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ABSTRACT

Normal rabbit bone marrow cells, but not cells of
the other normal lymphoid organs could transfer immuno-
competence to lethally irradiated or tolerant allogeneic
recipients. However, bone marrow cells of rabbits
immunized 24 hours previously could not transfer immuno-
competence with respect to the immunizing antigen. The
bone marrow immunocompetent 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. Immuno-
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 immunization.
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ORIGINAL CONTRIBUTIONS TO KNOWLEDGE

The bone marrow is the prime source of the immuno-
competent antigen-reactive cell(s) in the unimmunized

adult rabbit.

Normal rabbit bone marrow does not possess any anti-

body~forming cells.

Only viable bone marrow cells could transfer immuno-
competence to irradiated recipients. Sonicates or

heat killed cell preparations lost this capacity.

It was demonstrated that the antigen-reactive cell
is irradiation sensitive whereas the antibody-forming

cell is irradiation resistant.

The antigen reactive cell, not the potential antibody
forming cell, is the "tolerant" cell in the immune

tolerant state.

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 specific

immuno-adsorbents.

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.

The clonal 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 I

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
cell(s) 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 cell. However, little 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. TIs the lesion 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 specific 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? 1If so, is that interaction specific?
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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 specific 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 specific antibody.

Primary Immune Response: Events that follow the first

exposure to an antigen.

Secondary Immune Response: Events that follow the second

exposure to the same 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.
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Normal, Primed, Immune OX Hyperimmune Cells: Cells

obtained from normal, primed, immune or hyper-

immune animals, respectively.

Stimulated Cell: A cell obtained from a normal animal

incubated with the antigen in vitro.




B. BAbbreviation of words used in the thesis

Ag:

Ig:
DH:

GVHR:

ARC:

AFC:

PFC:

HSA:

BGG:

BSA:

SRBC

SCS:

HRBC

HCS:

RRBC:

PHA:

Antibody

Antigen

Immunoglobulin

Delayed hypersensitivity
Graft-versus-host reaction
Mixed leucocyte reaction
Antigen reactive cell(s)
Antibddy forming cell(s)
Plaque forming cell(s)
Human serum albumin
Bovine gamma globulin
Bovine serum albumin
Sheep red blood cells
Sheep cell sonicate
Horse red blood cells
Horse cell sonicate

Rat red blood cells

Phytohemagglutinin
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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 basophilic nucleus
and a thin rim of cytoplasm (1). The lymphocytes
represent a highly mobile cell population vital to the
defence of the mammalian organism. 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 mor-
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



Page 9

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 immunocompetent cells into
antibody-forming cells or into cells which mediate
cellular immunity takes place (3). The origin, fate
and distribution, as well as the rate of proliferation
and death of these cells is more understood after the
use of isotopically-labelled cells. Also, 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 sequence 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 lymphoid 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 results 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 production. 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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liferation and obtain the capacities and characteris-
tics of the different populations of lymphoid cells.
According to this view (10, 11), an undifferentiated
lymphoid bone marrow stem ceil entering the thymus

comes directly under the influence of that organ, where
it gives rise to a population of cells which can, after
distribution to the periphery, become capable of expres-
sing the thymus-dependent functions. On the other hand,
lymphoid stem cells entering the bursa of birds or the
gut-associated lymphoid tissues of certain mammals come
under the influence of this environment and give rise
into a population of lymphoid cells capable of produc-
ing antibodies in appropriate locations in the peripheral
lymphoid tissues (3). Clinical (12), immunologic and
phylogenetic (7, 13) studies have confirmed this two-
component (central and peripheral) concept of the lym-
phoid system. The central lymphoid tissues can be
expected to contain many lymphoid cells in the process
of differentiation which do not exercise the functions
attributable to the fully differentiated peripheral
lymphoid cells. For example, the capacity of cells from
the thymus and bursa to exerqise 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
responsible 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 JH-thymidine (18), the follicles in the gut-
associated lymphoid tissues (appendix, Peyer's patches

and Sacculus rotundus) have been shown to be composed



Page 13

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
population$ 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 cell 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 (1). This classification does
not add to our understanding 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 (1). 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
lymph.

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 small
lymphocytes do transform into large lymphocytes.
Studies with thoracic duct lymph from the rat have
shown that some of the large lymphocytes divide to
form small lymphocytes in diffusion chambers (19) and
after transfusion into syngeneic recipients (27) .
Small lymphocytes in cublture, on the other hand, can
transform into large blast cells when incubated with
various mitogens (see Section III, A, 1f). These
findings indicate that the small and large lymphocytes
are not in a static balance with each other but rather
that one may transform into the other. Therefore, the
arbitrary diviéion of lymphocytes according to conven-
tional morphologic criteria into large, medium and small
cells offers little advantage.

d) Short-lived versus long-lived lymphocytes -

A class of small lymphocytes with a considerably shorter
life span than the remainder has been described in the
blood, lymph and lymph nodes of rats (28). By labelling
the DNA of lymphocytes it was shown that the short-lived
lymphocytes are located primarily in the thymus cortex,

bone marrow and germinal centers (29). They are highly
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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). Ottsen (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 mean 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 may extend up
to 10 years.

craddock et al (29) have shown that both short and
long-lived lymphocytes are required for the induction of
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 specific immune response and
immunologic 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 Thymidine (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-specific 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-specific cells (37,
38).

Based on the present state of our knowledge 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 come 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 some 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. Vigorous recruitment of
unsensitized lymphocytes will lead to a logarithmic
increase in cell numbers 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 animals 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-specific 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-specific 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 specific 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.

Specific 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 PHA-reactive profile, i.e., there are marked
differences in the in vitro response to PHA as shown by
the degree and time of maximum specific incorporation of
tritiated thymidine and for the optimum PHA concentration
required to elicit a maximam blastogenic response.

The above data ﬁnequivocally 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 (1)
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-
fic 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 contain 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 ijrradiated mice and showed that the most
prominent 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 same 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 into 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 number of small lymphocytes and the
appearance in the lymph of large basophilic blast cells.
In a similar study, Ford and Gowans (49) have reported
that the addition of sheep erythrocytes to the lymphocyte
perfusate of an jsolated 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
from 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: Specific 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 capacity to initiate an immune response; and
(iv) the extent of participation of the donor and recipient
animals 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
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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 protein 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 immunologic 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
ljevels the plague-forming capacity of spleens of neonatally
thymectomized immuno-incompetent mice challenged with SRBC.
No significant immunologic response was achieved by giving
either syngeneic bone marrow cells, irradiated thymus
cells, thoracic duct cells, thymus extracts or yeast.
Spleen cells from reconstituted mice were exposed to anti-
H2 sera directed against either the donor 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-

forming cells (AFC) are of host origin and are not derived
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from the donor thymus or thoracic duct lymphocytes.
Thymectomized, jrradiated recipients were also used by
the same investigators (5). 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 plagues than jrradiated 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 (T6) in a strictly syngeneic system,
Nossal et al (69) 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 origin. When lethally
jirradiated mice were injected with mixtures of syngeneic
thymus and bone marrow cells, one of which was chromo-
somally marked, all the AFC were found to be of boﬁe marrow

origin.
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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 specific antibody-forming cell.

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 jrradiated mice injected with sus-

pensions containing both syngeneic thymus and marrow cells
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and immunized with SRBC produced much more antibody to
SRBC than 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 transferriﬁg immunocom-
petence (78).

Taylor (79), using a protein 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
recipient mice of thymus cells from isogeneic bone marrow
radiation chimeras, but not from normal or irradiated
syngeneic mice, were found to 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 radiatién 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) .




Page 35

The addition of bone marrow cells could enhance the
immune response by providing hemopoietic precursors

and thus, in some way, prevent depletion of the pre-
cursors remaining in the host or, as stated by Radovich
et al (84), by a non-specific effect of the bone marrow
caélls on the localization of antibody-forming cells in
the spleen. Absence of bone marrow-thymus synergism
has been observed by Craddock 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 measured by the degree of induced spleno-
megaly in cultured spléen slices. Splenomegaly occurred
when the spleens were grown for 2-3 days in the presence
of thymus tissue but not when grown in cthe 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 embryos. A
combination 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 transfer 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 thymus 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-
cytes, 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 contain 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 either fetal liver cells
or normal adult marrow cells by themselves does not result
in restoration 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

heterologous red cells (91, 92).

e) Immunocompetence of gut-associated lymphoid cells -

Chicken bursal cells by themselves are not able to produce
immunity in adoptive transfer systems (93) and do not con-
tain plaque-forming cells 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 delayed 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 Peyer's patches) play a similar
role 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 cells 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 some mammals 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 stimudated

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) could identify the struc-
tural characteristics of antibody-producing cells in the
peripheral blood of rabbits immunized with SRBC: lamellaé
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 immunoglobulins.
Oon the other hand, Roseman et al (99) , have shown that
all 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 immunocompetent cells

of the various lymphoid organs - The studies of several

investigators - reviewed by Cochrane and Dixon (66) -

have shown that the organ source of the immunocompetent
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cells may vary from one species of animals to another,
and in the same species, depeiiding 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 lymphoid tissues 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
capacity to form loci of bacterial immobilization in
vitro. The bone marrow, mesenteric lymph nodes and
Peyer's patches all possessed immunocompetent 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 transfer 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
pbut not in the spleen (67, 101).

Willard and Smith (102) studied 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 homologous marrow in the lethally
jrradiated mouse could be due to proliferation of the
hemopoietic cells of the isologous marrow along erythro-
poietic cell lines rather than along jmmunocompetent 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 rise to specific anti-
body forming cells (AFC) which differentiate along an
jrreversible 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 well
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),."PC1“ 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" by Davies 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 indieated that the cellular
system responsible for the production of hemolysin, in
response to the injection of sheep red bldod 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 cell. Lymph node £ragments
from nonimmune rabbits produced specific antibody in res-
ponse to their exposure to a ribonucleic acid fraction
extracted from peritoneal exudate cells which had been

incubated with the antigen (108, 109). Feldman and
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Gallily (110) induced antibody formation to Shigella in
lethally irradiated mice by inoculating them with macro-
phages obtained from immunized animals 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 (111, 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 some but not all 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 specific 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 (6) to
require the presence of macrophages. Oon 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 columns. 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
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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 response -

As shown in 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 bone 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:




Page 49

(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 sensitivé 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 guantitation of stem cells

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 embed in the spleen and
respond to antigenic stimulation, by proliferating and

differentiating into colonies. Such colonies can be




Page 51

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, they 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 division 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 specific antibodies (104,
123,. 1238). 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 (L), indicating that the ancestor

of the AFC is a lymphoid cell. Nossal et al (125) have
shown that lymphocytes from thoracic duct lymph can trans-
form into AFC. As stated previously (see Section B.1l),
the bone marrow and several embryonic organs of the mouse,
put not the thymus, provide precursors of cells capable

of forming hemolytic plaques in vitro and of synthesiz-
ing immunoglobulins and specific antibody. The spleen
cells in the mouse are capable by themselves 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 gsection B.1l). 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 gqualitatively to those of intact mice. 1In
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 several 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 unclear. The in vitro
work of Dutton and Mishell (91) and the in vivo work of
Shearer et al (126) have shown that the ARC are pre-
committed cells and that the AFC are unipotent. Trentin
et al (128), on the other hand, have shown that the bone
marrow immunocompetent cells are pluripotent, but once
they are induced to transform to actual AFC, they lose

their pluripotentiality.

d) Postulated mechanisms of cell to cell interactions -

The interaction of two or more cell types is presumably
required for the induction of the primary response. As
discussed above (see Section Bl), the interaction of the
thymic ARC with the bone marrow AFC in the mouse is a
requisite for the successful induction of the immune res-
ponse. How does this interaction take place? 1Is there a
need for a third cell 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. McFarland et al (131) have described lymphocytes
interacting with macrophages by means 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 assumed to be
mediated by antibody and antigenic determinants on the
cell surface. This has been postulated to occur by sev-
eral ways: An antigenic determinant 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 specific and that it
appears to be mediated by antigen and/or antibody on the
surface of the interacting cells. All 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 specific antigen.

3. 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 columns;

b) Separation on a density gradient using albumin,
sucrose or dextran gradients. The cells separate on the

basis of their sedimentation rate and density:;
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c) Separation on the basis of surface 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
small lymphocytes by size filtration or on the basis of
their active adherence to glass bead columns. Plotz and
Talal (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 well as unfrac-
tionated cells if stimulated with the optimal dose of a
non-specific stimulant such as PHA 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, recipients 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 specific

immunoadsorbants for antibody was first demonstrated by
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Sutherland and Campbell (136). Recently, Wigzell and
Anderson (137) passed immune mouse lymph node cells
through a column of antigen-sensitized glass beads and
observed that the cells which passed through the column
were specifically deprived of immune reactivity. Cells
synthesizing the specific antibody were found to stick
to the antigen-coated glass beads and could be eluted.
The specific retention of immune cells by antigen-coated
columns was shown to be selectively blocked by the pres-
ence of free antigen molecules in the medium during fil-
tration. Up to the present time, fractionation of normal
(non-immune) lymphoid cells using the antigen-coated

glass bead columns has not been reported.

b) Fractionation on a density gradient - Albumin

density gradients have been used to study the distribu-
tion of antigen reactive cells as compared to antibody-
forming cells. Haskill (138) reported changes in the

density profile of antigen reactive cells in rat spleen

following antigen stimulation. This change of profile




Page 60

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
plagque assay 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 Qpleen
have also been shown (140) to sediment more rapidly in
sucrose gradient than did the bulk of the non plague-
forming cells (140).

The cell(s) capable of initiating graft-versus-host
reactions have also been separated by using density
gradient centrifugation in albumin gradients. Shoptman
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-wool filtration and dextran-gradient centrifugation
were most efficient in protecting lethally x-irradiated
syngeneic rats (143). The lymphocyte-rich fractions of
normal rabbit bone marrow obtained by centrifugation in

a linear sucrose gradient has also been found to respond
markedly with blastogenesis and mitosis to stimulation
with antigens in vitro, whereas the lymphocyte-poor frac-

tion responded minimally (144).

c) Fractionation by surface charge - Mouse spleen

cells have been fractionated by means of counter current
distribution (145). The results showed that fractions
enriched with respect to granulocytes and stem cells

could be separated from antibody-producing cells. On the
other hand, Mel and Jullien (146) failed to detect enrich-
ment of "colony forming units" in any of the cell frac-
tions after differential electrophoresis of mouse marrow
cells. However, enrichment was obtained following separa-
tion of the marrow cells 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 éells 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-
perty has been used to distinguish them. Lance and Taub
(148) transferred 51Cr-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, migrated mainly to the spleen and, to a lesser

extent, to lymph nodes.

4. The mechanism of antigen recognition by immunocom-

petent lymphoid cells - Since the response to antigen is

characterized by the extreme specificity of the reaction,
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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 dividion 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 specific 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 antisera, 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 specific 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
ceils 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 rabbitkimmunoglobulins or human prealbumin did
not have any effect.

Despite the rapidly accumulating evidence for the
presence of immunoglobulin-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 lesion in the tolerant state -

Immune tolerance (or paralysis or unresponsiveness) is
caused either by depleting the tolerant host of cell
clones, central or peripheral, reacEive 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
(105, 155, 156, 157, 158, 159). They have demonstrated
that the immune response can be induced in the paralyzed
host by the transfer of cells of normal lymphoid tissues
(lymph node, thymus, or spleen cells) (160) and £hat 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.

McCulloeh. 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.1l),
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 specific 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 ultracentrifugation
(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 tﬁe direction of
antibody formation or tolerance would therefore depend
on some qualitative or quantitative features of the ini-

tial interaction between the antigen and the receptor.

3. Kinetics of immune tolerance - Mitchison (111),

in investigating the target cell(s) in the immune response,
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 paralysis in the recipient. How-
gver, 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 iymphoid

ggllg - Chromosomally-marked bone marrow cells, and not
labelled lymphoid cells of other organs, when infused into
syngeneic 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 contain 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 origin. 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 origin. The

major criticism against these experimental protocols is
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the abnormal situation created by the rapid intravenous
injection of a lafge number of hemopoietic stem cells
into lymphoid-depleted lethally-irradiated recipients.
Whether the bone marrow lymphocyte originates in situ,
or from the circulating blood lymphocytes or from both is
still a controversial subject. A number of studies have
suggested that the marrow small lymphocytes originate in
the peripheral lymphoid tissues and are transported via
the blood to the marrow where they serve as blood cell
precursors (170) . This concept has been disputed by
several other investigators (26, 171, 172, 173) who have
shown that the majority of marrow small lymphocytes are
formed in situ. By injecting 3H—thymidine into adult
guinea pigs and rats and following the degree of label-
ling of the cells in the various tissues by means of
radioautography, labelled dividing lymphoid cells were
seen first in the bone marrow 'prior to-their appearance
in the peripheral lymphoid tissues. Surgical ablation
of peripheral lymphoid tissues does not affect the kinetics

or degree of labelling of the lymphoid cells in the bone
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marrow (173). By electron microscopic 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 erfthropoietic, 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. By 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.

b) The bone marrow origin of immunocompetent cells -

The observations that the bone marrow cells can populate
all lymphoid tissues, particularly the thymus, prompted
several investigators (104, 128) to study the redation-
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 T6é 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 shown to be antigen inde-

pendent (127). Irradiated mice grafted with bone marrow
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cells were 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 thymocytes 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 settled. Globerson
and Feldman (176, 177) have demonstrated that the immune
response obtained in thymectomized lethally-irradiated
mice protected with syngeneic chromosomally-marked bone
marrow and thymic grafts is a manifestation of the donor
marrow cells and not of cells from the thymic graft.
Moreover, it has 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 jrradiated thymectomized mice grafted
with marrow cells and implanted with thymus enclosed in
a cell-impermeablé 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 (81, 82) and Agarossi
and Doria (180). They have shown that the recovery of the
immune response to SRBC in lethally irradiated mice trans-
planted with either syngehic 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
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were transferred together with SRBC to lethally irradiated
syngeneic mice. Thymus cells from young chimeras were
better able to transfer plague 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 cells 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 well 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-forming capacity and immunocompetence
derive from different cells, put these precursors ori-
ginate from the same stem cell.

The direct demonstration that the transplanted chromo-
somally-marked bone marrow cell is the cell responsible
for antibody production was shown conclusively b§ Wu et
al (54, 181). They infused syngeneic chromosomally-
marked bone marrow cells into lethally-irradiated reci-
pients. The same chromosome marker was found in the
hemopoietic colonies of the spleen, in the thymus and in

the poplitealilymph 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.

¢) 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 (182), applying
3H-thymidine labelling to the "gkin-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 character 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. All
macrophages of the chimera carried the T6-T6 chromosome
marker only. This indicates that lymphoid tissues out-
side the marrow, namely thymus, lymph node and peritoneal
exudate cells, do not contain precursor cells of macro-
phages (184, 185, 186, 187).

The origin of the macrophages in visceral organs is

still controversial. 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).

5. The role of the bone marrow in humoral immunity

and immunoglobulin production - As discussed in Sections

B.1, B.2, and D.l, 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. 1In
the rabbit, the sacculus rotundus, appendix and Peyer'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 func-
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tion of these latter organs, like that of the thymus in
the mouse (123), is to modify stem 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 number of protein 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, lest 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.

Human bone marrow cells cultured in vitro have been

shown to secrete immunoglobulins 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 macroglobulinemia, it was
observed 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
boné 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 combina-
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 (104) 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 some point during differen-
tiation the stem cells come under the influence of the
thymus and acquire the ability to recognize an antigen,
probably by écquiring 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 cells (AFC) will
result in cells producing antibody, of the same speci-
ficity, directed to this antigen. It has been suggested
by several investigators that the division of the AFC
continues until either the level of the antigen decreases
below the 1evél necessary for further stimulation (199)
or until the level of antibody is high enough to exert a

repressive function (200).

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

The successful induction of the delayed hypersensitivity
reaction (DH) requires the cooperation of two cell types:
A thymic-derived cell for the initial sensitization steps
and a bone marrow-derived cell for the subsequent cellular
infiltrative reactions (37, 38).

In rats (37), neonatal thymectomy prior to sensitiza-
tion with the antigen inhibits the subsequent delayed
hypersensitivity reaction. However, the animals can
become sensitized if they are injected with sensitized

syngeneic lymphoid cells. On the cther 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 PPD (37). These
data indicate that in order to elicit a DH 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
DH reactions are not actively-sensitized cells. The experi-
ments of McClusky et al (201), in which passive transfer of
cells was combined with thymidine labelling of donor or
recipient cells, demonstrated that 80-90 percent of the
cells infiltrating the sites of specific skin reactions
were host derived. These latter cells have been shown to
be bone marrow derived and constitute a non-specific com-
ponent of the reaction. They are phagocytic and resemble
macrophages which appear in sites of noh-specific inflam-
mation. The experiments of Lubaroff and Waksman (37, 38)
demonstrate 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 thymic 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).

Histologic 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-
allergic lesions (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) (1, 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 Fl
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
Fl1 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 Fl inter-
mediate host to transfer GVHR was diminished if spleen
cell and not bone marrow cells were jnitially injected
into the donor. Thoracic duct cells from normal unino-
culated Fl hybrids failed to dive 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
F1 host are less effective, if compared to bone marrow
cells from normal donors, in causing homologaus disease
in the secondary Fl 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 adult 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 Fl 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 parentad 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-
jent and the hemopoietic capacity and GVHR activity of
the cell fractions obtained were studied in lethally
irradiated Fl1 hybrid mice. A cell fraction rich in blast
cells showed a 10-fold increase in the concentration of
colony forming units (index of hemopoiesis) and a more
than 10-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 thymus 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 allogeneic 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 susceptibility of Fl1 hybrid rats to GVHR
induced by the intraperitoneal injection of parental
strain spleen cells. The capacity of thymocytes to induce
GVHR in appropriate recipients is controversial since it
has been observed that thymocytes can (210) and cannot
(16) transfer GVHR to apprppriate recipient hosts. Lym-
phoid cells (spleen and circulating lymphocytes) from
neonatally thymectomized mice are less efficient as com-
pared to cells from non-thymectomized donors in causing
GVHR upon transfer to lethally irradiated recipients (211).

In contrast to these effects of thymectomy, ablation
of the bursa of Fabricius in the chicken with subsequent

loss of the bursal-dependent population of cells does not
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lead to a decreased capacity of the circulating lympho-

cytes to exert GVHR in recipient animals (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 IITI.C). Recently, however,
Playfair (212) has shown that cells derived from the bone
marrow in the mouse are the tolerant cells in cyclophos-
phamide—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 peripheralp
level cannot therefore be disregarded.

The role of the bone marrow in immune tolerance has
peen 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 animals
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 cells no longer recognized the allogeneic erythro-
cyte donor as foreign since they could protect the allo-
geneic recipient against lethal irradiation. They were
also unable to induce secondary disease in the allogeneic
host, a disease jnduced in 100 percent of jrradiated 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-
cific 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 exterdarized
spleen in mice subjected to ljethal irradiation results
in enhanced survival (217) . Similar enhancement in
survival has been obtained by implantation of hemato-
poietic tissue (infant spleen) into lethally-irradiated
animals 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 petween experimental and con-
trol animals. Lorenz and co-workers (2195, 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 than isologous tissues. Histologic 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 donor 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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Nowell and co-workers (221), utilizing the difference
in~alkaline phosphatase activity between the mature
neutrophils of rats and mice as a marker, demonstrated
the presence of rat cells in lethally irradiated mice
protected by the injection of rat bone marrow. Within
14 to 28 days after treatment, essentially all neutro-
phil cells in the bone marrow, blood and spleen were of
rat origin. Makinodan (z22) postulated the presence of
rat ergthrocytes in mice treated with rat-marrow due to
their failure to respond immunolagically 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 circulating RBC.

In a homologous mouse bone marrow transplant experiment,
Ford and ¢o-workers (223) used a chromosome marker to
identify dividing donoxr cells in the bone marrow, spleen,
lymph node and thymus of the protected animals. Within
five days, almost all of the dividing cells in these
tissues were identified cytologically to be of donor

origin and remained so for the period of observation,
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which was 386 days (223). These initial results pro-
vided an impetus for more extensive investigations
involving bone marrow transplantation in animals and
man. Seller and Polani (224) successfully treated mice
with a genetically determined macrocytic anemia with
allogeneic bone marrow hemopoietic cells. The grafted
marrow proliferated, allowing the recipients to develop
a normal blood picture.

Certain types of immune deficiency syndromes in
man with a probable defect at the stem cell level have
recently been treated by bone marrow grafting. Gatti
et al (225) reported the successful treatment of a 5-
month old male with sex-linked lymphopenic immunolo-
gical deficiency, iBoth cellular and humoral immune
functions in the recipient were reconstituted following
the injection of immune competent cells from peripheral
blood buffy coat and bone marrow of a sibling donor.
Fatal graft-versus-host disease was circumvented by
matching the donor cells with the patient's cells with

respect to the HL-A locus, as determined by both mixed
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lymphocyte culture and lymphocytotoxié 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 imppovement in the patient's
clinical state.

The technique of tissue grafting 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

MATERIALS AND METHODS

A. Materials

Animals

Adult, 4 to 6 pounds outbred New Zealand white
rabbits were purchased foom a local dealer. They were
maintained in a well-ventillated, temperature-controlled
animal room and were fed and watered at regular intervals

of time.

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

horse red blood cells (HRBC) 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 chdoride) 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 dediment, 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. Tﬁe 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) - Hyland Laboratories,

Los Angeles, Calif.).

4. Bovine gamma globulin (BGG) - Y{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 cells at weekly intervals for three weeks.
The rabbits were bled 7-10 days following the last
injection and the sera obtained following centrifuga-
tion of the clotted bloods were stored at -10°C until

used.

2. BAnti-allotype antisera - Anti-allotype antisera

were kindly provided by Dr. S. Sell, Department of
Pathology, 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
allotype according to the method described by Sell and
Gell (152).

3. Complement - Commercial dried guinea pig comple-
ment (Hyland Laboratories, Los Angeles, Calif.) was used
through the study. It was dissolved and diluted in satine

(0.9 percent sodium chloride) prior to use.

4. Media - Medium 199 with bicarbonate (Microbio-

logical Associates, Bethesda, Md.) containing penicillin
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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 mixture 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.
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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 stertle
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, pPharmacia, 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 cell concentration.

Bone marrow cells were obtained from rabbits that
have just been sacrificed by the intravenous administra-
tion of nembutal (50 mg. per kg body wt). The femur and
tibia were cleaned and split with a bone cutter and the
marrow was suspended in sterile disposable plastic tubes
(Falcon Plastics, Los Angeles, Calif.) containing normal
rabbit serum (NRS). The tubes were shaken vigorously
for a minute and centrifuged at 800 rpm for 5-10 minutes.
The fatty upper layer was decanted and the cells were
suspended in Medium 199 containing penicillin (100 units
per ml), streptomycin (100 ug per ml) and NRS (15 per-
cent) (Med-PS-NRS). The cells were washed once more and
resuspended in Med-PS-NRS to the required cell concen-

tration.

cell-Culture technique and determination of radioactive

thymidine incorporated by the cultured cells incubated

with the isotope

The cells to be cultured were suspended in a concen-

tration of 106 per ml in Med-PS-NRS and 4 ml aliquots of
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the cell 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 CO2 in
air in an incubator at 37°C for three days. Tritiated
thymidine (r-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
cell buttons resuspended in £Wo nml of five percent tri-
chloracetic acid. The tubes were centrifuged and washed
once more in an identical fashion with trichloracetic
acid. One half ml of Hyamine (Packard Instruments, 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 absolute
ethanol (0.6 ml total). The vials were then incubated at

70-75°C for one hour, allowed to cool at room temperature,




Page 107

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 sgecific

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 1400r 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 of 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 capacity
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
undistupbed with their mothers. All 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 Plaque 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 (0.1 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 mixed 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 100 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 inqubated with anti-allo-
type antiserum (Anti - Aj 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 all diluted

in a one percent solution of human serum albumin (Hyland
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Laboratories, Los Angeles, Calif., USA). The technique
is essentially that described by Chou et al (227). The
results are also expressed as the number of plaques per

6

10° 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 bottom 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 well until the cells were
evenly dispersed. The following controls were performed
with each experiment: (i) incdubation of sensitized cells
with diluent only and (ii) incubation of unsensitized
cells with the antiserum. The tubes were allowed to
stand at room temperature 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. 1In the presence of antibodies,
the red cells formed a gelatinous-1like layer covering

the entire bottom surface of the tube and this dispositioén
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of the sensitized cells constitutes a positive hemag-
glutination reaction. The titer 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 specific 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. 1In
the presence of antigen, the red cells fail to agglutinate.
The first tube showing positive hemagglutination is con-
sidered the end point. The exact émount 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 Cells on Antigen-Sensitized

Glass Columns

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, HCS or scs, 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
ljeft 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 internal 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-
fic agglutination of antigen—sensitized red blood cells
(see above). The normal bone marrow cells (300 to 500 x
106 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 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.

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 002 in air for 1 to 24 hours at 37°C,
following which they were washed twice and injected, in

variable numbers, into jrradiated recipient rabbits.
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CHAPTER V

EXPERIMENTAL PROCEDURES, RESULTS AND DISCUSSION

A. Preliminary Studies to Determine the Optimal Con-

ditions for the Various Experimental Procedures

The initial sequence of experiments was carried
out in order to establish baseline values with respect
to the various parameters utilized in the experimental
protocols outlined below. They constitute the framework
upon which the interpretations of the results of the
subsequent experiments are based.

1. The Plaque Forming Ability of the Different

Rabbit Lymphoid Tissues and the Optimal Conditions for

the Formation of Hemolytic Plaques in Vitro - Rabbits

were injected intravenously with either 106, 107, 108,
or 169 SRBC and sacrificed 7 days later. Cell suspen-
sions of the various lymphoid organs were prepared and

were analyzed for plagque-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 1, 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 10® to 8 x 10° splenic cells were plated. Greater
numbers of splenic cells (24 x 106 or 32 x 10°%) 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 optimal 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

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

were injected intravenously with either SRBC and/or HRBC

(109 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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only (Table 4). Similarly, spleen cells of rabbits
immunized with SRBC incorporated radioactive thymidine
only when incubated with SRBC stroma in vitro, whereas
spleen cells of rabbits immunized with HRBC incorporated
tritiated thymidine only when incubated with HRBC stroma

(Table 5).

b) Cross-Reactivity between Human Serum Albumin

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

from Table 6, there was almost no cposs-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 cells is
less than 0.1 percent. A similar situation exists bet-

ween HSA and BGG.



TABLE 1

PLAQUE FORMING CAPACITY OF DIFFERENT LYMPHOID ORGANS OF RABBITS

IMMUNIZED WITH SHEEP RED BLOOD CELLS (‘109 CELLS)

Time after Antigen - . Cells of Lymphoid grqnn Plated
Administration (Days) (No. of Plaques per 10° Lymphoid Cells)

Spleen Thymus Bone Marrow Lymph 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 3 <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
Administered

Lymphoid Cells Plated (Day 7)
109 71
108 47
107 5
106 1

ZZT1 obeg



TABLE 3

RELATIONSHIP BETWEEN NUMBER OF SPLENIC LYMPHOID CELLS PLATED

AND NUMBER OF PLAQUES OBTAINED FROM SPLEEN OF SAME DONOR

No. of Splenic Lymphoid Cells Plated No. of Plaques per 106
{(x 106) Splenic Lymphoid Cells*

32 1
24 7
16 28

8 62

6 67

4 69

2 69

* Spleen Cells obtained from rabbit immunized 7 days earlier with 10°
S-rbc intravenously

€21 @bea



TABLE 4

CROSS REACTIVITY BETWEEN HORSE AND SHEEP RED BLOOD CELLS,

IN VIVO RESPONSE IN NORMAL RABBITS

Cells Used for Immunization
(1 x 107)

Hemagglutination Titer on Day

7

No. of Plaques per 108 Splenic
Lymphoid Cells on Day 7 Incubated with

14
Anti- Anti- Anti- Anti- H-rbe S-rbc
H-rbc  S-rbc | H-rbc  S-rbc
S-rbe 10 640 40 25,600 7 71
H-rbe 1,280 0 40,000 80 97 5
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TABLE 5
CROSS REACTIVITY BETWEEN HORSE AND SHEEP RED BLOOD CELLS,

IN VITRO RESPONSE OF IMMUNE RABBIT SPLENIC CELLS

Cells Used for Immunization Specific Incorporation* of Radio-Active Thymidine

by the Immune Spleen Cells** in the Presence of

H-rbc Stroma 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.

Gz1 obed
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TABLE 6

THE CROSS REACTIVITY BETWEEN HUMAN SERUM ALBUMIN (HSA) .

AND BOVINE GAMMA GLOBULIN (BGG)

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

*

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

** Hemagglutination 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

1. 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 800r 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 analyzed 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 (dee Materials and Methods).
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2. Results - As can be seen in Table 7, normal
bone marrow cells, peripheral blood 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 could
not transfer immunocompetence. 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 could transfer plaque-forming capacity with respect
to SRBC (Table 8). When HRBC were used as immunizing
antigen, only the bone marrow could 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 cells could transfer

humoral antibody-forming capacity with respect to all the
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antigens tested (Tables 10 and 11l) whereas sacculus
rotundus and blood lymphocytes would transfer immuno-
logic 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.



TABLE 7

THE PLAQUE-FORMING CAPACITY, WITH RESPECT TO S.RBC, OF SPLEENS OF
TRRADIATED RABBITS INJECTED WITH NORMAL ALLOGENEIC LYMPHOID CELLS AND S-RBC

No. of Plaques per 10% Splenic Lyaphoid Cells of Irradiated Rsbbits®
Injected with Lymphoid Cells Obtained from the Following Organs

Saoculus | Blood

Spleen

Thymus (ropl L:u. 6'::.nut10)
16
11
18
29
34
2
4
29

40 '

75 12 4 6 9% 100
sees ----*.-g--ﬂ-----....---.-----.---- sees
70 10 11 26 6 "

* The rabbits were subjected_to $00r total body ation followed by the intravemous
administration of 3-53 x 107 lymphoid ocells and 109 S-JBC. The rabbits were sacrifioced

7 days later and their spleens were analyzed for plague-forming capacity.




TABLE 8

THE PLAQUE-FORMING CAPACITY OF SPLEENS OF IRRADIATED RABBITS
INJECTED WITH NORMAL ALIOGENEIC LYMPHOID CELLS AND S-RBC

e
No. of Plaques per 106 splenic Lymphoid Cells of Xrradiated
Rabbits* Injected with Lymphoid Cells Obtained
from the Following Organs

Spleen | Popliteal Mesenteric | Sacculus
Lymph Node | Lymph Mode |.Rotundus

14 . 6
13 7
74 9 . 8
96 17 13
13 8

* The rabbits were subjected to 800r tot'l body irradiation tolsov.d by the
intravenous stration of 3-5 x 10° 1 id cells and 107 B-RBC. The
rabbits were sacrificed 7 days later and their spleens were analyzed for

plaque-forming capacity.

g€Y obeg



TABLE 9

v

THE PLAQUE-FORMING CAPACITY OF SPLEENS OF IRRADIATED RABBITS INJECTED
WITH NORMAL ALIOGENEIC LYMPHOID CELLS AND S-RBC AND H-RBC

Lynpbofd Cells No: of Plaques per 108 sPla'nlc Lymphoid Cells
Transferred of the Irradiated Recipient Rabbit* Incubated with

8-RBC H-RBC
Bone: Marrow 638 64
Sacculus Rotundus 54 6
Blood ’ 84 2
Mesenteric Lymph Node zé 3
Popliteal Lymph Node ’ ’ 5 6 .

N
nil 4 1
nil 8Qree 5800
¢ Rabbits were subj to 800r total body irradiation and then given 3-5 x 108

lymphoid cells, 107 S-RBC and 109 H-RBC intravenously. The rabbits were sacri-
ficed 7 days later for the plaque assay against both 8-RBC and H-RBC. Each value,
represants the mean of duplicate determinations.

** Each value represents the mean of three different experiments.

ess Non-irradiated rabbit, immunized with S~RBC and H-RBC {control).

7

pET 9bed



TABLE 10

v

HEMAGGLUTINATION TITERS OF IRRADIATED RABBITS INJECTED WITH

NORMAL ALLOGENEIC LYMPHOID CELLS, S-RBC, H-RBC AND R-RBC

Hemagglutination Titers of Irradiated Rabbits®
Injected with Cells Obtained from the Pollowing Organs

Bone Marrow Sacculus Rotundus Blood

Anti- Anti- Anti- Anti-

Anti- Anti- Anti- Anti-
8-RBC H-EBC R-RBC 8-8C

H-RBC R-ISC 8-MC H-FBC

5,120 2,560 640

® The rabbits were subjected_to 800r total

body irrgpdiation followed by the intravenous
sdninistration of 3-5 x 10% lymphoid cells and lo.d:-.c. #~-F3C and R-EBC.

GET obeg



TABLE 11

HEMAGGLUTINATION TITERS OF IRRADTATED RABBITS INJECTED WITH
NORMAL ALIOGENEIC LYMPHOID CELLS AND HSA AND BGG °

Day of ’ Hemhgglutination Titers of Irradiated Rabbits*
Bleeding Pollowing Injected with Cells Obtainad from the PFollowing Organs

Irradiation and
Immunization Bone Marrow Sacculus Rotundus Blood

Anti-HSA Anti-BGG Anti-HSA  Anti-BGG Anti-HSA  Anti-BGG

640
2,560

2,560

* The rabbits were subjected to 800r total body irradiation followed by the intravenous
gdllniotrltion of 3-5 x 108 lymphoid cells and 25 mg of HSA and BGG.

9¢T obeg
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TABLE 12

THE ANTTBODY-FORMING CAPACITY OF HSA-TOLERANT RABBITS

INJECTED WITH NORMAL ALIOGENEIC LYMPHOID CELLS AND HSA

Hemagglutination Titers* of Tolerant Rabbits**
Injected with Normal Lymphoid Cells Obtained
Prom the Pollowing Organs

B

Cel

1,

* The hesagglutination
antiserum capable of
Titers less than 10 are cons

1s)

320
280
640

MM‘O\'
(4 x 10

Spleen_ Lymph Node Lymph Node Sacculus

Thymus
(3 x 108 (3 x 108 -Pop

Appendix Blood
iteal -Nesenteric Rotundus_ (3.5 x 108 (4 x 107

Cells)  Cells) R tol (2ea x 108 (3.5 x 10°  Cells) Cells)
Cells) Cells) Cells) :
"0 0 ) 10 0
) 0 o ) 10 0
20 0 ° 10 20 20
20 40 1] [+] ‘20 20

«s pabbits were made tolerant to HSA by the s
“days 2 and 5 of life. They were injected
cells at six weeks of age along with 25 mg HSA.

titer is defined as the inverse of the saximum dilution of the
effecting agglutination of HSA-sensitized sheep red blood cells.
idered to be negative.

ubcutaneous administration of 100 mg HSA on
intravenously with the allogeneic lymphoid .

Ay

L

LET ®obeg
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3. Discussion - These experiments were carried out

in order to ascertain 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 exrposed 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 all 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. 1In 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 marrvow 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 thése findings may be
that the cells in the sacculus rotundus, mesenteric node
and blood, reactive toward the SRBC, may .ot be ARC but
memory cells or AFC. The SRBC, but not rabbit RBC or
rabbit tissues, possess the Forssman antigen, an antigen
present in many microorganisms, 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 Salmonella 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 ini;heir system.

The demonstration that only the bone marrow serves
as the original organ source of the ARC serves to point
out the functional he£erogeneity which exists among
lymphocytes in the different lymphoid organs. Further-
more, if, as has been demonstrated by numerous investi-
gators, lymphocytes constantly migrate between the dif-

ferent lymphoid organs (27, 50, 62, 87), they are,
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nevertheless, very selective as to their destinations
or else there would be a uniformity of function among
the lymphocytes of all 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
well.

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
clone(s) 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.
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C. The Antigen Reactive Cell in the Immune Response

1. Experimental Procedures and Results - The expe-

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 folldwing

the transfer of 0.5 to 1 x 108 bone marrow cells whereas
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a lesser number 6f bone marrow cells could not confer
plague-forming activity to an irradiated recipient

rabbit (Table 13).

2) The State of Viability of the Bone Marrow

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

cells of irradiated rabbits which had been injected with
normal rabbit bone marrow cells gave many plagques, whereas
spleen cells of irradiated rabbits which had been injected
with either the heat-killed or sonicated preparations of
the bone marrow did not give a greater than background
number of plaques.

Insofar as the viability of these two latter cell pre-
parations, prior to their administration into irradiated
recipients, is concerned, no intact cell could be observed
in the sonicate prepared from 0.5 x 109 cells. Using the
dye-exclusion test as an indicator of viability, less than
five percent of the cells in the heat-killed preparation

were viable.
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3) Interwal 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
capacity 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 lost as early
as 8 hours following the SRBC injection and does not
reappear until 3-5 days following SRBC administration.

The reactivity of the bone marrow transferred after day

5 following immunization generally exceeded that of nor-

mal bone marrow allografts.

4) Number of SRBC Injected into Donors - As

can be seen in Table 16, bone marrow cells of donor
rabbits given 108, 109, or 10lo SRBC were incapable of
transferring plaque-forming capacity with respect to SRBC
to the irradiated, recipient rabbits, whereas this acti-

vity was possessed by bone marrow cells obtained from
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rabbits injected with 10% or 107 SRBC 18-24 hours prior

to sacrifice.

5) Passive Immunization of Bone Marrow Donors -

Several bone marrow donor rabbits were passively immun-
ized with high-titered rabbit anti~SRBC antiserum 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 10°
SRBC and were sacrificed seven days later and their
spleens were analyzed for plaque-forming capacity. As
can be seen from Table 17, passive immunization 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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T PRIMED DONOR 8.M. Sxi0° IRRADIATED RECIPIENT
i #x10% o-rbe 24 HNS. ' + U1 X10Y) 8—rbe (8009

Figure 2. PROTOCOL FOR THE DEMONSTRATION OF THE ROLE OF THE

ANTIGEN REACTIVE CELL IN THE IMMUNE RESPONSE



TABLE 13
THE RELATIONSHIP BETWEEN THE CAPACITY OF THE SPLEEN CELL

IN AN IRRADIATED RABBIT TO PRODUCE m{onmc PLAQUES AND THE
NUMBER OF NORMAL BONE MARROW CELLS INJECTED ALONG WITH THE ANTIGEN (S-rbe)

Wo. of Si-olytic Plaques per 106

io. of Normal Rabbit Bone Marrow Cells <
Splenic Cells of Recipients on Day 7

Transferred to ;rtadhud Host*
(Plus 107 S8-rbc)

5.00 x 10%
2.00 x 10%
1.00 x 10°
0.50 x 10°
0.2 x 10°
* mormal rabbits were subjected to ;oor total body irradiation and then given’

allogeneic bone marrow and 1 Xx 107 8-rbe.
Y
'

gy 1 9bed
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TABLE 14

THE PLAQUE-FORMING CAPACITY OF SPLENIC CELLS
OF IRRADIATED RABBITS INJECTED WITH SONICATED OR
HEAT KILLED NORMAL ALLOGENEIC BONE MARROW CELLS

Cell Preparation Transferred No. of Plaques per 106 Splenic

to Irradiated Recipient Lymphoid Cells of
9 Irradiated Recipient (Day 7)*

(Equivalent to 0.5 x 10
Mononuclear Cells)

Whole, Normal Bone Marrow
Sonicated, Normal Bone Marrow

Heat-Killed Normal Bone Marrow

TR e

' . k
* Recipients were subjected to 800 r total body irradiation prior
to the intravenous a istration of the bone marrow and the
sheep erythrocytes (107 cells).

** Bach value represents the mean of duplicate determinations;
the values did not normally vary by more than t10 percent
from the mean.



Page 150

TABLE 15

RELATION BETWEEN TIME OF ANTIGEN, ADMINISTRATION (PRIMING)
AND THE CAPACITY OF PRIMED BONE MARROW CELLS TO.CONFER
PLAQUE-FORMING ABILITY TO THE SPLEENS OF IRRADIATED
RECIPTENT RABBITS SEVEN DAYS LATER

) Interval between Antigen No. of Plaques per 106 i
l AMninistration®* into Donox splenic Lymsphoid Cells of
! and Transfer of Bons Marrow .yrradiated Recipient*® (Day k)] :

! Cells to Irradiated Recipient ;
’ |

Two Hours coene ‘

rour Houxi 71

Eight Hours 12 !

1 1 Day 4 ‘
2 Days 5 |

3 Days . 11 :

s Days . 92 i

8 Days Y

10 Days [ 1)
. ~ -y

*1lx 109 sheep red cells given intravenously

*» pacipients were subjected to 800 r to body irrsdiation
followed bx the injection of 0.5 x 109 bone marrow cells
and 1 x 10?7 sheep red cells.

sse Control values are 72 plaques for irradiated recipients
ziv.n normal bone marrow and sheep rbc and S plaques for
rradiated recipients given sheep rbc only.




TABLE 16

PLAQUE-FORMING CAPACITY OF SPLENIC LYMPHOID CELLS OF IRRADIATED
RABBITS WHICH HAD BEEN INJECTED WITH ALLOGENEIC BONE vMARROW
FROM DONORS PRIMED WITH DIFFERENT DOSES OF S-RBC

No. of Plagues per 10® splenic Lymphoid
Cells of Recipient Rabbits** on Day 7

-rbc intravenously 24 hours prior to sacrifice.

#* Rabbits were subjected to 800 r total body irradiation followed b;
the intravenous injection- of 5 x 108 bone marrow cells 2nd 1 x 10

S-rbc. >

* ponors were given S

TIST obed



TABLE 17

¢

THE PLAQUE-FORMING CAPACITY OF SPLENIC LYMPHOID CELLS OF IRRADIATED RECIPIENTS
OF BONE MARROW CELLS OBTAINED FROM DONOR RAHBITS PASSIVELY IMMUNIZED

WITH ANTISERUM TO SHEEP RED BLOOD CELLS

Treatment of Bone Anti S-rbc Titer of Bone Marrow Donor No. of Plagques per 10° Splenic
Marrow Donor at Intervals of Time PFollowing Lywhoid Cells of Recipient Rabbits
Injection of the Antiserum
One Hour 4 Hours 24 Hours
Rabbit Anti- 320 320 160 64
Sheep-rbc*
None - - - - < 67

¢ Rabbit was given 5 ml. of antiserum titer 32,000)intravencusly
at time 0 and sacrificed 24 hours later.

ZST obeq
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From the above, it appears that 5 x 108 bone marrow
cells have to be transferred to irradiated recipients in
order to get maximum number of plaques in response to
the injection of 1 x 102 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 immunocompetence 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 Specific Loss of Antibody-Forming Capacity

to Sheep Red Blood Cells by Primed Bone Marrow Cells -

Normal rabbits were injected intravenously with 102 smBC
and sacrificed twenty-four hours later. The bone marrow

cell suspensions prepared from these rabbits were injected
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into irradiated recipient rabbits along with 102 srac.
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 cells 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 above background.

As can be seen in Table 19, the bone marrow célls 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 marrow cells
were stimulated to undergo mitosis and blastogenesis
and to incorporate tritiated thymidine when incubated
with SRBC stroma in vitro, with a specific incorpora-
tion index of 61. On the other hand, spleen cells of
rabbits which had received bone marrow primed to SRBC
were incapable of responding in the presence of SRBC
stroma (specific 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
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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 specific 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.



TABLE 18

RELATION BETWEEN THE NUMBER OF NORMAL OR PRJMED'H)NE MARROW CELLS
INJECTED AND THEIR CAPACITY TO CONFER PLAQUE-FORMING ABILITY TO THE
SPLEENS OF IRRADIATED RECIPIENT RABBITS SEVEN DAYS LATER

Mo. of Bone Marrow Cells No. of Plagques per 10‘ Splenic
Transferred to Irradiated mipuns Lymphoid Cells of Recipients® Receiving
Normal Bone Marrow | Primed Bone Marrow
9 x 10° 72 n
s x 108 ) n u.D.**
2 x 108 , 30 N.D.
1 x 10® ) 12 N.D.
0.5 x 108 ‘ 12 “H.D.

* Recipients were subjected to 800 r followed by the injection of bons marrow
cells and 1 x 109 sheep red cells given i.v.

** X.D. = Mot Done

LST @bed



TABLE 19

v

THE PLAQUE-FORMING CAPACITY OF SPLENIC LYMPHOID CELLS
OF TRRADIATED RECIPIENTS SEVEN DAYS F’OLIDW!fNG THE ADMINISTRATION OF

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

Type of Bone Marrow No. of Sheep Red No. of Plaques per 106

Transferred (0.5 x 109 Cells Injected Splenic Lymphoid Cells
Lymphoid Cells) Into Irradiated of Irradiated Recipientst
Recipient (Day 7)

Primed: One Day**

Normal
None

Normal

* Recipients were subjected to “800 r total body irradiation prior to admin-
istration of sheep rbc or bone marrow cells.

** Bone marrow cells obtained from rabbit given 1 x 109 sheep red cells, IV,
24 hours previously.

8ST obed



TABLE 20

[4

THE ANTIGEN-INDUCED IN VITRO INCORPORATION OF TRITTATED THYMIDINE

BY SPLEEN CELLS OF IRRADIATED RABBITS GIVEN PRIMED (S-rbe)

OR NORMAL ALLOGENEIC RABBIT BONE MARROW CELLS

Material added
to Cell gnltutoc

Incorporation of Tritiated Thymidine by
Spleen Cells of Irradiated Recipients® of

{4 x 10° Cells) {Counts per Minute)
Mormal Bons Marrow Cells “"Primed" Bone Marrow Cells*?®
wil S1 96
PHA 793 1,119
S8-rbc Stroma 3,149 89
OONOO DS DT BEEINEEENGSESS5E000E NGNS DN DD S mem g
Specific
Incorporation*** 61 0.9 L
. lnciphnts were lnbjoc;ad to 800 r total body Lttndi,tiou and then
injected with 0.5 x 107 bone marrow cells and 1 x 107 S-rbc. They

** Donor was primed by the i.v. tnjcction of 1 x 109 S-rbc one day px.lot

were sacrificed 7 days later.
to transf

Ratio of B .s uptake by spleen colll in the presence of S-rbc stroma to

that incorporated in the nbocneo of S8-rbc stroma.

6ST obeg



TABLE 21
THE HUMORAL IMMUNE RESPONSE TO SHEEP RED BLOOD CELLS

OF TRRADIATED RECIPIENTS INJECTED WITH EITHER:
PRIMED (S-rbec) OR NORMAL ALIOGENEIC BONE MARROW CELLS

Recipient®* Bled Hemagglutination Titers of Recipients Given
at Day .
Normal Bone Marrow *  Primed Bone Marrow

09T °beg

* Recipients were Subje to 800 r Total Body Irradiation Pollowed by
the Injection of 5 x 10° Bone Marrow Cells (Normal or Primed) and
1 x 107 8-xbec.
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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 HRBC 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 primed 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).



TABLE 22°

THE SPECIFICITY OF THE HUMORAL IMMUNE RESPONSE AND PLAQUE-FORMING
CAPACITY WITH RESPECT TO SHEEP AND HORSE RED BLOOD CELLS OF RECIPIENTS
INJECTED WITH PRIMED (S-rbe AND/OR H-rbe) ALIOGENEIC BONE MARROW CELLS

Bone Marrow Donor Hemagglutination Titer of Recipient® mo. of Plagues per 105 Recipients's
Primed with Serum at Time of Sacrifice Splenic Lymphoid Cells & b d With .
H-rbc S-rbc H-rbo ) s-tbc
8-rbe 20 - 0 30 4
H-rbe 0 40 5 61
8-rbc & H-rbe o [ 3 4
Not Primed 80 s . 40 22 . 54

* Recipients were subjected to $00 r total body Lrtuu'uon followed by the injection of 0.5 x 109
bone marrow cells from the specific donor and 1 x 107 8-rbc and H-rbc. All the rabbits were
sacrificed on day 7. .

€9T obeg
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TABLE 23

v

THE SPECIFICITY OF THE IN VITRO RESPONSE TO SHEEP AND HORSE RED BLOOD
CELLS OF SPLENIC LYMPHOID CELLS OF IRRADIATED RECIPIENTS INJ:EC'I'ED WITH
PRIMED (S-rbc OR H-rbc) ALLOGENEIC BONE MARROW SEVEN DAYS PREVIOUSLY

Bone Marrow Donor specific Incorporation* of Tritiated Thymidine
Primed with . by Recipient** Splenic Lymphoid Cells
Incubated in the Presence of

H-rbc Stroma

S-rbc
H-rbe
S-rbc & H-rbc

Not Primed

~

* Ratio of radiocactive tllzynidina uptake by the spleen cells in the
presence of the antigen to that taken up in the absence of the
antigen.

*% Recipients were subjected to_800 r total body irradiation followed
by the injection_of 0.5 x 109 bone marrow cells from the specific
donor and 1 x 10 S-rbc and 5-rbc. All rabbits were sacrificed on
day 7. Spleen cells (4 x 10°) were incubated in vitro with either
type of red cell stroma for 3 days. Radioactive thymidine was
added to cultures on day 2.

TTTITT=YXTTT T T T T T

9T ©obegq
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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 specific antigen in an irradiated
recipient. This conclusion is based on the results of
approximately 50 experiments, all 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 specific 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 all 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 hemolysin 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 interval similar to the one found in the rabbit
in the present investigation.

It was demonstrated that a definite relationship
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
specific antigen (Table 16). These results 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 specific, pre-com-
mitted cells as the number of sheep red cells injected is
increased.

It was observed that the loss of capacity to transfer

immunocompetence with respect to sheep red blood cells
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was most conspicuous 1 to 2 days following the injection
of this antigen into the prospective bone marrow donor.
However, this ability of the bone marrow to transfer
specific immunocompetence reappeared by day four follow-
ing immunization of the donor (Table 15). This probably
reflects the appearance of a circulating pool of matur-
ing or mature immunocompetent cells, which shoudd now
probably be classified as antibody-forming cells.
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 Uhr (237),
Uhr and Moller (200), and Henepy and Jerne (238) , who
showed that passively administered 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-
vity (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 cells
directed to the particular antigen.

Two questions stand out in light of the results
reported in this section:

1. Do the antigen-reactive cells actually leave
the bone marrow or do they become inactivated or "toler-
ant" to the antigen and therefore assume an incidental
role in the immune response?

2. Do antibody-forming cells in the irradiated
recipient represent transformed forms of the donor bone
marrow antigen-reactive cells or do they represent reci-
pient's lymphoid cells that have transformed into anti-
body-forming cells under the bone marrow influence?

The answers to these two important questions will be

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

Cells: The Use of Allotypic Markers

1. Experimental Procedures and Results - The experi-

mental design is seen in Figure 3. Bone marrow cells
from normal rabbits with the allotype A;, A, (or A,, By,
Ag) were injected intravenously into normal rabbits with
the allotype A,, Ay (oxr A4, 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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i
| 8-be (10%celle)
IRRADIATED (800r) RECIPIENT ;
" (okotype 2,4,8) t
oells incuboted |
.in ogor with 8—rbe !
ond i
" l :
"I: ,.'.g mn-ul.mrm 1 ANTI-ALLOTYPE 2 !
+ + o+ + ’
¢ ¢ 1 /c’ |
$ * ?
\ NO. OF PLAQUES por ?
¢ SPLEEN CELLS PLATED ' ‘

Figure 3. PROTOCOL FOR BONE MARROW CELL TRANSFER EXPERIMENTS
USING IRRADIATED RECIPIENTS AND DONOR - RECIPIENT
PATRS OF DIFFERENT ALIOTYPIC GENOTYPES
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TABLE 24

THE PLAQUE-FORMING CAPACITY OF SPLENIC CELLS
OF TRRADIATED (A, , ) RABEITS INJECTED WITH NORMAL ALLOGENEIC .

BONE MARROW CELLS (Allp AND INCUBATED WITH ANTI-AUU”EPE;ANTISEUBIIN VITRO

i Cells Incubated In Vitro !o. af Plaques per

. X 10° Splenic Mononuclear
Co Allotype of | Anti-Allotype Cells of Irradiated |
: Irradiated Antiserum Recipient (day 7)* i
| Recipient Incubated
' (0.2 ml)

* Recipients were subjected to 800r total body irradiation prior '
to the intravenous administration of the bone marrow and the i
sheep erythrocytes (109 cells).

Zach value represents the mean of duplicate determinations)

the values did not normally vary by more than %10 percent ! |
from the mean. :



TABLE 25

THE PLAQUE-FORMING CAPACITY OF SPLENIC CELLS OF IRRADIATE.D‘RABBITS (Al'Al&)
INJECTED WITH NORMAL ALLOGENEIC BONE MARROW CELLS (Al'AZ'Al})
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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 to 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,
plagque formation was inhibited whereas incubation of the

spleen cells with antiserum directed to donor 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 Ay, By into recipient
A,, A4, A5 and donor Al, A2, Ay into recipient Al, A4),
it may be concluded that the inhibitory effects of the
anti-allotype antiserum are specific 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-specific"
inhibition nor "specific 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, 241l). It has also been reported

that certain antisera possess "non-specific" inhibitory
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activity in that they 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 immuncglobulin
molecules (248) suggested a specific immunologic approach

to the problem. In fact, Sell 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
specific anti-allotype antiserum. Chou et al (247)
transferred various antigen-sensitized lymphoid 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 origin. Antibodies in
the circulation of the recipient were purified by the
use of specific 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 origin. 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 immunologic activity, arrived at the same conclusion

with respect to the recipient origin of the antibody-
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forming cell. They observed that the plaques could be
inhibited only by incubation of the spleen cells with
anti-recipient lymphocyte antiserum and not with anti-
serum directed to donor lymphocytes. Results of a
conflicting nature have been obtained by Harris et al
(249, 250). They observed that the immune response to
Shigella in the irradiated recipient mouse could be
inhibited by prior immunization of the prospective
recipient with donor white cells. They have also
observed that in vitro plaque formation by spleen cells
of one strain of mice could be inhibited by incubation
of these cells with antiserum directed to these cells
produced in another strain of mice (251). They also
transferred rabbit lymph node cells of one allotype,
following in vitro incubation with Shigella antigen,
into irradiated rabbits of a different allotype (252).
The antibodies detected in the circulation of the reci-
pients were demonstrated to be of donor, and not reci-
pient, origin. They therefore concluded that antibody

formation is a property of the donor cells 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-forming
cell. 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 whén the spieen cells were incubated with
either anti-donor allotype antiserum 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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animals 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, fail 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 meceiving 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 THE CELLS
MEDIATING THE PRIMARY HUMORAL IMMUNE RESPONSE
(A DIAGRAMATIC REPRESENTATION)
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Figure 4. THE POSSIBLE INTERRELATIONSHIP OF THE CELLS
MEDIATING THE PRIMARY HUMORAL IMMUNE RESPONSE

(A 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 10
weeks of age, several rabbits of each litter (2-4 rab-
bits) were each injected with 10 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 to6 800r total body irradiation,
using a Cobalt-60 source, prior to their receiving the

bone marrow cells.
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! 1
3 f' .
. NORMAL BONE
MARROW .
'(u-aucm( ' (Ag = REACTIVE
CELL PRESENT)
TOLERANT
RECIMENTS
' AT
2 oars

~

OF THE ANTIGEN-REACTIVE CELL AS THE TOLERANT CELL IN
THE IMMUNOLOGICALLY TOLERANT RABBIT




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
marrow 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 antiboedies which were mercaptoethanol
sensitive (Tables 27 and 28).

When the tolerant recipients of primed bone marrow

were tested for immunologic responsiveness toward the
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specific and a non-cross-reacting antigen, it was observed
that no immune response could 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 well to
immunization with HSA or BGG (Tables 29 and 30). However,
the HSA-tplerant recipient of HSA-primed bone marrow
failed to respond to stimulation with HSA but responded
well to BGG (Table 29), and the BGG-tolerant recipient
of BGG-primed bone marrow cells failed to respond to
stimulation with BGG but responded well 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

all mercaptoethanol resistant (Tables 29 and 30).



Page 190

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 irradiated recipients
of normal allogeneic bone marrow cells responded well

(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
cell. 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 immunologic sense, was
found to be specific since tolerant recipients of bone
marrow obtained from donors primed with the tolerogenic
antigen failed to form antibodies tc this antigen but
responded well 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 all 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 could not be
detected by the techniques utilized.

Several investigators have shown that the thymus
is the source of ARC in the mousé¢ (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). 1In all these studies the authors speculated
that the thymus or bone marrow cells were tolerant to
the specific antigens prior to their transfer to the
immunoincompetent recipient animals. However, a different
interpzetation 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 depleted 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 immunologic
résponse 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 hnhibit 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 Specific 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 thgough
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 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. Some rabbits were injected

with either the effluent or eluate fraction, others were
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injected with a mixture of effluent and eluate cells
and the remaining animals were injected with varying
numbers of the unfrac@ionated bone marrow cell suspen-
sion (Figure 6). All the rabbits were injected intra-
venously with 0.5 to 1 x 109 SRBC or HRBC. Since only
a small number of eluate cells were injected into the
irradiated recipients, a subthreshold dose of the ori-
ginal unfractionated bone marrow cell suspension was
also administered. All animals were sacrificed seven
days later and their spleen cells were analyzed for
their direct plaque-forming capacity by the hemolysis-
in-gel technique.

Other irradiated rabbits were given bone marrow
cells fractionated on the HSA-sensitized glass bead
column (Figure 6) and 25 mg HSA intravenously. The
rabbits were then bled at intervals of time and the
sera were tested for their antibody content by the
passive hemagglutination technique. Hemagglutinin
titers under 10 are considered to be negative in all

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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2. Results

a. Establishment of Optimal Conditions for the

Fractionation of Normal Bone Marrow Cells on 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 esperi-
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 (Table

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 vigomously 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 jrradiated host
in order to confer plaque-forming capacity to the spleen
cells of the recipient was determined. The administra-
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 could not
confer plaque-forming activity to an jrradiated recipient

rabbit (Table 13).
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b. Isolation of Antigen-Reactive Cells Directed

to HSA by Passage of Cells Through an HSA-Sensitized

Glass Bead Column. Passive Transfer of Specific 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. Only recipients of effluent cells formed
circulating antibodies to HSA. At no time were anti-
bodies found in the circulation 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. 1In 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. 1In
this case, all the immunocompetent activity, with res-
pect to HSA, was localized to the effluent fractionms.
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 unsensitized 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 cells of recipients given either unfractionated
bone marrow or the effluent cells of bone marrow were
capable of producing plaques in vitro (Table 39). None
of the recipients of the eluate fraction possessed this
activity. Similarly, passage of cells through an HSA-
sensitized glass bead column resulted in the localiza-
tion of all the antigen-reactive cells directed to sheep
red cells to the effluent fraction. Here as well, the
eluate fraction could not transfer immunocompetence
directed toward the sheep red cell (Table 40).

when the bone marrow cells were fractionated using a
glass bead column sensitized with the solubilized sheep
red cell stroma preparations (scs), all the antigen-
reactive cells directed to sheep red cells were retained
in the column, since the effluent cells possessed no
capacity to transfer plaque-forming ability to sheep red
cells in irradiated recipients (Table 41). The cells
eluted from the scs-sensitized glass bead column possessed
all the antigen-reactive cells directed toward sheep red
cells, since they could confer considerable plaque-forming

capacity to the spleens of irradiated recipients (Table 41).
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The antigenic specificity 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 stwomal preparations
of two non-cross-reactive red cells species - sheep
(scs) and horse (HCS) erythrocytes. In each case
(Tables 42 and 43), the sensitizeq 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
HES-sensitized column 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 HCS column,
through an SCS-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 ié dependent on the presence of other
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"non-specific" 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 specific plaque-forming capacity; on the
other hand, a second passage of the cells through the
sCcS-sensitized column resulted in the specific 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
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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 all the erythrocyte and leu-
kocyte precursors, the blast celis, 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.



P
¢
#
#
g
i
ARt
St
P
)
TR

‘Page 215

1

opeeq o 30 Surrews £q PeIsacORT pUR SPRE] SeeTS SRR Aq PRETEISI STTEO oo
. ., w0 sp WeoIws pessed WTWA ST o

NADTOO Qvad SSVID QHZIIISNHS-NEOIINV NV HOOOWRL FOVSSVd i
QELVNOLIOVHZ STIZD MOWHVA NOE IIHEVY TVAHON JO XMHAOORM JO INELYH

€ TIAVL



o&xﬂ. E coa...? pue speeq sseid gu«.ﬂ...laﬂg. " &q
. *untoo e ubnoagy pessed .83»\58 .

\ ;,.32%5«;33- STTO »

caﬂlon mgu. .ﬂdoo 30 KIvIrqera

Ll R, RN L I

W

' NRD'IOD QVEd SSVID (HZILISNIS~NEOLINV NV HOOOUHI mgam& uﬁ:Sq&
%mﬁ%% INod .ﬂmmé FHI JO EHHHBE 9HL

X St TIAVL




—————

.zﬁizs%ssgggﬁu:\.
o - ..ouuli\
uo%“!uain.ﬁ!a'nuucgsﬂﬂqg
4q penot1o3 worIeFpeaIy Apoq ¥IcI i:.. L c!oo?... Slﬂuni-.uw\

..2 % €) ISNTIIA
- % (g0T x §°2) eaunta

(g0t % €) JuenT33E
.03 X §°2) sy

.-oﬁ«&ol o (STT%0 30 o

zzES avagd mmﬁc IEHmzum.S NV o
HONOYHL nmmm& MOYHVH ENOF “TVIRION J0 SNOLIOVEA

NIATD SITEAVY QELVIAVYEI NI VSH QL ASNOJSTY ANOAWNI JHIL

’

o€ FIAVL




TABLE 37

THE IMMUNE RESPONSE TO HSA IN IRRADIATED RABEITS GIVEN-DIFFERENT
FRACTIONS OF BONE MARROW OBTAINED BY PASSAGE OF CELLS THROUGH
y AN HSA-SENSITIZED GIASS BEAD COLUMN
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TABLE 39
THE PLAQUE-FORMING camc:mbf SPLEEN CELLS OF TRRADIATED RABBITS

GIVEN DIFFERENT FRACTIONS OF NORMAL BONE MARROW CELLS OBTATNED BY
PASSAGE OF THE CELLS THROUGH AN UNSENSITIZED GLASS BEAD COLUMN
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THE PLAQUE-FORMING, CAPACITY OF SPLEEN CELLS OF: mmnrwsgﬁmrs | - e
GIVEN DIFFERENT FRACTIONS OF NORMAL BONE MARROW CELLS OBTAINED BY »
PASSAGE OF THE CELLS THROUGH AN HSA-SENSITIZED GLASS BEAD COLUMN
- | ) ‘ | .
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Combination of Bluats (17.5 x 10%) §
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Combination of Rffluent Cells (260 x 10%)
and Unfractionated Bone Marrow (23 x 209)

Effluent Cells -

. —

¢ fabbits wers subjected to 800r total body irradiation followed by the intkavenous
injection of 109 g-rbc. S, .
. ,» .
¢ * 1
J I"
¢
!




TABLE 41

THE PLAQUE-FORMENG CAPACITY OF SPLEEN CELLS'OF IRRADIATED RABBITS
GIVEN DIFFERENT mcnons OF NORMAL BONE MARROW cms OBTAINED BY
PASSAGE OF THE CELLS mmuen A SHEEP RED CELL (scs)-sms:mzm

GLASS BRAD connm o

Unfractionated Bone m (S = 10')
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TABLE 43

THE PLAQUE-FORMING CAPACITY, WITH RESPECT TO SHEEP AND HORSE

RED CELLS, OF SPLEEN CELLS OF IRRADIATED RABBI'J:S GIVEN BONE MARROW CELLS

FRACTIONATED ON A HORSE RED CELL (HCS)-SENSITIZED GLASS BEAD COLUMN

Cell Fraction ng.eua into Irradiated Recipleate %o. of Plaques per 105 Reciplent .
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TABLE 44
THE PLAQUE-FORMING CAPACITY, TO SHEEP AND HORSE RED CELLS, OF SPLEEN CELLS
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PASSAGE THROUGH A HORSE RED CELL (HCS) SENSITIZED GLASS BEAD COLUMN FOLLOWED BY
PASSAGE OF THE CELLS THROUGH A SHEEP RED CELL (SCS) ‘SENSITIZED GLASS BEAD COLUMN
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TABLE 45
THE quus.mmma CAPACITY, TO SHEEP RED CELLS, OF SPLEEN- CELLS-OF IRRADTATED
RABBITS GIVEN NORMAL ALLOGENEIC BONE MARROW CELLS FRACTIONATED BY PASSAGE OF THE o

CELLS 'IHROUGH AN UNSENSITIZ@ GLASS - BEA.D COLUMN FOLLOWED BY PASSAGE 'mROUGH
A SHEEP RED CELL (SCS) SmSITIZED GLASS BEAD (DLUMN
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UNFRACTIONATED BONE MARROW, GIEMSA STAIN x 640
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Figure 7.

UNFRACTIONATED BONE MARROW, GIEMSA STAIN x 640
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Figure 9.

ELUATE FRACTION OF CELLS,
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GIEMSA STAIN x 400
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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 column results in the retention of specific antigen-
reactive cells capable of mediating an immune response
in an irradiated recipient only towards the antigen used
to sensitize the column. The cells which were not
retained by the column (effluent) did not possess the
capacity to transfer plaque-forming ability with respect
to the specific red cell antigen used to sensitize the
column, 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
column 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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specific 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 38). This is probably due to the
competition by free antigen and glass bead-adsorbed
antigen for the antigen-reactive cells, the interaction

probably occurring between the antigen and an antibody-

l1ike site on the surface of the antigen-reactive cell
(see below). These experiments demonstzated that cells
are specifically retained by the antigén-sensitized
glass-bead columns since unsensitized glass bead columns
did not retain any of the specific antigen-reactive
cells. Furthermore, the transfer of immunologic activity
by the eluted cells was shown to be specific, in that it
was directed solely to the antigen originally used to
sensitize the column. The converse is true for the
effluent cells since they were unable to transfer immuno-

competence with respect to the antigen used to sensitize




Page 232

the glass beads. The magnitude of the immune response
in the irradiated recipient given the eluate cells,
which constitute 3 to 10 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

6 .
unfractionated bone marrow

mediated by 200 to 500 x 10
cells. This demonstration of specific 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 specific antigen-reactive cells, it does

permit a complete segregation of one species of antigen-

reactive cells from all the others. Stimulation of the
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cells by the specific 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 specific antigen-
reactive cells in the eluate fraction.

No significant differentes were observed in the
immune responses of irradiated recipients given eluate
cells alone or eluate cells plus a subthreshold dose of
the unfractionaﬁed bone marrow. This latter dose 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 mottality in sublethally
jrradiated 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-
less be necessary in small numbers in order to potentiate
the immune repponse, or to function in a synergistic
fashion. Macrophages have been éhown to play an active
role in promulgating the sequential steps leading to
humoral antibody formation, especially in the primary
response (108, 255, 256, 257, 258). It has also been
demonstrated that macrophages are retained by the glass
pead columns (114, 134, 135) and apparently are not eluted
by the procedure mtilized in this investigation. Further-
more,; the glass-bead purified lymphocyte suspensions have
been found to display a markedly reduced responsé to
antigens, which could be restored to normal by the
addition of macrophages to the system (114, 135). It
was therefore felt that the administration of a sub-
threshold dose of unfractionated bone marrow along with
the test cell preparation (eluate or effluent) might
enhance the primary jmmune response in the irradiated
recipient.

The results, however, do not lend support to these

theoretical considerations. The immune response of
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jrradiated 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 recipgent 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 column
(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
petween 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 800r irradiation killed all the macrophages
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and their precursor cells in vivo and that no macrophages
were transferred with the eluate cells. Although macro-
phages could not be distinguished, morphologically, in
the éluate population of cells, it is possible, due to
the manipulation of the cells, that they had assumed a
different appearance. Furthermore, it has also been
demonstrated that lymphocytes can transform to macro-
phages (259), thus rendering academic the entire question
of the role of the macrophage.

Glass bead columns have been utilized by a number of
investigators in attempts to separate morphologically-
jdentical but functionally-different lymphocyte popula-
tions (114, 132, 133, 134, 135, 137). Plotz and Talad
(134) passed immune mouse and rat spleen cells through
glass bead columns and observed that only small, immuno-
incompetent mononuclear oeélls passed through, whereas
the column retained the antibody-synthesizing cells,
granulocytes and large mononuclear cells which could be

eluted from the bead with ethylenediaminetetraacetate.




Page 237

Oppenheim et al (135) mnd Hersh and Harris (114) have
both observed that glass bead-purified human peripheral
lymphocytes are capable of reacting to stimulation by
PHA 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 immunologic responsiveness of the
lymphocytes could be re-established by the addition of

macrophages. Nossal et al (125) also observed that

column pupified 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, coi-
umn purified small lymphocytes obtained by fractionating
jmmune mouse thoracic duct lymph could successfully trans-
fer antibody-forming capacity to jrradiated 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 response,

since the antigen apparently reacts directly with the
antigen—recognizing-antibody—forming (memory) cell:(261,
262) .

Wigzell and Andersson (137) fractionated immune
lymph node cells using a specific antigen-sensitized
glass bead column. 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 binding 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 pbeads, following
passage through the column. Thus, the specific 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 fot 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 codlumn. 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 hetween the anti-
gens and a particular immunologically-specific lymphoid

cell necessitates the assumption of the presence of some
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sort of immunoglobulin or antibody-like structure on

the surface of the cell capable of "recognizing" the
antigen and of reacting with it. This concept was
originally presented by Ehrlich almost a century ago
(263) as the "side chain theory" and has been discussed
at length by Mitchison (111) and Gell (264). Recent
investigations (153, 265) tend to confirm the validity

of this concept. Daguillard and Richter (266) have
observed that goat anti-rabbit immunoglobulin antiserum
(GARIG) can stimulate normal rabbit lymphocytes to
undergo blastogenesis and mitosis in the same manner as
antigen can stimulate immune lymphocytes (286). Further-
more, rabbit peripheral lymphocytes incubated with GARIG
are capable of conferring antibody-forming capacity
directed to goat gamma-globulin when transferred to
recipient rabbits previously made tolerant to goat gamma-
globtilin, whereas rabbit lymphocytes incubated with normal
goat gamma-globulin do not possess this activity (266) .
These data suggest that GARIG exhibits a great affinity

toward peripheral lymphocytes and imply that GARIG is
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reacting with an immunoglobulin or immunoglobulin-like
site on the surface of the cell. 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 dod 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-
globulin. It would therefore appear that normal, as
well as immune, lymphoid cells possess immunoglobulins
or immunoglobulin-like structures on their surfaces,
which exhibit specific affinities toward particular
antigens. ‘

The above interprekation goes a long way toward an
understanding of the mechanism of interaction batween
the antigen-reactive cell and the antigen. Certainly,
the reaction of the normal bone marrow cells with antigen

cannot be attributed to interaction of the antigen with
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antibody-forming cells (which would be expected to
possess specific immunoglobulin molecules on their
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 D). Thus, it would appear that the antigen-reactive
cell exercises its function on the basis of specific
antibody-like sites on its surface capable of reacting

with the antigen.
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G. Loss and Reappearance of Antigen-Reactive Cells

Following Irradiation of Normal Adult Rabbits

1. Experimental Procedures - The protocols for the

experimental procedures carried out in this investigation
are diagramatically presented in Figure 10.

The rabbits were subjected to doses of irradiation
ranging from 800r to 1400r whole body irradiation and
then injected with 109 SRBC at varying intervals of time
thereafter. The rabbits were sacrificed 7 days follow-
ing immunization and their spleen cells were analyzed
for antibody-forming capacity by the hemolysis-in-gel
(plaque) technique, as described in Materials and Methods.

Other rabbits were irradiated and immediately given
bone marrow cells (0.5 x 102 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 hemolysis-in-gel (plaque)

technique.
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Primed bone marrow cells refer to cells obtained

from a rabbit immunized with the antigen 24 hours prior

to 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 form 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 forming antibodies
whereas exposure of the recipient to 1000r 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 wekks 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 allogeneic 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: a) Is there a specific 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-
competence; 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 (800r) or primed donors. When their
spleen cells were analyzed for plaque-forming capacity 7
days later, only the spleen cells 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 800r was sufficient to deplete its bone
marrow of ARC (Table 46). Furthermore, it was also
demonstrated that the administration of 800r total body
jrradiation 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 1000r or more prior to the cell transfer resulted in
complete destruction of the antibody-forming apparatus
in the iecipient. 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 dosé of irradiation administered
(800r) 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-
lowing irradiation whereas slight recovery of the ARC

was evident by 2 weeks. The jmmune responsiveness of

the irradiated (800r) rabbit was re-established to nor-=
mal levels by 4 weeks following irradiation (800r)

(Table 51) at a time when the ARC were shown to have
reappeared in these animals (Tables 48 and 50). These
findings were confirmed under somewhat different condi-
tions (Table 49) in that jrradiated rabbits were given
normal allogeneic bone marrow cells and antigen. 1In

this case, the plaque-forming capacity of the recipients'
spleen cells diminished during the first three weeks fol-
loying 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 jrradiated rabbits was not attainéd until
4 weeks post jrradiation 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 consequence 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
phasés of the immune responSe is still incomplete (268,
269).. The immunosuppressive action of irradiation could
variously be attribufed to its effect on the macrophage
and/or the antigen-reactive cell and/or the actual antigen-
processing step and/or the antibody-forming cell. 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 immunologic

functions were found to be radiosensitive 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 antibody plaque-forming cells by 500r
total body irradaation; a dose found to suppress cellular
proliferation and the production of plaque-forming cells
(273). Cells producing 198 antibodies were shown to be
more sensitive to jrradiation than those producing 78
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 800r whereas the AFC is much more radioresistant (see
Chapter V.D). pavies et al (70) found that the response
of the ARC to stimulation by antigen is characterized by
brisk cell division and proliferation. These eells, and

their progeny, display increased nucleic acid metabolism




Page 260

and take deep basophilic 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
jrradiated 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
jevel to control the proliferation of the different cell
lines, would 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-stimulatory effect of irradiation on the immune
response in thc rabbit has previously been observed by
Dixon and McConahey (279), in an entirely in vivo systemn.
They demonstrated that the immune response to a number of
protein antigens could be enhanced by subjecting the immun-

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 6f 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 (28l1) 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 larger 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-
firm§ 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 11. 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 variable number of SRBC (107 to 109 cells)
(Figure 11). 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 recipiént rabbits (Figure 11)=
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-
butal and the spleen cells were tested for their plaque-
forming capacity in agar gel.

The bone marrow cells were also exposed 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 cells were
exposed to 4,000r or 10,000r irradiation either before
or after incubation with 102 SRBC or HRBC for 24 hours.
They were then injected into irradiated.(SOOr) rabbits
along with 102 HRBC or SRBC. The rabbits were sacrificed
7 days later and the spleen cells were analyzed for

plaque-forming capacity.
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2. Results - As can be seen in Table 52, it was
necessaty to inject 102 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 admingstra-
tion of 108 SRBC provided only a threshold stimulus
whereas the injection of 107 SRBC resulted in plaque
formation slightly below that of normal control levels,
which normally average 6 *¥ 2 plagues per 106 splenic
lymphoid cells. However, large numbers of plagques were
detected in the spleens of irradiated (800r) rabbits
injected with bone marrow cells which had been incubated
with 10% SRBC 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 (4,000r) 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
10,000r could not transfer immunocompetence. Neither
could bone marrow cells exposed to 4,000r or 10,000r
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 4,000r 6p 10,000r 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),Ifollowing trans-

fer to irradiated (800r) recipient rabbits (Table 58).



TABLE 52

THE EFFECT OF ANTIGEN (S-RBC) DOSE ON THE PLAQUE-FORMING CAPACITY OF SPLEENS

OF TRRADIATED RABBITS INJECTED WITH NORMAL ALLOGENEIC BONE MARROW CELLS

No. of S-rbc injected No. of plaques per 106 splenic lymphoid cells of
intravenously irradicted recipient rabbits*

107 cells

108 cells

. I09 cells

* The rabbits were subjected to 800 r total body irradiation and injected intravenously with 5 x 108 normal
bone morrow cells and the specified number of S-rbc. The rabbits were sacrificed 7 days later and the
spleens were tested for plaque-forming capacity.
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TABLE 53

THE PLAQUE-FORMING CAPACITY OF IRRADTATED UNIMMUNIZED RABBITS INJECTED
WITH ALIOGENEIC BONE MARROW CELLS PRIMED IN VITRO WITH VARTABLE

AMOUNTS OF THE ANTIGEN (S-RBC)

No. of S-rbc used for in vitro No. of ploques per 108 splenic lymphoid cells
priming of the bone marrow cells® of irradiated recipient rabbits**

* |n vitro priming of the bone marrow cells was done by odding the S-rbc to 107 bone marrow cells suspended
in medium 199 containing 20 percent NRS. Duration of in vitro priming was 24 hours ot J7°C.

*¢ The rabbits were subjected to 800 r total body irradiation ond then given the in-vitro primed bone marrow
cells. They were socrificed 7 days later and the spleers were onalyzed for ploque-forming capacity .
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TABLE 54

THE PLAQUE-FORMING CAPACITY OF SPLEEN CELLS OF IRRADIATED RABBITS (800r)

INJECTED WITH ALLOGENEIC BONE MARROW CELLS PRIMED IN VITRO WITH

ANTIGEN (S-RBC) FOR ‘VARIOUS PERIODS OF TIME

Period of in vitro No. of primed bone marrow No. of ploques per 10 splenic lymphoid
priming * (hrs) cells tromferred cells of recipient rabbits (day 7)

5x 108 cells 8
5x 168 cells 18
5x 108 cells 72
5x 168 cells 9

* The normal bone marrow cells were incubated in vitro ot 37°C with | x 108 S-rbe for the specified
period of time prior to their transfer to irradiated (800 r) allogeneic rabbits.
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TABLE 55

THE EFFECT OF IN VITRO IRRADIATION (4000 r) OF RABBIT BONE MARROW CELLS ON THEIR VIABILITY

AND THEIR CAPACITY TO RESPOND IN VITRO TO PHYTOHEMAGGLUTININ (PHA)

Cell viability: Response to PHA in vitro I
Dye exclusion test
Cells tested (percent dead cells) &?8'.'}3'.) (gl.-lpA’M-) ?&c"'ﬁnion .
Non-irradioted cells 14 4458 19010 4.2
Immediately ofter
irrodiotion 15 810 832 1.0

* Defined as the incorporotion of tritioted thymidine in the presence of PHA to that incorporated in the
obsence of 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

-m Iy - ﬂ=
Cells Subjected puration of No. of Plaques pe{
to Following Dose In Vitro Incubation 106 splenic Lymphoid
of Irradiation Pollowing Irradiation Cells of Irradiated
(Wwitliout Antigen) Recipient Rabbit*
3 S
4,000r Nil a 76
24 Hours 8 |
10,000r Nil 8
24 Hours 7
Nil Nil 72
24 Hours 58 l

« Rabbits were subjected to 800r total body irrad ation and then injected
intravenously with the bone marrow cells and 109 S-rbc. The rabbits were
sacrificed 7 days later and the spleens were analyzed for plaque-forming
capacity.
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TABLE 57

THE EFFECT OF IN VITRO IRRADIATION ON THE CAPACITY OF NORMAL
RABBIT BONE MARROW CELLS TO BE PRIMED IN VITRO AND TO TRANSFER

TMMUNOCOMPETENCE TO IRRADIATED RECIPIENTS

Time of In Vitro Priming* Cells Subjected No. of Plaques per 106 Splenic
in Relation to Irradiation to Pollowing Dose Lymphoid Cells of Unimmunized
of Bone Marrow Cells of Irradiation Irradiated Recipients*#*
Cells Primed for 24 Hours Iz.ediately 4,000r 13
Pollowing Irradiation
10,000r 2
Cells Primed for 24 Hours Prior 4,000r 61
to Irradiation
10,000r 64
1
Non-Irradiated Cells Primed Nil 78
for 24 Hours
1 I

* In vitro priming of the bone marrow cells was carried out by adding 108 ‘s-rbc to 109 bone
marrow cells suspended in Medium 199 containing 20 percent NRS. The cells were cultured
at 37°C in an atmosphere of 4% CO, in air.

** Rabbits were subjected to 800r total body irradiation and then given the in-vitro primed
irradiated bone marrow cells. They were sacrificed 7 days later and their spleens were
analyszed for plaque-forming capacity.
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TABLE 58

THE PLAQUE-FORMING CAPACITY OF SPLEEN CELLS OF IRRADIATED RABBITS INJECTED
WITH ALLOGENEIC BONE MARROW CELLS PRIMED IN VITRO WITH EITHER S-RBC OR H-RBC,
THE DEGREE OF COMMITIMENT OF THE ANTIGEN-REACTIVE CELL POPULATION PRIMED IN VITRO

1 [
!{ Type of R3C Used for Type of R3C Given No. of Plaques per 106
i the In Vitro Priming of to Irradiated Rabbits Splenic Lymphoid Cells of
il the Bone Marrow Cells* « Following Bone Marrow Transfer Irradiated Recipient Rabbits**
b 1 i S-RBC | B-RBC |
N S-RBC ! H-RBC 70 34
i 2
I H-RBC p S-RBC 160 37
* by
;- NIL h H-RBC 4 82
>
: NIL : S-RBC 68 5
1 Kk
' NIL !l H-RBC & S-RBC 54 25
bt i e ' 4

* In vitro priming of the bone marrow cells was carried out by adding 108 RBC to 109 bone
marrow cells suspended in medium 199 containing 208 NRS. Duration of in vitro priming
was 24 nours at 37°C in an atmosphere of 4% €O, in air.

** The rabbits were subjected to 800r total body irradiation and then given the in-vitro
primed bone marrow cells and 109 RBC. They were sacrificed 7 days later and the spleens
were analyzed for plaque-forming capacity with respect to both S-RBC and H-RBC.

vLZ °obeg



Page 275

3. Discussion - The findings presented above gener-

ally confirm those reported in Chapter Vv.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 the 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 108 cells, a
number of cells which, by themselves, are not capable of
directly stimulating the irradiated bone marrow recipient

(Tabde 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 deficiant 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



Page 277

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 (108 cells) per bone marrow
lymphoid cell (108 - 109 éells) in the incubate is many
hundred-fold greater than that occurring in vivo follow-
ing the intravenous adminsgstration of 102 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 animals 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 bone marrow cells in the rabbit lose the
capacity to transfer antibody-forming capacity with res-
pect to the immunizing antigen within 12 to 24 hours
following the intravenous injection of an immunogenic
dose of the antigen. They also lose their capacity to
respond with blastogenesis and mitosis within 8 to 24
hours following the administration of the antigen, even
if the latter is given in complete Freund's adjuvant, an
immunization procedure almost guaranteed not to induce
immunologic tolerance (46). On the basis of the evidence
presented, it would not appear overly presumptuous to
consider that the ARC in the bone marrow actually vacate
that organ following exposure to antigen in vivo.

The finding that irradiation of the bone marrow cells
failed to 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 PHA. 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 capacity to irradiated (8600r) 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 (500r - 700r) of a rabbit 24 hours following injec-
tion of an antigen does not prevent the immune response
whereas irradiation of the énimal 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 appears to be the ARC in the bone
marrow, a consideration substantiated experimentally in
Chapter V.D. However, once the ARC has been stimulated
by the antigen, its subsequent immunologic functions are
not susceptible to the dose of irradiation (4,000r)

which is otherwise capable of inactivating the antigen-
unstimulated ARC. Furthermore, the antigen-stimulated
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 physiologic activities of mammalian cells are not
affected by sublethal doses of irradiation whereas forma-
tion of new enzyme systems is highly radiosensitive.
Jaroslow (291) has shown that DNA synthesis has to be
inhibited prior to stimulation by the antigen in ofder

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 (10,000r) 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 (10,000r)
spleen stem cells transferred to irradiated (850-950r)

recipient mice (300).



Page 283

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 specific 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 not 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-committment is absolute and cannot be detec-
tably altered by incubation of the cells with antigens
other than those with which the cells are already com-
mitted to react.

These findings disagree somewhat with those of Perkins
and Makinodan (30l1). The antibody-forming capacity of
mouse spleen cells to rat red cells following transfer
of the spleen cells into lethally-irradiated recipients
declinéd as the time interval between cell transfer and
in vivo 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 cels 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 specific

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 obliterated by the lethal irradiation,

it is probable that a éubstantial number of the trans-
ferred mouse spleen cells, 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 cells would there-
fore no longer be available for the production of specific
antibodies. In fact, these investigators (301) found
that administration of both bone marrow cells and spleen
cells from the donor to the lethally-irradiated recipient
resulted in a lesser reduction in the antibody-forming
capacity of the transferred spleen cells, as compared to
that in the recipient given normal sp#éen cells only.
Another explanation for the dichotomy of our results and
those of Perkins and Makinodan (301) is that in our sys-
tem only the ARC were subjected to high concentrations

of a non-cross-reacting antigen in vitro whereas the AFC
were exposed to both specific and non-cross-reacting

antigensisimultaneously 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 specific 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, they 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 specific antigen (Chapter V.C,
D and F). A third explanation to acocount 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 specific antigen. In our
hands, this dose of antigen is lethal in a large propor-
tion of the animals and may result in a "non-specific"

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 unimpaired (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 before 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 else they were

stimulated 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 demqnstrated that the antibody-forming cells in
the irradiated recipient are of recipient and not donor
origin. 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 could 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
obtained, which were all morphologically small lympho-
cytes, were found to be specific in their reactivity to
the antigen originaily adsorbed onto the glass beads

and could not transfer immunocompetence to other antigens.
However, the effluent cells which passed through the
antigen-sensitized glass bead column could transfer
immunocompetence to all the antigens tested except to

that antigen adsorbed onto the column.
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These findings, therefore, strongly suggest that
the ARC in the normal rabbit bone marrow vacate the bone
marrow following interaction with the antigen in vivo.
An equally plausible, alternate theory is that the bore
marrow ARC become immunologically tolerant following
the intravenous administration of the antigen. The
demonstration 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 specific 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 configura-
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 délémma rests on the probability
that the small number of antigen-reactive cells in the
resting state directed to ajparticulér 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 thymic antigen-rea¢tive cell in the mouse (70)

and the bone marrow antigen-reactive cell in the rabbit
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(46). This proliferative activity of the antigen-réac—
tive cells in the rabbit takes place in an organ(s)
other than the bone marrow, since the basal activity

of the "primed" rabbit bone marrow cells in vitro is
not higher than normal, resting levels (46) . However,
the target organ(s) for the bone marrow ARC and their
further participation in the immune response remain to
be elucidated.

The concept presented above begs the further assump-
tion that, in the rabbit, the antibody-forming cells
originate in lymphoid organs other than the bone marrow
and that their final "resting" site, folléwing the intra-
venous administration of the antigen, is the spleen (Fig-
ures 4 and 14). Where do the potential antibody-forming
cells (AFC) originate and where do they reside in the
absence of antigenic stimulation? In this study there
are no experimental data to shed light on this question.
Therefore, one can only speculate. Since antibody forma-
tion can be elicited in cells in the thymus (308), spleen

(309) or draining lymph node (310, 311), depending 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
(312) or antigen recognizing antibody-forming cells
(261) . 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 masquerade 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 above discussion has any validity, be localized
solely to the bone marrow even in the resting unimmunized
state. Moreover, it would be diﬁficplt 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 fiuid system with the cells
free to enter the blood stream. It is therefore likely
that some antigen-reactive cells are always vacating the

bone marrow but that all 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 postuiated
in the induction of the primary immune response in the
rabbit is presented in Figures 12 and 13.

The data presented in Chépter 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. 1In 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 some 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 induttion 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

all intracellular complementary sites of the X cell.

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 some
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 inducefia tolerant 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 gimilar 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 well 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 immunocompetence upon their transfer to
irradiated or neonatally-thymectomized recipients (4,

5), they must be considered to manifest ARC activity.
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Furthermore, lymph node, spleen or thymus cells can
transfer immunocompetence to an immunologically-tolerant
mouse (160-162). It has been demonstrated that the
unresponsive 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 (81, 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 penetrate into
the thymus to mature to functionally-active ARC, but
that they can mature in the spleen and lymph node ef 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 would
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-sensitive 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 demonstration, recognition
and localization of ARC in the mouse, have greatly con-
fused the situation, since they have utilized the term
ARC to designate cells in the spleen capable of inducing
"hemolytic foci" (273) or "bacterial immobilization 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 cell. 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 rise 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 cell. 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,
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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 well 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
rec;gyed 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, fatled
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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.
ﬁowever, 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 immunologic 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 non-cross-reacting antigens reaffirms the



Page 306

concept of Clonal Selection, first postulated by Jerne
(326) and Burnet (307). It must be stressed, however,
that insofar as the rabbit is concerned, the Clonal
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 separated 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 jnteract 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
jndicate that the bone marrow ARC must possess antibody-

like receptor group(s) on its s§urface, as has been sug-
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gested by a number of investigators (111, 264) capable
of inhteracting 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 necessazily 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 Clonal 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 to 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 form.
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.



Figure 12.
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1. Antigen + Macrophage ~——>  processed antigen

2. Processed antigen + antigen- ——) activated antigen

reactive cell

3. Activated antigen + potential memory cell or antigen-recognizing

ontibody-ferming cell or X cell ’ antibody-ferming cell or Y cell

4. Memory cell + native antigen —_ antibody-forming cell or Z cell

e

ANTIBODY

THE CELLULAR INTERACTIONS POSTULATED IN THE INDUCTION

OF THE PRIMARY IMMUNE RESPONSE IN THE RABBIT
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Figure 13, THE CELLULAR INTERACTIONS DURING THE IMMUNE RESPONSE

IN THE RABBIT, A DIAGRAMATIC REPRESENTATION
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THYMUS

ANTIBODY]

—

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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CELLULAR
IMMUNITY

CIRCULATING
ANTIBODY

Figure 15. THE ROLE OF THE BONE MARROW CELL IN THE IMMUNE

RESPONSE IN THE RABBIT
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" ORGAN . SOURCE §
F. Ab FORMING, §

'

FIGURE 16 BONE MARROW SOURCE OF ANTIGEN REACTIVE CELLS

IN THE RABBIT



Leaf 314 missing in page numbering, )



Page 315

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 tested, 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 thumidine
upon exposure to the specific 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
specific with respect to the immunizing antigen, since

the immune response of the irradiated recipients to non-
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cross-reacting antigens is unimpaired.

4. Treatment of bhe bone marrow donors with high-
titered specific antiserum (passive immunization) to
sheep red cells for 24 hours prior to sacrifice did not
result in any diminished ability of 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.



TABLE 59

THE ROLE OF THE BONE MARROW IN THE RABBIT

IN THE INDUCTION OF THE IMMUNE RESPONSE

Types of cells tested Rolpauo in Vitro Response in Vivo
Transfer of Ab-forming capacity
Blastogenesis with respect to an 4 i4sted host to

1mmnising Ag unrelated Ag ismniging Ag

unrelated Ag

¥  Obtained from rabbit 8-24 hours following immunisation, before immune response.
M Ohtained from rebbit 8-20 days following immunisation.

8TE obed



TABLE 60

THE ROLE OF NORMAL AND PRIMED RABBIT BONE MARROW
IN THE MEDIATION OF IMMUNOLOGICAL REACTIVITY

Type of Response Response Obtained Response Obtained
’ " with Normal Bone with Primed Bone Marrow
Marrow in Irradiated (i.e. S-rbc) in
Recipient Irradiated Recipient

Response to Specific Antigen
(i.e. S-rbec) in Vitro
(Blastogenesis)

Response to Other Antigens
in Vitro (Blastogenesis)

Transfer of Plaque-Forming
Capacity to Specific Ag
(S-rbc) in Irradiated
Recipient Rabbits

Transfer of Plaque-Forming
Capacity to Other Antigens
in Irradiated Recipient
Rabbits

Transfer of Antibody-Forming
or Plaque-Porming Capacity
to Immunologically-Tolerant
Recipient Rabbits

6T ®bedg
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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 bléod cells and their spleen cells were
tested for plaque-forming capacity seven days later.
Spleen cells of all 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 ahtiserum directed toward
recipient allotype completely supP;essed plaque formation.
These results demonstrate that antibody formation in
jirradiated 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 could respond with
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humoral antibgdy 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 from a rabbit previously made tolerant to the
tolerogenic antigen. Irradiated rabbits were unable to
respond if treated with tolerant bone marrow but could
respond well if given normal bone marrow. Since it has
previously been demonstrated that the antibody-forming
cell, in an irradiated récipient of allogeneic bone
marrow, is of recipient and not donor origin, the data
presented strongly ihdicate that the unresponsive cell
in the ‘immunologically-tolerant rabbit is the antigen-

reactive cell.

7. The antigen-reactive cells in normal rabbit
bone marrow could 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 from the column could transfer antibody-
forming capacity to irradiated recipients only with res-
pect to the specific sensitizing antigen. The separation
of the bone marrow antigen-reactive cells could not be
achééved by passage of the cells through non-sensitized
glass bead columns nor in the presence of excess free
antigen in the column. Cells which were retained by,

and later eluted from, the antigen-sensitized glass bead
columns were mostly small mononuclear cells whereas

cells which passed through the columns were morpholo-
gically similar to the original unfractionated bone
marrow cell suspension. The data indicate the presence
of an antibody or antibody-like structure, with defined
immunologic specificity, on the surface of the normal

bone marrow antigen-reactive cell.
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8. By appropriate irradiation and cell transfer
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 they possess signifi-
cant numbers of antigen-reactive cells. The ability to
respond with humoral antibody formation did not reappear
until antigen-réactive 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 antigen 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 host's 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 immine responses
whereas irradiation of the cells prior to in vitro incu-
bation with the antigen completely suppressed the capacity
of these cells to transfer immunocompetence. Bone marrow
cells irradiated in vitro could exclude the dye but failed
to undergo blastogenesis and mitosis when cultured in the

presence of PHA.

10. Data in support of the clonal selection theory,
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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