulted in the retention on the 

column of horse, and not sheep, red cell-reactive cells 

(Table 44). However, passage of the effluent (sheep red 

cell sensitive) cells, recovered from the Hes column, 

through an seS-sensitized column, resulted in the reten

tion of sheep red cell-reactive cells by the glass bead 

column (Table 44). 

In order to ascertain whether the capacity of the 

bone marrow antigen-reactive cells to react with antigen 

on the glass beads ià dependent on the presence of other 
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"non-specifie" cell types (i. e. macrophages), which are 

themselves removed by the glass beads, normal bone mar

row cells were passed through an unsensitized glass bead 

column followed by passage of the recovered effluent 

cells through an SCS-sensitized column (Table 45). The 

unsensitized column did not retain any cells capable of 

transferring specifie plaque-forming capacitYi on the 

other hand, a second passage of the cells through the 

SCS-sensitized column resulted in the specifie reten

tion of cells capable of mediating an~immune response 

to sheep red cells (Table 45). 

d. Morphology of Cells Recovered Following 

Passage of Normal Bone Marrow Cells Through an Antigen

Sensitized Glass Bead Column - Normal bone marrow cell 

suspensions were passed through antigen-sensitized and 

non-sensitized glass bead columns and the fractions 

collected - the effluent and eluate fractions - and the 

original unfractionated bon e marrow, were compared on 

the basis of their morphological characteristics. The 



Page 214 

effluent cells appeated to be morphologically indis

tinguishable from the unfractionated bone marrow, both 

qualitatively and quantitatively (Figures 7 and 8). 

The effluent consisted of aIl the erythrocyte and leu

kocyte precursors, the blast celle, macrophage-like 

cells and mature erythrocytes and leukocytes. The 

eluate fraction of cells was far more uniform in com

position (Figure 9) and consisted of only small mono

nuclear cells. 
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3. Discussion - In the present investigation, it 

has been demonstrated that passage of normal rabbit 

bone marrow cells through an antigen-sensitized glass

bead colurnn results in the retenti on of specifie antigen

reactive cells capable of mediating an immune response 

in an irradiated recipient only towards the antigen used 

to sensitize the colurnn. The cells which were not 

retained by the colurnn (effluent) did not passess the 

capacity to transfer plaque-forming ability with respect 

to the specifie red cell antigen used to sensitize the 

colurnn, although they could facilitate a response to a 

non-cross-reacting red cell, following their transfer to 

irradiated recipients. Furtheemore, effluent cells 

obtained from an HSA-sensitized glass bead column could 

not transfer humoral antibody-forming capacity with res

pect to HSA when transferred to the irradiated host. On 

the other hand, effluent cells from a non-sensitized 

colurnn were capable of conferring antibody-forming capa

city toward HSA or sheep red cells in irradiated hosts, 

as were bone marrow cells retained by and eluted from the 
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specifie antigen-sensitized columns. The presence of 

residual antigen (i.e. HSA) in the medium bathing the 

antigen (HSA}-sensitized glass beads prevented the 

retention by the column of cells capable of mediating 

an immune response to the antigen (HSA) in the irra

diated host (Table 3a). This is probably due to the 

competition by free antigen and glass bead-adsorbed 

antigen for the antigen-reactive cells, the interaction 

probably oeeurring between the antigen and an antibody

like site on the surface of the antigen-reaetive cell 

(see below). These experiments demonstnated that cells 

are speeifically retained by the antigen-sensitized 

glass-bead columns sinee unsensitized glass bead eolumns 

did not retain any of the specifie antigen-reactive 

cells. Furthermore, the transfer of immunologie aetivity 

by the eluted eells was shown to be specifie, in that it 

was directed solely to the antigen originally used to 

sensitize the eolumn. The converse is true for the 

effluent eells sinee they were unable to transfer immuno

competence with respect to the antigen used to sensitize 
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the glass beads. The magnitude of the immune response 

in the irradiated recipient given the eluate cells, 

which constitute 3 to la percent of the cells of the 

bone marrow, was on a level similar to that observed 

in recipients given the whole unfractionated bone marrow. 

This, in itself, is an unexpected finding when it is 

realized that as few as 20 x 106 eluate cells could con-

fer an immune response in a recipient equivalent to that 

mediated by 200 to 500 x 106 unfractionated bone marrow 

cells. This demonstration of specifie immunocompetence 

of the eluate cells is even more remarkable when it is 

realized that many lymphoid cells other than the speci

fically-bound antigen-reactive cells are non-specifically 

retained by the glass beads and are subsequently eluted 

along with the antigen-reactive cells. Wigzell and 

Andersson (137) arrived at a similar conclusion. There-

fore, although the technique may not permit for the iso

lation of only specifie antigen-reactive cells, it does 

permit a complete segregation of one species of antigen

reactive cells from aIl the others. Stimulation of the 
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cells by the specifie antigen in vitro in the presence 

of tritiated thymidine followed by radioautographic 

analysis of the cell preparation may provide a more 

precise indicator as to the number of specifie antigen

reactive ce Ils in the eluate fraction. 

No significant differenèes were observed in the 

immune responses of irradiated recipients given eluate 

cells alone or eluate cells plus a subthreshold dose of 

the unfractionated bone marrow. This latter do •• of 

bone marrow cells was incapable, by itself, of mediat-

ing an immune response in an irradiated recipient. The 

reasons for the administration of this dose of bone mar

row cells were: a) to decrease the severity of irradia

tion-induced morbidity and/or mo~tality in sublethally 

irradiated rabbits receiving only a small number of bone 

marrow (i.e. eluate) cells. We have observed that approxi

mately 10-20 percent of the irradiated rabbits die if they 

are not protected with bone marrow. b) To provide the 

recipient with macrophages and/or other cell types which, 

although not the predominant cell(s) required for the 
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induction of the primary immune response, May neverthe-

1ess be necessary in sma11 numbers in order to potentiate 

the immune repponse, or to function in a synergistic 

fashion. Macrophages have been shown to play an active 

role in promu1gating the sequentia1 steps 1eading to 

humoral antibody formation, especially in the primary 

response (108, 255, 256, 257, 258). It has a1so been 

demonstrated that macrophages are retained by the glass 

bead columns (114, 134, 135) and ~pparent1y are not e1uted 

by the procedure mti1ized in this investigation. Further

more; the glass-bead purified lymphocyte suspensions have 

been found to display a markedly reduced responad to 

antigens, which cou1d be restored to normal by the 

addition of macrpphages to the system (114,135). It 

was therefore felt that the administration of a sub

threshold dose of unfractionated bone marrow a10ng with 

the test cel1 preparation (e1uate or effluent) might 

enhance the primary immune response in the irradiated 

recipient. 

The resu1ts, however, do not 1end support to these 

theoretical considerations. The immune response of 

--------------....... 
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irradiated recipients given eluate cells and a sub

threshold dose of unfractionated bone marrow cells was 

only slightly enhanced as compared to that obtained in 

a recipœent given eluate cells only. Furthermore, ini-

tial passage of the unfractionated cell suspension 

through a column sensitized with a non-cross-reacting 

antigen (Table 44) or an unsensitized glass bead colunm 

(Table 45) prior to passage of the cells through a speci

fically-sensitized column did not diminish the effective

ness of the eluate cells to transfer specific immuno

competence to mediated recipient rabbits. Since the initial 

passage of the cells should have depleted the cell sus

pension of macrophages or seriously reduced their number 

(114, 134, 135), it is obvious that the functionally-

active macrophage does not participate in the interaction 

between the antigen-reactive cell and the antigen adsorbed 

onto the glass beads. Although one might be tempted to 

rule out any role for the macrophage in the induction of 

the primary response in the irradiated recipient rabbit, 

it would be necessary to establish unequivocally that the 

exposure to SOOr irradiation killed all the macrophages 
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and their precursor ce11s in vivo and that no macrophages 

were transferred with the e1uate ce11s. A1though macro

phages cou1d not be distinguished, morpho1ogica11y, in 

the e1uate population of ce11s, it is possible, due to 

the manipulation of the cel1s, that they had assumed a 

different appearance. Furthermore, it has a1so been 

demonstrated that lymphocytes can transform to macro

phages (259), thus rendering academic the entire question 

of the ro1e of the macrophage. 

Glass bead co1umns have been uti1ized by a number of 

investigators in attempts to separate morpho1ogical1y

identical but functiona11y-different lymphocyte popula

tions (114,132, 133,134, 135, 137). P10tz and Talai 

(134) passed immune mouse and rat spleen ce11s through 

glass bead co1umns and observed that on1y sma11, immuno

incompetent mononuclear oè11s passed through, whereas 

the co1umn retained the antibody-synthesizing ce11s, 

granulocytes and large mononuc1ear ce11s which cou1d be 

eluted from the bead with ethy1enediaminetetraacetate. 
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Oppenheim et al (135) and Hersh and Harris (114) have 

both observed that glass bead-purified human peripheral 

lymphocytes are capable of reacting to stimulation by 

PRA but are no longer capable of being stimulated by a 

number of antigens to which the original donors had been 

actively immunized and to which the unfractionated cells 

could react. The immunologie responsiveness of the 

lymphocytes could be re-established by the addition of 

macrophages. Nossal et al (125) also observed that 

column pnnified small lymphocytes, prepared from normal 

mouse thoracic duct lymph, could not transfer immuno

competence to a number of antigens in irradiated reci

pients, whereas the unfractionated cell suspensions 

could transfer antibody-forming capacity. However, col

umn purified small lymphocytes obtained by fractionating 

immune mouse thoracic duct lymph could successfully trans

fer antibody-forming capacity to irradiated hosts. These 

findings suggest that the macrophage, which is normally 

retained by the glass bead column, is required along . 

with the small lymphocyte (probably the antigen-reactive 
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cell} in the initiation of the primary immune response 

(260). This cell, however, does not appear to be nec

essary for the induction of the secondary immune respons~, 

since the antigen apparently reacts directly with the 

antigen-recognizing-antibody-forming (memory) cell.~(26l, 

262). 

Wigzell and Andersson (137) fractionated immune 

lymph node cells using a specific antigen-sensitized 

glass bead cœlumn. They observed that antibody-forming 

cells, directed toward the immunizing antigen, were 

retained by the glass beads and could subsequently be 

eluted from the beads by shaking. The bindinq of the 

cells to the antigen-sensitized glass beads was found 

to be selective for the particular cell population 

since cells from an animal immunized to two different 

antigens were deprived of reactivity to only one of the 

antigens, that adsorbed onto the glass beads, following 

passage through the column. Thus, the specifie inter

action of the antigen-bead complex with the antibody

forming cell cannot be ascribed to passively-adsorbed 
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antibody by the cells. However, the great specificity 

of the interaction makes it mandatory to assume an 

immunologic nature fo~ the interaction and it must be 

due to reaction of the glass-adsorbed antigen with 

specific antibody or antibody-like sites produced by, 

and retained on the surface of, the specifically-retained 

immune cells themselves. This explanation, however, 

might not be the only one, for it does not at all aid 

in eludidating the mechanism of interaction observed in 

the current investigation. Here, normal and not immune 

cells were utilized and it was a select population of 

normal bone marrow cells which was retained by the antigen

sensitized glass bead CQlumn. Since no immune response 

had previously been induced in the irradiated donor of 

these cells, the interaction of the normal bone marrow 

cells with the antigen adsorbed onto the glass bead col

umn cannot be attributed to conventional antibody. How

ever, the specificity of the interaction between the anti

gens and a particular immunologically-specific lymphoid 

cell necessitates the assumption of the presence of some 
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sort of immunog10bu1in or antibody-like structure on 

the surface of the cell capable of IIrecognizingll the 

antigen and of reacting with it. This concept was 

originally presented by Ehrlich a1most a century ago 

(263) as the "side chain theory" and has been discussed 

at 1ength by Mitchison (111) and Gel1 (264). Recent 

investigations (153, 265) tend to confirm the va1idity 

of this concept. Dagui11ard and Richter (266) have 

observed that goat anti-rabbit immunog10bu1in antiserum 

(GARIG) can stimu1ate normal rabbit lymphocytes to 

undergo b1astogenesis and mitosis in the same manner as 

antigen can stimu1ate immune 1ymp~ocytes (266). Further

more, rabbit periphera1 lymphocytes incubated with GARIG 

are capable of conferring antibody-forming capacity 

directed to goat gamma-g10bulin when transferred to 

recipient rabbits previous1y made to1erant to goat gamma

glob~lin, whereas rabbit lymphocytes incubated with normal 

goat gamma-globu1in do not possess this activity (266). 

These data suggest that GARIG exhibits a great affinity 

toward periphera1 lymphocytes and imply that GARIG is 
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reacting with an immunoglobulin or immunoglobulin-like 

site on the surface of the celle Paul et al (267) have 

also demonstrated a relationship between the affinity 

of an antigen for lymphoid cells and the capacity of 

the antigen to induce mitosis of the cells in vitro. 

Fidalgo and Najjar (265) arrived at a similar conclu

sion in investigations with gog lymphoid cells. Merler 

and Janeway (153) have eluted a material from immune 

human lymphoid cells which was capable of interacting 

with the antigen, thus suggesting that it is an immuno

globuline It would therefore appear that normal, as 

well as immune, lymphoid cells possess immunoglobulins 

or immunoglobulin-like structures on their surfaces, 

which exhibit specifie affinities toward particular 

antigens. 

The above interpreaation goes a long way toward an 

understanding of the mechanism of interaction baVween 

the antigen-reactive cell and the antigen. Certainly, 

the ~eaction of the normal bone marrow cells with antigen 

cannoe be attributed to interaction of the antigen with 
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antibody-forming cells (which would be expected to 

possess specifie immunoglobulin Molecules on ehetr 

surfaces) since previous investigations have disclosed 

that the immuno-competent cells residing in normal bone 

marrow are antigen-reactive cells and not antibody

forming cells (actual or potential) (Chapter V.B, C, 

and 0). Thms, it would appear that the antigen-reactive 

cell exercises its function on the tiasis of specifie 

antibody-like sites on its surface capable of reacting 

with the antigen. 
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G. Loss and Reappearance of Antigen-Reactive Ce11s 

Fo1lowinq Irradiation of Normal Adu1t Rabbits 

1. Experimental Procedures - The protocols for the 

experimenta1 procedures carried out in this investigation 

are diagramatically presented in Figure 10. 

The rabbits were supjected to doses of irradiation 

ranging from 800r to I400r who1e body irradiation and 

then injected with 109 SRBC at varying intervals of time 

thereafter. The rabbits were sacrificed 7 days fol1ow

ing immunization and their spleen cells were analyzed 

for antibody-forming capacity by the hemolysis-in-gel 

(plaque) technique, as described in Materia1s and Methods. 

Other rabbits were irradiated and immediately given 

bone marrow cel1s (0.5 x 109 cells) obtained from normal 

or irradiated (800r) donors. These rabbits were also 

given SRBC intravenously at predetermined times there

after and the immune response was determined by the direct 

agglutination technique and the hemo1ysis-in-ge1 (plaque) 

technique. 
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primed bene marrew cells refer te cells ebtained 

frem a rabbit immunized with the antigen 24 heurs prier 

te sacrifice. 
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2. Results - As can be seen in Table 46, spleen 

cells of irradiated (800r) rabbits immunized with SRBC 

and either not given any cells or injected with bone 

marrow cells of primed or irradiated (800r) donor rabbits 

could not forro hemolytic plaques when incubated with SRBC 

in agar gel. On the other hand, spleen cells obtained 

from an immunized unirradiated rabbit or an irradiated 

(800r) rabbit given normal allogeneic bone marrow cells 

and immunized with SRBC formed abundant plaques upon 

incubation with SRBC. 

The effect of varying the dose of irradiation on the 

capacity of recipient rabbits of normal allogeneic bone 

marrow cells to elicit an immune response following 

stimulation with SRBC is presented in Table 47. A dose 

of 800r total body irradiation was the maximum the reci

pient could tolerate and be capable of forroing antibodies 

whereas exposure of the recipient to lOOOr or more 

resulted in complete inhibition of the immune response. 

Rabbits exposed to 800r and immunized with SRBC at 

varying times thereafter were incapable of eliciting a 
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humoral immune response during the first three weeks 

following irradiation. Recovery of immune responsive

ness occurred about 3 to 4 we~ks following irradiation 

(Table 48). By 5 weeks, the capacity of the rabbit to 

respond greatly exceeded that of a normal unirradiated 

rabbit (Tables 48 and 49). However, if the irradiated 

rabbits were given normal àllogeneic bone marrow cells 

immediately following irradiation, the response to SRBC 

was maximum at one week and diminished over the follow

ing two weeks (Table 49). The capacity of the spleen 

cells of the recipients to form plaques rose sharply by 

four weeks, and then returned to normal levels. 

The bone marrow cells transferred from irradiated 

(800r) donors, immediately following irradiation, to 

irradiated (800r) recipients were incapable of confer

ring antibody-forming capacity to these animals. The 

capacity of the bone marrow to transfer immunocompetence 

was regained somewhat if transferred 2 or 4 weeks follow

ing irradiation. The bone marrow completely recovered 

the capacity to transfer antibody-forming capacity if 

transferred 6 weeks following irradiation (Table 50). 
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As can be seen in Table 51, rabbits subjected to 

800r total body irradiation were incapable of respond

ing with antibody formation until approximately 4 weeks 

had.:-·elapsed from the day of irradiation. By six weeks 

their capacity to synthesize humoral antibody had 

attained normal levels. 
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3. Discussion - The present investigation was 

carried out in an attempt to answer the following 

questions: al Is there a specifie relationship between 

the degree of immunocompetence following total body 

irradiation and the presence of viable antigen-reactive 

cells (ARC); b) Do the ARC recover following immuno

suppressive irradiation~ c) If they do recover, does 

the rate of re-appearance of the ARC following irra

diation correspond to the extent of recovery of immuno

competenc.and d) Do the ARC reappear in the bone marrow, 

their original organ of habitation. 

The initial experiments were carried out in order to 

establish the dose of irradiation which would be optimal 

for the series of experiments contemplated. Unirradiated 

or irradiated adult rabbits were injected with antigen 

(SRBC) along with bone marrow cells obtained from nor-

mal, irradiated (BOOr) or primed donors. When their 

spleen cells were analyzed for plaque-forming capacity 7 

days later, only the spleen oells of the untreated immun

ized rabbits and the irradiated rabbits given normal bone 
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marrow cells responded. Therefore, irradiation of the 

donor with BOOr was sufficient to deplete its bone 

marrow of ARC (Table 46). Furthermore, it was also 

demonstrated that the administration of BOOr total body 

irradiation to the recipient rabbit was the maximum 

which the animal could tolerate and still possess anti

body-forming cells (AFC) in its spleen 7 days later. 

Subjecting recipients of normal bone marrow cells (ARC) 

to lOOOr or more prior to the cell transfer resulted in 

complete destruction of the antibody-forming apparatus 

in the recipient. The cells mediating this latter func

tion have been demonstrated to be of host origin and are 

not contained in the bone marrow cells transferred (see 

Chapter V.D). The dose of irradiation administered 

(BOOr) in the subsequent experiments was, therefore, one 

which effectively destroys the ARC but does not harm the 

antibody-forming cells (AFC) to any significant degree. 

Therefore, the failure of such irradiated rabbits to res

pond with humoral antibody formation following antigenic 

stimulation can be attributed to the lack of immunologi

cally-competent ARC. By cell transfer experiments, it 
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was observed that no ARC could be detected in the bone 

marrow of an irradiated (800r) rabbit immediately fol

lowinq irradiation whereas sliqht recovery of the ARC 

was evident by ~ weeks. The immune responsiveness of 

the irradiated (800r) rabbit was re-established to nor

mal levels by 4 weeks followinq irradiation (800r) 

(Table 51) at a time when the ARC were shown to have 

reappeared in these animals (Tables 48 and 50). These 

findinqs were confirmed under somewhat different condi

tions (Table 49) in that irradiated rabbits were qiven 

normal alloqeneic bone marrow cells and antiqen. In 

this case, the plaque-forminq capacity of the recipients' 

spleen cells diminished during the first three weeks fol

lowing the transfer of the bone marrow cells, thus demon

strating the mecovery of the antigen-recognizing apparatus 

in the irradiated rabbit followed by rejection of the 

transplanted allogeneic bone marrow cells. Complete 

recovery of the irradiated rabbits was not attainéd until 

4 weeks post irradiation when the number of plaque-forming 

spleen cells detected was far greater than the number 
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observed in the unirradiated immunized rabbit. Thus, 

it would appear that the loss of immune responsiveness 

of the rabbits in the immediate post-irradiation period 

is a direct consèquence of the lytic action of irradia

tion (800r) on the radiosensitive ARC and that recovery 

of the immune responsiveness is directly related to the 

re-emergence of the ARC population of cells. 

Our present knowledge concerning the radiosensitivity 

of the various types of cells involved in the different 

phases of the immune response is still incomplete (268, 

269).. The immunosuppressive action of irradiation could 

variously be attributed to its effect on the macrophage 

and/or the antigen-reactive cell and/or the actual antigen

processing step and/or the antibody-forming celle Harris 

and Noonan (270) have shown that rat peritoneal macro

phages are less sensitive to 750r total body irradiation 

than the circulating leukocytes. Mouse macrophages, or 

at least those macrophages which exhibit immunologie 

functions were found to be radiosensitivè to 550-600r 
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(255,112). Rabbit immunologically-active macrophages 

were completely inactivated, following exposure in vivo 

to 750r (271). Hege and Cole (272) could not suppress 

the background antigody plaque-forming cells by 500r 

total body irradiàtion; a dose found to suppress cellular 

proliferation and the production of plaque-forming cells 

(273). Cells producing 195 antibodies were shown to be 

more sensitive to irradiation than those producing 75 

antibodies (274). It has also been shown that the induc

tion phase (latent period) of the immune response is 

radiosensitive, whereas the antibody-forming phase of 

the immune response is much more radioresistant (275). 

Our observations are in agreement with these findings 

as we have demonstrated that the ARC is radiosensitive 

to SOOr whereas the AFC is much more radioresistant (see 

Chapter V.D). Davies et al (70) found that the response 

of the ARC to stimulation by antigen is characterized by 

brisk cell division and proliferation. These cells, and 

their progeny, display increased nucleic acid metabolism 
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and take deep basophilie stains (276). It is this phase 

of cell division which is very radiosensitive (277). 

On the other hand, the antibody-producing cells were 

found to be relatively radioresistant (275, 278). 

The exaggerated immune response observed in the 

irradiated rabbits 4-5 weeks following irradiation would 

imply an abrupt recovery of the ARC population by trans

formation from irradiation-resistant precursor stem cells 

followed by synchronous division and proliferation of 

these cells to greater than normal levels. Feedback

inhibition, which undoubtedly operates at the cellular 

level to control the proliferation of the different cell 

lines, wou Id then forestall any further proliferation of 

that particular cell line, with a return to normal levels 

by the eighth week following irradiation. This delayed 

quasi-stimula tory effect of irradiation on the immune 

response in the rabbit has previously been observed by 

Dixon and McConahey (279), in an entirely in vivo system. 

They demonstrated that the immune response to a number of 

prote in antigens could be enhanced by subjecting the irnmun

ized rabbits to 500r total body irradiation 2 hours to 2 
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days following the injection of the antigen. The enhanced 

immune response was attributed to depletion of the cells 

of the lymphoid tissues by the irradiation followed by a 

disproportionate proliferation of the antigen-stimulated 

immunocompetent cells which were resistant to the lytic 

effects of the irradiation. A similar enhancing effect 

of irradiation on the immune response has also been 

reported by Gengozian and Makinodan (280) and Morgan et 

al (281) who irradiated mice four to six days following 

injection of the antigen and by Vlahovic and Stankovic 

(282) who irradiated guinea pigs after injection of horse 

serum proteins. Taliaferro and Taliaferro (268, 275) noted 

that the immunodepressing effects of sublethal doses of 

irradiation were transient, with recovery commencing within 

one week following a low dose of irradiation and within 

several weeks following exposure to iarger doses of irra

diation. Recovery of immune competence was found to be 

uniformly followed by an overcompensatory proliferation 

of the lymphoid tissue and an enhanced immune response. 

However, Silverman and Chin (283) and Fitch et al (284) 
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were unable to substantiate the immuno-enhancing effect 

of irradiation on the primary immune response in the 

mouse. 

The data presented in the present investigation con

firms the greater radiosensitivity of the ARC as compared 
..-

to the AFC in the normal rabbit. This would strongly 

imply that the suppressive effects of irradiation on 

the primary immune response in the rabbit can be directly 

attributed to inactivation of death of the unstimulated 

antigen-reactive cell population. The present data 

implicate only two cell types - the antigen reactive 

cell and the antibody forming cell - in the induction of 

antibody synthesis. The exact role of the macrophage, 

if any, in the facilitation of the immune response in 

the rabbit is still a controversial subject (112,285). 
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H. The In Vitro Stimulation of Rabbit Bone Marrow Cells 

1. Experimental Procedures - The protocols carried 

out in this investigation are diagramatically presented 

in Figure Il. Bone marrow cells were obtained from nor

mal rabbits according to the technique described in 

Materials and Methods. Ten ml of the cell suspension 

were transferred into sterile screw-cap flasks to which 

were added a vaEiable number of SRBC (10 7 to 109 cells) 

(Figure Il). The cells were incubated in an atmosphere 

of 4 percent CO2 in air for 1 to 24 hours, following 

which they were washed twice and injected, in variable 

numbers, into irradiated recipiènt rabbits (Figure Il)~ 

Other irradiated rabbits were injected with unincubated 

bone marrow cells and SRBC. Seven days later, the rabbits 

were sacrificed by the intravenous administration of nem

butaI and the spleen cells were tested for their plaque

forming capacity in agar gel. 

The bone marrow cells were also e~posed to 4,000r or 

10,000r irradiation, using a Cobalt 60 source. Following 
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irradiation, the cells were analyzed for viability by 

the dye exclusion test and for their capacity to undergo 

blastogenesis and mitosis following stimulation with PHA. 

(See Materials and Methods for the technique of cell cul-

ture, the dye exclusion test and the conditions of irra

diation.) 

In other experiments, the bone marrow celis were 

exposed to 4,000r or 10,000r irradiation either before 

or after incubation with 109 SRBC or HRBC for 24 hours. 

They were then injected into irradiated (SOOr) rabbits 

along with 109 BRBC or SRBC. The rabbits were sacrificed 

7 days later and the spleen cells were analyzed for 

plaque-forming capacity. 
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Figure il. THE TRANSFER OF IMMUNOCOMPETENCE WITH NORMAL RABBIT 

BONE MARROW ANTIGEN-REACTIVE CELLS (ARC) INCUBATED WITH 

THE ANTIGEN BEFORE, AFI'ER OR IN THE ABSENCE OF IRRADIA

TION OF THE CELLS IN VITRO 
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2. Results - As can be seen in Table 52, it was 

necessaty to in je ct 109 cells into the irradiated (800r) 

rabbit which had received allogeneic normal bone marrow 

cells in order to facilitate greater-than-background 

plaque formation by the spleen cells. The administra-

tion of 108 
S~c provided only a threshold stimulus 

whereas the injection of 107 S~c resulted in plaque 

formation slightly below that of normal control levels, 

which normally average 6 * 2 plaques per 106 splenic 

lymphoid cells. However, large numbers of plaques were 

detected in the spleens of irradiated (800r) rabbits 

injected with bone marrow cells which had been incubated 

with 108 S~C for 24 hours at 37°C (Table 53). It was 

observed that incubation of the normal bone marrow cells 

for 24 hours resulted in their optimal facilitation to 

transfer immunocompetence (Table 54). 

The number of dead bone marrow cells, as determined 

by the dye exclusion test, was identical in non-irradiated 

and irradiated (4,000r) cell preparations (Table 55). 

However, the irradiated (4,000r) cells failed to respond 
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to stimulation with PHA whereas the unirradiated cells 

responded in a normal fashion (Table 55). On the other 

hand, irradiated (4,OOOr) and unirradiated cell prepara

tions were equally capable of transferring immunocompe

tence to irradiated (800r) recipients which had also been 

injected with SRBC (Table 56). However, cells exposed to 

lO,OOOr could not transfer immunocompetence. Neither 

could bone marrow cells exposed to 4,OOOr or IO,OOOr 

followed by incubation with the antigen for 24 hours in 

vitro (Table 57). It was, however, established that cells 

which had been incubated with SRBC for 24 hours and then 

subjected to either 4,OOOr bD IO,OOOr were capable of 

transferring plaque-forming capacity to irradiated reci

pient rabbits (Table 57). It was also observed that cells 

incubated with SRBC (or HRBC) in vitro were still capable 

of transferring immunocompetence with respect to the non

cross-reacting antigen, HRBC (or SRBC), following trans

fer to irradiated (800r) recipient rabbits (Table 58). 
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TABLE 52 

THE EFFECT OF ANTIGEN CS-REC) DOSE ON '!HE PLAQUE-FORMING CAPACITY OF SPLEENS 

OF IRRADIATED RABBITS INJECTED WITH NORMAL ALLOGENEIC BONE MARROW CELLS 

No. of S-rbc injected No. of plaques per 106 splenic Iymphoid cells of 
introvenously irradided recipient rabbits* 

107 cells 3 

108 cells 12 

.109 cells 79 

* The rabbits were subjected ta 800 r total body irradiation and injected introvenously with 5 x 108 normal 
bone marrCMf cells and the specified number of S-rbc. The rabbits were sac:rificed 7 doys later and the 
spleens were tested for plaque-forming capacity. 
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TABlE 53 

THE PLAQUE_FORMING CAPACITY OF IRRADIATED UNIMMUNIZED RABBITS INJECTED 

WITH ALLOGENEIC BONE MARROW CEIJ.S PRIMED IN VITRO WITH VARIABlE 

AMOUNTS OF THE ANTIGEN (S~RBC) 

No. 01 S-rbc usee! for in vitro No. 01 ploques p. Ir/> splenic Iymphoid cell. 
priming of the bone morrow cell.- 01 irrodioted recipient rabbih--

10' 8 

Irl n 

109 100 

1 

1 

i 

- ln vitro primlng 01 the bone morrow ce Il. WCII doM by oddlng the 5-rbc to 109 bone morrow cell. auapended 
in medium 199 contoinlng 20 percent NRS. Duratlon 01 ln vitro prlmlng wCII24 houn ot :u·c. 

-- The rabbih wer .. ublected to 800 r tatol body Irrodlotlon ond tllen glven the In-vitro pri~ bone morrow 
cella. They w.e aocrlflced 7 daya lot. ond the api .... were analyzed for ploque-fonnlng capaclty. 
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TABLE 54 

THE PLAQUE-FORMING CAPACITY OF SPLEEN CELLS OF IRRADIATED RABBITS (SOOr) 

INJECTED WITH ALLOGENEIC BONE MARROW CELLS PRIMEl) IN VITRO WITH 

ANTIGEN (S_RBC) FOR VARIOUS PERIODS OF TIME 

Period of in vitro No. of primed bone morrow No. of ploques per IcP splenic Iymphoid 

priming • (hn) cells tronsferred cell. of recipient robbih (dey 7) 

1 5 x loB ce". 8 

6 5 x 108 ce"s 18 

2~ 5 x loB ce". 72 

Nil 5 x 108 ce". 9 

• The normal bone morrow ce". were incuboted in vitro ot :floC with 1 x loB S-rbc for the specified 

period of tim. prior to their tronsfer to irrodioted (800 r) ollogeneic robbih. 
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TABLE 55 

THE EFFECT OF IN VITRO IRRADIATION (4000 r) OF RABBIT BONE MARROW CELLS ON THEIR VIABILITY 

AND l'HEIR CAP ACITY TO RESPOND IN VITRO TO PHYTOHEMAGGLUTININ (PRA) 

Cell viabilily: Response 10 PHA in vitro 
Oye exclusion lesl 

Cella tested (percent deod cells) tE~~t.r~~) (~~m.) r~ation· 

Non- irrodiated cells 14 4458 19010 

Immediately ofter 
irrodiation 15 810 832 

Defined QI the incorporotion or trilioted thymidine in the presence or PHA to that incorporated in the 
absence or PHA (control). 
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TABLE 56 

THE EFFECT OF IN VITRO IRRADIATION OF NORMAL RABBIT BONE MARROW CELLS 

ON THEIR CAPACITY TO CONFER IMMUNOCOMPETENCE TO IRRADIATED ALlOGENEIC RABBITS 

Cells Subjected Duration of No. of Plaques pef 
to Followinq Dose In Vitro Incubation 106 Splenic Lympho d 
of Irradiation Followinq 'Irradiation Cells of Irradiated 

(Without Antiqen) Recipient Rabbit* 

4,000r Nil ! 76 

24 Hours 8 

10,000r Nil 8 

24 Hours 7 , 

Nil Nil 72 

24 Hours 58 
1 

* RAbbita were subjected to 800r total body irradiation and then injected 
intravenoualy with the bone marrow cella and 109 S-rbc. The rabbita were 
aacrificed 7 daya later and the apleena were analyzed for plaque-forminq 
capacity. 
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TABLE 57 

THE EFFECT OF IN VITRO IRRADIATION ON THE CAPACITY OF NORMAL 

RABBIT BONE MA.tffiOW CELLS ID BE PRn1ED IN VITRO AND ID TRANSFER 

lliMUNOCOMPETENCE ID IRRADIATED RECIPIENTS 

Tt.. of In Vitro Priminq* CeU. Subjected No. of Plaque. per 106 Splenic 
in Relation to Irradiation to Followinq Do.e Lyaphoid Cell. of Unt..unized 

of Bone Harrow Cella of Irradiation Irradiated Recipient.·· 

Cella Prt.ad for 24 Houra !:'''diately 4 ,GOOr 13 
pollowinq Irradiation 

10,OOOr 2 

Cell. Pr~ for 24 Hour. prior 4,OOOr 61 
to Irradiation 

10,OOOr 64 

Non-Irradiated Cella Primed N11 71 
for 24 Hour. 

• In vitro priminq of the bone aarrow cella va. carried out by ad4inq 101 "S-rbc to 10' bone 
aarrow ceU •• uapended in Medium 199 containinq 20 percent NRS. The celb _re cultured 
at 37·C in an at.o.phere of 4. 002 in air. 

•• Rabbit. _re .ubjectad to 100r total body irradiation and then qiven the ln-vltro prt.ed 
lrradlated bone aarrov cell.. They vere .acrlflced 7 day. latar and thelr .pleen. _re 
analyzed for plaque-forainq capeclty. 
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TABLE 58 

THE PLAQUE-FORMING CAPACITY OF SPLEEN CELlS OF IRRADIATED RABBITS INJECTED 

WITH ALlOGENEIC BONE MARROW CELIS PRIMED IN VITRO WITH EITHER S-RBC OR H-RBC. 

THE D:&1REE OF COMMITI'MENT OF THE ANTIGEN_REACTIVE CELL POPULATION PRIMED IN VITRO 

~ Il 
No. of Plaques par 106 

Il Type of KaC Used for ij Type of RaC Given 
1 

" the In Vitro Priming of to Irradiated Rabbits Splenie Lymphoid Cells of 
'1 t~e Bone Marrov Cells· Following Bone Harrow Transfer Irradiated Recipient Rabbits·· 
" " 1; 5-RBC H-RBC 1 ~ 
~.:zr 

70 34 S-RBC '1 II-RBC 
it 

II-RBC ~ S-RBC 160 37 
H 

"IL 
1 II-RBC 4 82 
~ 

NIL n S-RBC 68 5 

N NI:' ~ H-RBC , S-RBC 54 25 

~ .,.,"====r __ .::. 
• In vitro priming of the bone marrow cells vas earried out by adding 108 RBC to 109 bone 

marrov cells suspanded in medium 199 containing 20' NRS. Duration of in vitro priming 
vas 24 hours at 37·C in an atmosphere of 4' CO2 in air • 

•• The rabbits vere subjeeted to 800r total body irradiation and then given the in-vitro 
primed bone marrov cells and 109 RBC. They vere sacrificed 7 days latar and the spleens 
vere analyaed for plaque-forming capaeity vith respect to both S-RBC and H-RBC. 
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3. Discussion - The findings presented above gener

ally confirm those reported in Chapter V.B, C, D, and F, 

with respect to the ability of normal bone marrow cells 

to transfer antibody-forming capacity to irradiated 

(800r) rabbits. These results have, moreover, been 

enhanced by the application of an in vitro system for 

the inddction phase, thus abrogating the necessity of 

injecting the antigen into the irradiated bone marrow 

recipient. It has been unequivocally demonstrated that 

the ARC function in the immune response can be initiated 

by incubation with t~e antigen in vitro. Although the 

cells, following their incubation with the SRBC (or HRBC) 

were not freed of the SRBC (or HRBC) before their injec-

tion into the irradiated (800r) host, the immune response 

in the latter cannot be seriously entertained as having 

been stimulated by the transferred RBC since the number 

of RBC transferred could not have exceeded 10 8 cells, a 

number of cells which, by themselves, are not capable of 

directly stimulating the irradiated bone marrow recipient 

(Tab~e 52). The failure of bone marrow cells incubated 
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with SRBC for 6 hours or less to transfer plaque-forming 

capacity to irradiated allogeneic recipients (Table 54) 

further attests to the validity of the interpretation 

given, that the capacity of the incubated bone marrow 

cells to transfer immunocompetence is incumbent upon 

their being stimulated by the SRBC during the in vitro 

incubation. 

It has been demonstrated in Chapter V.C that bone 

marrow cells of rabbits injected 24-48 hours previously 

with an antigen lose the capacity to transfer immuno

competence with respect to this particular antigen but 

are quite capable of mediating the humoral immune res

ponse to other antigens in the recipient rabbit. It 

seemed plausible to speculate that the bone marrow con

tains the antigen-reactive cells (ARC) which vacate the 

bone marrow following contact with the antigen in vivo, 

leaving the marrow deficient in ARC capable of mediating 

a humoral immune response to the particular antigen upon 

cell transfer of this marrow to an irradiated recipient. 

However, an alternate hypothesis presented was that the 

bone marrow cells become "tolerant" following contact 
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with the antigen in vivo and are therefore incapable of 

transferring immune responsiveness. Various findings 

would mitigate against this latter suggestion. The 

experiments presented above demonstrate unequivocally 

that normal bone marrow cells can be incubated with a 

large number of SRBC in vitro without resulting in the 

induction of a state of tolerance in these cells. Cer

tainly, the number of SRBC (l08 cells) per bone marrow 

lymphoid cell (l08 109 cells) in the incubate is many 

hundred-fold greater than that occurring in vivo follow

ing the intravenous administration of 109 SRBC. Horiuchi 

and Waksman (286) have observed that a state of temporary 

immunologic tolerance can be induced in adult rats injected 

intrathymically with the specific antigen. However, toler

ance has not been shown to occur in the adult animal 

following the injection of an immunogenic dose of the 

antigen intravenously. Golub and Weigle (168) have 

demonstrated that a minimum of 4 to 5 days must elapse 

between the injection of the tolerogenic dose of the 

antigen and the actual induction of tolerance. Lymph 

node cells obtained from animaIs injected with the toler-
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ance-inducing antigen could transfer antibody forming 

capacity to recipients with respect to this same antigen 

up to day 4 following the injection of the antigen into 

the cell donor. However, it has been observed in Chapter 

v.c. that the bene marrow cells in the rabbit lese the 

c~pacity to transfer antibody-forming capacity with res

pect te the immunizing antigen within 12 to 24 hours 

following the intravenous injection of an immunogenic 

dose of the antigen. They aIse lose their capacity te 

respond ~with blastogenesis and mitesis within 8 to 24 

hours following the administration ef the antigen, even 

if the latter is given in complete Freund's adjuvant, an 

immunization procedure almost guaranteed not to induce 

immunologie tolerance (46). On the basis of the evidence 

presented, it would not appear overly presumptuous to 

consider that the ARC in the bene marrow actually vacate 

that organ following exposure to antigen in vivo. 

The finding that irradiation of the bone marrow cells 

failed te kill these cells, using the dye exclusion tech

nique, but succeeded in rather dramatic fashion in inhi

biting the cell response to PHA was certainly not·antici

pated. These observations imply that irradiation altered 
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the surface properties of the cells, rendering them 

incapable of responding to PHA, or that the irradiation 

actually killed the PHA-responsive cells. These latter 

cells must constitute no more than a minority of the 

lymphoid cell population in the bone marrow since the 

number of dead cells in the irradiated suspensions was 

not significantly greater than in the control, unirra

diated preparations. In retrospect, this finding is 

not too surprising in view of the observation of Dukor 

and Deitrich (287) that only the thymus-dependent lym

phoid cells, those capable of mediating cellular immunity, 

respond to stimulation with PRA. One might speculate as 

to the number of thymus-derived lymphoid cells in the 

rabbit bone marrow which cannot, in view of the viability 

studies performed, be large in number. 

Even more surprising were the results of the experi

ments concerned with the in vivo incubation of irradiated 

rabbit bone marrow cells with the antigen, SRBC. Since 

the irradiated cells were capable of transferring plaque

forming c~pacity to irradiated (800r) recipients if injected 

immediately following in vitro irradiation, it must be 
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concluded that the immunocompetent cell in the bone 

marrow is not identical to the cell responding to 

stimulation with PHA, since it survived the 4,000r 

irradiation treatment. These findings are in line with 

those of Daguillard and Richter (266) who arrived at a 

similar conclusion using goat anti-rabbit immunoglobulin 

antiserum to stimulate rabbit lymphoid cells in vitro. 

Nevettheless, damage must have been incurred in the cells 

as a result of the irradiation treatment since cells 

first irradiated (4,000r) and then incubated with or 

without the antigen (SRBC) for 24 hours were incapable 

of transferring antibody-forming capacity. 

The results serve to better understand why irradia

tion (SOOr - 700r) of a rabbit 24 hours following injec

tion of an antigen does not prevent the immune response 

whereas irradiation of the animal either prior to or 

just after the administration of the antigen can depress 

or completely inhibit the immune response (268). Nette

sheim and Hammons (288) and Miller (289) have presented 

evidence to show that the antibody-forming cell (AFC) is 
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irradiation-resistant. The cell affected by the dose 

of irradiation therefore appeamto be the ARC in the bone 

marrow, a consideration substantiated experimentally in 

Chapter v.o. However, once the ARC has been stimulated 

by the antigen, its subsequent immunologie functions are 

not susceptible to the dose of irradiation (4,000r) 

which is otherwise capable of inactivating the antigen

unstimulated ARC. Furthermore, the antigen-stimulàted 

ARC are not inactivated even if exposed to 10,000r irra

diation in vitro. These results are in agreement with 

the findings of other investigators who showed that cells 

already engaged in several active metabolic functions are 

less susceptible to the lethal effects of irradiation 

than are resting cells. Howard (290) reported that the 

normal physiologie activities of marnrnalian cells are not 

affected by sublethal doses of irradiation whereas forma

tion of new enzyme systems is highly radiosensitive. 

Jaroslow (291) has shown that ONA synthesis has to be 

inhibited prior to stimulation by the antigen in otder 

to inhibit the immune response. Except for a few reports 

(292, 293), it is generally agreed (275, 280, 294-297) 
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that the AFC becomes radio-resistant once the antigenic 

stimulus has triggered the antibody-forming machinery. 

In fact, it has been observed that the incorporation of 

labelled amino-acids into the antibody molecules syn

thesized by irradiated (IO,OOOr) immune mouse spleen 

cells in culture is qualitatively and quantitatively 

similar to that incorporated by non-irradiated control 

cell preparations (296). 

It has also been demonstrated that different meta

bolic functions of the same cells are not equally affected 

by the same dose of irradiation. The essential metabolic 

functions of cells, such as oxidative phosphorylation 

(293) and DNA synthesis (298), but not phagocytosis (298), 

are completely inhibited by exposure of the cells to 700r 

in vitro. However, a dose of 4,000r is required in order 

to inhibit blastogenesis in the mixed human leukocyte 

culture (299) and 10,000r has been found to be required 

to inhibit spleen colony formation by irradiated (IO,OOOr) 

spleen stem cells transferred to irradiated (850-950r) 

recipient mice (300). 
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The data presented also lend further support to the 

concept of the existence of pre-committed clones of ARC 

in the normal rabbit bone marrow. It has been demon

strated in Section F that passage of normal bone marrow 

cells through antigen-sensitized glass bead columns 

results in the specifie retention of cells capable of 

transferring immunocompetence with respect to the antigen 

adsorbed onto the column. On the other hand, the cells 

which pass through the column are capable of mediating 

antibody-forming capacity to other, non-cross-reacting 

antigens. Nevertheless, the possibility exists that 

pre-commitment with respect to antigen B need not be 

absolute and that it could be enhanced with respect to 

antigen A, and conversely diminished with respect to 

antigen B, if the cells were stimulated with high con

centrations of antigen A in vitro. Such was nct the 

case, however. Incubation of the normal bone marrow 

cells with high concentrations of SRBC (or HRBC) for 24 

hours in vitro did not diminish their capacity to trans

fer immunocompetence with respect to the second non-cross-
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reacting antigen, HRBC (or SRBC). Thus, it appears 

that pre-cmmmittment is absolute and cannot be detec

tably altered by incubation of the cells with antigens 

other th an those with which the cells are already com

mitted to react. 

These findings disagree somewhat with those of Perkins 

and Makinodan (301). The antibody-forming capacity of 

mouse spleen cells to rat red cells following transfer 

of the spleen cells into lethally-irradiated recipients 

declinëd as the eime interval between cell transfer and 

in vino stimulation with the antigen was lengthened. 

This decline was accentuated by exposing the spleen 

cells in vivo to a non-cross-reacting antigen, sheep 

red cells, immediately after transfer. However, the 

decline in antibody-forming capacity to rat red cells 

was not observed when spleen cells from immunized mice 

were used. These results suggested that exposure in 

vivo of immunologically competent ce~ls precommitted to 

respond to one antigen, i.e. rat red cells, to a non

cross-reacting antigen can alter the subsequent respon

siveness of the cells with respect to the specifie 

antigen, the rat red cells (301). Since the hemopoietic 
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tissues in the irradiated recipient mouse must be con

sidered to be ob1iterated by the 1etha1 irradiation, 

it is probable that a substantia1 number of the trans

ferred mouse spleen ce11s, which have been shown to 

have hemopoietic function (302, 303), may be diverted 

towards hemopoiesis in the absence of an antigenic sti

mulus. The original immunocompetent ce11s wou1d there

fore no longer be avai1ab1e for the production of specifie 

antibodies. In fact, these investigators (301) found 

that administration of both bone marrow ce11s and spleen 

ce11s from the donor to the 1etha11y-irradiated recipient 

resu1ted in a 1esser reduction in the antibody-forming 

capacity of the transferred spleen ce11s, as compared to 

thatin the recipient given normal spœèen ce11s only. 

Another exp1anation for the dichotomy of our resu1ts and 

those of Perkins and Makinodan (301) is that in our sys

tem on1y the ARC were subjected to high concentrations 

of a non-cross-reacting antigen in vitro whereas the AFC 

were exposed to both specifie and non-cross-reacting 

antigensisimu1taneous1y in vivo. On the other hand, 
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perkins and Makinodan injected the non-cross-reacting 

antigen into the recipient animal, exposing both the 

ARC and the AFC to the antigen. The specifie antigen 

was not injected until several days later. Since the 

mouse spleen consists of both antigen-reactive (ARC) 

and antibody-forming (AFC) cells (92,126), one can 

only speculate as to whether the ARC and/or the AFC 

are affected in the Perkins and Makinodan model (301). 

Therefore, the y may have induced a state of antigen 

competition at the level of the AFC which appears to be 

a pluripotential cell (103, 128, 304), and not at the 

level of the ARC (305), which appear to possess an inal

terable commitment to the specifie antigen (Chapter V.C, 

D and F). A third explanation to account for the differ

ing results may be attributed to the high concentration 

(1010 RBC) of the non-cross-reacting antigen required 

by these latter investigators to produce a subsequent 

inhibition of response to the specifie antigen. In our 

hands, this dose of antigen is lethal in a large propor

tion of the animaIs and may result in a "non-specifie" 

general depression of immunocompetence (305,306). 
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CHAPTER VI 

GENERAL DISCUSSION 

The experiments carried out in this investigation 

were based on a previous finding from this laboratory, 

that the normal rabbit bone marrow lymphocytes, but 

not the lymphocytes of any of the other lymphoid organs, 

could respond with blastogenesis and mitosis upon incu

bation with a host of antigens in vitro (46). It was 

also observed that the "immune" rabbit bone marrow cells 

could not respond in this way when taken from the 

immunized rabbit 12-48 hours following immunization and 

incubated with the specific immunizing antigen in vitro. 

On the other hand, the response to other non-cross

reacting antigens was animpaired (46). On the basis of 

these and other findings, it was concluded that this in 

vitro response of the bone marrow lymphocytes represents 

an immunological reaction (46, 144). However, this con

clusion was based essentially on a single protocol, the 

in vitro blastogenic response, and it required confirma

tory evidence obtained by other procedures ~efore it 
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could be accepted as established fact. Furthermore, 

one could not state whether it was the ARC and/or the 

AFC in the bone marrow which responded with blastogene

sis in vitro. 

On the basis of the experiments carried out in 

this study, one can categorically state that (a) the 

immunocompetent cell in the normal rabbit bone marrow 

is the ARC, and not the AFC; and (b) the bone marrow 

is the prime, if not the only, source of ARC in the 

rabbit. 

A number of experimental protocols were utilized 

in the experimental procedures upon which these con

clusions are based. Briefly, normal or "primed" cells 

from the various lymphoid organs (bone marrow, thymus, 

spleen, sacculus rotundus, appendix, lymph node and 

blood) were transplanted into irradiated or tolerant 

allogeneic recipient rabbits. The cells were either 

stimulated with the antigen(s) by in vitro incubation 

for 24 hours prior to their transfer or el se ~hey were 

stimulàted following their transfer into the irradiated 
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recipient. The recipients were tested for their immune 

response by the capacity of their spleen cells to form 

hemolytic plaques in agar gel or by determining the 

circulating antibody titer by the hemagglutination 

technique. In initial experiments, it was established 

that only the spleen cells of the intravenously immunized 

rabbit are capable of producing hemolytic plaques in 

vitro. By the use of antiallotype antiserum as a Marker, 

it was demonstrated that the antibody-forming cells in 

the irradiated recipient are of recipient and not donor 

origine This finding implies that the donor cells were 

therefore the ARC, which are radiosensitive and that 

the AFC were of host origin and radio-resistant. 

It was also demonstrated that in the case of most 

antigens, the bone marrow serves as the sole source of 

ARC in the rabbit. However, the sacculus rotundus cells 

and circulating leukocytes as well as bone marrow lym

phocytes were capable of transferring immunocompetence 

to irradiated recipients with respect to one of the 

antigens used, sheep red blood cells. The interpreta

tion of this latter finding has been discussed at length 
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(Chapter V.B). "primed" bone marrow, in contrast to 

normal bone marrow, failed to transfer immunocompetence 

to irradiated recipients. A direct relationship was 

observed between the capacity of the irradiated recipient 

to respond with antibody formation and the reappearance 

of the ARC population in the bone marrow. Furthermore, 

the ARC activity cou Id be initiated in vitro, by incuba

tion of the cells with the antigen used in a concentra

tion which could not induce an immune response if injected 

into the recipient rabbit. The ARC could be separated 

by passage of the normal bone marrow cells through an 

antigen-sensitized glass bead column, followed by elu

tion of the cells from the glass beads. The ARC so 

obtaine~which were aIl morphologically small lympho

cytes, were found to be specifie in their reactivity to 

the antigen originally adsorbed onto the glass beads 

and cou Id not transfer immunocompetence to other antigens. 

However, the effluent cells which passed through the 

antigen-sensitized glass bead column could transfer 

immunocompetence to aIl the antigens tested except to 

that antigen adsorbed cnte the column. 
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These findiggs, therefore, strongly suggest that 

the ARC in the normal rabbit bone marrow vacate the bone 

marrow following interaction with the anti~en in vivo. 

An equally plausible, alternate theor~ is that the bo~e 

marrow ARC become immunologically tolerant followwng 

the intravenous administration of the antigen. The 

demonst~ation that the antigen-reactive cells in normal 

bone marrow interact with the antigen adsorbed onto 

glass beads or with a relatively high concentration of 

the antigen in vitro without being rendered tolerant 

but capable of expressing immunocompetence following 

their elution from the glass beads, support only the 

first concept presented above. One may then assume that 

the bone marrow of an immune rabbit but not any single 

cell in the marrow is, in fact, immunologically incom

petent with respect to the specifie immunizing antigen. 

Since the cells which vacate the bone marrow following 

antigenic stimulation appear to be directed to only a 

single antigen, it would appear that they all arise from 

a single precursor cell or clone of cells, thus leaving 
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the bone marrow deficient in cells capable of respond-

ing to this antigen. This concept implies the existence 

of population of bone marrow cells committed or programmed 

to interact with a site on the antigen molecule charac

terized by a unique molecular composition and oonfigura

tion. How can this interpretation be reconciled with a 

pragmatic approach based on the deduction that there 

cannot exist more than just a small number of bone marrow 

antigen-reactive cells precommitted to react with any 

particular antigen, in view of the large number of anti

gens which are known to exist (microbial, synthetic, hap

tenic, drugs, inanimate protein antigens, viruses, etc.). 

The resolution of this dœlèmma rests on the probability 

that the small number of antigen-reactive cells in the 

resting state directed to a.particular antigen are suf

ficient to mediate the immune response, in view of their 

capacity to undergo explosive proliferation following 

interaction with .. the antigen. This has been demonstrated 

for the thymie antigen-reactive cell in the mouse (70) 

and the bone marrow antigen-reactive cell in the rabbit 
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(46). This pro1iferative activity of the antigen-reac

tive ce11s in the rabbit takes place in an organ(s) 

other than the bone marrow, since the basal activity 

of the "primed" rabbit bone marrow ce11s in vitro is 

not higher than normal, resting 1eve1s (46). However, 

the target organ(s) for the bone marrow ARC and their 

further participation in the immune response remain to 

be e1ucidated. 

The concept presented above begs the further assump

tion that, in the rabbit, the antibody-forming ce11s 

originate in 1ymphoid organs other than the bone marrow 

and that their final "resting" site, fo110wing the intra

venous administration of the antigen, is the spleen (Fig

ures 4 and 14). Where do the potentia1 antibody-forming 

ce11s (AFC) originate and where do they reside in the 

absence of antigenic stimulation? In this study there 

are no experimenta1 data to shed 1ight on this question. 

Therefore, one can on1y specu1ate. Since antibody forma

tion can be e1icited in ce11s in the thymus (308), spleen 

(309) or draining 1ymph node (310, 311), qepending on the 
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route of administration of the antigen (intrathymic, 

intravenous and foot~pad, respectively), it would 

appear that the potential antibody-forming cells are 

already residing in the lymphoid organs and that the 

presence of antigen at these sites constitutes one of 

the determining factors concerned with the initiation 

of the local immune response. Our results indicate 

that the committed antigen-reactive cells vacate the 

bone marrow following interaction with the antigen 

(activated antigen-reactive cells) and migrate to one 

or more of the lymphoid organs where they probably 

transfer activated antigen to the antibody-forming cells 

(Figures 12 and 13). Interaction of these cells with 

the activated antigen results in their transformation 

into memory cells, which are synonymous with Y cells 

(3l2) or antigen recognizing antibody-forming cells 

(26l). These latter cells may, at this stage, be 

capable of forming, but not of releasing, humoral-type 

antibody, but they can be triggered to do so if stimulated 

by unprocessed or native antigen and ane thereby transformed 
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into actual antibody-forming cells or Z cells (Figure 

12) (312, 313). Depending on the type and nature of 

the immunization, these latter cells will masquerage as 

either plasma cells (310, 314-318) or lymphocytes (319-

321) • 

It can also be argued that antigen-reactive cells 

must also, to a certain extent, be dispersed and cannot, 

if the ab ove discussion has any validity, be localized 

solely to the bone marrow even in the resting unimmunized 

state. Moreover, it would be difficult to reconcile the 

concept of the bone marrow as the main source of antigen

reactive cells with the fact that primary immune responses 

have been achieved in vitro with rabbit lymph node and 

spleen fragments (231-233) and mouse spleen cells (91, 

240, 322, 323). Actually, one may logically anticipate 

such a situation since the bone marrow is not a static 

assemblage of cells, but a fluid system with the cells 

free to enter the blood stream. It is therefore likely 

that sorne antigen-reactive cells are always vacating the 

bone marrow but that aIl the antigen-reactive cells of 
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the specific clone, and therefore of the same antigenic 

specificity, can be evicted from the bone marrow follow

ing the intentional injection of a massive dose of the 

antigen. The scheme of cellular interactions postulàted 

in the induction of the primary immune response in the 

rabbit is presented in Figures 12 and 13. 

The data presented in Chapter V.E indicate that the 

immunocompetent cell(s) affected in the induction of the 

immunologically-tolerant state in the neonate is prob

ably identical to that affected in the suppression of 

the immune response by irradiation. In the former case, 

the antigen-reactive cell is made tolerant and therefore 

immuno-incompetent, and in the latter situation, the 

antigen-reactive cell is inactivated by the irradiation. 

The antigen-reactive cell, therefore, must be considered 

to have undergone sorne reaction(s) in the induction of 

tolerance since the bone marrow, following induction of 

the tolerant state, no longer possesses cells exhibiting 

antigen-reactive properties directed toward the tolero

genic antigen, similar to the "primed" bone marrow follow-
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ing induction of an immune response. The "tolerant" 

marrow therefore simulates the "primed" marrow with 

respect to its immuno-incompetence in cell transfer 

experiments, although the mechanism whereby immuno

incompetence has been induced in the bone marrow in 

these two diametrically-opposed immune states is prob

ably different. Interaction with antigen was postulated 

by Byers and Sercarz (313) to result in saturation of 

aIl intracellular complementary sites of the X celle 

The question may therefore be asked whether the antigen

reactive cell actually becomes tolerant and remains in 

the bone marrow in an unresponsive state or whether it 

actually persists as an antigen-reactive cell in sorne 

other organ in the tolerant rabbit, as distinct from 

the antibody-forming cell characteristic of the primary 

response or the memory cell characteristic of the secodd

ary immune response. Since it has been demonstrated that 

the antigen-reactive cells can interact with the antigen 

in vitro and not be rendered tolerant or immuno-incompetent 
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it is considered unlikely that interaction with antigen 

in vivo would have inducefiœtolerant state in this cell. 

The concept that a multi-cellular system (ARC and 

AFC) exists to provide for the immune response is based 

on findings in two animal species, the rabbit and the 

mouse. The work in the rabbit is clear-cut. The bone 

marrow contains the cells which can interact with the 

antigen (ARC), the manifestation of the interaction con

sisting of blastogenesis and mitosis (proliferation), 

but not antibody formation. Although the organ of origin 

of the antibody-forming cell in the rabbit has not yet 

been established, it is definitely not the bone marrow 

(Chapter V.D). Therefore, in the rabbit, the terms ARC 

and AFC define exactly the functions intended - the 

interaction of the ARC with the antigen, leading to 

proliferation of the cells but not to antibody forma

tion, and the interaction of the AFC with what is prob

ably an activated or processed antigen moiety to form 

humoral-type antibodies. A similar situation apparently 

exists in the mouse except that the thymus, and not the 
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bone marrow, possesses the ARC. A number of investi

gators have reported that an immune response can be 

elicited in an irradiated mouse provided the mouse had 

been injected, intravenously, with isogeneic thymus 

and bone marrow cells (4, 5, 77). 

It is of more than academic interest to note that 

the situation in the mouse appears to be quite different 

from that in the rabbit. In the normal adult mouse, it 

has been demonstrated that the thymus, and not the bone 

marrow, serves as a source of the ARC (4, 70) and that 

the bone marrow is the source of the AFC with respect 

to SRBC (5, 82). However, the situation is not as 

clear-cut as in the rabbit since ARC, as weIl as AFC, 

can also be detected among the spleen, lymph node and 

thoracic duct cells of the mouse depending upon the 

antigen used (211). Since cells of any of these latter 

organs can substitute for mouse thymus cells in the res

toration of immllnocompetence upon their transfer to 

irradiated or neonatally-thymectomized recipients (4, 

5), the y must be considered to manifest ARC activity. 
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Furthermore, lymph node, spleen or th~us cells can 

transfer immunocompetence to an immunologically-tolerant 

moUse (160-l62). It has been demonstrated that the 

urtresponsive cell in the tolerant rabbit is the ARC, 

and not the AFC. If it is also the ARC which is affected 

in the tolerant mouse, then these data favour the spleen 

and lymph node, in addition to the thymus, as sources of 

ARC in the mouse. The ARC in the mouse are therefore 

not as uniquely segregated, anatomically, as they are 

in the rabbit, where they can be found to reside only 

in the bone marrow. 

Although the ARC, in their immunocompetent stage of 

life, are found in the bone marrow in the rabbit and in 

the ,thymus of the mouse, does it necessarily follow that 

these cells are endemic to these organs or could they be 

the progeny of stem cells derived from another organ. In 

this regard, the results of many investigations which have 

utilized the transfer of chromosomally-marked syngeneic 

cells into irradiated mice strongly suggest that the ARC 

is a bone-marrow derived cell (8l, 82). However, these 
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investigations do not allude as to whether the bone 

marrow cells mature in the thymus to become competent 

ARC or whether they undergo the first stage of matura

tion in the thymus and become functionally active ARC 

only when they migrate into the peripheral lymphoid 

organs. Furthermore, it has been demonstrated that 

the potential ARC in the transferred bone marrow cell 

suspensions of mice need not physically penetra te into 

the thymus to mature to functionally-active ARC, but 

that th~y can mature in the spleen and lymph node af a 

thymectomized animal under the influence of a thymus 

graft placed in a semipermeable chamber, which is prob

ably acting in an endocrine fashion (179). It wauld 

therefore appear that the bone marrow in the mouse 

serves as the source of the mature AFC and the immature 

ARC. Thus far, it has been demonstrated that the bone 

marrow in the rabbit serves as the source of mature ARC, 

and not of mature AFC. Whether it also functions as the 

source of immature AFC is not clear at the present time. 
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One aspect of the problem, however, remains to be 

clafified. What criteria should be used to distinguish 

the antigenreactive cell? On the basis of the preceed

ing discussion, the term "antigen-reactive cell" or 

"antigen-sensit:l.ve cells" should be reserved for only 

those cells, at least in the rabbit and the mouse, which 

react with the antigen but do not subsequently form 

antibodies. However, some investigators concerned with 

elucidating methods for the dernonstration, recognition 

and localization of ARC in the rnouse, have greatly con

fused the situation, since they have utilized the term 

ARC to designate cells in the spleen capable of inducing 

"hernolytic foci" (273) or "bacterial irnmobilization in 

gel" (121), both activities necessitating the Mediation 

of antibodies. Armstrong and Diener (121) state that 

"the method is based on the belief that when these ARC 

are injected into a lethally irradiated host, they embed 

in the spleen in predictable concentrations and respond 

to an antigenic stimulus by proliferating and differen

tiating into colonies of ARC." They, in fact, state 
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categorically that the success of this technique is 

dependent upon antibody secreted by the antigen-reac-

tive celle Kennedy et al (273) state that the inter

pretation of their results is dependent on two postu

lated properties of these cells: sensitivity to antigenic 

stimulation by sheep erythrocytes and ability to respond 

to this stimulation by proliferating to give ri se to 

cells capable of hemolysin production. Playfair et al 

(75) arrived at a similar conclusion. Such an inter

pretation is, at the very least, inconsistent with the 

definition of the term antigen-reactive celle In view 

of the fact that, in both the rabbit (46) and the mouse 

(4, 70), it has been demonstrated that ARC and AFC are 

independent cellular entities and do not differentiate 

one into the other, and since the mouse spleen has been 

shown to consist of a mixture of ARC and AFC (4, 5, 6, 

91), the interpretations of Armstrong and Diener (121) 

and of Kennedy et al (273) rest on very tenuous groungs. 

Another question which requires consideration is 

whether one can define the induction of the primary res

ponse in the rabbit as a result of a two-cell interaction, 



Page 304 

the antigen-reactive and antibody-forming cells or 

whether it is necessary to postulate a third cell-type, 

the macrophage. The evidence favoring an eminent role 

for the macrophage in the induction of the immune res-

ponse has been weIl documented and has accrued from both 

in vitro and in vivo investigations (108,109). However, 

the exact stage in the immune response where the macro-

phage acts has hitherto not been precisely stated or 

defined. Evidence of a three-cell interaction has been 

presented by Mosier and Coppleson (107), pribnow and 

Silverman (271) and Gallily and Feldman (115). Pribnow 

and Silverman (271) have demonstrated that the inter~ 

action of the antigen with macrophage is the initial 

cellular event in the induction of the primary immune 

response. They observed that irradiated rabbits that 

recieved non-immune lymph node cells and peritoneal .--
macrophages which had been incubated with the antigen 

in vitro were unable to form antibody whereas normal 

recipients of these cells exhibited a typical primary 

immune response. The transfer of antigen-incubated 

lymph node cells, in the absence of macrophages, fâiled 
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to elicit an immune response in either normal or irra

diated rabbits. Furthermore, macrophages which had been 

irradiated following their incubation with the antigen 

were unable to initiate an immune response when trans

ferred to normal recipients. 

On the basis of our results, these data imply that 

the antigen-reactive cell in the recipient, whose func

tions in the immune response commence following the 

macrophage-antigen interaction, is irradiation-sensitive 

to 800r but not to 550r in both the mouse and the rabbit. 

However, it would not appear to be as irradiation-sensi

tive as the macrophage which is inactivated by 550r 

irradiation (115). Therefore, the sequential transfer 

of immunologie information leading to the initiation of 

the immune response-macrophage to antigen-reactive cell 

to antibody-forming cell - is broken following irradia

tion. 

The finding that ARC are found only in the bone 

marrow and that the bone marrow could be depleted of 

only one clone of cells reactive to the immunizing anti

gen but not to nQp-cross-reacting antig~ns reaffirms the 
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concept of ClonaI Selection, first postulated by Jerne 

(326) and Burnet (307). It must be stressed, however, 

that insofar as the rabbit is concerned, the ClonaI 

Selection Theory applies to the ARC only, and not the 

AFC. This is supported in our studies by the findings 

that clones of ARC can be s~parated from normal bone 

marrow cells by~passage of the latter through antigen

sensitized glass bead columns. This would suggest that 

the bone marrow contains the different clones of lymphoid 

cells which either transform directly into or give rise, 

by mitosis and differentiation, to the pre-committed 

antigen-reactive cells. The concept of pre-commitment 

of the cell to interact with a particular antigen encoun

tered at some future time (126, 238) is proven by our 

finding °that the in vitro incubation of bone marrow cells 

with one antigen will stimulate only the groups of cells 

precommitted to react with that antigen. The in vitro 

stimulated marrow cells can still initiate an immune res

ponse against a non-cross-reacting antigen. This would 

indicate that the bone marrow ARC must possess antibody

like receptor groupes) on its surface, as has been sug-
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gested by a number of investigators (Ill, 264) capable 

of interacting with the antigen and thus initiating the 

inter and/or intra-cellular chain of events which cul

minate in the humoral immune response. This interpre

tation of our data necesssEtly supports the side chain 

concept of Ehrlich presented almost a century ago (263). 

Other investigators (325-327) have also presented evi

dence in favor of the ClonaI Selection Theory of anti

body formation, although the organ site of origin of 

these cells has not previously been seriously enter

tained. 

Based on our findings and those reported in the 

literature (3, 7, 18, 94), a partly speculative diagra

matic representation is shown in Figures 15 and 16 des

cribing the role of the rabbit bone marrow in the primary 

immune response. Following contact with an antigen for 

the first time, the rabbit bone marrow ARC(s) either 

migrates to the bursal homologue (appendix and sacculus 

rotundus) or tu the thymus to undergo cellular maturation 

and mediate humoral and cellular immune responses respec

tively. These mature bone marrow-derived cells are then 
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capable of releasing the antigen in an activated forme 

Following exposure to the activated antigen, the anti

body forming cells residing in the spleen and other 

organs (Figure 14) are then rendered capable of form

ing antibody or mediating the cellular immune reaction. 



1. Antigen + Macrophage _> processed antigen 

2. Processed antigen + antigen- ---7 activated antigen 

reoctive ce" 
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3. Activated antigen + potential memory ce" or antigen-recognizing 

ontibody-fcrming ce" or X ce~ antibody-f~rming ce" or Y ce" 

... Memory ce" + native antigen __ ~ antibody-forming ce" Or Z ce" 

~ 
ANTIBODY 

Fïgure 12. THE CELLULAR INTERACTIONS POSTULATED IN THE INDUCTION 

OF THE PIill1ARY IMMUNE RESPONSE IN THE RABBIT 
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Figure 13. THE CELLULAR INTERACTIONS DURING THE lliMUNE RESPONSE 

IN THE RABBIT. A DIAGRAMATIC REPRESENTATION 
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CELLULAR IMMUNITY 
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THYMUS 

Figure 14. THE SOURCES AND DESTINATIONS OF ANTIGEN-REACTIVE (ARC) 

AND ANTIBODY-FORMING (AFC) CELLS IN THE RABBIT, FOLLOWING 

INTRAVENOUS ADMINISTRATIONS OF ANTIGEN 
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CELLll.AR 
IMMUN/TY 

Figure 15. THE ROLE OF THE OONE MARROvl CELL IN THE D1MUNE 

RESPONSE IN THE RABBIT 

ClRCULAT/NG 
ANT/BOOY 
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Ai 

FIGURE 16 BONE MARROW SOURCE OF ANTIGEN REACTIVE CELLS 

IN THE RABBIT 

ANTIBOOY 
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CHAPTER VII 

SUMMARY AND CONCLUSIONS 

1. Lymphoid cells of the various lymphoid organs 

of the normal rabbit were transferred into irradiated 

(800r) immunoincompetent allogeneic recipient rabbits. 

With respect to four of the five antigens test.à, only 

the bone marrow cells could transfer antibody-forming 

capacity. In the case of the fifth antigen, sheep 

erythrocytes, the sacculus rotundus, mesenteric lymph 

node and circulating lymphoid cells, as well as the bone 

marrow cells, could transfer immunocompetence. This 

latter finding may represent a secondary response to 

the Forssman antigen present in sheep erythrocytes. It 

is concluded that the bone marrow constitutes the only 

organ source of the antigen-reactive cells in the normal 

unimmunized rabbit. 

2. It was demonstrated that only viable normal bone 

marrow cells are capable of transferring antibody-forming 
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capacity to irradiated recipient rabbits. Neither 

sonicates nor heat-killed preparations of normal rab

bit bone marrow cells possessed this capacity. 

3. Irradiated rabbits given allogeneic bone marrow 

cells from normal adult donors responded to an injec

tion of sheep red blood cells by forming circulating 

antibodies. Their spleen cells were also capable of 

forming many plaques using the hemolysis in gel tech

nique and were also capable of undergoing blastogenesis 

and mitosis and of incorporating tritiated th~idine 

upon exposure to the specifie antigen in vitro. However, 

irradiated rabbits injected with allogeneic bone marrow 

obtained from rabbits injected with sheep red blood cells 

24 hours prior to sacrifice (primed donors) were incap

able of mounting an immune response following stimula

tion with sheep red cells (Tables 59 and 60). This loss 

of reactivity by the bone marrow from primed donors is 

specifie with respect to the immunizing antigen, since 

the immune response of the irradiated recipients to non-
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cross-reacttng antigens is unimpaired. 

4. Treatment of bhe bone marrow donors with high

titered specifie antiserum 1passive immunization) to 

sheep red cells for 24 hours prior to sacrifice did not 

result in any diminished ability b~ their bone marrow 

cells to transfer antibody-forming capacity to sheep 

red blood cells. This finding suggests that a feedback 

mechanism does not operate in this situation • 
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TABLE 59 

THE ROLE OF '!HE BONE MARROW IN '!HE RABBIT 

IN THE INDUCTION OF THE oomNE RESPONSE 

fTpe. or cella teated ReapœaM iD Vitro Reapon .. iJI ViYO 

Blaatog.neai. vith Napeat to 'rranater ot Ab-t01"8iJlg oapacit,. 
iD irI'IIdiated boat to 

t.ani.i.ng Ag IUlNlated AI t.an1siDg AI IUlNlated Ag 

1Iol'Ml bcme _rrov + + + + 

Pri..s bone ..nJ - + - + 

r-m. bone ..rrotI* - + + + 

* Md .... t.,. rsbbit 8-2IJ hoar. toUoving t..mi •• Uon, betON 1..- Napon ... 

.. Md .... traa rebb1t 8-20 da7. tollCNiq t.ud. .. Uon. 

e 

ltJ 
PI 

\Q 
CD 

w ..... 
co 
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TABLE 60 

THE ROLE OF NORMAL AND PRlliED RABBIT BONE MARROW 

IN THE MEDIATION OF IMMUNOLOGICAL REACTIVITY 

Type of ~sponse Re'sponse Obtained Response Obtained . wi th Normal Bone with Primed Bone Harrow Harrow in Irradiated (Le. S-rbc) in Recipient Irradiated Recipient 

l. Response to Specifie Antiqen + -(Le. S-rbc) in Vitro 
(Blastoqenesis) 

2. Response to Other Antiqens + + in Vitro (Blastoqenesis) 

3. Transfer of Plaque-Forminq + -C&pacity to Specifie Aq 
(S-rbc) in Irradiated 
Recipient Rabbits 

4. Transfer of Plaque-Forminq + + Capacity to Other Antiqens 
in Irradiated Recipient 
Rabbits 

5. Transfer of Antibody-Forminq + -or Plaque-Porminq C&pacity -
to Immunoloqically-Tolerant 
Recipient Rabbits 

e 

"11 
PI 

IQ 
CD 

w 
~ 
\0 
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5. Bone marrow cells obtained from rabbits of one 

allotype were injected into irradiated rabbits of a 

different allotype. The recipients were also injected 

with sheep red blood cells and their spleen cells were 

tested for plaque-forming capacity seven days later. 

Spleen cells of aIl recipients gave large numbers of 

plaques as did spleen cells incubated with antiserum 

directed toward donor allotype. However, incubation of 

the recipient spleen cells with antiserum directed toward 

recipient allotype completely suppressed plaque formation. 
,,' 

These results demonstrate that antibody formation in 

irradiated recipients of transferred lymphoid cells is 

a property of the recipient animal and that the antibody-

forming cell is relatively irradiation-resistant. 

6. Rabbits were made immunologically tolerant to 

either HSA or BGG by the neonatal administration of the 

antigen. At ten weeks of age, they were challenged with 

the tolerogenic antigen and were found to be non-respon

sive. However, these tolerant rabbits cou Id respond with 
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humoral antibydy formation directed toward the tolero

genic antigen if they were treated with normal, allo

geneic bone marrow or bone marrow obtained from a rabbit 

made tolerant toward a different antigen. They were 

incapable of responding if they were given bone marrow 

obtained f~~ a rabbit previously made tolerant to the 

tolerogenic antigen. Irradiated rabbits were unable to 

responà if treated with tolerant bone marrow but could 

respond weIl if given normal bone marrow. Since it has 

previously been demonstrated that the antibody-forming 

cell, in an irradiated recipient of allogeneic bone 

marrow, is of recipient and not donor origin, the data 

presented strongly indicate that the unresponsive cell 

in the "immunologically-tolerant rabbit is the antigen

reactive cell. 

7. The antigen-reactive cells in normal rabbit 

bone marrow cou Id be isolated from a suspension of marrow 

cells by passage of the cells through an antigen-sensitized 
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glass bead column. The cells which passed through the 

column were deficient in antigen-reactive cells directed 

to the antigen used to sensitize the glass beads whereas 

the cells eluted frorn the column could transfer antibody

forrning capacity to irradiated recipients only with res

pect to the specifie sensitizing antigen. The separation 

of the bone rnarrow antigen-reactive cells could not be 

achééved by passage of the cells through non-sensitized 

glass bead colurnns nor in the presence of excess free 

antigen in the column. Cells which were retained by, 

and later eluted frorn, the antigen-sensitized glass bead 

colurnns were rnostly srnall rnononuclear cells whereas 

cells which passed through the columns were rnorpholo

gically sinlilar to the original unfractionated bone 

rnarrow cell suspension. The data indicate the presence 

of an antibody or antibody-like structure, with defined 

immunologie specificity, on the surface of the normal 

bone rnarrow antigen-reactive celle 
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8. By appropriate irradiation and cell tEansfer 

experiments, a direct correlation was observed between 

the presence of viable and immunologically-active antigen 

reactive cells in the bone marrow and the capacity of 

the rabbits to respond following immunization. Rabbits 

given 800r total body irradiation were unable to elicit 

a humoral immune response nor did the y possess signifi

cant nurobers of antigen-reactive cells. The ability to 

respond with humoral antibody formation did not reappear 

until antigen-reactive cells could be detected. These 

results strongly indicate that the presence of competent 

antigen-reactive cells is necessary for the successful 

induction of the humoral immune response in the rabbit. 

9. Normal bone marrow antigen-reactive cells could 

be stimulated to commence the sequence of intracellular 

reactions characteristic of the afferent limb of the 

immune response by incubation with anbigen in vitro in 

cell culture. Injection of these in vitro stimulated 
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bone marrow cells, along with antigen, into irradiated 

immuno-incompetent recipients resulted in a reconstitu

tion of the hostls immune competence characterized by 

plaque forming capacity by the spleen cells seven days 

later. Recipients of cells irradiated following in vitro 

incubation with the antigen gave normal irnmüne responses 

whereas irradiation of the cells prior to in vitro incu

bation with the antigen completely suppressed the capaci~y 

of these cells to transfer irnmunocompetence. Bone marrow 

cells irradiated in vitro cou Id exclude the dye but failed 

to undergo blastogenesis and mitosis when cultured in the 

presence of PHA. 

10. Data in support of the clonaI selection theor~, 

with respect to the antigen reactive cells (ARC) present 

in the normal rabbit bone marrow, were also presented. 

Pre-commitment of the ARC to one antigen could not be 

subverted even if the cells were incubated for 24 hours 

in vitro in the presence of a second non-cross-reacting 

antigen in high concentration. Therefore, the ARC is 

unipotential with respect to antigen specificity. 
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